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PREFACE

The research reported in this bulletin was conducted under the aus-
pices of the Minnesota Agricultural Experiment Station with financial
support from the Science and Education Administration and the Econemic
Research Service of the U.S. Department of Agriculture. It is a pilot
study of applying technology assessment procedures to a single farm
commodity. In a separate report, the authors will appraise the useful-
ness of the technology assessment framework for evaluation of agricul-
tural technologies and for assisting in the identification of future
agricultural research priorities.

A large number of people have provided assistance to the authors
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tially to the analyses in Chapters ITI and XII. Cindy Smith typed the
camera copy and Kim Holschuh typed corrections and assisted with the
figures. Sam Brungardt provided editorial counsel. Farm manager,
Edgar Urevig, provided extensive farm record data for our use. We drew
extensively on the technical counsel of the following scientists: E.
Allred, K. Crookston, D. Duvick, V. Morey, R. Phillips and V. Ruttan.
Other scientists who provided technical assistance, including review
of portions of the manuscript were:
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W. Anthony G. G. Osborne
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Mention of commercial products or company names in this report does
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I-STUDY OBJECTIVE AND ASSESSMENT FRAMEWORK

Introduction

Corn (maize, Zea mays) has for many years been
number one in terms of economic importance among
U.S. field crops. A record,crop of about 8 bil-
lion bushels is expected in 1981. 1If realized,
this would surpass the previous production record,
set in 1979, of 7.94 billion bushels harvested
from 72.4 million acres. The market value of the
1979 crop was almost $20 billion. In recent years
about 70 percent of the corn grain harvested has
been utilized domestically. 1In 1977-79, U.S.
production accounted for 47 percent of total
world output, so U.S. corn is highly significant,
in economic terms, both nationally and interna-
tionally.

The U.S. agricultural research and development
system is being asked to achieve not only higher
production goals but other important goals as
well. These goals include conservation of nat-
ural resources (particularly land, water and
fossil source energy), improved human nutrition,
maintenance of a competitive cost structure, pre-
servation of a healthy environment and still
others. Thus, the goals of the agricultural re-
search and development sector (including that for
corn) are multi-faceted. The technology used in
agricultural production bears importantly on all
of these goals.

Several reasons exist for performing an assess-
ment of corn production technology at the present
time. These include: (i) the ever increasing
world demand for food, and the associated
increases in food prices; (ii) the physical limi-
tations of key resources used in corn production
and their associated price increases; (iii) con-
cern that a plateau has been reached in U.S. agri-
cultural productivity; and (iv) concern over the
alleged wide-spread occurrence of adverse envi-
ronmental consequences (particularly chemical
pollution and soil erosion). In addition, new
commercial uses are being found for corn and this
may further increase demand. With these key con-
cerns, and others, to guide our analysis, we have
undertaken to make a broad-based assessment of
corn production technology. Because of the
breadth of the topic under investigation, our
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description and analysis of individual technolo-
gies is necessarily brief. It is not a substi-
tute for comprehensive technical and economic
assessments of individual technologies and/or
components of technologies.

Study Objective

The objective of this study is to provide a
technology assessment of U.S. commercial corn
production. The focus is on production of corn
for grain,l/ and only those technologies which
are relevant to the point of the "farm gate"
stage of production are explicitly assessed.
However, where there are key linkages between
off-farm technologies and corn production tech-
nologies, consideration is given to these other
technologies as well (e.g., emerging biotechnol-
ogies).

In the case of corn production, a number of
individual technologies are combined and inter-
related. It is not always possible to isolate
the independent effect of each technology. 1In
fact, some technologies have only been applied
in corn production in conjunction with other
technologies with which they interrelate. Some
technologies which are important in corn produc-
tion are also important in the production of
other crops, such as soybeans. As a consequence,
the process of corn technology assessment must
be a pragmatic combination of "partial" analyses
with subsequent integrations, aggregations and
inferences.

To provide insight into the physical, techni-
cal and economic environment in which corn is
produced, we have undertaken, in Chapter II, a
brief depiction of changes which have occurred
in corn production and utilization over recent
decades. This period, generally since about
1930, is when increased corn production in the
U.S. ceased to be mainly a process of expansion
to new agricultural land and became one of adop-
ting new technology and new management practices
on existing crop land.

In the final section of this report (Chapter
XIII) we have drawn on the findings of our



technology assessment to identify high priority
areas of future research and development (R&D)
related to corn production. We have also drawn
on analyses of other past research to indicate
the probable payoff for an effective future pro-
gram of research and development.

Technology Assessment Defined

Numerous definitions exist for technology
assessment and each has its own individual merits
and problems. Our preference is to use a broad,
inclusive definition and then to collapse those
components which are either: (i) not applicable
to the assessment of a particular technology; or
(ii) beyond our capability to analyze effective-
ly. A USDA Workshop on Technology Assessment
(U.S. Dept. of Agriculture, 1977) provided the
following definition which we find useful:

"Technology assessment is the formal,
systematic, interdisciplinary examina-
tion of an existing, newly emerging
or prospective technology with the
objective of identifying and estima-
ting first and second order costs and
consequences, over time, in terms of
the economic, social, demographic,
environmental, legal, political, insti-
tutional and other possible impacts of
the technology, including those con-
sequences which may not have been anti-
cipated, intended or desired by the
inventors, and of specifying the full
range of alternative courses of action
for managing, modifying, or monitoring
the effects of the technology." (p. 152)

The features of a technology assessment which
distinguish it from other forms of evaluation
are: (i) the multiplicity of assessment criteria;
(ii) the identification of uncertainties and ex~
ternalities associated with technology; and
(iii) the specification of alternative technology
options for achieving objectives. The latter
feature points up the necessity of evaluating
the "opportunity costs' associated with a tech-
nology or a group of technologies.

Framework for Assessment of Technologies

In general terms, the assessment framework is
given by the definition of technology assessment
listed above. However, we have translated this
definition into the following specific steps for
individual corn production technologies:

(1) provide a definition and description of
the technology;

(2) specify the direction and magnitude of the
technology;

(3) assess the direct effect of the technology
on:

a. per acre yields, costs, profitability,
and aggregate production capacity;

b. productivity, as measured by the total
output/input ratio and/or by partial productivity
or intensity of factor use measures for specific
inputs including land, energy and labor;

c. 1input demand;

d. a broad range of economic, environmental,
legal, social, institutional, demographic, poli-
tical, and safety considerations; ’

(4) assess other (indirect) effects of the
technology in order to help:

a. identify gainers/losers from the tech-
nology;

b. identify long-term effects of the tech-
nology;

c. 1identify risks and uncertainties associ-
ated with the technology (including vulnerabi-
lity to shocks from natural forces such as
weather, pests, diseases, etc., and from economic
forces such as major changes in supply, demand,
and prices);

(5) assess feasibility of the technology in
terms of criteria listed above; also, are the
required inputs available for adoption of the
technology on a broad basis?

(6) specify alternative technology options for
achieving objectives (this involves mainly an
examination of the opportunity costs of the tech-
nology under consideration but may also involve
identifying non-economic advantages/disadvantages
of alternative technologies); and

(7) assess management strategies for the tech-
nology - specify (and evaluate) the alternative
courses of action for promoting, demoting, mana-
ging, modifying, or monitoring the effects of
this technology.

The above assessment framework will be applied
to individual technologies in the chapters which
follow. It will also be applied, in Chapter XII,
to corn production technology in the aggregate.
Our emphasis was to: (i) examine the existing
corn production system and determine likely
adjustments to prevailing conditions; (ii) esti-
mate the potential corn production capacity up
to the year 2000; and (iii) identify areas re-
quiring further R&D investment.

Footnotes

1/Much of the technology applied to corn produced
for grain is also applied to corn produced for
silage. There are, however, important differ-
ences in the two products. Silage is a high bulk
product used exclusively for livestock feed. It
must be produced near the point of its utiliza-
tion in close coordination with the livestock
which will consume it. The entire process of
production, harvest and storage is based on its
utilization as a forage, not a grain, crop. Once,
a large acreage of corn was utilized as silage or
fodder only if it did not warrant harvesting for
grain. Now, however, almost all corn is produced



specifically for either grain or silage and the
two, though using much common technology, are
very different crops.
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TI-CHANGES IN CORN PRODUCTION AND UTILIZATION

In this chapter a broad picture of U.S. corn
production and utilization is presented. The
focus is on the period since World War II,
although some data go back to 1930. Subsequent
chapters of this report will help explain some of
the changes that have occurred over the period.

Acreage, Yields and Production, 1930-80

The U.S. acreage of corn harvested for grain,
average yield per acre and total production are
shown in Table II-1 for 1930-80. The peak acreage
of corn harvested for grain, 97.2 million acres,
occurred early in this period (1932), whereas the
peak in average per acre yield, 109.7 bushels,
and in total production, 7.9 billion bushels,
occurred only very recently (1979). The first 4
billion bushel corn crop did not come until 1963,
but the 1979 crop, only 16 years later, was almost
double that size. Thus, it is clear from these
rapid yield changes that in the last five decades
the technology of corn production has changed
dramatically. Important changes continue to
occur.,

1. Corn Acreage, 1930-80

Acreage harvested for corn grain varied
greatly from 1930-50 (Figure II-1), ranging from
a high of 97.2 million acres in 1932 to a low of
61.2 in the extreme drought year of 1934. The
overall trend was strongly downward during the
1930s and 1940s, leveling off at slightly over
70 million acres in the early 1950s. A further
dramatic drop in acreage in the early 1960s was
largely in response to the Feed Grain Program of
1961 which was initiated because of chronic low
prices and production surpluses for corn and
other feed grains. In response to that program,
acreage fell from 71.4 million acres harvested in
1960 to 57.6 million acres in 1961 and remained
at about that level during the 1960s. Expanded
domestic cattle feeding and poultry sectors and a
strong demand in world grain markets then com-
bined to push corn grain acreage back over the
70 million mark by the mid-1970s where it remained
through 1980. Currently, acreage of corn
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harvested for grain makes up about 22 percent of
the acreage of principal crops (USDA, 1981).
This percentage has declined slightly since the
early 1950s due, in part, to a huge increase in
soybean acreage.

2. Trend in Corn Yields, 1930-80

During the period 1930-80, U.S. corn yield
(Figure II-2) increased by an annual average of
1.7 bu/ac; the average increase from 1945-80 was
2.1 bu/ac. While a straight line trend provides
a reasonably good explanation of the 1930-80
yield data, good statistical fits can also be
obtained from: (i) an S-shaped curve, showing
yields increasing at a decreasing rate (leveling
off) in recent years (Menz, 1981); and (ii) a
quadratic curve showing yields increasing at an

Figure II-1. U.S. Corn Acreage Harvested for
Grain, 1930-80.

Million Acres
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Source: USDA, Agricultural Statistics, 1930-

79; Field Crops: Estimates by States
1974-78; and Crop Production, Annual

Summary, 1980.




Table II-1. U.S. Corn Acreage, Yield and Total Production, 1930-80

Acreage Planted Acreage Harvested Yield per Total Production
All Corn for Grain Harvested Acre Harvested for Grain
Year (million ac) (million ac) (bu) (billion bu)
1930 103.9 85.5 20.5 1.76
1931 109.4 91.1 24.5 2.23
1932 113.0 97.2 : 26.5 2.58
1933 109.8 92.1 22.8 2.10
1934 100.6 61.2 18.7 1.15
1935 100.0 82.6 24.2 2.00
1936 102.0 67.8 18.6 1.26
1937 97.2 81.2 28.9 2.35
1938 94.5 82.8 27.8 2.30
1939 91.6 78.3 29.9 2.34
1940 . 88.7 76.4 28.9 2.21
1941 86.8 77.4 31.2 2.41
1942 88.8 79.2 35.4 2.80
1943 94.3 81.9 32.6 2.67
1944 . 95.5 85.0 33.0 2.80
1945 89.3 77.9 33.1: 2.58
1946 88.9 78.4 37.2 2.92
1947 85.0 73.8 28.6 1.11
1948 85.5 76.8 43.0 3.31
1949 86.7 77.1 38.2 2.95
1950 82.8 72.4 : 38.2 2.76
1951 83.3 71.2 36.9 2.63
1952 82.2 71.4° 41.8 2.98
1953 8l.6 70.7 40.7 2.88
1954 82.2 68.7 39.4 2.71
1955 80.9 68.5 42.0 2.87
1956 77.2 64.9 47.4 3.08
1957 73.2 63.1 48.3 3.05
1958 73.4 63.5 52.8 3.36
1959 82.7 72.1 53.1 3.82
1960 81.4 71.4 54.7 3.91
1961 65.9 57.6 62.4 3.60
1962 65.0 55.7 ' 64.7 3.61
1963 68.8 59.2 67.9 4.02
1964 65.8 55.4 62.9 3.48
1965 65.2 55.4 74.1 4.10
1966 66.3 57.0 73.1 4.18
1967 71.2 60.7 80.1 4,86
1968 65.1 56.0 79.5 4.50
1969 64.3 54.6 . 85.9 4.69
1970 66.9 57.4 72.4 4.15
1971 74.2 64.1 88.1 5.65
1972 67.1 57.5 97.0 5.58
1973 72.3 62.1 91.3 5.67
1974 77.9 65.4 71.9 4,70
1975 78.7 67.6 86.4 5.84
1976 84.6 ’ 71.5 88.0 6.29
1977 84.3 71.6 90.8 6.51
1978 81.7 71.9 101.0 7.27
1979 81.4 72.4 - 109.7 7.94
1980 84.1 73.1 91.0 6.65

Source: USDA: Agricultural Statistics, 1930-79; Field Crops: Estimates by States 1974-78; and Crop
Production: Annual Summary 1980.
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Figure II-2. U.S. Corn Yields, 1930-80.
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increasing rate over time (Duvick, 1980). The
implications for the current (1981) underlying
yield trend are quite different in each case,
ranging from 0.5 bu/ac per year (S-shaped) to 1.7
(straight line) to over 2 (quadratic). However,
we see no logical or empirical evidence for de-
picting yields via a quadratic curve which shows
them increasing at an increasing rate. The ques-
tion of whether there has been a secular decline
in corn yield increases since about 1970 is
addressed in Chapter III.

Since the end of World War II, there has been
a dramatic rise in the amount of nitrogen ferti-
lizer applied per acre of corn grown, and there
has been a strong relationship between the amount
of nitrogen applied and corn yield over that per-
iod. Undoubtedly nitrogen has been an important
factor in the yield increases. This relationship
is addressed in detail in Chapter IV.

Some people have argued that the historical
rise in corn yields since 1945 has been associ-
ated with a generally more favorable climate.
However, our own analysis did not corroborate
this. First, nitrogen alone was able to account
for a large proportion of total yield variability
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over the period. Second, when a weather variable
was added to the nitrogen variable in a yield
response equation, the co-efficient of the nitro-
gen variable changed only slightly. The weather
variable (W) which we included in the analysis
was July rainfall weighted by the acreage of corn
grown in the U.S. (Butell and Naive, 1978).1/ A
recent study using Illinois data (Swanson and
Nyankori, 1979) also found no systematic effect
by climate on corn yield increases over time
(1950-76). They used detailed measurements of
weather as explanatory variables in regression
equations with yield as the dependent variable.

In summary, corn yields have risen at an
average rate of 2.1 bu/ac since 1945, and are
apparently continuing to rise. Technological
factors, rather than weather, have been largely
responsible. However, there has been an apparent
slowdown in yield increases over the last decade
(see Chapter III).

3. Location of Corn Grain Production

A broad picture of the post-World War II
(1949-74) shift in location of U.S. corn grain
acreage can be obtained from Figures II-3 and
II-4 (U.S. Bureau of Census, 1950, 1978). These
show clearly that there has been a shift away
from a wide distribution of corn acreage, which
included the Southern and Eastern U.S., to a
denser concentration of acreage on the Corn Belt
type soils of the North Central Region. Since
1974, however, there has been some expansion of
corn production into several newly-irrigated
areas and into shorter maturity growing areas.
The latter are principally in the Lake States and
Northern Plains.

In recent years, more than 90 percent of total
production has come from only 15 states. These
states, ranked in order of 1979-80 production,
are shown in Table II-2. TIowa and Illinois rank
as the two top states in production followed by
Nebraska, Indiana, Minnesota and Ohio.

In order to pursue the location of production
topic more effectively, a breakout of 6 U.S.
farming regions and 11 subregions is presented
in Figure II-5 (from Coffman, 1980). Corn pro-
duction for each region for selected years since
1930 is shown in Table II-3. Table II-4 presents
the percentage of total U.S. corn grain production
from each production region over the same period.

The North Central (NC) Farming Region (encom-
passing the Corn Belt and the Lake States subre-
gions) is by far the dominant corn production
region in the U.S. In 1978-80 it produced 71
percent of total production, up from 66 percent
in 1945-47. Eight of the top 15 ranked corn
production states are located in the NC region.



Figure II-3. Corn Acreage Harvested for
Grain, 1949.

Figure II1-4.

Grain,

Table 1I-2. Top 15 States in Production of Corn for Grain

1974.

Corn Acreage Harvested for

1 DOT - 10,000 ACRES

Production Acreage Harvested Harvested Yield
Stateé/ (million bu) (millicn ac) (busac)

1979 1980 1979 1980 1979 1980
Iowa 1,664 1,463 13.1 13.3 127 110
Illinois 1,414 1,066 11.1 11.5 111 128
Nebraska 822 604 7.2 7.1 115 85
Indiana 675 603 6.0 6.3 112 96
Minnesota 606 610 6.1 6.3 100 97
Ohio 417 441 3.6 3.9 115 113
Wisconsin 317 348 3.1 3.4 103 104
Michigan 237 247 2.5 2.6 81 95
South Dakota 211 122 2.9 2.3 74 53
Kansas 172 116 1.5 1.2 117 94
Texas 132 117 1.3 1.3 105 90
Missouri 140 110 2.3 2.1 103 53
Kentucky 133 104 1.3 1.5 102 70
North Carolina 128 104 1.7 1.7 76 60
Pennsylvania 122 96 1.3 1.3 95 75
u.s. 7,939 6,647 72.4 73.1 110 91
Top 15 states
as percent of
total U.S. 91.8% 92.5% 89.5% 89.9%
a/

1978, 1979, and 1980.

Source: USDA. Crop Production:

1980 Annual Summary.
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January, 1981.

Ranked in order of 1979-80 production - these same states constituted the top

15 in production for



Figure II-5.

Northwest

Table II-3.

Great Plains

Farming Regions.

North Central
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o

Corn for Grain:
and 1978-80 Average

Production

(in milli

The five-state Corn Belt2/ subregion has con-
sistently produced about 55 percent of the corn
for grain over the past three decades while the
Lake States have raised their share of total pro-
duction from 10 percent in 1945-47 to 16 percent
in 1978-80. Over the same period, harvested
acreage of corn for grain increased about 5 mil-
lion acres in the Lake States and 7 million acres
in the Corn Belt for a NC Region acreage total of
about 48 million in 1978-80. But the percentage
rate of yield increase between 1945-47 and 1978-80
was much lower for the NC Region (148%) than for
the U.S. (206%), due mainly to two phenomena:
the very low yield levels in some non-NC Region
states in 1945-47, and significant increases in
irrigation in some areas outside of the NC region
in the post 1945-47 period.

The South is the one farming region which has

realized a major decline in its share of U.S.
corn production since World War II. 1In 1945-47

on bu) by Region and U.S., Selected Years 1930-80

NORTH CENTRAL SOUTH PLAINS
(/]
» =1 @
U tU 4
EE) P o o 3] ) = -
[} [3] — K= & w [=] =1 [©2] w0
3] L [Y] [S] 5] « = = =1 [ 1]
o 77 M o o o o o = 3
£ - — o = — R = o — = £

o P ] =] ] ] v ) ] + ) o [} ) +

I ~ X " i =% — =1 o " 2 7 o ) u U.S.

Q o o 0 ° o o <) S) S <) ] o 5] [S)

I Z = &) £ <4 [~ 2 [ =4 7] = = 2] Z Total
1930 37 137 794 930 119 43 91 253 350 105 35 490 5 2 1,717
1935 83 193 1;008 1,202 210 89 123 422 172 119 11 302 5 2 2,015
1940 71 223 1,141 1,364 220 112 118 450 182 127 9 318 4 3 2,210
1945 78 281 1,297 1,578 225 96 123 444 403 74 13 490 3 1 2,594
1950 -89 263 1,402 1,665 264 98 130 491 424 81 9 514 3 2 2,764
1955 86 415 1,627 2,042 234 81 146 461 204 53 8 266 14 4 2,873
1960 117 514 2,242 2,756 246 47 133 425 541 34 14 589 11 8 3,907
1965 123 474 2,622 3,096 245 29 145 420 411 021 15 447 14 4 4,103
1970 170 652 2,390 3,042 178 13 83 274 556 39 41 636 22 8 4,152
1975 207 773 3,404 4,177 287 10 191 487 735 126 54 914 37 7 5,829
1976 231 635 3,674 4,310 399 15 260 674 735 196 67 998 45 9 6,266
1977 218 1,088 3,471 4,559 303 11 70 385 954 170 84 1,207 45 11 6,426
1978 249 1,132 3,966 5,099 344 12 151 507 1,084 148 84 1,316 50 14 7,268
1979 265 1,161 4,411 5,572 370 10 190 570 1,229 141 100 1,470 45 18 7,939
1980 218 1,206 3,682 4,888 T 274 5 109 388 859 122 94 1,075 49 17 6,648
Average .

1978-80 244 1,166 4,020 5,186 329 9 150 488 1,057 137 93 1,287 48 16 7,285
Source: Coffman (1980) and Agricultural Statistics, various issues.

I1-5



the South (encompassing the Delta States, South-
east and Appalachia subregions) produced 19 per-
cent of U.S. corn grain, but this percentage had
dropped to 7 percent by 1978-80. This major
decline in relative production is mainly the
result of a decline in acreage harvested from
20.1 to 7.4 million acres as soybeans have re-
placed corn. This shift was most dramatic in the
Delta States, where in 1945-47 there were 4.6
million acres of harvested corn and 363 thousand
acres of harvested soybeans. Comparable acreages
for 1978-80 were 184 thousand corn and 11.9 mil-
lion soybeans. Corn yields have always been, and
still are, low in the South (an average of 66
bu/ac in 1978-80).

A farming region of continuing major importance
for corn grain production is the Plains (compri-
sing the Northern, Southern and Western subre-
gions). Seventeen percent of U.S. corn grain
production came from this region in 1945-47, com-
pared to 17.6 percent in 1978-80. Within the

Table II-4. Corn for Grain:
Years, 1930-80 and Average, 1978-80

region, the Northern Plains, and the state of
Nebraska in particular, dominates in importance.
Although the Plains Region harvested 18.8 million
acres of corn for grain in 1945-47, this dropped
to 13.5 million acres in 1978-80. However, during
this same period, average yields increased 310
percent from 23.2 to 95.1 bu/ac. The importance
of irrigated corn has increased in the Plains
Region in recent years, particularly in Nebraska,
Kansas, Texas and Colorado. This explains part
of the rapid increase in per acre yields, and the
increased importance of the region despite the
reduced acreage.

Corn production in the Northeast Farming Region
has remained at slightly over 3 percent of total
U.S. production for a long time. Although corn
production has increased slightly in the South-
west and Northwest Regions, mainly via irrigation,
the aggregate production from these two regions
totaled less than one percent of U.S. production
in 1978-80.

Regional Production as a Percentage of the National Production, Selected

NORTH CENTRAL SOUTH PLAINS
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1930 2.2 5.6 48.6 54.2 6.9 3.5 5.3 15.7 20.4 6.1 2.0 28.5 0.3 100
1935 4.1 9.6 50.0 59.6 10.4 4.4 6.1 20.9 8.5 5.9 0.5 15.0 0.2 0.1 100
1940 3.2 10.1 51.6 61.8 10.0 5.1 5.3 20.4 8.2 5.7 0.4 14.3 0.2 0. 100
1945 3.0 10.8 50.0 60.8 8.7 3.7 4.7 17.1 15.5 2.9 0.5 18.9 0.1 0.0 100
1950 3.2 9.5 50.7 60.2 9.6 3.6 4.7 17.8 15.4 2.9 0.3 18.6 0.1 0.1 100
1955 3.0 14.5 56.6 71.1 8.2 2.8 5.1 16.1 7.1 1.9 0.3 9.3 0.5 0.1 100
1960 3.0 13.2 57.4 70.6 6.3 1.2 3.4 10.9 13.9 0.9 0.4 15.1 0.3 0.2 100
1965 3.0 11.6 63.9 75.4 6.0 0.7 3.6 10.2 10.0 0.5 0.4 10.9 0.4 0.1 100
1970 4.1 15.7 57.6 73.3 4.3 0.3 2.0 6.6 13.4 1.0 1.0 15.3 0.5 0.2 100
1975 3.6 13.3 58.4 71.7 4.9 0.2 3.3 8.4 12.6 2.2 0.9 15.7 0.6 0.1 100
- 1976 3.7 10.1 58.6 68.8 6.4 0.3 4.2 10.8 11.7 3.1 1.1 15.9 0.7 0.1 100
1977 3.4 16.9 54.0 71.0 4.7 0.2 1.1 6.0 14.9 2.6 1.3 18.8 0.7 0.2 100
1978 3.4 15.6 54.6 70.2 4.7 0.2 2.1 7.0 14.9 2.0 1.2 18.1 0.7 0.2 100
1979 3.3 14.6 55.6 70.2 4.7 0.1 2.4 7.2 15.5 1.8 1.3 18.6 0.6 0.2 100
1980 3.3 18.1 55.4 73.5 4.1 0.1 1.6 5.8 12.1 1.8 1.4 16.1 0.7 0.3 100
Average
1978-80 3.3 16.1 55.2 71.3 4.5 0.1 2.0 6.7 14.4 1.9 1.3 17.6 0.7 0.2 100

Source:
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Additional details on corn acreage and yields
by farming regions and subregions are shown in
Appendix Tables II-1 and II-2.

Utilization of Corn Grain

The following discussion of corn grain utili-
zation is not intended to be a comprehensive
demand-utilization analysis. Rather, it is in-
tended as a depiction of the several components
of corn utilization, their general magnitudes
and their changes over time.

1. Utilization of Corn 1945-80

In discussing corn technology it is important
to identify the end use of the product, as this
will influence the type of corn produced, and
the technology used to produce it. The major
change in the utilization has been where the
corn is utilized, rather than how. 1In 19453, 78
percent of the corn produced was utilized on the
farm where it was produced, compared to only 37
percent in 1979. Although the quantity of corn
utilized on-farm has not changed significantly,
the quantity of corn sold off-the-farm has in-
creased dramatically, both in absolute terms and
as a percentage of the total, as is illustrated
in Table II-5.

Table II-5. Utilization of Cornm on Farm Where
Produced and Off-Farm Sales, 1945-80

Pro- Utilized Sold On-Farm
duction on Farm Off-Farm Utilization
" Year Where Grown (% of Total)
(million bushels)

1945 2,256 606 78.3
1950 2,399 789 71.0
1955 2,085 1,147 64.6
1960 2,583 1,177 54.5
1965 2,089 2,014 50.9
1970 1,888 2,264 45.5 ’
1975 ‘ 2,117 3,671 36.8
19798/ 2,916 4,847 37.6
E/Preliminary.

Source: Agricultural Statistics, various years.

The shift away from on-farm utilization of corn

has influenced corn production technology. For
example,in early years storage was primarily in
corn cribs where ear corn was stored and dried
prior to utilization in the farm livestock enter-

prise(s). As a result of the move toward off-farm

sales, there was a shift in the technology used

in corn production. In order to facilitate the
handling and storage of large volumes of grain,
technologies for field shelling and artificial

drying were developed and adopted. Further details

are presented in Chapter IX.

Corn production increased from 2.5 billion
bushels in 1945 to almost 8 billion bushels in
1979. The annual disappearance of corn over the
period 1945-80 is illustrated in Figure 1I-6
(based upon data in Appendix Table II-3). To
illustrate the differential growth in usage in
various sectors, the total disappearance is
divided into three categories: feed, export, and
a category including food, seed and industrial
uses.

Figure I1-6. Corn Disappearance, U.S.,
1945-80.
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Source: Appendix Table II-3.

1.1 Feed

In 1945, 90 percent of the total utilization
of corn was as a domestic feed grain. Although
domestic use as a feed grain has grown and
continues to be the most important single cate-
gory, in 1979/80 it accounted for only 60 percent
of the total disappearance (the export sector
was the dominant growth component over the period
1945-80).



The major feed grains in the U.S. are corn,
sorghum, oats and barley. Table II-6 demonstrates
the importance of corn in the feed grain market.
Over the period 1945~72 corn accounted for between
70-74 percent of the grain fed to livestock.

Since 1973, corn has become even more important
in the feed grain market, increasing to around
80 percent of that market for the period 1977-80.

Table II-6. Domestic Utilization of Feed Grains
Crop Corn Total Corn's Share
Year Feed of the Feed

Grains Grain Market
(million metric tomns) (%)

1945/46 77.3 105.5 73

1950/51 78.1 104.3 74

1955/56 76.2 106.6 71

1960/61 86.6 119.5 72

1965/66 93.6 126.2 74

1970/71 100.3 138.3 72

1971/72 111.4 149.1 74

1972/73 120.5 155.3 77

1973/74 117.1 152.2 76

1974/75 89.3 116.0 77

1975/76 100.5 127.5 78

1976/77 100.4 123.9 81

1977/78 103.8 129.6 80

1978/79 117.5 148.1 79

1979/80 121.8 151.3 80

Source: Corn Annual and Agricultural Statistics,

various issues.

1.2 Utilization of Corn by Livestock

The consumption of corn by the various classes
of livestock is illustrated in Figure II-7. Hogs
have been the major users of corn, followed by
fed cattle, dairy, egg production, broilers,
other cattle and turkeys. Hogs were the major
users of corn in 1960 and they remain so in 1980.
The fed beef sector rapidly increased its consump-
tion of corn from 1960 to the early 1970s, reflec-
ting an overall increase in beef production as
well as a change in the structure of the industry
(wvith more cattle being finished in commercial
feed lots). High corn prices in 1973-74 resulted
in an adjustmeut to a lower level of corn use by
that sector. Total utilization of corm by dairy
cattle has increased slowly from 1960-80. The
reduction in the number of dairy cows has been
more than offset by the increase in corn
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consumption per cow. Poultry does not consume
the quantity of corn that might be expected, given
the size of the industry. The reason is that
poultry rations are made up of a large proportion
of high protein feeds compared with other animal
feeds.

1.3 Exports

In 1945 exports accounted for only one-half of
one percent of corn disappearance. By 1980 they
accounted for 31 percent. Exports are now ranked
a strong second behind domestic feed grain as the
largest market for U.S.-produced corn. Corn ex-
ports from the U.S. accounted for between 70-78
percent of world corn exports between 1976-80.

1.4 Food and Industry

The quantity of corn utilized for food and
industry is shown in Table II-7. The major food
and industry use is for wet milling (corn sweet-
eners and starches).

Table IT~/. Corn Utilized (in million bu.) in
Processed Food and Alcohol

Wet
Dry Milled Milled
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1944/45 12 70 124 37
1949/50 i0 68 128 36
1954/55 13 74 139 22
1959/60 16 95 154 31
1964/65 19 110 201 28
1969/70 22 97 216 31
1974/75 24 118 333 16
1979/80 25 142 483 20
Source: USDA, Agricultural Statistics, various

years and Feed Situation, various
years.

1.5 The Milling Industry

The corn milling industry is made up of two
basic types of milling systems: dry milling and
wet milling. The wet milling industry's major
product is starch and its derivatives, such as



syrups and sweeteners and the by-products are and as an adhesive (Arthur D. Little; Inc., 1975).

0il and feeds. The dry milling industry's major The textile industry utilizes starch as a sizing
products are grits, corn meal and flour. agent and the food industry uses starch as a
thickening agent in foods, such as pudding and
Corn Wet Milling gravy.
Corn wet milling is a refining process whereby
corn is placed in a water suspension and separ- Table II-8. Typical Corn Product Mix Derived
ated into its components for further processing. from Wet Milling One Bushel of Corn
Wet milling utilizes the raw product, kernel
corn, to produce starch and corn syrups. O0il Amount % of
and meal are valuable by-products. (1bs/bu) Total
To provide a rough idea of the proportion of Starch 33.00 58.9
starch and by-products produced in the wet mil- Gluten feed
ling of one bushel of corn,Table II-8& (from (21% protein) 15.00 26.8

Carman and Thor, 1979) illustrates a typical mix

Gluten meal
of products.

(60% protein) 2.00 3.6

Starch has many uses in addition to its being Crude corn oil 1.75 3.1

a raw product f?r sweeteners: The larg?st user Moisture 4.25 7.6
of corn starch is the paper industry which uses

starch for a wide variety of purposes, such as Total 56.00 100.0

increasing the quality and strength of paper,
Figure II-7. Annual Consumption of Corn by Livestock, U.S.,
1960-80.
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There are three major corn sweeteners made by
the wet milling industry: glucose, dextrose, and
high fructose corn syrup (HFCS). The relative
importance of these sweeteners in the caloric
sweetener market is illustrated in Figure II-8,
which also reflects the rapid expansion of the
HFCS market in recent years. In 1979, HFCS
accounted for 11 percent of the total consumption
of caloric sweeteners. The expansion of the HFCS
market has been at the expense of sucrose and,
to a lesser extent, dextrose.

Figure II-8. Annual Per Capita Consumption
of Major Caloric Sweeteners in the U.S.,
1963-80 (dry basis).
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Source: USDA, Sugar and Sweetener Report,
ESCS, Dec., 1981.

HFCS is a potential growth area for corn
sweeteners. The current utilization of HFCS is
2.1 million tons (dry basis) a year. There have
been a number of projections of future demand for
this product. These projections vary. Carman
and Thor (1979) estimate that the maximum share of
the calorific sweetener market obtainable by HFCS
is 20-35 percent.3/ They project demand for
HFCS between 2.9 and 3.9 million tons in 1985
and 3.3 to 4.75 million tons in 1990. The corn
required to produce these quantities of HFCS is
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175 to 241 million bushels (1985 projection) and
200 to 288 million bushels (1990 projection).
This compares with the 121 million bushels of
corn presently used to produce HFCS.

The by-products of the wet milling process are
steep water, corn germ and gluten. Steep water
is used in the production of antibiotic drugs.

It can also be used in animal feeds. The oil in
the germ is removed by heating the germ under
pressure. Most of the oil is further refined for
human consumption. The remaining portion of the
germ is then utilized for feed. The gluten is
used to produce high protein animal feed. Most
of it is used in corn gluten meal, which is an
ingredient of livestock feeds. Some of the gluten
is combined with the germ meal and hulls to pro-
duce gluten feed. Gluten has other minor uses,
such as for paper, plastics and drugs.

Corn o0il is a polyunsaturated oil. Its main
use in the United States is for cooking o0il or as
an ingredient of margarine. Corn oil is generally
considered to be a high quality edible oil. It
has had a small, but growing, share of the total
edible o0ils market, and as is seen in Table 1I-9,
the total production of edible vegetable oils
has been steadily increasing. The major edible
0il is soybean, which made up 57-67 percent of
total fats and oils production in the last 10
years. Corn oil production has steadily increased
over this period and its share of the market has
increased since 1974.

Table II-9. Fats and 0il Production, 1971-80
Corn Soybean Total

(million 1bs) i
1971 499 (3.6)2 7,802 (57.527 13,735
1972 523 (4.0) 7,501  (57.5) 13,051
1973 528  (3.7) 8,995  (63.0) 14,278
1974 465  (3.8) 7,375 (60.0) 12,275
1975 644 (4.5) 9,630 (67.1) 14,360
1976 669  (4.9) 8,578  (63.3) 13,542
1977 738 (4.7) 10,288  (65.3) 15,753
1978 736 (4.4) 11,323  (67.2) 16,854
1979 775 (4.2) 12,114 (66.0) 18,353
19802 825  (4.7) 11,230  (64.0) 17,560
a/

Preliminary forecast.

b/

= Numbers in parentheses represent percent of
total.

Source: Fats and Oils Situation, various years.




Since corn oil is produced Ly the corn milling
process, any future increase in milling will
necessarily result in an increase in oil produc-
tion. At present, the area of greatest potential
growth in the corn milling industry is for the
production of high fructose corn syrup. The
output of the by-product, oil, is therefore also
expected to increase (perhaps by an additional
283.9 million pounds by 1990 - up 34 percent

from 1980 - see Appendix II-A for calculations ).

Dry Milling

The dry milling industry uses less corn than
the wet milling industry. Approximately 120
million bushels of corn are dry milled annually,
compared to the 400 million bushels that are
wet milled. 1In dry milling, there are two dif-
ferent processes with different end products.
The major portion of the dry milling industry
utilizes a de-germing process, which separates
the oil-containing germ from the remainder of
the kernel. Other mills, known as gristmills,
convert the entire kernel into hominy grits and
corn meal which have a high fat content.

The mills which use the tempering/de-germing
process initially separate the oil containing
germ, then use the bulk of the endosperm to pro-
duce flaking grits (which are used to produce
corn flakes), smaller grits (which are used as
brewers grits), meals and flours. The germ cake
(germ with o0il extracted), bran and high fat
portion of the endosperm are utilized to produce
hominy feed. Corn oil is obtained by solvent ex~
traction. Table II-10 illustrates the utilization
of dry milled corn products.

Table II-10. Utilization of Dry Milled Corn

Products
Item Utilization
(% of
X total weight)
Animal Feeds 34.0
Brewing 23.5
Breakfast Cereals 21.7
Other Food (Snacks, bakery,
mixes, etc.) 15.2
Industrial (Non-food) 5.6
Total 100.0
Source: Wells (1979.

1.6 Corn Ethanol Production

A potential growth area in the utilization of
corn is its use as a feedstock in the production
of ethanol. Ethanol is an alcohol which can be

II-11

used as a fuel. At present, it is used in the
production of gasohol, which is a mixture of 10
percent alcohol and 90 percent gasoline.

Alcohol is made by fermenting and distilling
the starch solution. One bushel of corm produces
2.6 gallons of ethanol. In addition, the
non-starch portions of the corn kernel are avail-
able for o0il and feed products (depending on the
process used). The outlook for corn as a feed-
stock for ethanol is very uncertain. There are a
number of factors involved, such as the price of
corn, the price of competing fuels, the cost of
alcohol production, govermment incentive programs,
and the development of alternative liquid fuel
sources.

In the context of energy planning, corn ethanol
is basically an interim energy product. Two
reasons for this are: (i) in the long run,
cheaper cellulose feedstocks are likely to replace
corn in the production of ethanol; and (ii) alter-
native sources of energy are expected to be devel-
oped by the turn of the century. This investment
in corn ethanol plants may only be warranted if
substantial subsidies are provided. Nevertheless,
it is expected that corn ethanol will be produced
by the wet-milling industry to utilize excess
milling capacity in the off-season.

The 1980 production of ethanol fuel has been
estimated to be in the range of 100-120 million
gallons (unofficial governmental estimate). What
the real growth will be is, at present, very uncer-
taih. It seems likely, however, that it will be
a long time before production reaches the one
billion gallon level (which has sometimes been pro-
jected and which would utilize about 385 million
bushels of corn).

Footnotes

1/While July precipitation is only a rough

proxy for corn growing weather, it was the most
significant climatic variable in Thompson's (1969)
analysis. Note that our results are not neces-
sarily in conflict with Thompson's argument that
the last 50 years or so of weather have been above
the long-run average in terms of their suitability
for corn growing.

2/The Corn Belt is sometimes defined in terms
of a broad soils category including southern por-
tions of Michigan, Minnesota and Wisconsin and
eastern portions of Nebraska (see Appendix
Figure II-1). In that case the geographical area
differs substantially from the 5-state depiction.

3/Projections vary as to the share of the total
caloric sweetener market obtainable by HFCS. How-
ever, even if HFCS captured the total sucrose mar-
ket, the additional demand for corn would have
amounted to only 4.8 percent of the 1979 crop.
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Appendix Table II-1.

Corn:

Acreage Harvested by Farming Region and U.S., Selected Years 1930-80 and Average 1978-80

NORTH CENTRAL SOUTH PLAINS
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1930 1.7 4.3 29.6 33.9 8.9 4.7 8.2 21.7 17.9 7.4 1.6 26.8 299 56 84.5
1935 2.1 5.5 27.6 33.1 9.8 6.5 10.6 27.0 13.1 6.6 1.1 20.8 250 54 83.3
1940 2.0 5.6 26.6 32.2 9.3 6.7 10.0 26.0 9.2 6.3 0.7 16.3 224 82 76.8
1945 1.9 7.2 28.9 36.0 1.7 4.8 8.0 20.5 | 14.6 4.5 0.6 19.8 162 34 78.5
1950 1.8 6.4 28.6 35.0 7.4 4.3 6.7 18.4 12.7 3.9 0.4 16.9 124 30 72.4
1955 2.0 8.3 31.3 39.6 6.4 2.7 5.6 14.7 9.4 2.2 0.3 11.8 262 55 68.5
1960 1.8 9.3 34.7 44.0 5.4 1.7 4.6 11.6 12.0 1.5 0.3 - 13.7 171 - 106 71.4
1965 1.8 7.4 30.4 37.8 3.7 0.8 3.1 7.6 7.2 0.6 0.2 8.0 182 56 55.4
1970 2.0 7.8 30.8 38.6 3.4 0.4 2.9 6.7 8.7 0.6 0.4 9.7 246 88 57.4
1975 2.4 10.3 35.0 45.2 4.0 0.2 3.5 7.7 9.9 1.2 0.6 11.8 356 72 67.5
1976 2.7 10.1 37.5 47.5 4.6 0.3 4.1 5.0 9.3 1.7 0.7 11.6 429 89 71.3
1977 2.7 11.1 36.3 47.4 4.6 0.3 2.4 7.2 10.6 1.7 0.7 13.1 424 104 70.9
1978 2.7 11.6 36.1 47.7 4.4 0.2 2.9 7.5 11.2 1.5 0.8 13.6 419 136 71.9
1979 2.8 11.5 36.1 47.8 4.3 0.2 2.9 7.4 11.8 1.3 0.8 13.9 395 159 72.4
1980 3.0 12.2 37.0 49.2 4.5 0.2 2.5 7.2 10.9 1.4 0.8 13.1 410 155 73.1
Average
1978-80 2.8 11.8 36.4 48.3 4.4 0.2 2.8 7.4 11.3 1.4 0.8 13.5 0.4 0.2 72.5
Source: Coffman (1980) and Agricultural Statistics, various issues.
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Appendix Table II-2. Corn: Yield Per Acre Harvested by Farming Region and U.S., Selected Years 1930-80 and Average 1978-80
NORTH CENTRAL SQUTH PLAINS
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bu/ac
1930 21.7 31.6 26.9 27.4 13.4 9.2 11.2 11.6 19.6 14.2 22.5 18.3 16.7 35.7 20.5
1935 39.8 35.3 36.5 36.3 21.3 13.6 11.6 15.6 13.1 18.0 10.2 14.5 20.0 37.0 24.2
1940 36.4 39.6 42.9 42.3 23.7 16.6 11.6 17.2 19.7 20.0 13.1 19.5 17.9 36.6 28.9
1945 40.7 39.1 45.0 43.8 29.1 20.1 15.4 21.7 27.6 16.3 20.1 24.7 18.5 29.4 33.1
1950 47.5 41.1 49.0 47.6 35.7 22.9 19.2 26.7 33.4 20.9 24.3 30.3 26.5 52.1 38.2
1955 43.1 49.9 51.9 51.5 36.6 29.8 26.3 31.4 21.8 24.0 31.6 22.5 53.5 66.7 42.0
1960 64.3 55.6 64.6 62.7 45.9 27.8  29.0 36.7 45.0 23.6 51.4 42.9 61.8 77.3 54.7
1965 69.6 64.3 86.2 81.9 66.1 37.2 46.9 55.3 57.3 33.1 69.4 55.7 77.9 73.6 74.1
1970 85.7 83.6 77.5 78.8 51.9 33.8 28.9 41.0 . 64.0 63.6 94.6 65.3 90.2 92.9 72.4
1975 85.2 75.0 97.5 92.4 72.1 44.3 55.0 63.5 73.8 101.3 91.3 77.6 103.6 93.1 86.3
1976 87.1 63.2 98.1 90.7 86.2 53.1 63.3 74.7 79.2 118.4 101.1 86.1 104.9 96.4 87.9
1977 81.4 97.9 95.7 96.2 66.6 42.6 29.7 53.6 89.8 97.1 114.0 92.2 106.3 107.3 90.7
1978 93.3 97.8 109.8 108.2 78.9 56.6 51.4 67.5 96.8 98.3 108.5 97.6 119.3 102.9 101.0
1979 95.4 101.3 122.1 116.6 86.4 53.8 65.5 77.3 104.3 105.6 1.25.2 105.6 113.9 113.2 109.7
1980 T4.4 98.5 99.5 99.24 60.8 32.2 42.8 53.8 78.6 88.7 116.8 82.0 119.5 109.7 91.0
i“g’;’gfgg 87.7  99.2 110.5 108.0 75.4 47.5 53.2  66.2 93.2 97.5  116.8 95.1  117.6  108.6 100.6
Source: Coffman (1980) and Agricultural Statistics, various issues.




Appendix Table II-3.

Corn Disappearance, U.S., 1945-80 (millions of bushels)

Total Food, Seed,

Year Disappearance Feed Exports Industry
1945/46 3,010 2,717 17 274
1946/47 3,024 2,761 20 242
1947/48 3,138 2,700 127 309
1948/49 2,545 2,296 7 243
1949/50 2,982 2,617 111 254
1950/51 2,869 2,545 112 259
1951/52 2,883 2,482 117 270
1952/53 2,700 2,555 82 246
1953/54 2,732 2,313 145 242
1954/55 2,594 2,387 104 241
1955/56 2,744 2,242 103 259
1956/57 2,822 2,366 120 268
1957/58 2,997 2,377 184 261
1958/59 3,302 2,535 200 262
1959/60 3,563 2,782 230 290
1960/61 ’ 3,679 3,092 292 295
1961/62 3,962 3,212 435 315
1962/63 3,895 3,157 416 322
1963/64 3,848 3,009 500 349
1964/65 3,875 2,956 570 349
1965/66 4,409 3,362 687 360
1966/67 4,185 3,334 487 364
1967/68 4,518 3,523 633 362
1968/69 4,502 3,607 536 359
1969/70 4,801 3,824 612 365
1970/71 4,494 3,592 517 385
1971/72 5,187 4,001 796 390
1972/73 6,000 4,313 1,258 429
1973/74 5,896 4,205 1,243 448
1974/75 4,826 3,226 1,149 451
1975/76 5,793 3,592 1,711 490
1976/77 5,784 3,587 1,684 513
1977/78 6,208 3,709 1,948 551
1978/79 6,906 4,198 2,133 575
1979/80 7,365 4,350 2,400 615
Source: Agricultural Statistics, various years.
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Appendix Table II-4.

metric tons)

Consumption of Harvested Concentrate Feed by All Livestock, 1960-80 (million

Year Concentrates

beginning Sorghum Other High Other

October 1 Corna/ grains grainsh/ protein—= by—productsg. Total
1960 79.1 10.6 21.3 14.6 11.0 136.5
1961 82.2 10.4 19.2 15.2 11.1 138.2
1962 81l.1 9.9 19.3 15.6 11.1 138.2
1963 77.4 12.0 18.7 ° 15.6 11.6 135.1
1964 76.0 10.8 18.5 15.7 11.5 142.5
1965 86.4 14.4 18.5 16.7 11.3 146.4
1966 85.6 15.2 18.9 16.7 11.3 147.7
1967 90.3 13.5 18.5 16.6 11.2 150.5
1968 92.1 15.6 21.3 17.6 11.9 148.8
1969 97.7 16.2° 23.0 19.0 12.1 168.0
1970 92.3 17.4 24.1 19.0 11.9 165.1
1971 94.8 17.6 24.8 19.0 11.9 175.8
1972 96.1 17.0 19.8 17.2 18.9 168.3
1973 99.0 17.6 18.7 16.6 18.2 171.0
1974 69.3 10.7 17.2 17.4 18.1 132.7
1975 81.2 13.2 17.2 20.0 19.1 150.7
1976 91.1 11.2 13.8 18.8 18.4 156.6
1977 95.2 26.0 20.5 16.8 158.4
1978 106.7 27.6 21.3 16.6 172.2
1979 112.5 26.8 23.8 17.6 180.7
1980 106.7 23.0 22.8 15.6 168.1
a/

—~'For the years 1960-73, fats fed to livestock were converted to corn equivalents and added to corn.

b/

—'Other grains includes oats, barley, wheat and rye.

</
d/

High protein includes oilmeals, animal proteins and grain proteins.

='0ther by-products includes milling by-products, fats and oils, alfalfa meal, and for the period
1974-80, includes urea, salt, minerals and molasses.

Source:
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Appendix II-A. Increase in Corn Utilization and
Corn 0il Production Resulting from Projected
HFCS Production

Estimates of a range of HFCS demand projected
by Carman and Thor are used to calculate the in-
creased demand for corn resulting from the ex-
pected increase in HFCS production (Appendix
Table II-5).

Appendix Table II-5. Projected HFCS Demand and
Corn Utilization in the Production of HFCS in
1985 and 1990

Projected HFCS Projected Utilization

Demand of Corn in HFCS b/

(1,000 tons)Z Production (1,000 bu)>
1985 2,896 - 3,983 175,515 - 241,394
1990 3,303 - 4,753 200,182 - 288,061

a/

range of demand occurs because they assume market
ceiling values range from 20-30 percent of the
total sweetener market and sugar prices from
$.20-$.30/1b.

E/33 lbs of HFCS are produced from one bushel of
corn.

The potential increase in corn oil production
due to increases in HFCS production are shown in
Appendix Table II-6. These were calculated on

Demand projections are from Carman and Thor, the

Appendix Figure II-l. Location of the

the basis of estimated quantities of corn required

to produce HFCS (Appendix Table II-5). The range
of projections for each year represent the poten-
tial HFCS demand at various sugar prices and HFCS
market ceilings as estimated by Carman and Thor

(1979). The corn required to produce HFCS in 1980

is subtracted from the estimated future corn re-
quirements to obtain the additional corn required
to produce the new levels of HFCS. This addi-
tional corn utilization is then translated into
corn 0il production using the conversion factor
of 1.7 pounds of crude o0il per bushel of corn.

Appendix Table II-6. Potential Increase in Corn
0il Production Due to Projected Increase in
HFCS Production

A - B = C D
1985 175 121 54 91.8
to
241 121 120 204.0
1990 200 121 79 134.3
to
288 121 167 283.9
A = Corn Required to Produce HFCS (million bu)
B = Corn Required to Produce HFCS in 1980 (million
bu)
C = Additional Corn Utilized for HFCS
D = Additional Crude 0il (million 1bs)
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III-CONVENTIONAL PLANT BREEDING

1. Definition and Description

Conventional plant breeding refers to the use
of existing plant breeding techniques applied to
the production of corn hybrids. Genetic engin-
eering and related techniques are specifically
excluded, being subjects of a separate chapter.

Desirable characteristics which plant breeder
attempt to incorporate into modern hybrids in-
clude general yield increases, adaptability to
new production techniques (e.g., higher plant
populations), climatic adaptability, pest resis-
tance, and grain quality improvements.

2. Direction and Magnitude

The first lines of hybrid corn became availab
in the late 1920s.
with the transition from open-pollinated varieti
being virtually complete within 10 years, in the
major corn producing regions (Sprague, 1980).
Early hybrid lines were double crosses. However
subsequent improvements in the per se performanc
(yield) of inbred parent lines and revision of
early pessimism regarding the stability (consis-—
tent performance over time) of single crosses,
led to a switch to higher yielding single- and
three-way cross hybrids. The switch was essen-
tially complete by 1970 (Duvick, 1980a).

One consequence of improved corn hybrids has
been a significant and persistent rise over time
in planting rate, a trend which continues (see
Chapter IV). New hybrids have been superior in
terms of root and stalk strength and ability to
withstand stress-induced barrenness (Duvick,
1977). These characteristics have enabled new
hybrids to yield well under high population con-
ditions.

Considerable progress has been made in breed-
ing shorter-season hybrids. The most successful
hybrid in recent years, Pioneer 3780, while a

s

le

Adoption by farmers was rapid,

es

s
e

corn yields to be obtained in more northerly lat-
itudes where cold temperatures are a major con-
straint on yields. Figure III-1 shows the number
of "growing degree days" across the U.S. Where
the number of degree days is small, short-season
hybrids are necessary to achieve good yields.
These short-season hybrids have been an important
factor in the enhanced competitiveness of the
Lakes States Region vis-a-vis other corn growing
areas (see Chapter II). 1In addition to increasing
yields in cold environments, short-season hybrids
have a role to play in warmer environments, even
though their yields are generally less there than
long-season hybrids; hybrids of several different
maturities may be grown on a farm to spread the
work load and reduce grain drying costs (see
Chapter IX). Timely harvesting and plowing

are facilitated. '

Many diseases have been successfully controlled
through the mechanism of host (hybrid) resistance.
These include Helminthosporium Leaf Spot and
Northern Leaf Blight (for a comprehensive list,
see OTA, 1979, p. 16). 1Imsect host resistance
has also been identified and incorporated into
adapted hybrids for ear worm and the first brood
of European corn borer (OTA, 1979, p. 28).

A major use for U.S. corn is as a feed grain.
However corn protein is of low quality because
it is deficient in two key amino acids, lysine
and tryptophane. High lysine (Opaque-2) hybrids
have been developed to overcome that particular
deficiency, but at a cost in terms of yield.
Waxy corn containing high levels of amylopectin
starch, and corn with a high oil content have
found a role in meeting a specialized (but rela-
tively small) market demand.

3. Direct Effects of the Technology

3.1 Historical Yield Response

Yields of corn have grown at a slower rate

during the 1970s than in the previous two decades,
so that an S-shaped curve provides a statistically
better fit to U.S. corn yields since 1930, than

good yielder, was most notable for its low mois-
ture content at harvest (an indicator of early
maturity). Early maturity has enabled higher
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Figure I1II-1.

Mean Growing Degree Days Between 25 Percent Treeze Probability Dates.
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does a linear trend (there are severe serial
correlation problems with a linear trend line fit
to the data indicating that the residuals around
the trend line are bunched, i.e., non-randomly
distributed). Since 1970, certain events have
caused corn yields to decline below trend - spec-
ifically the 1970 corn blight, drought years in
1974 and 1980, and reductions in nitrogen appli-
cation rates in 1974-75.

Whether the slowing in corn yield increases in
recent years is temporary, permanent, or indeed
signals a plateauing of U.S. corn yields is not
clear. It is the purpose of this section to make
some judgment on this issue by examining the
recent historical trend in U.S. corn yields in a
time series analysis. 1In order to avoid multicol-
linearity problems associated with a fine decom-
position of "technology'" into all of its indivi-
dual components, we limit ourselves to a distinc-
tion between nitrogen and non-nitrogen technolo-
gies. The basis for this distinction is found
in micro-level agronomic data. In particular,
agronomic studies of corn growth have indicated
that: (i) at present levels of nitrogen appli-
cation, the marginal physical product of nitrogen
is significantly less than it was during the 1950s

3800
4000
4200 o 5200
460‘:00 / A 5400
4800 Insufficient data
5000

*Mean GOD between dates of 25% probabiity of 320F

or lower still occurnng n spring, and 25% probability
of 320 or lower already having occurred i fali,

and 1960s (Chapter IV); but (ii) the contribution
of plant breeding to corn yields, ceteris paribus,
has been constant over time and apparently has
been the dominant non-nitrogen technology contri-
buting to increased yield. Consequently, corn
yield is taken to be a logarithmic function of a
nitrogen variable (N) over the relevant range of N
and a linear function of a non-nitrogen technology
variable (T). Land, irrigated land, weather and

a corn blight dummy variable also entered the re-
gression equation linearly. However, land and
irrigated land did not contribute satisfactorily
to the explanation of yield variation and were
therefore excluded from further consideration.

The base data set (Appendix Table III-1) was
obtained from Butell and Naive (1978) through
1977, updated to 1980 from other USDA sources.;/
The period of the analysis was 1954-80. The
final equation containing the statistically sig-
nificant variables is shown below:

(1I11-1)

€6.3) (2.7 (4.0) (=2.5) (4.0)

ITI-2

Y = -65.9+ 0.95T + 0.09W - 11.5D + 15.91nN



where the variables are defined as:

Y: U.S. corn yield in bu/ac;

N: average nitrogen application rate per acre
of corn grown in lbs/ac;

D: dummy variable representing 1970 corn
blight; D = 1 in 1970; D = O otherwise;

W: a proxy weather variable, viz. acreage
weighted July precipitation for 5 major
Corn Belt states2/;

T: time trend, or proxy for technology -
1954 = 543 1955 = 55...

In a statistical sense, III-1 is a good equa-
tion, explaining 95 percent of the total variation
in corn yields over the period 1954-80. All of
the regression coefficients are highly statisti-
cally significant. (Figures in parentheses are
t values.) An examination of the residuals from
equation ITI-1 showed no serial correlation,

" however it did show some underestimation of yield

changes in exceptional (good or bad) years.
Apparently W is an imperfect proxy for weather,
but the precise prediction of individual-year
weather effects is not a major concern of this
chapter.

Equation III-1 can be used in partitioning
corn yield increases due to nitrogen, and
non-nitrogen technologies. The contribution of
non-nitrogen technologies has been constant over
time at approximately one bu/ac/yr (the coeffici-~
ent of T). On the other hand, the contribution
of nitrogen has changed (fallen) over time. The
annual contribution of nitrogen to corn yield
increases was double the contribution of
non-nitrogen, at about 2 bu/ac, during the late
1950s and during the 1960s. However, it has
fallen to near zero over the decade of the 1970s.
(See Chapter IV for detailed calculations and for
comparisons with cross-sectional data on yield
response to nitrogen.)

The yield increase attributable to non-nitrogen
technologies by the time series analysis (equation
III-1) is matched by results from three unique
field experiments which also indicated yield in-
creases of around one bu/ac/yr due to non-nitrogen
technologies. These experiments (Russell, 1974;
Duvick, 1977, 1979) involved the re-creation of
corn hybrids which had been prominent at various
times from 1930-78. The hybrids' yields were
compared under experimental conditions in the
1970s. All experiments were conducted in Iowa
under high (but unspecified) fertility conditionms.
In the first two experiments, average yield gains
of approximately 0.8 bu/ac/yr were found, while
the latest experiment, performed under
above-average environmental conditions, indicated
about double that rate of gain (1.6 bu/ac/yr).

So the average rate of gain across experiments

was just over one bu/ac/yr. In each experiment,
the gains, were, in essence, constant over time
and there was no evidence of a yield levelling

off towards the end of the period. This agreement
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in results from diverse sources, engenders consi-
derable confidence in the one bu/ac/yr figure,
which Russell and Duvick attributed to genetics,
although it was clearly stated by the researchers
that modern husbandry techniques (including nitro-
gen) were necessary for such géins to be realized.
It must be noted, however, that although the gain
of one bu/ac/yr was obtained without any increase
in nitrogen fertilization, the gains were measured
at high nitrogen levels and undoubtedly reflected
the results of selection by plant breeders for
response to nitrogen. The one bu/ac/yr figure is,
in some sense, a measure of genetic gain, or per-
haps "improvement in genetic potential." It would
be an overestimate of the gains from genetics, if
it were demonstrated that early hybrids grown
under lower fertility and density conditions
(representative of the period) had higher yields
than under 1970s conditions. No detailed infor-
mation is available on this point, but preliminary
data suggest that no overestimation was involved
(Duvick, 1981b).

Based upon equation III-1, the corn yield in-
crease from nitrogen has been 36 bu/ac over the
period 1954-80, while the total contribution of
non-nitrogen technologies has been 27 bu/ac.
These results may be compared with those of Heady
and Auer (1966), who found equal contributions to
yield from fertilizer and new varieties, for the
period 1939-60.

3.2 Future Gains from Conventional Plant Breeding

Experiments have demonstrated clearly that new
corn hybrids continue to be superior to their pre-
decessors, given a set of modern production prac-
tices, including high fertility. These experi-
ments have shown no slowing in the rate of yield
gains, and it is known that a large amount of
genetic diversity remains to be exploited (Duvick,
1981a). Gains of around one bu/ac/yr can be ex-
pected to continue. However, one bu/ac/yr repre-
sents not only the contribution of new hybrids,
but also of the other non-nitrogenous technologies
which accompanied them (e.g., higher plant popu-
lations). The high correlation between these
technologies makes determination of their indivi-
dual effects impossible. However, the major
separation which was made between nitrogen and
non-nitrogen effects prevents gains to nitrogen
from being attributed to plant breeding and
vice~-versa. This is important since there appears
to be little potential yield gain from.additional
nitrogen in the future (Chapter IV), while there
is no evidence to indicate that yield gains from
plant breeding and associated agronomic practices
will slow. Although the estimate of yield gain
from genetics is based upon experimental (vs.
farm) yields, the two have risen at the same rate
(compare Duvick, 1977, p. 188 with actual Iowa
yields from USDA Statistics), lending credibility
to the extrapolation of experimental gains to
farm gains.



Changes in breeding objectives and/or changes
in breeding methods may increase the rate of
yield gains in the future. One such potential
change in breeding method is towards an increased
reliance by plant breeders on recurrent selection
methods. A survey by Hallaeur (1979) found that
only about 10 percent of practical corn breeding
effort in the U.S. is presently devoted to recur-
rent selection, compared to 90 percent of effort
devoted tc pedigree and backcross methods. How-
ever, in the survey, breeders indicated that pro-
portionately more effort would be put into recur-
rent selection in the future.3/

Some sources have speculated that there were
significant potential yield gains to be made by
improving farmers' selection of hybrids from
those available. However, an analysis of regional
data in Towa did not support this view (see
Appendix III-A). Farmers appear to be doing an
adequate job of choosing hybrids suitable for
their conditions.

3.3 Costs and profitability

With hybrid seed costs currently at about $15
per acre, it is clear that the gains from hybrids
have not all been captured by the seed companies.
This is so since, if the gains attributable to
new seeds are anything like one bu/ac/yr since
1930, the gains in total revenue by farmers from
the new seeds are far in excess of $15. New
hybrids have undoubtedly led to some other vari-

- able cost increases and total variable costs were

$136/ac in 1980 (USDA, 1981). Even if new varie-
ties have been responsible for 50 percent of the
total variable production-costs, there is still a
large net benefit for the farmer from improved
seeds. Competition within the seed industry has
probably been adequate to ensure high farmer
benefits from using improved hybrids.

Given the current U.S. corn yield of 100 bu/ac,
an annual yield gain from hybrid production of
one bu/ac/yr (at little or no additional cost),
results in a current-level one percent/bu/yr
reduction in total production costs.

3.4 Resource Use and Productivity

Improved corn hybrids have probably increased
output/man-hour in approximately the same propor-
tion as they have increased yields per acre,
since labor input per acre would be about the same
regardless of yield. Insofar as the productivity
of nitrogen has been enhanced by the new hybrids
they will have resulted in an increased demand
for nitrogen (and consequently, made production
of corn more energy-dependent, since nitrogen
fertilizer manufacture requires high amounts of
energy).

Concurrently with the higher yields due to
corn hybrids and increased fertilizer applicationm,
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there has been a rise in the application of plant
protection chemicals. To what extent this
increase in plant protection chemicals has been
due to plant breeding is difficult to gauge -
certainly the higher potential yield achieved via
plant breeding could encourage efforts to protect
that potential. On the other hand, insofar as
new hybrids achieve resistance to pests, they sub-
stitute for the use of chemicals. Overall, there
has probably been a major positive effect of im-
proved hybrids on chemical use, but this will not
necessarily continue in the future, as a change
in emphasis by breeders could result in substi-
tution of new varieties for chemicals.

4. Other Aspects of the Technology

4.1 Institutional Aspects

4.1.1 Consequences of the Technology for Private
vs. Public Sector Roles in Hybrid Corn Production

The development of corm hybrids lends itself
to privatization, since: (i) individual hybrids
are identifiable in terms of both a trade name
and agronomic characteristics; (ii) seed cannot
be retained by farmers for planting year after
year; (iii) the development of hybrid seed is a
complex enough procedure to prevent farmers from
developing their own hybrids (Regan, 1976). Pri-
vate companies have been able to capture some
economic returns to investment in research via
the development and sale of name-brand corn hy-
brids. Companies such as Pioneer, Funk, and
DeKalb began to emerge simultaneously with the
release of the early public hybrids (Sprague,
1980). 1In the mid-1970s, almost all of the corn
varieties used in commercial production were
private (Hanway, 1977). However many of the
parent lines were publicly developed. Although
some non-hybrid crops are also in the private
domain (e.g., soybeans and cotton), the seed
companies have difficulty in capturing the full
economic benefits from their seed production
investments in these crops (Duvick, 1980b).

In the late 1920s private and public sectors
shared the common goal of developing acceptable
hybrids. However, by the 1930s, a divergence of
responsibilities began and has increased over
time. The public sector has moved towards a con-
centration on graduate training and ''basic'" re-
search while the seed companies have concentrated
on seed production and marketing (Sprague, 1980).
The -divergence between the two sectors is con-
tinuing. The private sector is taking over some
of the applied research (e.g., screening for
insect resistance) previously done in the public
sector. The public sector is taking responsi-
bility in the more "basic" (e.g., risky payoff,
long range) research areas, such as determining
the physiological basis for variation in yield,
and developing new breeding/selection methods.
Thirty years ago two public hybrids, U.S. 13 and



and U.S. 505 were prominent. There are today vir-
tually no public hybrids, but publicly developed
parent lines are still (surprisingly) important
(Zuber, 1975). There is pressure from small seed
companies for the public sector to remain active
in parent line development. If the public sector
does reduce its input into parent line development,
it will still have an important role to play in
providing genetic material, in the stage prior to
its incorporation into inbred parent lines.

This divergence in responsibilities between
the private and the public sectors is logical,
but it will result in the public sector having a
less visible (tangible) research output with pos-
sible negative ramifications for public research
funding. 1Indeed, there are indications that uni-
versities are again beginning to place some
emphasis on'hybrid development in an effort to
attract funds from legislators (Duvick, 1981b).
At present, the public sector is supplying about
one-fifth of the total breeding effort (Duvick,
198la). A cutback in public sector funding is
feared by the seed industry, since most of the
important developments in both the theory and
practice of plant breeding have come from the
public sector (Sprague, 1980).

4.1.2 The Private Seed Companies

The major hybrid corn seed companies in the
U.S. are Pioneer and DeKalb. There are also a
multitude of medium to small sized companies
(see Claffey Prinzinger, 1980). Major changes
in the structure of the industry over the past
decade have been: (i) the emergence of Pioneer
as the market share leader with 31 percent
(pioneer, 1979) at the expense of DeKalb and some
smaller companies (Claffey Prinzinger, 1980); and
(ii) acquisition of a number of medium~sized com-
panies by large non-seed companies.4/ Of the
larger seed companies, only Pioneer and DeKalb
remain independent. For most companies, seed
corn makes up the major component of total revenue
from seed. (Total revenue from corn seed in the
U.S. was $1,000 million in 1979.)

Financial press commentary in the 1970s listed
the following rationale for the seed company
takeovers: (i) excellent potential returns on
investment (the seed industry is regarded as
having a low capital requirement); (ii) growth
prospects; (iii) proprietary nature of the pro-
ducts (given a boost by the 1970 Plant Variety
Protection Act); and (iv) potential for large
returns to research and development expenditures.
Point (ii) refers mainly to non-corn crops, but
there has been a modest growth in revenue from
seed corn via the increased planting rate per
acre, and by real increases in seed prices, as
farmers' preference has switched to higher per-
formance single and three-way cross seed. The
following figures indicate the rise in seed
prices over time for a 50 1b unit of seed (about

III-5

three times the usual seeding rate per acre).

1969
$13.70

1974
$25.00

1979
Seed price (50 lbs) $45.50
- Seed prices vary between companies and between
varieties. Observed prices depend upon cost of
production and expected performance. The major
companies set the price, but the large number of
small independent companies provide competition
and their market share would increase if the
major companies set prices at too high a level
relative to expected performance of the hybrid.
The seed industry is generally regarded as being
quite competitive, and many farmers plant seeds
of several different companies (Newlin, 1974).
Even the Most outstanding hybrid of recent times
(Pioneer 3780) captured only about 5 percent of
the total market. This low figure reflects, in
part, the need to target varieties to specific
locations, which is an important factor fostering
competition within the industry. (Pioneer 3780
took up to 30 percent of the market share in some
years in some districts in Iowa.) A concentra-
tion of the hybrid seed industry which eliminated
the small independent companies could slow the
pace of technological advance within the industry
and would increase the risk of price increases if
companies tried to capture a greater share of the
revenues from the increased yields due to improved
hybrids. Concentration could be hastened as a
result of the (anticipated) reduction of public
sector input into new parent line development.
In the past, the smaller seed companies have de-
pended almost entirely upon university breeders
for the development of their inbreds. These com-
panies are now joining forces with the foundation
seed companies in forming what can be regarded as
a single functioning organization, doing its own
breeding and evaluation work. Through this
co-operative mechanism, the small companies are
expected to maintain their viability in the in-
dustry, although there could be some future con-
solidation of these small companies.

Seed production costs represent about 25
percent of the final delivered price of seed.
Other significant components of total costs are
(in order of relative size): selling and distri-
bution, transport and handling, and dealer commis-
sions. Overhead is small, at less than 0.5
percent. Pioneer has been spending about 2.25
percent of their total corn sales on hybrid corn
research and development. This is considered
representative of the industry and based upon
this, total industry R&D on corn would have been:

Corn R&D
(Sm. nominal)
1969....55 1973.....%9 1977....821
1970....%6 1974....811 1978....822
1971....88 1975....816 1979....823
1976....918 1980....%26

1972....%8



Using Pioneer Hi-Bred International as a yard-
stick, it appears that hybrid corn seed production
has been a stable and profitable activity. Total
corn earnings and dividends. have risen each year.
After tax return on equity has ranged between
20-30 percent over recent years. In real dollars,
Pioneer's stock price has been steady, with a
price/earnings ratio of about 8. It has been
possible for seed companies to maintain their
profit margins by passing on cost increases to
farmers since seed corn represents a relatively
small proportion of total corn production costs
and the investment by the farmer in seed corn
brings relatively large returns.

4.2 Vulnerability of the Technology

The Southern Corn Leaf Blight of 1970 -rompted
plant breeders to contemplate the problem of the
germplasm base in corn. The genetic base of
corn in the ground at any given time is undoub-
tedly narrower than it was 100 years ago, since
the very process of genetic improvement implies
the selection and growing of only the best
material for planting. Based upon data from the
American Seed Trade Association Survey of 1975,
Zuber (1975) concluded that there had been little
change in the genetic base of the growing crop
between 1970-75, but Duvick (1981a) did find
evidence of some improvement between 1970-80.
Furthermore, the genetic material in the ground
changes over time. The expected life of a corn
hybrid is seven years and it is anticipated that
this will shorten in the future (Duvick, 1981a).
Genetic diversity in the seed nursery or breeding
program is, in some sense, a substitute for diver-
sity in the field (Harlan, 1980), in that it
would usually restrict the impact on genetically
vulnerable material to only one or two years.
While 80-90 percent of commercial corn was in T
cytoplasm in 1970, there was a shift to virtually
zero T cytoplasm for the 1972 crop year following
the 1970 corn blight (Steele, 1978).5/ There are
approximately 2800 well-tested acceptable inbred
lines of corn on hand in breeding programs today
(Duvick, 198la). Crossing these in all possible
combinations would result in some millions of
hybrids which would be reasonably acceptable and
worth searching for specific required character-
istics. There is really more diversity than is
apparent from the results of a single-year survey
of the planted crop.

Most corn breeders use elite (or adapted)
material when searching for pest resistance, in
preference to "exotic germplasm" which is not
adapted (Duvick, 198la). The integration of
exotic germplasm into adapted lines is a slow
process, requiring many generations. Furthermore,
all of the exotic genetic material may eventually
be used up. Just as the replacement of
open-pollinated varieties has eliminated some
genetic diversity in the U.S., the success of new
corn cultivars on an international scale is
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destroying the very genetic variability which
made such success possible (Timothy and Goodman,
1979, p. 172).

A detailed account of many germplasm collec-
tions, both in the U.S. and worldwide, is avail-
able in Timothy and Goodman (1979). They high-
light the practical problems associated with the
collection and especially with documentation and
preservation in developing countries (e.g., break-
down of controlled environment equipment, drought
or flood while collection is being rejuvenated
in the field, poor rejuvenation techniques leading
to intercrossing, etc.). Some improvement of
preservation technology is possible, perhaps
through the application of tissue culture or
related techniques.

While corn is the most valuable U.S. crop, the
collection maintained by USDA is modest in size,
and world collections have been taken very casu-
ally (Harlan, 1980). People with an intimate
knowledge of the present situation express concern
that not enough is being done to correct this
situation (Duvick, 1980b; Timothy and Goodman,
1979; Harlan, 1980; USDA, 1979; NAS, 1978). A
recent survey of U.S. corn breeders (Duvick,
1981a) found that 50 percent were dissatisfied
with U.S. gene bank collections and services.
Complaints were in two categories: (i) inadequate
size of collection; and (ii) inadequate descrip-
tion of agronomically useful traits. A recent
GAO (1981) report was also critical of USDA's
role in managing plant genetic resources and made
a number of recommendations for change.

There has been another, less publicized, con-
sequence of the 1970 corn blight. A number of
lawsuits were taken out against the seed companies
claiming compensation for yield losses. Although
none of the lawsuits were successful, the exper-
ience has made the companies sensitive about pro-
moting innovations which might lead to lawsuits.
While a disease or insect attack construed as an
"act of nature'" is accepted by farmers, if a
causal link can be seen between the breeding
material and the disease, legal action may follow.
This essentially means that the threat of action
under the legal system may hinder the seed com-
panies from pursuing certain kinds of research.
Take a situation where a company develops and
advertises a '"disease resistant" hybrid. If that
hybrid then succumbs to the disease, lawsuits may
follow. This potential threat may result in the
company's being more cautious in promoting such a
characteristic, possibly translating into a
slowing of research in certain areas.6,7/ Yet,
the social costs of not developing the variety
(the annual losses due to the disease) may far
outweigh the costs of sporadic breakdown in
resistance.

In the previous section, reference was made
to the acquisition of seed companies by chemical



companies (see footnote 4 and Claffey Prinzinger,
1980). A continuation of this trend could lead

to excessive concentration in the seed industry.
Mention was made of potential seed price increases
and/or a slowdown in technological progress

should this occur. However, if-the seed industry
became concentrated in the hands of a few large
chemical companies, the most obvious potential
danger would be that the whole breeding and selec-
tion process could be biased toward varieties
which respond well to the application of chemicals.
Inadequate attention might be paid to the develop-
ment of varieties which minimized the use of chem-
ical inputs. Given concerns about environmental
pollution by chemicals, it would not seem wise to
allow the seed industry to become dominated by
large agricultural chemical companies.

5. Alternatives to the Technology

As a production technology, corn breeding has
many attributes. It is ecologically positive,
requiring relatively small amounts of capital for
seed production (by the companies) and for seed
purchase (by farmers). While hybrid corn produc-
tion may have been indirectly responsible for some
of the present dependency on chemicals, there is
no inherent reason why this should be so. A
change in breeding objectives in response to
either price changes and/or the regulatory environ-
ment can alter this. Plant breeding is an
extremely versatile technology, and it has had
high economic payoffs. It is difficult to iden-
tify any other broadly applicable technology with
the same range of attributes, which could effec-
tively substitute for plant breeding. The emer-
ging biotechnologies (see Chapter X) may eventu-
ally impact on the genetic material available for
corn breeding. Such technologies are, at best,
many years away. However, when specific charac-
teristics are desired in a corn hybrid, there
may be alternatives available for achieving them
which are cheaper than plant breeding. For exam-
ple, a high lysine corn has been bred and it is a
"better" feed for swine than is regular corn. Its
economic value is a function of the price of
regular corn and the price of soybean meal - an
alternative source of lysine (Aldrich et al.,
1978). At current (1980) corn and soybean
prices, high lysine corn is worth approximately
$.18 more than regular corn. Nevertheless, low
yields and harvesting problems have prevented its
adoption by U.S. corn producers (Creech and
Alexander, 1978). 1In other words, adding protein
supplements have proven to be a cheaper source
of good quality feed than breeding directly for
the higher protein quality in corn. (Progress
continues to be made in breeding feor high yielding
high lysine corn and, in the long run, breeding
may turn out to be the cheaper alternative.)

6. Managing the Technology

The following recommendations are made for
managing the hybrid corn technology:
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(i) Avoid excessive regulation of an industry
which has a proven record of success and innova-
tion in catering to farmers' needs.

(ii) Promote competition within the seed indus-
try by facilitating efforts by smaller companies
to remain viable and by preventing control of a
major component of the seed industry by agricul-
tural chemical companies.

(iii) Encourage the exchange of genetic material
between interested parties. If universities with-
draw from their role as inbred line producers,
they can still be the medium of exchange of gene-
tic material at the base population stage.

(iv) View public research as an input into the
seed industry, rather than as a final product.
Continue to fund public research even though its
output may become less "visible." Encourage the
application of more 'basic" (non-agricultural)
research to applied plant breeding problems in
agriculture through research grant incentives
(e.g., by demanding that the work be done on
agriculturally important crops).

(v) Systematically collect, document and pre-
serve a wide range of corn germplasm.

(vi) Enact legislation which encourages the
development of disease and insect resistant
hybrids (and hybrids with other desirable varietal
characteristics). There is an inherent bias in
the existing legal system which could slow such
developments.

Footnotes

1/0One modification to the Butell and Naive data
was to convert their nitrogen variable, "amount
of nitrogen applied per acre of corn receiving
nitrogen" into "average amount of nitrogen applied
per acre of corn grown," by weighting the Butell
and Naive variable by the proportion of corn acres
receiving nitrogen in each year. This latter
measure of nitrogen input seems more appropriate
since the dependent variable is average U.S. corn
yield. (An attempt to statistically separate out
the "rate" and "proportion' effects was not suc-
cessful - apparently the rate effect has been
dominant over the period.) -

2/July precipitation weighted by acreage in 5
major corn producing states (Butell and Naive,
1978). While this is a rough proxy for corn
growing weather, July precipitation was the most
significant climatic variable in Thompson's
(1969) analysis.

3/Pedigree breeding involves the crossing of
already improved inbreds, while recurrent selec-
tion consists of selfing a base population once
or twice, evaluating the selfed lines for the
character under consideration, intercrossing the
superior lines and repeating the process using
the reconstituted population as the source of the
new lines (Jenkins, 1978). Recurrent selection
theory holds that any improvement effected in a



base population will be reflected in the quality
and performance of inbred lines developed from
such improved populations and it is anticipated
that the frequency of occurrence of favorable
gerie combinations will be increased by the use of
recurrent selection.

4/Company Purchaser
Northrup King Sandoz

. 0'S Gold Central Soya
Funks Ciba ~ Geigy
PAG, ACCO Cargill

See Claffey Prinzinger (1980) for a more extensive
list.

5/Another example of the capacity to multiply
new seed was quoted by Pioneer (1979). An initial
parent seed stock of 4.5 1lbs late one summer was
multiplied through two generations in Hawaii into
sufficient seed to plant 3500 acres in the
following spring.

6/The problem is most likely to arise in rela-
tion to pest resistance. One attempt to alleviate
this problem was made by the National Council of
Commercial Plant Breeders (1976) which suggested
that standardized definitions of the terms
"immune, resistant, tolerant, susceptible" be
adopted to assist in communications between
farmers and seed companies. However, the stan-
dardized definitions have never been embraced by
the industry (Duvick, 1981b).

7/Seed companies may conclude that research
funds are more appropriately placed in developing
characteristics which are not hindered by such
problems of description/promotion. For example,
they may concentrate more on higher yields and
other "less legally vulnerable" characteristics.
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Appendix

Appendix Table III-1., Data Used in Estimating
Equation III-1. (Including Variables Not
Ultimately Appearing in Equation III-1.)
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54 39.4 16 72 69 1.6
55 42.0 18 101 68 2.0
56 47.4 19 125 65 2.3
57 48.3 21 114 63 2.5
58 52.8 23 231 64 3.1
59 53.1 27 90 72 3.8
60 54.7 30 88 71 3.8
61 62.4 35 153 58 3.4
62 64.7 40 166 56 2.9
63 67.9 44 145 59 3.4
64 62.9 49 106 55 3.3
65 74.1 64 107 55 3.0
66 73.1 76 92 57 3.7
67 80.1 86 96 61 4.5
68 79.5 95 110 56 5.8
69 85.9 100 177 55 4.9
70 72.4 105 102 57 5.4
71 88.1 101 124 64 6.2
72 97.0 110 134 58 6.0
73 91.3 106 145 62 6.0
74 - 71.9 97 53 65 7.3
75 86.4 98 69 68 7.8
76 88.0 123 95 72 9.3
77 90.8 123 113 72 11.
78 101.0 120 143 72 11.25
79 109.7 130 156 72 11.5
80 91.0 125 84 73 11.5
a/

See footnote 1/. Early data on the percent of
corn acres receiving nitrogen obtained from Mayer
and Hargrove (1971, p. 5) - missing years esti-
mated by straight line interpolation.

E/Calculated from Irrigation Journal Survey since
1972. Prior to 1972 estimated from State of
Nebraska Statistics by assuming that Nebraska
made up same proportion of total U.S. irrigated
corn acreage as in 1972.




Appendix III-A., Farmer Selection of Corn Hybrids:
Some Results from the Iowa Corn Yield Test

The large yield differences which frequently
occur among corn hybrids grown under comparable
conditions raises the question of whether average
U.S. corn yields could be increased by improving
the hybrid selection procedures of farmers. This
appendix attempts to answer that question by
analyzing data from the Iowa Corn Yield Test.

The Test presents the yields and other charac-
teristics of approximately 100 corn hybrids which
are grown in replicated trials each year in seven
districts of Iowa. The hybrids in the Test are
regarded as a good representation of the choice
available to farmers. (Entry of hybrids in the
test is, however, voluntary.) 1In certain years,
surveys are conducted to determine the acreage
of Test hybrids actually grown by farmers. It
was found that approximately 50 percent of total
acreage is represented by hybrids appearing in
the Test in the same year as the survey. Survey
results (unpublished) were available for the
years 1972-74, 1976 and 1978. The Test yields of
hvbrids which are grown by farmers can be regarded
as a proxy for actual farm yields when they are
weighted by the acreage of each hybrid grown by
farmers. This proxy for farm yields can then be
compared with the yields which would have been
obtained under alternative selection criteria.
(Note that by making comparisons between Test
yvields, the problem of comparing farm/experimental
yields is eliminated.)

While an infinite number of potential selection
criteria can be identified, some of the most
practical alternatives would seem to be:

(i) top 5 yielders in previous one year's test;

(ii) top 10 yielders in previous one year's
test;

(iii) top 5 yielders in previous two year's test;
and

(iv) top 5 yielders in previous three year's
tests.

A preliminary scanning of the data indicated
that criterion (iv) generally performed unsatis-
factorily compared to (iii), so criterion (iv)
was eliminated from further consideration. The
performance of the remaining selection criteria
were then compared with the performance (as exhib-
ited in the Test), of the farmers’ selected vari-
eties (Appendix Table III-2).

A hypothetical selection criteria performed
better than farmers' selections on average
by 2.3, 3.6 and 5.5 bu/ac for criteria (i), (ii),
and (iii) respectively. Based upon the published
least significant differences of the Tests, these
average differences were not statistically signi-
ficant at the 5 percent level (although some
significant differences were observed in indivi-
dual years).
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Large and consistent corn yield increases for
farmers from improved hybrid selection do not
appear likely. based upon this evidence. Further-
more, there is a bias in the data which supports
such a conclusion. In particular, farmers choose
hybrids based upon criteria other than yield alone.
The top yielding hybrids in the Tests are gener-
ally late-maturing and are, therefore, less
desirable than is_ suggested by their yield per-
formance alone.

Some caveats are in order: (i) the Iowa data
may not vepresent the overall U.S. situation;
(ii) some yield gains may be possible (if all of
the farmers in these 3 districts had grown the
popular Pioneer 3780 hybrid, yields would have
risen by an average of 4 bu/ac/yr - and this
hybrid is relatively early maturing); and (iii)
this analysis says nothing about improvements
in genetic potential over time, but only about
selection from the available genetic resources at
a given point in time.

Appendix Table III-2. Yield Advantage for Three
Hypothetical Hybrid Selection Criteria Over
Farmer-Grown Hybrids

Yield Advantage

(bu/ac)al

Year Criterion Criterion Criterion

(a) ) (o)
1972 1.1 2.7 4.5
1973 9.3 6.6 9.2
1974 -3.9 -1.5 1.1
1976 2.5 2.6 2.7
1978 7.8 7.8 10.1
Average 2.3 3.6 5.5
a/

Average of Test districts nos. 1, 2, 3.



IV--FERTILIZER TECHNOLOGY

The application of supplementary plant nutri-
ents has made a major contribution to corn yield
increases in the U.S. Manufactured fertilizers
supply the bulk of nutrients currently applied
in U.S. corn production.

Nutrients can be categorized as macro, secon-—
dary, and micronutrients, according to the amount
of nutrient required. Macronutrients are required
in large quantities for plant growth. This cate-
gory includes nitrogen (N), phosphorus (P) and
potassium (K). Figure IV-1 illustrates the total
amount of macronutrient fertilizer added to corn
since 1947. Secondary nutrients are those re-
quired in moderate quantities for normal plant
growth. The secondary nutrients include calcium,
magnesium, and sulfur. Micronutrients are re-
quired in small amounts; these include zinc, ironm,
copper, manganese, boron, molybdenum and chloride.

The primary applications of fertilizer to corn
have been N, P and K. 1In this chapter these three

nutrients are examined in greater depth.

Fertilizer Nitrogen

Nitrogen is an essential mineral required for
protein synthesis by cdrops. Grain formation in
crops is dependent upon the attainment of a
threshold level of protein. Therefore, N supply
is very important in contributing to corn yields.
Although large quantities of N are present in the
earth's atmosphere, soils, geological formations
and oceans, only a small fraction of this total
is available to plants. Available forms of N in
the soil are the inorganic forms of nitrate,
nitrite and ammonium ions. These available forms
come about through the process of nitrogen fixa-
tion. Nitrogen fixation refers to the conversion
of Ny (atmospheric nitrogen) to a "fixed form"
(such as NO3-, NH3) in which N is combined with
at least one other atom.

Industrial nitrogen fixation (for fertilizer
manufacture) and biological nitrogen fixation
(e.g., by legumes, nitrogen fixing bacteria) pro-
vide the major source of N utilized by crops.
Other sources of nitrogen are: (i) mineralization
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of nitrogen in the soil; (ii) decomposition of
organic matter in the soil; and (iii) meteorologi-
cal phenomena (lightning) that fix atmospheric N,
which is then carried to the soil by precipita-
tion.

There are three major reasons why considerable
attention should focus on fertilizer N when con-
sidering future corn production:

(i) N has played an importapt role in past
yield increases, and in order to maintain present
yields, fertility levels must be maintained (or
utilization efficiency improved).

(ii) N (in its available forms) is not storable
in the soil for any length of time. This charac-
teristic sets it apart from phosphorus and potas-
sium. N is subject to denitrification and leach-
ing., If it is not utilized by the current crop,
it may not be available to the succeeding one.

Figure IV-1. Fertilizer Applied to Corn in the

U.S., 1947-80.
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(iii) Fertilizer N production is energy inten-
sive (more so than P and K).l/ With increases of
energy prices expected, this input will probably
become relatively expensive.

1. Definition and Description of Fertilizer
Nitrogen Technology

In this report fertilizer N refers to nitrogen
compounds (ammonia and its derivatives) synthe-
sized from atmospheric nitrogen and hydrogen,
using the Haber-Bosch or modified Haber-Bosch
process.

Fertilizer N is available as a liquified gas,
in solution, or in solid form. It is available
as a single element fertilizer, or as a mixed
fertilizer containing other major and minor nu-
trients.

Anhydrous ammonia (NH3) is the basic building
block of manufactured nitrogen fertilizers. It
is applied directly as a liquified gas and is the
most concentrated form of N fertilizer (82% N).

The major sources of N which are applied to
corn in the solid (crystalline) state are ammonium
nitrate, ammonium sulfate and urea. Ammonium ni-
trate (NH4NO3) is manufactured using ammonia and
nitric acid; it is marketed at 34 percent N.
Ammonium sulfate, (NH4)S04 (217% N), is manufac-
tured from ammonia and sulfuric acid. Urea
(NHPCONH2) is manufactured from ammonia and carbon
dioxide. The clay coated fertilizer grade of urea
has a N content of 45 percent.

Nitrogen is also applied in liquid form. Solu-
tions containing N compounds such as ammonia,
ammonium nitrate and urea, may be applied direct-
1y.

2. Direction and Magnitude of Fertilizer Nitrogen

Technology

2.1 Historical Development

The first commercial process fixing atmospheric
nitrogen for fertilizer N was the cynamide method
developed in 1898. This was followed by the
Haber-Bosch method in 1909. Commercial production
using the latter method began in 1913 in Germany,
and 1921 in the U.S. 1In modified form, Haber-
Bosch continues today as the major method of pro-
ducing fertilizer N. The process synthesizes
anhydrous ammonia (NH3) from hydrogen and nitrogen
under conditions of high temperature and pressure
in the presence of catalysts.

In the U.S. the real growth of the fertilizer
N industry did not take place until after World
War II. Although the war put heavy demands on
food production, increased use of fertilizer N
during the war did not result because ammonia was
required for military purposes. Ammonia
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oxidation plants proliferated in an effort to
meet military demand. At the war's end, these
plants were utilized to produce ammonium nitrate
fertilizer and later many were sold to private
industry.

In 1980, 40 percent of the 11 million tons of
fertilizer N used in the U.S. was applied to corn
harvested for grain. The amount of nitrogen added
to corn grew rapidly after World War II, from an
estimated 83 thousand tons in 1945, to more than
4 million tons in 1980 (Figure IV-1). This in-
crease was due to increases in both the acreage of
corn fertilized and the rates of application per
acre. In 1947, fertilizer N was applied to 44
percent of the U.S. corn acreage at a rate of
10 lbs/ac.: By 1980, 96 percent of corn acreage
was receiving fertilizer N at an average rate of
130 1lbs/ac (Table IV-1).

Table IV-1. Use of Fertilizer Nitrogen on Corn
and Percent of Harvested Acres Fertilized
for Selected Years

Harvested
Acres
Receiving N

Average Rate
N Per Acre
Receiving N

Year (1bs/ac) ¢3)
1947 10 44
1950 15 48
1954 27 60
1959 41 61
1965 73 87
1970 112 94
1975 105 94
1980 130 96
Source: USDA, Fertilizer Used on Crops and Pas-

ture in the United States, Stat. Bull.
No. 216, 1957; Commercial Fertilizer
Used on Crops and Pasture in the United
States, Stat. Bull. No. 343, 1964; and
Crop Production, ESS, Crop Reporting
Board, various years.

2.2 Trend in Form of Nitrogen Application

Since 1945, the form of nitrogen applied to
crops has changed. Initially, mixtures (more
than one nutrient) predominated. These fertilizers
were applied primarily in the pelleted, solid
form. By 1949-50, nearly equal quantities of
nitrogen were supplied by mixed fertilizers and
fertilizers containing only one nutrient (usually
referred to in the fertilizer trade as
"materials"). After 1950, materials continued



to increase in popularity (by 1960-61, 65% of N
was applied as materials).

In addition to the trend towards more materials
there has also been a trend towards more concen-
trated forms (higher analysis) of N and away from
solids. Two reasons for this have been: (i) the
cost advantage per unit of N; and (ii) improve-
ments in application equipment which facilitated
the handling of liquified gas and solutionms.

The cost advantages of concentrated forms is
due partially to the advantage of using ammonia
directly as a fertilizer. Since most other N .
fertilizers are made from ammonia, additional
processing is required for these. This additional
processing increases the cost per unit of nitro-
gen. The solid forms require drying, pelleting
and in some cases, coating, which not only makes
them more expensive to produce per unit of N, but
also the transport costs (per unit of N) are much
higher than with the more concentrated forms. In
addition to transportation cost advantages con-
ferred by the reduced weight of the concentrated
forms, transportation costs are reduced by using
pipelines for the transportation of liquid forms
and anhydrous. ’

Application equipment differs with the type of
fertilizer used. The solid powdered and pelleted
forms, used earlier, required only slight modifi-
cations to previously existing farm machinery.
Gaseous forms require pressurized application
equipment. The slow acceptance of anhydrous was
due, in part, to the difficulty in applying it
initially. As anhydrous applicators were refined,
anhydrous became a viable option for many more
producers.

2.3 Trend in Type of Nitrogen Applied

With the increased availability of fertilizer
N following World War II, the solid forms of N
were most widely available. Ammonium sulfate was
popular at first, then ammonium nitrate became
the most widely used form of fertilizer N. During
the 1960s, liquid fertilizers began replacing the
solid forms of nitrogen, especially in single
element (N) fertilizers. By 1968, 62 percent of
single element (N) fertilizer was applied as a
fluid (Achorn and Cox, 1971). The predominant
form of fertilizer N during the 1960s and 1970s
has been anhydrous ammonia.

3. Direct Effects of Fertilizer Nitrogen
Technology

3.1 Yield Response

Corn yields have increased dramatically since
1945; these increases have been paralleled by
increases in the application of nitrogen (Figure
IV-2). The corn yield increases cannot all be
attributed to N, however. Other factors
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have also contributed to increased yields over

the period. These are non-nitrogen fertilizers
and plant density and genetic potential of the

hybrids used.

Although non~nitrogen fertilizer use increased
at the same time as nitrogen fertilizers (Figure
IV-1), there is a general feeling that nitrogen
was primarily responsible for the yield increases,
and that P and K were generally adequate to enable
increased yields to be achieved by additional
nitrogen applications. P and K applications over
the period were sufficient to compensate for the
amounts of these nutrients removed due to
increased yields (Menz and Pardey, 1981). This
does not imply that the increases in P and K were
unnecessary, but that nitrogen was the major fer-
tilizer limiting yields over the period.

Plant density also increased over the period
1945-80, as hybrids were developed which -were not
susceptible to lodging, and machinery was devel-
oped to adapt corn production to narrow row spac-
ings. Plant population in the Corn Belt in the
mid-1940s averaged about 12,000 plants per acre.
Earley (1955) found, 1in an experiment, that
moving to densities of 24,000 plants per acre in-
creased yields even at nitrogen application rates
as low as 40 lbs/ac. In other words, plant den-
sity can limit yields even at low levels of nitro-
gen.

Figure IV-2. Average Yield and Fertilizer N
Application on Corn, 1945 to 1980.
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Source: Appendix to Chapter III.



Plant densities did in fact increase over the per-
iod 1945-80 (present populations are around 22,000
plants per acre), and it does appear likely that
density did limit yields at certain periods.
Despite the fact that increases in plant density
probably have been responsible for some of the
observed increased yields, new hybrids and N
levels are thought to be the primary factors res-
ponsible.

In Chapter III, the influence of new hybrids
and nitrogen on historical corn yield increases
was examined. They were found to have contributed
approximately equally to corn yield increases
since 1954. 1In this Chapter the contribution of
nitrogen is examined in more detail.

Based upon equation III-1 (Chapter III),
Menz and Pardey (1981) estimated the contribution
of fertilizer N to corn yields for three periods
(1954-60, 1961-70, 1971-80). The marginal physi-
cal product of nitrogen can be used to examine
fertilizer N's past contribution to increases in
corn yields. (The marginal physical product of
nitrogen (MPP,) represents the increase in yield
due to the addition of one unit of fertilizer
nitrogen.) The average annual change in N appli-
cation was multiplied by the MPP, (from equation
III-1) corresponding to the average level of ni-
trogen applied in each time period:

Average Annual

Change in N Average MPP,
Application Rate (bu/1b)
(1bs/ac)
1954-60 2.5 .79
1961-70 6.9 .25
1971-80 2,2 .15

Fertilizer N's annual contribution to corn
yvield is shown in Figure IV-3, where it can be
seen to have fallen dramatically over the decade
of the 1970s compared with previous decades.
Although the contribution was high in both decades
prior to 1970, the source of contribution differed.
Changes in the contribution are due to
changes in the level of N application and/or the
magnitude of the MPP,. During the period 1954-60,
the MPP, was higher (.79 bu/lb) than during the
1960s (.25 bu/lb); however, during the 1960s the
lower MPP, was compensated for by an increase in
the average annual rate of application of ferti-
lizer N (from 2.5 lbs/ac to 6.9 1lbs/ac). In the
decade between 1971 and 1980, both the MPPn and
the annual increase in application rates were
lower than for the preceding decade, resulting in
a marked decline in the overall contribution of
nitrogen to corn yield increases.
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3.1.2 Future Yield Increases from Fertilizer N

In considering future potential yield increases
from fertilizer N, four factors must be considered
which may influence the future contribution from
fertilizer N technology:

(i) Yield increases in the past have been in-
fluenced both by the proportion of total.acres
fertilized and the application rate on those
acres fertilized. The percentage of total corn
acres receiving N increased from 44 percent in
1947 to 91 percent in 1966 (corresponding roughly
to the period of the most rapid increase in
yields). 1In 1980, fertilizer N was applied to 96
percent of the total corn acreage. Future yield
increases from additional acres fertilized will be
be minimal since only 4 percent of the total
acreage at present 1is not receiving nitrogen.

(ii) The increase in yield due to an increase
in application rate per fertilized acre is slowing
down because of decreased MPP, at the present high
rates of application. The MPP, is now 0.12 bu/lb,
whereas at fertilizer rates of 40 lbs/ac, repre-
sentative of the late fifties, the MPP, was 0./
bu/lb. Given the MPP, at present levels of fer-
tilization, even if it were possible to profit-
ably increase the nitrogen application rate by
50 1bs/ac, the total farm level corn yield would
increase by less than 6 bu/ac (50 lbs/ac x 0.12
bu/ac/lb = 6 bu/ac, at most, since the MPP, will
be less than 0.12 bu/lb over the entire 50 1lbs).

(iii) The third factor is the possible escala-
tion in real nitrogen prices. The price of nitro-
gen is expected to increase more rapidly than most
other inputs, due to the importance of the energy
input in the form of natural gas. Natural gas is
expected to experience rapid price increases in
the future. Past trends indicate that fertilizer

Figure IV-3. Fertilizer Nitrogen's Contribution
to U.S. Corn Yields During the Periods 1954-60,
1961-70 and 1971-80.
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use is sensitive to price changes. The period of
nitrogen price reduction in the 1960s and early
1970s coincided with rapid increases in applica-
tion rates. This was followed by a period of
sharp price increases (1974-75) which resulted in
a drop in utilization (this reduction in use may
have been complicated by the unavailability of
fertilizer). As prices dropped again in 1976,
fertilization rates increased.

(iv) The fourth factor to consider--increased
efficiency of applied nitrogen--may allow a reduc-
tion in application rates without decreasing
yields. Increased efficiency of utilization means
that a higher percentage of the N applied is uti-
lized by the crop, so that present yields could
be maintained at lower levels of nitrogen appli-
cation. The effect of increasing efficiency has
essentially the same effects on yield as increas-
ing the rate of N application. Large yield in-
creases are not expected to result since, at pre-
sent levels of N application, yield increases
from additional N are relatively low (.12 bu/ac
for an additional 1b of N).

The above four factors seem likely to contri-
bute to a levelling off of yields; however new
corn hybrids with improved responsiveness to ni-
trogen may bring about further yield gains (see
Chapter III).

3.2 Costs and Profitability of Fertilizer Nitrogen
3.2.1 Historical Trend in Nitrogen Price

Figure IV-4 illustrates the deflated price of
fertilizer N (ammonia) from 1953-80. Nitrogen
prices declined until the early 1970s. Some fac-
tors contributing to this decline were: techno-
logical developments in the fertilizer industry
(Paul et al., 1977); declining prices of natural
gas; and over-capacity in the fertilizer industry
during the sixties.

Prices stabilized during the early 1970s as the
growth in production capacity slowed. In 1974-75
prices increased sharply in response to higher
energy prices and nitrogen shortages (due to a
combination of increased demand and slowed growth
in capacity). Prices peaked in 1975, then rapidly
declined as new capacity (induced by the high
prices) increased the supply and high prices re-
sulted in a cutback in use by farmers. The de-
cline in real price continued until 1979, although
prices did not decline to the previous (early
1970s) levels. In the future, costs of producing
fertilizer N are expected to increase in the long
run, due to rising energy prices.

3.2.2 Marginal Analysis of the Profitability of
Nitrogen Application

The anticipated increase in the price of fer-
tilizer N has contributed to concern that the use
of nitrogen will be curtailed in response to
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escalating nitrogen prices. One method of exam-
ining this issue is to use marginal analysis to
compare the present situation with the theoretical
economic optimum for fertilizer use. 1In this

case, the use of the input (nitrogen) is expanded
up to the level where the marginal factor cost of
that input is equal to the value of the marginal
product. Thus nitrogen would be added to corn
until the value of additional corn produced was
just equal to the cost of the additional N applied.

The value of corn produced by an additional
pound of nitrogen (value of the marginal product,
or VMP,) was calculated at various levels of ni-
trogen application using the response curves from
the two sets of data presented in Appendix IV-A
and using corn price of $2.80 per bushel (Figure
IV-5). At the present nitrogen application rate
of 130 1lbs/ac, using the historical data, the
VMP, was calculated to be $0.34/1b of N per acre.
In other words, .the value of corn contributed by
one additional pound of nitrogen is $0.34. Thus
the addition of nitrogen would be profitable up
to a price of $0.34/1b. The current cost of
applied N is about $0.20/1b. Based on this data,
the cost of applied N would have to increase by
over 50 percent before eliminating the profit
realized from applying an additional unit of N.
Similar calculations using the experimental data
(Appendix IV-A) showed a VMP, of $0.78/1b of N.
Based on this experimental data, an even sharper
increase in N prices would be necessary to elim-
inate the profit margin.

The question arises as to why corn producers

are not currently adding more nitrogen, if it is
profitable to do so. There are a number of

Figure IV-4. Deflated Price of Fertilizer
Nitrogen (Ammonia)
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possible explanations. They include the time
patterns of adoption of the technology, the possi-
bility of capital rationing, and risk factors.

A classical S-shaped adoption curve was employ-
ed to examine the adoption pattern of fertilizer
N. Using ceiling values on fertilizer rates
derived from the data in Appendix IV-A, it was
concluded that the technology of fertilizer N is
in the latter stage of adoption. The latter
stage of adoption is characterized by: (i) a
slowing down in the rate of adoption; and (ii) a
decline in productivity growth from additional
adoption (Lu and Quance, 1979). The rate of
adoption of the technology has slowed during the
1970s (this can be seen in both the rate of appli-
cation over the period 1945-80 as shown in Figure
IV-2 and the proportion of acres fertilized in
Table IV-1). The decline in productivity growth
(from additional adoption) is supported by both
the experimental agronomic data and the historical
farm level data. In summary, the time pattern of
adoption suggests that the movement toward an
economic optimum (i.e., more N applied) probably
will continue, but at a slow rate.

The second possible explanation of why pro-
ducers have not increased nitrogen application
rates, to the levels that marginal analysis sug-
gests desirable, is because of capital rationing.
When this occurs producers allocate available
capital to the inputs giving the highest returns
and do not employ the inputs to the point where
the VMP is equal to the price paid for the input.

Figure IV-5. Value of the Marginal Product of
Fertilizer Nitrogen.
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Risk may also play a role in explaining the
underutilization of nitrogen in corn production.
The two main sources of risk are price (corn
price and input prices) and yield variability
(due to climatic factors and pests). For example,
the yield increasing potential of nitrogen will
only be fully realized if there is adequate rain-
fall. With inadequate rainfall the returns from
adding nitrogen will be less than anticipated.
(Such was the case in 1980 when drought reduced
yields to levels which were achieved at much lower
fertilization rates several years earlier.)

3.3 Resource Use and Productivity

Fertilizers are land saving technology; they
increase the productivity of land. This use of
land saving technology rather than additional land
has been influenced by the relative prices of land
and fertilizers. Figure IV-6 illustrates that
the price of land relative to the three major
fertilizers has increased over the
period 1945-80 and there has been a corresponding
substitution of fertilizer for land. With the
expected increase in nitrogen price the future
direction of this ratio is uncertain.

4, Other Aspects of Fertilizer Nitrogen
Technology

4.1 Environmental Impacts

Nitrogen in the form of nitrate (NO3-) is a
potential environmental contaminant. Nitrates
can be a health hazard to humans and livestock
at high concentration levels. They also promote
the growth of aquatic plants in lakes and ponds.
These plants then decompose, reducing the oxygen
levels and causipg eutrophication of the water
body. b

Figure IV-6. Price of Farm Real Estate Relative
to Fertilizer.
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There are two main concerns regarding nitrogen
and the environment: (i) nitrates leaching into
the ground water resulting in high nitrate con-
centrations in the aquifer, and (ii) nitrates
present in soil drainage systems which end up in
surface water.

"Groundwater" is water which has percolated
below the root zone and drainage tiles (Aldrich,
1980). At present, not a great deal is known
about the fate of nitrates in groundwater.
Nitrates flow with water and the rates of flow
of groundwater vary, depending upon the type of
subsoils and geological characteristics of the
area. (In sand, water may move several feet per
day, while in dense subsoils it may move only one
foot per year.) Nitrates from fertilizer N in
groundwater are generally not a problem at pre-
sent, except in specific situations such as
shallow wells or wells where there is seepage
into deeper wells (Aldrich, 1980) and also where
excess irrigation occurs on sandy soils.

Nitrates in surface water, originating from
fertilizers, are primarily from tile drainage
systems and from groundwater which drains through
the soil into river basins. The increased use of
drainage tiles has increased water movement
through the soil and thus increased the movement
of nitrates. The amount of nitrates from runoff
is small because the so0il must be reasonably dry
to allow fertilizer application equipment to pass
over it. This absence of excess moisture promotes
absorption of the fertilizer into the soil at the
outset of rainfall, thus minimizing runoff. Also,
most nitrogen is applied in the ammonium form
which encourages attachment to soil particles.
Therefore nitrogen is lost only if soil erosion
occurs and even then, only if it has not moved
downward in the soil before erosion takes place
(fertilizer losses through soil erosion are dis-
cussed in this chapter in section 4.1 of
Phosphorus and Potassium Fertilizer).

A number of studies in Illinois (Aldrich, 1980)
examined whether the increased use of fertilizers
has increased the levels of nitrates in the
rivers in that state. In general, the concentra-
tion of nitrates rarely exceeded U.S. health
standards of 10 ml/1. However Illinois did
experience an increase in the nitrate levels in
its rivers prior to the early 1970s. Factors
which were identified as contributing to the
increase included: (i) the high nitrogen content
of the soil, (ii) the increased acreage of row
crops which results in a higher release of nitro-
gen from soil humus than for other crops, (iii)
the rapid, increased acreage of tiled systems
(which increases drainage of the soil, also in-
creasing nitrate movement in the soil), and (iv)
the rapid increase in rates of fertilizer appli-
cations. Most of these factors have leveled off
and some, such as the amount of nitrogen being
released from the soil, are decreasing.
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This leveling off is a promising development for
Illinois. However, in the remainder of the Corn
Belt, these factors which contribute to increased
nitrate concentrations may not have reached their
peak. There are reasons to be optimistic about
nitrate pollution, however. The increased price
of fertilizer should result in an increase in
efficiency of utilization of applied N. Since an
increase in utilization efficiency would remove
more of the applied N, less nitrogen from ferti-
lizer would leach into surface and groundwaters.
Another reason is that it is unlikely that ferti-
lizer N applicationsrates will continue to in-
crease since at higher application rates there is
a leveling off of yield response (see Section 3.)
In summary, it appears that the potential nitrate
problem from fertilizer N (applied to corn)

will become less of a threat because of efforts
to increase utilization efficiency and the disin-
centives (economic and physical) to greatly in-
crease the rates of application.

In some circumstances, such as in irrigation
in humid areas, nitrates are more of a problem
than in others. Extensive use of irrigation
in humid areas increases the movement of nitrates
below the root zone, encouraging a build up of
nitrates. Humid area irrigation on corn has be-
come more common since 1970 (Chapter V). Another
circumstance under which nitrate concentrations
tend to be higher is in tile drained areas where
heavily fertilized corn has been grown for several
successive years (Aldrich, 1980).

4.2 Vulnerability of the Technology

Fertilizer N production is an energy intensive
process. Currently, 93 percent of all energy con-
sumed in the manufacturing, transporting, storage,
marketing and application of anhydrous ammonia is
consumed during the manufacturing process {(Achorn
et al., 1980).

The manufacture of nitrogen utilizes natural
gas both as a fuel and as a feedstock. To pro-
duce a ton of ammonia (which is 82% N) about 38
thousand cubic feet of natural gas is required,
58 percent of this is required to provide the
hydrogen and the remainder provides the energy
used in the production process. Forty to fifty
percent of the present cost of manufacturing
ammonia is the cost of natural gas. If natural
gas prices rise more rapidly than the cost of
other inputs, this proportion of the total costs
is expected to rise, resulting in a more direct
relationship between energy prices and anhydrous
ammonia prices (Achorn et al., 1980).2/ Because
of its dependence on natural gas, fertilizer N
technology is vulnerable to possible escalating
energy prices and also to natural gas shortages
which could reduce the availability of nitrogen
fertilizer.



5. Feasibility of the Fertilizer Nitrogen
Technology

The present fertilizer N technology is poten-
tially vulnerable because of its dependence on
natural gas and because of potential environmental
problems. The objective in this section is to
examine whether or not fertilizer N will remain
a feasible technology for corn production.

At present, there are some promising indica-
tions that the technology can adapt to the chang-
ing economic conditions and at the same time
lessen adverse environmental consequences. There
are two basic means by which the cost of supply-
ing N to corn could be reduced: reducing the
cost of nitrogen manufacturing and reducing the
losses of nitrogen applied to corn.

Efforts to reduce the cost of manufacturing
nitrogen are currently underway; these include:
finding alternatives to natural gas (such as coal)
and the conservation of heat produced in the man-
ufacturing processes.3/

Loss of applied N is presently in the order
of 50 percent (Hardy et al., 1975). This loss
provides an indication of the scope for improve-
ments in efficiency of fertilizer use. If a re-
duction in the loss of applied N was achieved, a
cutback in the rate of application could take
place without corresponding yield reductions.

A number of management practices can increase
the efficiency of nitrogen use. Standford (1971)
has suggested three areas where improvements
could be realized: (i) more appropriate applica-
tion rates, (ii) timing of application, and
(iii) method of application.

The quantity of nitrogen added to soils very
often exceeds the level which can be utilized by
the crop. Efforts are underway to provide a
method for accurately predicting the amount of
nitrogen supplied by organic matter, thus enabling
the producer to reduce fertilizer application
rates.

The timing of application is important. Corn
requires nitrogen over the entire season. If
nitrogen is added as the crop requires it, the
loss of nitrogen due to leaching and denitrifica-
tion is minimal. A trade-off exists between the
cost (and practical problems) which would result
from continual application and the benefit from
increased utilization of nitrogen. Split appli-
cation, which refers to applying about two-thirds
of the total prior to planting and the remainder
as a side dressing, after the crop is up, provides
the most efficient match of nutrient requirements
and supply at an acceptable cost (labor and appli-
cation cost). Side dressing, however, does in-
volve the risk that wet fields will delay appli-
cation and result in the crop reaching a stage
that will not permit additiomal application.
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If there is to be only cse substantial applica-
tion, it is usually in the fall or spring. Fall
application is favorable if fall and winter tem-
peratures are low, so that freezing will prevent
leaching of nitrates /nitrification is slow below
40°F and ceases at 5.°F) and soils are not sandy.
In general, in the Central Corn Belt, fall appli-
cation of nitrogei is 75-90 percent as effective
as spring applied nitrogen.

Foliar application of fertilizer is a method
which places the nutrients directly on the plant,
bypassing the soil and associated losses.

Although foliar application is an effective way to
supply nutrients, it is not economically feasible
for the application of macronutrients on corn.

To supply all required nutrients in this manner
would require numerous applications of dilute
solutions to avoid burning the crop.

Efforts to minimize losses in the soil have
been mainly through reducing water solubility or
by maintaining the nitrogen in a soluble, but
protected form- (Chemical compounds can be added--
e.g., oxamides and urea-formaldehydes--or the
nitrogen source can be coated to slow down solu-
bility (e.g., sulfur coated urea). Sulfur coated
urea is, at present, too expensive for application
to commercial corn. Adding nitrogen to the soil
in a water soluble, but protected form, is an
alternative method of conserving nitrogen. Nitri-
fication inhibitors (chemical inhibitors which
slow down the nitrification process), such as
Nitrapyrin, have been shown to slow down nitrifi-
cation. However, it has not yet been demonstrated
conclusively that these result in increased yields
or reduce the amount of nitrates in the drainage
water (Welch, 1979).

6. Alternatives to Fertilizer N Technology

6.1 Biological Nitrogen Fixation by Legumes

At present corn does not fix nitrogen to any
significant degree. Although this route of sup-
plying N to crops may have potential in the
future, at present corn must obtain its nitrogen
from exogenous sources. One source, used prior
to the intr¥oduction of commercial fertilizers,
was that of legumes in crop rotations. There are
a number of factors to consider when choosing a
legume to be grown in rotation with corn:

(i) Legumes differ in their ability to fix
nitrogen. There are also differences within each
type of legume.

(ii) The profitability of growing legumes
differs; the highest No-fixers are not the most
profitable to grow in the Corn Belt. Soybeans
are most profitable, but alfalfa fixes more
nitrogen. .

(iii) The soil nitrogen level is also a factor
to consider. Nitrogen is symbiotically fixed
only if the nitrogen level in the soil is very
low. In an experiment to determine the propor-
tion of nitrogen derived from symbiotic fixatiom,



the soil, and from fertilizer, Johnson et al.
reported by Welch, 1979) found that the amount
of fertilizer derived from each of these three
sources was affected by the rate of N applied.
These findings are summarized in Figure IV-7.
From these results, it can be seen that if large
amounts of nitrogen fertilizer are applied to

corn in a corn-soybean rotation, any carryover
nitrogen that remains in the root zone will be
available for the soybeans, thereby reducing the
amount of Np-fixation taking place.

(iv) Another important consideration is the
timing of the release of nitrogen. Slow release
of N over the next crop year is the most valuable
to the crop following in the rotation.

(v) There are gains from rotations which are
not attributable to increased nitrogen, but rather
to other factors such as disease and pest reduc-
tion and soil conditioning. These are discussed
in the section on cropping rotation in Chapter
VII. .

(vi) Environmental problems (nitrate pollution)
may differ with the source of nitrogen since
applied N tends to add large quantities of nitro-
gen in short time periods, whereas legume fixation
releases nitrogen slowly, thus the crop may have
more opportunity to absorb it.

(vii) Different crops have different labor and
machinery requirements. Crop rotations should be
tailored to the individual production unit.

(as

Figure IV-7. The Effect of the Rate of Fertilizer
Nitrogen on the Percentage of Nitrogen in
Soybeans Derived from Symbiotic, Soil and
Fertilizer Sources.
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A number of complex interrelated factors must
be taken into account when legumes (in rotation
with corn) are used as a nitrogen source.

Further research in the area of biological nitro-
gen fixation should result in more efficient
No-fixing bacteria and host-bacteria combinations,
increasing the attractiveness of the use of
legumes as a nitrogen source (or partial nitrogen
source) .

6.2 Manure

Another alternate source of nutrients is animal
wastes. Although the amount of nitrogen present
in animal manures in the U.S. in 1979 was nearly
60 percent of that applied as commercial fertili-
zers (Aldrich, 1980), its potential for nutrient
supply is less than this figure suggests. Manure
is a highly perishable product and it loses a good
deal of its nutrients if not applied to the land
in a short period of time. Furthermore, only 39
percent of the manure is produced in confinement
and available for spreading on crops. Because of
these factors, manure as a source of nutrients
offers a realistic alternative only in areas
around feed lots.4/ Its potential as an alter-
native source of nitrogen for commercial corn
production is low.

7. Managing the Technology

Fertilizer nitrogen technology has been a val-
uable contributor to increased yields in U.S.
corn production and although it is vulnerable to
natural gas prices and shortages, it can remain
a feasible technology. However, to ensure this,
the cost of fertilizer must be reduced, its effi-
ciency increased, and the potential environmental
problems must be avoided.

Research into these areas is required. Another
area requiring further research is a method of
more accurately determining the requirements of
the crop and more accurate methods for testing.

Phosphorus and Potassium Fertilizer

1. Definition and Description of the Phosphorus
and Potassium Fertilizer Technology

Phosphorus: For the purpose of this paper,
phosphorus fertilizer refers to phosphorus com-
pounds derived from phosphate mineral deposits.
There are a number of such compounds, including
superphosphate and phosphoric acid. Superphos-
bhates and phosphoric acid are used: directly as
fertilizers; to produce other phosphate fertilizers
such as concentrated superphosphates; or mixed
with nitrogen-containing materials to form ammon-
ium phosphates and nitrophosphates. The most
common routes to producing phosphate fertilizers
are illustrated in Figure IV-8.



Figure IV-8. Principal Routes of Phosphate
Processing in the U.S.
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There are two types of phosphoric acid--ordin-
ary phosphoric acid and superphosphoric acid (or
polyphosphates). Ordinary phosphoric acid
(H3PO4) is about 54 percent P05, or 23 percent
P, bv weight. It is used in direct application

and in the production of concentrated superphos-
phates, ammonium phosphates, liquid fertilizers
and superphosphoric acid. Superphosphoric acid
(H4P707) is a more concentrated form of phosphoric
acid, containing between 33 to 37 percent P. It
is used primarily in liquid fertilizers, where it
makes higher analysis products possible.

Superphosphate (also known as monocalcium
phosphate, Ca(H;04)2) is produced by the action
of sulfuric phosphoric acid on phosphate rock.
Ordinary superphosphates, containing 8.7 percent
P, are produced using sulfuric acid and phosphate
rock. The more concentrated form of superphos-
phates (known as triple superphosphates) contain
between 19.6 to 20.5 percent P by weight, and are
produced using phosphoric acid or sulfuric acid.
(I1f superphosphoric acid is used, higher phos-
phorus contents can be achieved.) The concen-
trated forms of superphosphates are used in direct
dry applications, mixed fertilizers, bulk blends
and slurry fertilizers.

Ammonium phosphates (NH4H2P204)are produced
by the ammoniation of phosphoric acid. In other
words, they are phosphorus materials containing
a nitrogen source such as: Ammonium sulfate to
produced ammonium phosphate-sulfate (16% N and
8.7% P); anhydrous ammonia to produce ammonium
phosphate (11% N and 21% P) or diammonium phos-
phate (18% N and 20-23% P); ammonia plus super-
phosphoric acid to produce ammonium poly-phos-
phates, these are used in liquid fertilizers and
contain 10-15 percent N and 15-26.6 percent P.
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Nitrophosphates are produced by using nitric
acid on phosphate rock. Other forms of phos-
phorus fertilizers such as calcium metaphosphate
(CA(PO3)9) and potassium methphosphate (KPO3)
have been manufactured but are not generally
available.

Potassium (Potash): Potash fertilizer here
refers to potash derived from potassium mineral
deposits. The major source of potash is from
underground potassium salt deposits.

There are a number of potassium fertilizer
materials available. The principle source of
potassium fertilizer in the U.S. is from potassium
chloride (KCl), also known as muriate of potash.
Potassium chloride is a water soluble, crystalline
product containing between 50 to 52 percent K
(60-63% K20). It is more concentrated than other
forms of potassium fertilizers and its production
cost is less. If KCl is used for liquid fertili-
zer, an 8 percent K solution can be achieved, or
a 25 percent K suspension fertilizer can be made.

There are several other potassium fertilizer
materials available. Potassium sulfate (K5504),
which contains 42 to 44 percent potassium and 18
percent sulfure, it s preferable source in some
crops due to its low level of chloride and the
presence of sulfur. However, it is a more expen-
sive source of K than is KCl. It is generally
not used on corn unless sulfur is also required.
In a similar category is potassium magnesium sul-
fate (KpS04-2MgS04) which contains 18 percent K,
11 percent magnesium and 22 percent sulfur. It
is generally used on soils where magnesium and
sulfur are deficient. Potassium nitrate (KNO3)
contains 37 percent K and 13 percent N. This
fertilizer is not generally applied to corm, it
is used mostly on crops which do not tolerate
chloride.

2. Direction and Magnitude of Phosphorus and
Potassium Fertilizer Techmology

2.1 Historical Development

Phosphorus: Phosphate fertilizer derived from
phosphate rock became available about 1840. Prior
to that time the phosphorus used for fertilizer
was from other sources. In Europe, ground bones
were used and around 1830 sulfuric acid was used
to treat the bone material resulting in a slurry
which was applied as a fertilizer.

Phosphate fertilizer which was developed about
1840 was produced by treating phosphate rock with
sulfuric acid. This fertilizer was known as
superphosphate. The first successful commercial
production of superphosphates began in England
in 1842,



The development of higher analysis materials
is associated with phosphoric acid. Phosphoric
acid was first commercially produced in the 1870s
in Germany (International Fertilizer Development
Center, 1979) from phosphate rock. The phosphoric
acid produced was concentrated through evaporation.
Phosphoric acid has been used in the fertilizer
industry to produce triple superphosphates from
the action of phosphoric acid on phosphate rock.
These concentrated superphosphates became popular
in the 1950s.

Phosphoric acid is also used in the production
of mixed fertilizers such as ammonium phosphates.
Although ammonium phosphate based fertilizers
were produced as early as 1917 in the U.S., it
was only during the 1960s that this fertilizer
became prominent.

Potassium: Wood ashes, sugar beet wastes and
salt peter were the early sources of potassium.
Potash (potassium carbonate) was made by leaching
wood ashes and concentrating the product; this
process was patented in 1790 in the U.S. (Follett
et al., 1981). Potassium salt deposits were dis-
covered in Germany in 1839. This source supplied
the world until the first world war. During the
war the U.S. obtained potassium from other
sources, including salt lakes. The first large
scale muriate of potash mining in the U.S. took

~place in California in 1916. Other deposits
were discovered later in New Mexico.

2.2 Trend in Application

The application of both phosphorus and potas-
sium fertilizer to corn has increased in the
past forty-five years. This increase is due to
both the increased rates of application on those
acreages to which fertilizer is applied and the
increase in acreage to which fertilizer is
applied. Table IV-2 illustrates the growth in
phosphorus and potassium fertilizer used on corn.
In 1947, 44 percent of the corn acreage was fer-
tilized at the rate of 23 pounds per acre of P05
and 12 pounds of Ky0. By 1980, 87 percent of the
corn acreage had P205 applied at the rate of 66
pounds per acre. Potassium fertilizer was applied
to 81 percent of the corn acreage at a rate of 86
pounds per acre.

3. Direct Effects of the Technology

3.1 Yield Response and Aggregate Production
Capacity

Phosphorus: Phosphorus is an essential element
for the growth of corn, it plays an important role
in the transferring of energy within the plant
and it 1is part of the structure of the many or-
ganic compounds found in corn. High levels of P
in the soil are necessary for high corn yields.é/
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Table 1V-2.

Estimated Use of Phosphorus and
Potassium Fertilizer on Corn and the Percent
of Harvested Acres Fertilized for Selected
Years, 1947-80

% of Harvested
Acres Receiving

Average
Application Rate

on Acreage Fertilizer

Receiving P505 K50
Year P205(1bs/ac) 20 (%)
1947 23 12 44 44
1950 23 15 48 48
1954 28 25 60 60
1959 37 37 60 60
1965 50 48 82 77
1970 71 72 90 85
1975 58 67 86 82
1980 66 86 87 81
Source: USDA, Fertilizer Used on Crops and Pasture

in the United States, Stat. Bull. No.
216, 1957; Commercial Fertilizer Used on
Crops and Pasture in the United States,
Stat. Bull. No. 343, 1964; and Crop Pro-
duction, ESS, Crop Reporting Board,
various years.

In the production of 150 bushels of corn per acre
approximately 52 1bs of P are taken up by the crop
(Fertilizer Institute, 1976)..

Phosphorus behaves very differently from nitro-
gen, in that it does not move about in the soil.
When phosphorus is applied it becomes "fixed"
(undergoes chemical reactions which essentially
binds it to the soil particles) and does not
leach out of the soil as nitrogen does. 1In any
given year, only 15-20 percent of the P applied
as fertilizer is utilized by corn. Most of the
applied phosphorus forms a reserve stored in the
soil.

Some of the factors influencing the availabil-
ity of phosphorus to the crop are: soil temper-
ature; the root system of the crop; the nature
of the subsoil; the soil organic matter; and the
pH of the soil. Soil temperature is important
in determining the availability of P to corn since
higher temperatures bring about the release of
phosphorus from organic matter in the soil. In
the spring when soil temperatures are low, there
is much less phosphorus available in the soil.
Phosphorus deficiencies are most likely to affect
corn prior to the plants reaching the height of
2 feet. To avoid deficiencies in the spring,
phosphorus can be applied near the corn row.
is usually applied with ammonia (and also with

It



potassium); the ammonia enhances the plant's
ability to take up phosphorus.

The root system of a crop and the nature of
the subsoil are important in that the more area
from which the roots are absorbing P, the more P
will be available to the crop. This is important
when considering the manner in which the fertili-
zer is applied. For example, in the early spring
if the soil temperature is low {Horthern Corn
Belt) the phosphorus should be applied near the
seed so that the young corn plant can obtain
phosphorus given the seedlings very limited root
system.

Potassium: Potassium is an essential nutrient
required for the growth and development of corm.
It has an important role in the production of
corn: in photosynthesis; plant strength and re-
sistance to lodging; the reduction of water loss
in transpiration; root and brace root development;
and also in the quality of the end product.

Potassium's contribution to increased corn
yields has been important. Its role in increasing
plant strength, including stalk strength, has
made an important contribution to yield by reduc-
ing the losses due to stalk rot and lodging. Also
it has increased the drought tolerance of crops—-
an important yield increasing factor. Potassium
contributes both to a reduction in water lost
through transpiration and to the development of
an extensive root system which makes the crop
more drought resistant.

The interrelationship between nitrogen and po-
tassium is important when considering nitrogen's
contribution to yield. Corn crops with inadequate
potassium tend to suffer from lodging. If nitro-
gen is added to the crop to increase yields,
lodging may be severe, unless potassium is also
added.

In periods of rapid growth, corn can require
up to 3 lbs/ac/day of potassium. Because corn
can absorb large quantities of potassium during
these periods, the supply of potassium to the
roots could become the principle limiting factor
during these periods (Follet et al., 1981).

Corn requires most of its potassium between its
25th to 50th day after emergence.

To provide adequate potassium, the level of
potassium in the soil is built up to a high level.
It can be maintained at this level by replacing
the amount removed by the crop each year.6/

One bushel of corn grain removes .22 lbs of potas-
sium (Aldrich et al., 1978). Based on this, the

average amount of potassium removed from the soil

by corn in 1980 was 20 lbs/ac. The amount added
as fertilizer that same year averaged 57.8 lbs/ac
of corn.7/

3.2 Costs and Profitability

In 1980, the average fertilizer expense for
corn production was $47.66/ac, representing 35
percent of the variable costs of corn production
(USDA. 1981). Forty-three percent of the fertili-
zer cost was for nitrogen, 37 percent for phos=-
phorus and 20 percent for potassium. Figure IV-9
illustrates the price of fertilizer relative to
other purchased inputs and relative to the price
of corn from 1945 to 1980. Although the price of
potassium relative to other purchased inputs gen-
erally declined over this period, the phosphorus
price relative to other purchased inputs showed
no clear pattern.

The price ratios of corn to phosphorus and
corn to potassium are also illustrated in Figure

IvV-9. These ratios indicate the number of pounds
of fertilizer which can be purchased with one

Figure IV-9. Price of Other Purchased Inputs (OPI)
and Corn Relative to the Prices of Phosphorus
and Potassium, 1945-80.
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bushel of corn. A higher ratio is more desirable
for producers. For both phosphorus and potassium
this ratio has been fairly stable with the excep-
tion of two periods when corn prices rose sharply.
(Although for phosphorus the general trend from
1945 to 1960 may havé been slightly downward.)

The ratios of land price to phosphorus and
potassium price are shown in Table IV-3. The
price of land has been rising more rapidly than
the price of these fertilizers. Since fertilizers
are land augmenting technology, this price incen-
tive has been an important factor influencing the
rate of fertilizer applicationm.

Table IV-3. Ratio of Land Prices to Phosphorus
and Potassium Prices, 1945-80

Price Index of Land (1967 = 100)

Relative to
Price of PZOSE/ Price of KZQE/

1945-49 62.6 69.0
1950-54 66.6 87.6
1955-59 75.8 113.8
1960-64 92.2 140.8
1965-69 125.6 193.6
1970-74 155.6 228.0
1975-78 161.0 268.5
a/

Price of P05 is the price of 44-46% superphos-
phate.

b/

— Price of K50 is the price of muriate of potash.

Source: Appendix Table IV-3,

4. Other Aspects of Phosphorus and Potassium
Fertilizer Technology

4.1 Environmental Impacts

Like nitrogen, phosphorus is a potential envi-
ronmental contaminant. Although phosphorus is
normally present in lakes and streams from sources
such as rainfall and the soil, the quantity is
generally limited, thus limiting the growth of
algae. The addition of phosphorus to lakes and
streams through sources such as fertilizers, feed-
lots, and urban and industrial wastes, increases
the supply of phosphorus, thus encouraging algae
growth. It is this additional algae growth which
may lead to the eutrophication of the water.

Since phosphorus is relatively immobile in the
soil (because it attaches to soil particles),
the primary source of phosphorus fertilizer as a
contaminant in water is from soil erosion and
surface runoff. 1In soil erosion the phosphorus
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attaches to the soil (it also dissolves in the
runoff water)'and is carried with the soil parti-~
cles to surface waters. Phosphorus fertilizer
lost through soil erosion has been measured up

to a level of 60-63 percent of the total amount
applied (Holt, 1979). Since most phosphorus ori-
ginating from fertilizer enters the water systems
through surface water drainage and soil erosion,
reducing the amount of soil erosion and runoff
would also reduce the level of phosphorus in sur-
face and ground water. This can be accomplished,
to some extent, through terracing and tillage
practices.

To illustrate the effect of various soil man-
agement systems on nutrient loss, Holt et al.
(1977) estimated the losses of nitrogen and phos-
phorus on Barnes Loam with 6 percent slopes. The
results are shownu in Table IV-4. Nutrient losses
can be reduced by soil conservation practices
which reduce soil erosion.

Table IV-4. Phosphorus and Nitrogen Losses
Associated with Various Soil Management

Practices
Annual Loss
Conservation (1lbs/ac)
Practice P N
Conventional Planting 28.5 117.9
Contour Planting 14.2 58.8
Contour Terraces 8.0 33.3

Reduced Tillage (Conventional Planting)
2500 1bs/ac residue 21.8 90.4
4500 1bs/ac residue 9.6 39.5

By reducing runoff and by forcing the water to
percolate through the soil, phosphorus levels in
water draining from agricultural land are reduced
since, under most conditions, phosphorus forms
fairly stable bonds with the soil particles. This
would reduce the potential for phosphorus prob-
lems, however with a practice such as reduced
tillage, fertilizer is not incorporated into the
soil. Therefore the runoff water will contain a
higher concentration of phosphorus (although the
amount of runoff will be less due to the trash
covering). Therefore the net effect is not clear.
Increased percolation may exacerbate the problem
for nitrates since more movement of water through
the soil would also increase nitrate movement.

4.2 Vulnerability

In contrast to nitrogen fertilizer, where real
prices are expected to increase, phosphorus and
potassium fertilizer are not particularly vulner-
able technologies. This does not imply that the



prices of these fertilizers will not increase.
However, there is no reason to believe that they
will increase more rapidly than other inputs.

The potential environmental problems associated
with phosphorus fertilizer are likely to become
less of a threat due to more efficient utiliza-
tion by the crop. As the profit margin of corn
(both per acre and per bushel) has narrowed, pro-
ducers have an increased incentive to cut costs.
One cost saving technique is for each producer to
accurately estimate the required fertilizer and
to apply it in a manner which increases the like-
lihood of its being utilized by the crop. The
increased efficiency of phosphorus utilization by
the crop reduces the probability of fertilizer
phosphorus becoming an environmental problem (and
should lessen the problem in areas where it
presently is a problem).

Cutbacks in the use of phosphorus and potassium
fertilizer due to increasing costs may occur.
However, since both of these nutrients have been
built up in the soil to a great extent during
the past, there is scope for reduction in applica-
tion rates, by applying only that quantity of fer-
tilizer required for replacing those nutrients
removed by the crop.

5. Feasibility of the Phosphorus and Potassium
Fertilizer Technology

The phosphorus and potassium technologies
should remain feasible. Their real prices are
not expected to increase and more efficient utili-
zation of P and K by the corn crop should also
keep the costs of these technologies down, as
well as reducing environmental problems.

6. Alternatives to Phosphorus and Potassium
Fertilizer Technology

An alternative to phosphorus and potassium fer-
tilizer technology is to supply the nutrients from
organic wastes such as manure. This alternative
is discussed in this Chapter under Section 6 in
Nitrogen Fertilizer (also see footnote 4).

7. Managing the Phosphorus and Potassium
Fertilizer Technology

Phosphorus and potassium fertilizer technolo-
gies are widely adopted, and making major contri-
butions to corn production. Fertilizer technology
now requires fine tuning. Part of this fine
tuning should be: more accurate testing to indi-
cate required levels of fertilizer application;
optimal methods and timing of application; and
optimal management practices (e.g., timing of
operations, planting dates, water management)
which allow the crop to reach its yield potential.

In relation to environmental problems (poten-
tial and existing) there are gaps in the
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information which require further research (e.g.,
relating different management practices to levels
of phosphorus runoff). Regulation to control
phosphorus levels in ground and surface water
originating from fertilizers does not appear to
be necessary. It appears that, to a large extent,
economic forces exist which will encourage the
adoption of reduced tillage in many of the areas
where soil loss (and phosphorus loss) is a prob-
lem. In other areas, where soil erosion is occur-
ring but there is not clear short term economic
incentive to adopt conservation practices, added
economic incentives and/or regulation may be
necessary (see Chapter VII). Also, phosphorus
losses to the environment are expected to be
reduced as the efficiency of crop utilizatiom is
increased and cost-induced conservation becemes
more entrenched in management practices.

Footnotes

1/0n the average, the BTU requirements for the
production of: anhydrous ammonia is 42 million
per ton of N; triple superphosphate is 8.15
million per ton of P205; and potash is 1.9 million
per ton of K (Achorn et al., 1980)

2/The rise in real energy prices will increase
the proportion of the total cost attributable to
the cost of energy. Achorn et al. (1980) have
estimated the effect of rising natural gas prices
on the proportion of total costs of ammonia pro-
duction which will be due to natural gas.

Cost of Natural Gas
($/1000 £t3)

% of Total Cost
of Manufacturing
NH3, Attributable

to Natural Gas

0.30 27.5
0.60 42.3
0.90 53.0
1.80 68.6
2.70 77.2
3.00 79.0

3/An example of this is the pipe cross reactor,
which utilizes heat released from the reaction of
ammonia and acids (phoric, phosphoric and sulfur-
ic) to replace heat normally supplied by natural
gas to concentrate fluids and dry granules.

4/A ton of fresh cattle manure with a moderate
amount of bedding will contain 10 1bs of nitrogen,
2.2 1bs of phosphorus, 8.3 1lbs of potassium and
small amounts of micronutrients (Aldrich, 1978).
These nutrients become available over a number of
years. One study indicated that a ton of manure
could replace 3.6 1lbs of fertilizer nitrogen the
first year (Aldrich, 1978), and 1.3 lbs of phos-
phorus and 5.2 1lbs of potassium.



5/Although high levels of phosphorus are
required, these levels are considerably less than
for nitrogen and potassium on a per pound basis.

6/In fact it is only necessary to add slightly
less than the amount removed by the crop, since:
some potassium will become available from the
unavailable forms present in the soil; potassium
does not leach (except on sandy soils); most of
the potassium added will not become tied up in an
unavailable form, and corn removes only that
amount of potassium required.

7/In 1980 the amount of potassium removed from
the soil by corn grain was 91 bu/ac x .22 1b/bu
= 20 lbs/ac. The application rate was 71 1lbs of
K/ac on 81 percent of the total corn acreage, or
71 x .81 = 57.8 1bs K/ac.
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Appendix

Appendix Table IV-1., Fertilizer Applied to Corn
in the U.S., 1945-80

Nitrogen Phosphorus Potassium
(P205) (K20)
(millions of pounds)
1945 187
1946 266
1947 325 746 390
1948 422 - 812 459
1949 509 833 507
1950 521 799 521
1951 648 871 617
1952 784 962 770
1953 990 1,088 927
1954 1,099 1,154 1,030
1955 1,233 1,233 1,073
1956 1,233 1,246 1,110
1957 1,325 1,287 1,110
1958 1,460 1,372 1,200
1959 1,947 1,601 1,387
1960 2,142 1,736 1,479
1961 2,016 1,505 1,244
1962 2,228 1,582 1,283
1963 2,605 1,752 1,409
1964 2,710 1,168 1,393
1965 3,539 2,267 2,044
1966 4,332 2,794 2,599
1967 5,220 3,168 2,986
1968 5,320 3,190 3,058
1969 5,450 3,034 2,994
1970 6,016 3,661 3,507
1971 6,474 3,497 3,364
1972 6,325 3,415 3,412
1973 6,583 3,418 3,527
1974 6,344 3,528 3,962
1975 6,625 3,372 3,714
1976 8,794 4,311 4,685
1977 8,806 4,284 4,814
1978 8,628 4,254 4,659
1979 9,412 4,446 4,987
1980 9,137 4,197 5,092

Source: Estimated using Average Application Rate
from USDA, Fertilizer on Crops and Pasture
in the United States, Stat. Bull. No. 216,
1957, Commercial Fertilizer Used on Crops
and Pasture in the United States, Stat.
Bull. No. 343, 1964; Crop Production,

ESS, Crop Reporting Board, various years,
and data on Corn Acreage in Table II-1.
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Appendix Table IV-2. Price of Nitrogen, Appendix Table IV-3. Price of Farm Real Estate
Phosphorus and ‘Potassium Fertilizer, U.S., Values Relative to the Price of Fertilizer.
1945-80 (Nominal Price)

Farm Real Estate Values

Price of Fertilizerd®/ 5 Relative to Fertilizer Price
Nitrogenb/ Phosphorus Potassium e~
E w
($/ton) B o > -
o=~ ~ 3] ,.oé
1945 58 47 w28 9 £ 5
1946 58 48 LT 9 s g
1947 64 51 Ko 2 . 2
1948 : 65 56 R s 2 o
1950 67 57 1945 29 50 .62
1951 72 57 1946 33 57 .69
1952 74 57 1947 37 .58 .72
1953 178 76 56 1948 40 .83 .71
1954 176 78 53 1949 42 .65 .71
1955 - 166 78 52 1950 41 .61 .72
1956 161 77 51 1951 47 .65 .82
1957 152 77 52 . 1952 53 .72 .93
1958 150 79 53 1953 53 .30 .70 .95
1959 147 79 52 1954 51 .29 .65 .96
1960 141 79 51 1955 53 .32 .68 1.02
1961 142 81 52 1956 56 .35 .73 1.10
1962 134 80 53 1957 59 .39 .77 1.13
1963 128 81 54 1958 62 .61 .78 1.17
1964 126 81 54 1959 66 45 .83 1.27
1965 122 81 54 1960 69 .50 .87 1.35
1966 119 83 55 1961 70 .49 .86 1.35
1967 113 84 54 1962 74 .55 .92 1.40
1968 91 78 49 1963 77 .60 .95 1.42
1969 76 74 46 1964 82 .65 1.01 1.52
1970 75 75 47 1965 87 .71 1.07 1.61
1971 79 77 51 1966 93 .78 1.12 1.69
1972 . 80 78 49 1967 100 .88 1.19 1.85
1973 87 88 61 1968 107 1.17 1.37 2.18
1974 183 150 81 1969 113 1.49 1.53 2.35
1975 265 214 102 1970 117 1.56 1.56 2.29
1976 191 158 96 1971 122 1.54 1.58 2.10
1977 188 148 97 1972 132 1.65 1.69 2.24
1978 171 153 96 1973 150 1.72 1.70 2.46
1979 188 172 112 1974 187 1.02 1.25 2.31
1980 229 203 - 135 1975 213 .80 .99 2.09
1976 242 1.27 1.53 2.52
1977 283 1.50 1.91 2.92
Source: USDA, Agricultural Prices. Statistical . 1978 308 1.80 2.01 3.21
Reporting Service, various issues. 1979 351 1.87 2.04 3.13
a/ _ ' ] 1980 401 1.53 1.98 2.97
Z'Fertilizer prices are: for anhydrous ammonia
for nitrogen, 44-46% superphosphate for phosphate,
and muriate of potash for potassium. E-/Farm Real Estate Value Index from various issues
b/ . . of Agricultural Statistics.
=/ pnhydrous prices are available only from 1953
to present. ' b/

Farm real estate prices relative to fertilizer
prices are calculated by dividing the index in
column 2 by the fertilizer prices for anhydrous
ammonia, 44-46% superphosphate, and muriate of
potash from Appendix Table IV-2.

v-17



Appendix Table IV-4. Price of Other Purchased Appendix Table IV-5. Price of Corn Relative to
Inputs Relative to the Price of Fertilizer, the Price of Fertilizer, 1945-80.
1945-80.

Corn Price Relative/
Price of Other Purchased to Fertilizer Price —

~
E Inputs Relative to Fertilizer
1]
8 9 o o
- QO ~ 1
3 % 3 : 5 : 2
«S~g = & 5 R ® £ 2
O LoD 3 Q o - o by o
30 o0 = o) g a o o
A T 3 : 52 = 2 s
b o BRI =W} Fut [=) i O~ =z =9 =W
S8E2 & & 2 -
1945 1.23 42 52
1945 61 ’ 95 77 1946 1.53 52 64
1946 66 88 73 1947 2.16 67 85
1947 78 ) 82 65 - 1948 1.28 39 47
1948 87 75 64 1949 1.24 38 42
1949 83 78 71 1950 1.52 45 53
1950 86 78 66 1951 1.66 46 58
1951 95 76 60 1952 1.52 41 53
1952 96 77 59 1953 1.48 17 39 53
1953 90 198 84 62 1954 1.43 16 37 54
1954 89 198 88 60 1955 1.35 16 35 52
1955 88 189 89 59 1956 1.29 16 33 51
1956 87 185 88 59 1957 1.11 15 29 43
1957 90 169 86 58 1958 1.12 15 28 42
1958 92 163 86 58 1959 1.05 14 26 40
1959 93 158 85 56 1960 1.00 14 25 39
1960 93 152 85 55 1961 1.10 15 27 42
1961 93 153 87 56 1962 1.12 17 28 42
1962 94 142 85 56 1963 1.11 17 27 41
1963 95 135 85 57 1964 1.17 19 28 43
1964 94 134 86 57 1965 1.16 19 28 43
1965 96 127 - 84 56 1966 1.24 21 30 45
1966 100 119 83 55 1967 1.03 18 24 38
1967 100 113 84 54 1968 1.08 24 28 44
1968 100 91 78 49 1969 1.16 31 31 48
1969 104 73 71 46 1970 1.33 35 35 52
1970 108 69 69 47 1971 1.08 27 28 37
1971 113 70 68 51 1972 1.57 20 40 53
1972 121 66 64 49 1973 2.55 29 58 84
1973 146 60 60 42 1974 3.02 33 40 75
1974 166 110 90 49 1975 2.54 19 24 50
1975 182 146 118 56 1976 2.15 22 27 45
1976 193 99 82 50 1977 2.02 21 27 42
1977 200 94 74 48 1978 2.25 " 26 29 47
1978 217 79 70 44 1979 2.41 26 28 43
1979 248 76 69 45 1980 2.80 24 27 41
1980 . 260 88 78 52

a/ Source: USDA, Agricultural Prices. Statistical
='USDA, Agricultural Prices. Statistical Report- Reporting Service, various issues.
ing Service, various years. :

a/Corn prices relative to fertilizer i
h/Other purchased inputs relative to fertilizer pri 4. A pr%ces are
calculated by dividing corn price by price per

prices are calculated by dividing column 2 b b N
price per pound of fertzlizer from Appendix y pound of fertilizer from Appendix Table IV-2.

Table IV-3.
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Appendix IV-A. Marginal Product of Nitrogen

Two sets of data are presented in Appendix
Table IV-6 representing the marginal products of
nitrogen. The data in column 2 represents an
average of a number of agronomic experiments con-
ducted at various locations in the Corn Belt.

The data in column 3 represents the MPP, derived
from the equation fitted to the historical data
(presented in the appendix fo Chapter III). As
expected, marginal products calculated from the
historical (farm level) data are lower than those
from the experimental agronomic data. After
allowing for this difference, there is a reasonable
correspondence between the MPP; derived from the
alternative sources.

Appendix Table IV-6. Marginal Product of Nitrogen,
Experimental and Time Series Data

MPP, (bu/1b)

Nitrogen
Level Experimental Historical
(1bs/ac) Agronomic Data Farm Data
15 .93 1.05
40 .61 .40
75 .39 .21
100 .39 .16
130 .28 .12
150 .24 .11
200 .07 .08

Source: Historical Farm Data is from the equation
reported in Chapter III, Experimental
Agronomic Data is derived from Russell
and Balko (1980), Illinois Cooperative
Extension Service (1974), Aldrich (1980),
Welch (1979), Follet et al. (1981),
Debertin and Pagoulatos (1980), Fenster
et al. (1978).
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V-ASSESSMENT OF TECHNOLOGIES FOR SOIL MOISTURé MODIFICATION

Soil moisture levels are important determinants
of corn yields. Together with other climatic
factors, soil fertility levels, plant populations,
and the genetic traits of corn, they set the ef-
fective yield limits for this crop. Although soil
moisture levels during the June-July flowering
period are of key importance in determining corn
yields, excessive wetness or dryness of soils at
other times can also impact heavily on timeliness
of planting and harvesting, on the stand of seed-
lings and on the quantity and quality of grain
harvested.

Figure V—I:

USDA (1981).

A number of factors affect soil moisture con-
ditions, including the amount and seasonal distri-
bution of natural moisture (average annual preci-
pitation rates are shown in Figure V-1 for broad
geographical areas of the U.S.), evapotranspira-
tion rates, other climatic factors, tillage prac-
tices, crop rotations, soil characteristics, and
others. The two technologies which impact most
on soil moisture are irrigation and drainage.
Weather modification is possibly a technology of
future relevance, although it has little applica-
tion potential prior to 2000. We do assess it
briefly, however, in order to reach this conclusion.

Average Annual Precipitation in the United States.

Explanation
inches



Irrigation Technology

1. Definition and Description of the Irrigation

Technology

Irrigation is the augmentation of natural water
supplies for crop production via the diversion to
the soil of additional water from surface or sub-
surface sources. "Sprinkler" irrigation refers
to any one of several systems by which supple-
mental water is supplied for crop production via
mechanisms other than gravity flow. There are
numerous water sources and distribution systems,
but all sprinkler systems require some external
power source to distribute water under pressure.

Eidman (1978, 1981) lists the following seven
sprinkler irrigation distribution systems as those
being used significantly for corn irrigation by
farmers:

(i) center pivot;

(ii) traveling gun;
(iii) traveling boom;

(iv) boom;

(v) volume gun;

(vi) side-roll tow; and

(vii) hand move.

Primarily because of its low labor requirements
(.065 hours per acre per irriuation - one-third
or less of any other sprinkler system), the center
pivot system is by far the most prevalent. Center
pivot systems come in many sizes from "one-tower"
to those of one-half mile in length. The most
common systems operate by traveling continuously
in a circle of one-fourth mile radius, irrigating
an area of about 130 acres. Use of the traveling
gun or other mobile systems is necessary for irri-
gating smaller and/or irregular fields. The
amount of water applied per irrigation and the
number of irrigations per year vary with soil
type (primarily soil water-holding capacity),
location and season.

"Gravity flow" irrigation systems are also
important, particularly in some parts of Nebraska,
in the High Plains of Kansas and in the Southern
Plains, where level land and fine to medium tex-
tured soils permit their use. The "Gated Pipe
from Source”" is a commonly used gravity distribu-
tion system. Another type is the open ditch,
siphon tube. With gravity systems both the
investment costs and the energy requirements are
usually much less than those of the center pivot
system, but labor requirements are increased for
ditching, moving siphons, etc. On coarser tex-
tured soils, the water losses via seepage and
percolation can be excessively high for gravity
flow irrigation. As a consequence of these labor
and seepage considerations, gravity flow technol-
ogy uses less frequent irrigations with larger
water applications per irrigation than for sprin-
kler irrigation.

2. Direction and Magnitude of the Irrigation
Technology

Irrigation of corn in the U.S. has increased
dramatically in recent years, reaching an esti-
mated total of 11.5 million acres in 1980.1/ The
13 leading states in terms of irrigated corn pro-
duction are shown in Table V-1. Nebraska is the
leader with almost 5 million acres.

Table V-1. Estimated Acreage of Corn Irrigated
in Selected States®/, 1980

Irrigated /

State Corn Acreage—
(thousand acres)
California 440
Colorado 1,110
Georgia 390
Idaho 121
Iowa 185
Kansas 1,209
Michigan . 156
Minnesota 355
Missouri 148
Nebraska 4,950
‘South Dakota 215
Texas 984
Washington 155
Total (13 States) 10,418

3/Includes those states reporting 100,000 acres
or more of irrigated corn in 1980.

h/The 1977 National Resource Inventory conducted

by SCS placed the total U.S. irrigated acreage at
58 million acres compared to 61 million acres
estimated in the Irrigation .[ournal Survey for
1980. Thus, the Irrigation Survey data are
probably reasonably accurate for the purposes of
our use.

Irrigation Journal, 1980 Irrigation
Survey.

Source:

The development of lightweight aluminum tubing
in the 1940s and the subsequent development of
the center pivot irrigation technology in the
early 1950s were the events which virtually revol-
utionized sprinkler irrigation. Use of the center
pivot system expanded rapidly through the 1960s,
and even moresc in the 1970s. Location of irri-
gated land in the U.S. (1977) is shown in Figure
v-2. However, widespread drought in the mid-1970s



(particularly 1974-76) has spurred the rate of
corn irrigation expansion substantially even since
1977, particularly in the period 1977-79.

Much of the irrigation of corn in areas adja-
cent to the S5-state Corn Belt (particularly in
Nebraska, Kansas, Southern Minnesota, and South-
eastern South Dakota) is now of the center pivot,
sprinkler type. Though a high proportion of total
irrigated crop acreage in the U.S. (more than
two-thirds in 1980) is still irrigated by gravity
flow systems, the bulk of the gravity irrigation
(particularly that using surface water sources)
occurs where corn is not a major crop (e.g.,
Western states, the Mississippi Delta and in some
areas of Texas).

Between 1970-80, total sprinkler irrigated
acreage in the U.S. appears to have more than
doubled, from 9.8 to 20.0 million acres (Irriga-
tion Journal: 1970 and 1980 Irrigation Surveys).
During the period 1974-77 alone, the acreage
irrigated from on-farm pumped water increased by
5.2 million acres; 2.4 million acres of this in-
crease came in Nebraska and Kansas, mostly for
corn. And, center pivot systems distributed the
water on almost half of these added acres
(Sloggett, 1979). Thus, the recent push in tech-
nology for corn irrigation has mainly used water
pumped from underground aquifers and distributed
by sprinkler systems. Moreover, it appears likely
that a large expansion can be expected over the
next two decades in the corn acreage irrigated
by central pivot technology in Nebraska and in
several other states (see section 3.2.2).

Much of the incentive for irrigation expansion
in the 1970s was associated with the profitability
of using supplemental irrigation to boost corn
yields in Plains States to the west of the Central
Corn Belt. Two reasons stand out. First, over
much of this region, natural rainfall constrains
corn yields both because of its limited total
supply and its variability. Second, with modern
production technology, corn yields in this area
have been highly responsive to added soil mois-
ture.

Figure V-2. Irrigated Acreage in the United
States, 1977. One Dot Equals 8,000 Acres
Where Irrigation racilities are “n Place.

Source: USDA (1981).

V-3

Sprinkler systems can be used to irrigate
undulating and slightly rolling land without in-
curring the prohibitively high costs of land
leveling. Also, the center pivot technology has
supplied labor efficiency by eliminating the high
labor requirements involved in moving pipelines.
Coupled with free water and low energy and nitro-
gen prices in the 1960s and 1970s, irrigation
became a cost-efficient technology for many corn
producers.

A number of conservation and efficiency adjust-
ments can be made to improve the current perfor-
mance of corn irrigation systems. These will be
discussed in section 7. Once these adjustments
are made, the future direction and magnitude of
sprinkler irrigation technology will depend
heavily on six factors: corn yield response to
irrigation water, soil water-holding capacity,
water availability and the prices of energy,
nitrogen and corn.

3. Direct Effects of the Irrigation Technology

No two corn producers encounter identical cost
or benefit impacts from acquiring and operating
irrigation systems. Yet, most producer decisions
are based on a common set of factors which in-
clude:

(i) yield response to irrigation - including
impact of irrigation on yield variability;

(ii) capital investment requirements and oper-
ating costs of the irrigation system:

(iii) availability of reliable water supplies;

(iv) total benefit-cost relationships for irri-
gation related expenditures, and

(v) alternative investment opportunities both
in farming and outside.

Currently, because of high interest rates,
coupled with high initial investment costs, the
benefit-cost evaluations which farmers make for
irrigation technology include both (i) the pre-
sent value of future income streams generated by
installation of the technology and (ii) the tech-
nology's cash flow performance.

3.1 Yield Response and Production Capacity
3.1.1 Yield Response

Corn yield response to irrigation is highest,
ceteris paribus, where natural rainfall is in

short supply and the moisture retention capacity
of the soil is low. This explains the high inci-~
dence of irrigation on coarse textured (mainly
glacial outwash) soils in the northern and western
fringes of the Corn Belt. On some sandy soils in
the central zone of Minnesota, for example,
farm-level dryland corn grain yields are estimated
at 50 bu/ac, whereas irrigated corn yields, with
additional nitrogen fertilizer and with use of
chemical pesticides, are estimated at 160 bu/ac
(Eidman and Greene, 1978). Irrigated corn yields



on sandy and sandy loam soils in Michigan of
160~170 bu/ac compare with dryland yields of

40-70 bu/ac (Lucas and Vitosh, 1978). Actual farm
level yields for South Central Nebraska are about
55 bu/ac for dryland corn and 120 bu/ac for irri-
gated corn (FEDS, 1980). Similar dryland-irriga-
tion yield differentials also exist in some areas
of the Southeast. Thus, yield responses of 60-120
bu/ac from irrigation are being widely achieved.
This is due in part to the development of improved
hybrid varieties, including short-season varie-
ties, which have produced high yield responses to
irrigation on some soils where dryland corn yields
have, historically, been very low.

Yield response to irrigation has not, however,
been nearly as great on the fine and medium tex-
tured soils of the Corn Belt. This is true partly
because these soils have greater water holding
capacity than do the coarser soils. Also, the
annual average precipitation of 28 inches or more
exceeds that of areas to the west (Figure V-1).
Eidman and Wilson (1981) report corn yield res-
ponses to irrigation in the 40-50 bu/ac range for
finer textured Corn Belt-type soils in South
Central and Southwestern Minnesota.2/ Lucas and
Vitosh (1977) report a 50-60 bu/ac yield response
from irrigation on heavier loam soils in Southern
Michigan. And, although there is a good deal of
inter-year and inter-area variability within the
Corn Belt proper, an average yield response to
irrigation of 30-60 bu/ac appears typical for a
large acreage of fine and medium textured soils.

3.1.2 Increased Production Capacity

Yield data reported from the several major
irrigated production areas were acreage weighted
for both irrigation and dryland corn production.
These data indicate that irrigated yields exceeded
non~irrigated yields by an average of about 65
bu/ac (estimated mainly from FEDS, 1980). Multi-
plying this yield differential by an estimated
11.3 million acres of irrigated corn for grain
(1980 basis) indicates that irrigation technology
has already increased annual U.S. corn production
capacity by an amount of more than 700 million
bushels.

In addition to increasing production capacity,
irrigation technology reduces the year-to-year
variability in corn production. An accurate esti-
mate of reduced production variance due to irri-.
gation is not feasible because some irrigated
corn is now grown in areas where dryland corn was
not previously an important crop. In addition,
there have been other important factors affecting
corn yields since the pre-irrigation period.
Nevertheless, it appears that the reduction in
annual production variance from irrigation is in
the range of 300-400 million bushels. This is an
important reduction in production variance both
for individual farmers and for the aggregate corn
production sector.

3.2 Costs and Profitability

3.2.1 Costs

Both the initial investment costs and annual
operating costs of sprinkler systems vary greatly
depending on water sources (well costs are a
particularly important source of cost variance),
type of system, amount of vertical lift required,
and per unit cost of energy used. Eidman (1978)
estimated initial (1977) investment costs to range
from $41,000 to $78,000 for on-farm pump sprinkler
systems, irrigating 130-150 acres. These costs
varied according to well size (600-900 gallons
per minute capacity), lift distance (20, 100, 250
foot 1ift), energy source (electricity, diesel),
and type of system (center pivot, traveling gun).
Other comparable estimates of around $45,000 have
been made (U.S. Department of Interior, 1979).
Thus, with continuing inflation, current invest-
ment costs for sprinkler irrigation systems cap-
able of irrigating about 130 acres are now in the
$50,000 plus range and climbing. Some of these
investment costs are, however, diminished in real
terms by the ability of investors to claim invest-
ment tax credits and to use rapid depreciation
write-offs of capital costs.

With labor efficient sprinkler systems, energy
costs are the largest single operating expense.
Energy costs, in turn, relate to the two work
functions involved - water pumping and water dis-
tribution. 1In 1980, natural gas was much the
cheapest (about one-half the cost of electricity,
and one-third the cost of diesel; Frederick, 1980).
Some perspective on current energy costs for irri-
gation can be obtained by considering the cost
of pumping and distributing one acre foot of
water.3/ With electricity as the energy source,
pumping water from a depth of 200 feet and using
a center pivot system for distribution, energy
costs were estimated to be about $15 each for
pumping and for distribution (Frederick, 1980).
Other cost estimates for center pivot systems
indicate variable costs of $18-$30 per acre foot
of water supplied (U.S. Dept. of Interior, 1979).
Thus, all pump-type sprinkler irrigation is energy
intensive, particularly that from deep-wells,
since energy requirements for pumping are essen-
tially a linear function of the lift distance.

In summary, irrigation costs vary greatly be-
tween farmers depending on water source, energy
source, type of irrigation system used, the amount
and frequency of water application and the effi-
ciency with which the system is operated. How-
ever, it is clear that both investment and opera-
ting costs for this technology are relatively
high and are dominated by energy costs.

3.2.2 Profitability

Numerous studies have shown irrigation of corn
to be a profitable technology on the more



drought-prone soils in the western and northern
fringes of the Corn Belt (Eidman and Greene, 1978;
FEDS, 1980; and others). The rapid increase in
corn acreage irrigated during the 1970s verifies
these findings. Moreover, the attraction to in-
vestors of investment tax credits, rapid depreci-
ation of capital and capital gains income (as
opposed to regularly taxed income) has spurred
the spread of center pivot technology. This is
particularly true in Nebraska where several mil-
lion additional acres of irrigated corn appears
likely in the future (Rathjen, 1981). Such irri-
gation expansion is made possible by the large
water supplies (2 billion gallons or more) under-
lying that state in the Ogallala aquifer.

Despite the above conclusion, most corn is
grown on the medium and fine textured soils of
the more humid Corn Belt and adjacent areas.
This should continue at least for the next two
decades. So, the question of the profitability
of irrigation on Corn Belt soils is an important
one. Burt and Stauber (1971) provide a conceptual
and empirical model for firm-level economic deci-
sion making for supplemental irrigation in a sub-
humid climate using stored water supplies (reser-
voirs, ponds, etc.). They include the consider-
ation of "reducing variability of returns" as an
important decision criterion. Though it is clear
that irrigation water requirements in their study
were less than those in areas with coarser tex-
tured soils and/or lower precipitation, no broad-
based generalizations can be made from their study
about the profitability of irrigating major Corn
Belt soils. Schoney and Massie (1980) used a com-
puter model based on net future values of cash
flows to investigate the break-even corn yield
increase required for profitable investment in a
traveling gun sprinkler system used for supple-
mental irrigation. They estimated that an
increase of more than 70 bu/ac in corn yields
would be required to cover the costs of investing
in such irrigation technology.4/ Data from Wilson
and Eidman (1981) indicate that an increased corn
yvield of about 60 bu/ac is required to generate
a satisfactory internal rate of return to expen-
ditures made for irrigation technology on fine
textured soils in South Central Minnesota.
Apland, McCarl, and Miller (1980) concluded that
the irrigation of corn appears to be a rather
marginal proposition for profit maximizers in
the Corn Belt and attractive only to risk aver-
ters.

In summary, irrigation on prime Corn Belt soils
appears to be a marginal investment at the present
time (with actual yield responses in the 30-60
bu/ac range) unless reduction in yield variability
is a highly valued goal. Yet, supplemental irri-
gation of corn on some of the drought-prone soils
in the Corn Belt is, even now, an economically
feasible alternative (Lazarus and Scott, 1981;
Wilson and Eidman, 1981; and others). Higher
corn prices and/or a modest increase in yield

response could make irrigation a profitable
future technology for those Corn Belt farmers who
have access to relatively cheap and dependable
water supplies. Some 8-12 million acres in the
Corn Belt might reasonably be included in land
which, given the right economic incentives, could
be induced into irrigationm.

3.3 Productivity and Resource Use

Irrigation is mainly a land augmenting technol-
ogy which has reduced the amount of land required
to produce a bushel of corn by amounts ranging
from about 30 percent to upwards of 200 percent.
It is, however, an energy intensive technology
which, compared to dryland production, increases
energy requirements per bushel of corn by 25 to
250 percent. It is also a capital intensive tech-
nology in most applications, requiring investments
of $400 to $600 per acre (for on-farm pump, sprin-
kler systems) with high variable costs both for
energy and supporting inputs, particularly nitro-
gen fertilizer.

With respect to labor efficiency, irrigation
of corn provides a range of situations. Compared
to dryland production, the labor-efficient center
pivot sprinkler systems actually reduces slightly
the direct crop season labor requirements per
bushel of corn produced. However, over a large
area such as Eastern and Central Nebraska, where
a variety of irrigation systems are used, per
bushel labor requirements are 5-10 percent greater
with irrigation than without (estimated mainly
from FEDS, 1980).

3.4 Input Demand

Irrigation technology has resulted in major
increases in the demand for water, for fossil
source energy and for nitrogen fertilizer.

In 1975, 77 percent of the consumption of water
withdrawals in the U.S. was for agriculture, with
only 23 percent for all other uses. The latter
percentage was up from 10 percent in 1955 and 15
percent in 1965 (U.S. Department of Interior,
1979). Non-agricultural water use is probably
now in the 26-28 percent of total usage range, and
rising. Both a declining water table in under-
ground aquifers and increased demand from non-
agricultural water users have made competition
for water supplies intense in some areas. In the
Southern Plains, for example, non-agricultural
water use is projected to increase by 54 percent
from 1975 to the year 2000 (U.S. Water Resources
Council, 1978).

Accurate determination of the aggregate demand
schedule for water to irrigate corn is impossible,
since most water used in corn irrigation is free
except for the costs of pumping and distribution.
No direct market demand schedule for irrigation
water is therefore observable. However, aside



from yield response, the two factors which
strongly affect demand are the price of corn, and
the cost of energy.

Corn irrigation technology has also increased
dramatically the farm demand for fossil energy
because irrigated corn is much more energy inten-
sive than dryland production. In the High Plains
of Texas, for example, over 60 percent of the
energy used for producing corn is for pumping
water and 85 percent is for irrigation and nitro-
gen fertilizer. And, total energy requirements
per bushel of corn have been estimated to be 250
percent more than in the Corn Belt (Jensen and
Kruse, 1980).

In 1977, about 40 percent of all crop acreage
irrigated with on-farm, pumped water used electri-
city, 34 percent used natural gas, 10 percent
diesel, 5 percent LP gas and 1 percent gasoline
(Sloggett, 1979). But, the proportional use of
natural gas is expected to decline in the future
as that energy source declines in availability
and increases in cost.

4. Other Aspects of the Irrigation Technology

4.1 Environmental, Institutional and Legal‘Impacts
4.1.1 Environmental Impacts

Several environmental issues relate not only
to irrigation technology used for corn but for
other crops as well. First, extensive irrigation
has contributed to the heavy mining of groundwater

Figure V-3.

Source: USDA (1981).

The numbers on 1he map show the amount
of ground water mining in mithons of galions per day
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supplies particularly in the Southern and Central
Plains (Frederick, 1980; Figure V-3). With little
groundwater recharge capability in the Ogalalla
aquifer, a non-replaceable natural resource is
being depleted. Short-run gainers are: (i) cur-
rent irrigation water users; (ii) the current sup-~
pliers of irrigation related inputs and other
agribusinesses; and (iii) domestic and foreign
consumers who benefit from increased food supplies
and lower prices. Losers are: (i) the future
generations (both producers and consumers) whose
economic choices are reduced; and (ii) those
farmers and agribusinesses whose capital assets
undergo depreciation as future income flows
decline. Assuming, however, that the market place
provides relatively effective price discounting
for capital assets, it is mainly the loss to future
generations of the non-renewable water resource
which constitutes an important continuing cost.5/

A second environmental impact of irrigation
technology pertains to soil erosion. Some
erodable, otherwise unproductive land, has been
cleared for irrigation and some additional sedi-
ment, nutrient and pesticide pollution has resul-
ted (U.S. Department of Interior, 1979). However,
corn irrigation to-date has probably contributed
only modestly to soil erosion, since most irri-
gated land is relatively flat. Even so, in some
high water use areas, soil compaction is a prob-
lem and this condition increases runoff and ero-
sion (Curven and Massie, 1977).

In aggregate, we estimate that no more than one
million acres (less than 10 percent of the total
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irrigated corn acreage) currently suffers from a
significant erosion problem due to irrigation.
However, a much greater erosion hazard will exist
in the future if some irrigated land reverts back
to dryland conditions without the protection of
the permanent cover which was removed to install
irrigation. Rathjen (1981) states that, "substan-
tial numbers of center pivots are being developed
on soils that are highly sensitive to wind and
water erosion. If the irrigated crop acreage in
Nebraska doubles, as some project, to about 12.5
million acres by the year 2000, much of that addi-
tional acreage will be more erosion prome than

the existing acreage."

A third environmental impact of corn irrigation
technology is the nitrate contamination problem
which occurs on some sandy soils. It is most pro-
nounced where underground aquifers are located at
shallow levels (Griffin and Bromley, 1981) and
where heavy nitrogen applications result in the
leaching of nitrates through these coarse textured
soils into groundwater used for drinking. Such
leaching is aggravated by 'over-irrigating" which
flushes nitrates downward into the underground
water supplies.

A final environmental problem, salinity, is
associated particularly with irrigation in the
arid West. It has not been a problem of substan-
tial consequence on most of the irrigated acreage
currently used for corn production. But, much of
this acreage has been irrigated for 10 years or
less. Thus, salinity problems may yet arise.

4.1.2 Legal -~ Institutional Issues

From a legal standpoint, the "riparian" (access
by land ownership) doctrine applies to surface
water use in humid Eastern states and the 'prior
appropriation" (rights based on prior use) doc-
trine in the semi-arid and arid Western states
(U.S. Department of Interior, 1979). Both doc-
trines will be put to serious legal tests as water
shortages and quality problems become more wide-
spread.

As groundwater aquifers are lowered by high
volume irrigating, some existing wells go dry and
have to be redrilled at additional cost. In other
situations, water supplies for other critical uses
are threatened. For these reasons, and because
of well interference problems, some states now
require prior approval before large-volume wells
can be drilled for irrigation purposes. According
to Lotterman and Waelti (1981):

"During the 1970s, well-interference
emerged as a highly volatile policy issue
in the allocation of groundwater in
states bordering the humid East and the
arid West.

Well-interference is the lowering
of water levels in wells adjacent to,
or neighboring a high-capacity well
during and shortly after the time the
high-capacity well is being pumped.
It is generally a temporary hydraulic
phenomenon, as distinguished from
long-term overall lowering of the water
level in an aquifer caused by pumpirg
exceeding recharge.

States such as Minnesota, Iowa, and
South Dakota have experienced dramati-
cally increased groundwater irrigation
since 1970. Although the actual num-
ber of cases of interference in these
states is relatively small, signifi-
cant political impact resulted largely
from widespread public unease *about
the adequacy of water supplied during
the drought period of 1974-76.

New irrigation wells interfering
with existing domestic wells caused
most conflicts. The drought and ra-
pidly increasing groundwater irrigation,
caused all three states to review and
revise groundwater allocation policies.
The revised rules have not received
much attention by the public, in
practice or court. This kind of
attention awaits another drought like
that of 1974-76."

As indicated earlier, use of water for non-
irrigation purposes has been growing more rapidly
than irrigation use and this trend is projected
to accelerate in the future (U.S. Water Resources
Council, 1978). Thus, one can reasonably expect
a much broadened level of competitive interference
between corn irrigators and other water use inter-
ests in the future.

4.2 Vulnerability of the Technology

In addition to increasing total corn production
capacity, irrigation technology reduces the risk
(variability) associated with corn production
particularly in areas of limited rainfall and/or
drought-prone soils. Yet other risks and uncer-
tainties are created: (i) the uncertainty of
future water and energy supplies and energy
prices; (ii) the increased incidence of insect
and disease infestation resulting from increased
moisture and land use intensity; and (iii) the
nitrate contamination problem.

4.2.1 Water and Energy Supplies and Energy Prices
Water and energy supply-price vulnerability is

substantial. 1In some cases, particularly in the
Southern Plains where the rapid mining of



subsurface aquifers is now occurring (Figure V-3),
some land currently used for irrigated corn pro-
duction will, because of water shortages, receive
less irrigation water and some will even revert

to use for dryland farming.

The decline in irrigation acreage even for the
Southern Plains will not become widespread until
after the beginning of the next century (U.S.
Water Resources Council, 1978). But, signs of
adjustment to declining water supplies will be
broadly visible in the late 1980s and early
1990s.6/ The early curtailment of water use is
already underway in the form of conservation
measures which will extend the life of remaining
water supplies. With investments for irrigation
distribution systems already made, the only
economic alternative for most farmers is to extend
the life of their irrigation technology by incur-
ring additional pumping costs per unit of water
recovered. Also, some farmers will shift to crops
requiring less water than corn. Thus, annual
rates of water application will be reduced on a
rather large acreage, but probably without too
much impact on yields. Our assessment suggests
that, barring large declines in the current
corn/energy price ratio, the reduction in irriga-
ted corn acreage in the Southern Plains will not
exceed 15-25 percent by the year 2000. This
decline in water use will be abetted by increases
in the energy/corn price ratio for some producers
as a result of the deregulation of natural gas
prices and the expiration of special use privi-
leges for on-farm natural gas supplies.

A high proportion of the acreage of corn now
being irrigated (perhaps upwards of 80 percent)
appears to have no short-term problem of water
availability. Rather, the question facing pro-
ducers on these acres is whether the future corn/
energy price ratio will continue to be high enough
to sustain profitable irrigation. Since electri-
city and natural gas were the energy sources used
on about 75 percent of the acreage irrigated with
on-farm pumped water in 1977 (Sloggett, 1979),
future costs projections for these energy forms
should indicate the feasibility of future corn
irrigation. Landsberg (1979) projects a general
doubling of real energy costs between 1980 and
the year 2000. Schurr et al. (1979) project a
lower increase of 2 percent per year from 1975
to 2000 with the rate of increase for natural
‘gas outpacing that for electricity. Applying the
higher rate of these two energy price projectioms,
(a doubling by the year 2000) to a "currently
profitable" center pivot system distributing 18
acre-inches of water lifted 200 feet, results in
increases of $25 for natural gas and $48 for
electricity over 1980 cost levels. Applying these
estimates to the average yield response of 65
bu/ac computed earlier, real increases in corn
prices of $.38 and $.74 per bushel, respectively,
are required by the year 2000 to offset the higher
energy prices. But, the impact of any energy
price increases will be moderated by expected

future efficiencies in water use. Since most
currently irrigated corn land has a much lower
income earning capability for dryland farming,
one can probably expect land price reductions,
and not abandonment of irrigation, to bear the
initial brunt of lowered profitability from irri-
gation. In the unlikely event that electricity
prices were to quadruple by the year 2000, re-
quiring an offsetting increase in real corn
proces of about $1.50 per bushel, irrigation tech-
nology would probably become unprofitable on as
much as 40 percent of the current 11.3 million
acres of irrigated corn.

In summary, barring unexpectedly large changes
in the real corn/energy price ration, the utili-
zation of irrigation technology will probably
decline by the year 2000 only in the Southern
Plains, and there by an amount not exceeding 15-25
percent of the 1980 acreage. This acreage decline
will be more than offset by a much increased
acreage of irrigated corn elsewhere. This conclu-
sion assumes that any future regulation of water
for irrigation will be aimed mainly at its use-
conservation rather than total prohibition,
except possibly on a small acreage where nitrate
pollution problems cannot be otherwise controlled.

4.2.2 Changes in Microclimate

Higher plant populations and higher fertilizer
applications accompany corn irrigation. The more
humid microclimate encourages the spread of dis-
ease and insect populations. Increased use of
chemical pesticides together with good sanitation
practices for handling plant residue materials
have adequately handled most pest problems and
will probably continue to do so in the future.

4.2.3 Nitrate Contamination

Though currently of a localized nature, the
nitrate contamination problem may increase, thus
generating regulations on water/nitrogen use in
selected areas in order to reduce the health
hazards which it presents.

5. Feasibility of Irrigation Technology

Irrigation technology is already in extensive
use and its rate of increase (or decrease) will
depend mainly on energy and water supplies and
energy and corn prices. Trickle irrigation tech-
nology is receiving considerable attention for
use on tree and vine crops but does not appear
to have near-term economic applications for corn
production.

6. Alternative Technology Options

An obvious alternative for farmers facing the
option of sprinkler irrigation technology is the
acquisition and use of additional land for dryland
corn production. With rapidly increasing land
prices, many individual farmers will probably find



the purchase of irrigation technology to be more
profitable than additional land. Moreover, good
cropland for use in dryland corn production is in
limited supply and can probably be expected to
increase in price more rapidly than irrigation
equipment. In 1979, the average price of irriga-
ted land in Southwest Nebraska, for example, was
in the range of $900 per acre compared to $2,000
to $3,000 in the Corn Belt. Thus, low land prices
plus high yield response provide a stronger
economic incentive, at this time, for irrigation
developments in areas outside the Corn Belt
(Sheffield, 1979). '

Once land outside the Corn Belt has been devel-
oped for irrigation, however, it is not unreason-
able to project that future expansion of corn
irrigation may be mainly in the more humid areas,
east of the Mississippi. This is true because of
several factors: (i) the high yield potentials
on the better Corn Belt soils; (ii) the relatively
rapid recharge capability of both surface and
subsurface water reservoirs in humid areas; and
(1ii) the higher pumping costs, as water tables
drop, in the more arid areas of the Southern
Plains and the West. As a result, many Corn Belt
farmers may choose to incur the $400-$600 per acre
cost for irrigation systems in preference to
trying to purchase additional cropland, perhaps
for $2,500 or more per acre.

7. Managing the Irrigation Technology

Irrigation often gives rise to new or expanded
drainage problems, particularly on the finer tex-
tured soils. Thus, effective management of irri-
gation technology may require installation of sub-
surface drainage systems on some acreage.

With respect to irrigation technology per se,
studies have shown that 30-50 percent of total
energy expended in pumping water could be saved
through better water management and more efficient
deep well pumps, irrigation power plants and wells
(Jensen and Kruse, 1980). Farmers can improve
substantially their scheduling of irrigation to
improve yield response and reduce water require-
ments. Some farmers have, by scientific irrigation
scheduling, reduced energy requirements for
pumping by 25-30 percent below the average, with~
out reductions in yields.

Also, several types of adjustments are being
made in the application of sprinkler irrigation
technology. If farmers are already using their
least cost energy source, the first adjustment is
that of modifying the system to reduce pressure
from 70 pounds per square inch down to 30-50
pounds per square inch.

Those farmers using electricity for irrigation
can benefit from information on what the non-peak
hours are for electrical companies so they can
minimize per unit energy costs. Some radio

stations are providing information on evapotrans-
piration rates, etc., in order to help farmers do
a better job of irrigation management. Research
is underway to develop moisture sensors in the
field and to link them with automatic electronic
controls for regulating water applications. Such
systems should be available commercially within 5
years.

Finally, attention must be paid to the issues
of mining groundwater supplies, to problems of
well-interference, pollution and soil erosion.

For at least some situations, monetary incentives
to reduce these environmental problems could pay
high public dividends. For chronic problem areas,
legal constraints on water mining and on the inci-
dence of soil erosion and environmental ®pollution
will likely be required to keep these adverse
externalities to levels which are socially accep-
table.

. .Land Drainage Technology

1. Definition and Description

Land drainage is defined as the removal and
disposal of excess water from agricultural land.
The excess water can be surface water or subsur-
face water. Most natural drainage problems occur
in humid or subhumid areas (including the Corn
Belt), whereas most man-made drainage problems
develop as a consequence of irrigation. With U.S.
corn production, most installed drainage is rela-
ted to excessive soil wetness from natural causes,
but most future irrigation on fine and medium tex~
tured soils will require installation of effective
subsurface drainage systems if such systems are
not already in place. Also, since much of the
existing irrigated corn acreage is of recent
installation, some drainage problems may not vet
be evident.

Plant growth and crop yields are constrained
in water logged soils because of: (i) poor soil
aeration, which results in low oxygen content in
the soil and the retention of nitrogen in organic
residues rather than in its usable mineralized
form; (ii) curtailed nutrient uptake by the plants;
(iii) reduced soil bacterial action; (iv) reduced
rates of soil "warm up " in spring; (v) inability
to perform field operations on a timely basis;
(vi) excessive soil compaction; (vii) excessive
concentrations of toxic substances, such as
sodium and other soluble salts, in some soils;
(viii) increased "scalding" of plants; and (ix)
other reasons (Luthin, 1966; Schwab et al., 1971).
In addition, labor and machine requirements are
greater on wet soils.

Drainage is not a new technology. Covered
field drains were in use in the Nile Valley as
early as 400 B.C. And, land drainage was common
in the Corn Belt during the 19th century when



yield increases of 150 percent and returns on
drainage investments of 25-50 percent were
achieved (Elliott, 1882).

Some agricultural land can be adequately
drained by use of surface ditches. Most medium
to fine textured '"wet soils" used for corn pro-
duction, however, require subsurface systems. A
common goal of subsurface drainage systems is to
remove 3/8 to 1/2 inch of water from the soil per
24 hour period, but not all existing systems meet
this requirement. Until recently, most of the
subsurface drainage of agricultural land in the
U.S. utilized clay or concrete pipe, with laterals
placed at depths of three feet or more and spaced
at 60 to 200 foot intervals. Lateral pipes typi-
cally 5 or 6 inches in diameter were used.
Trenches were dug, either by the wheel-type exca-
vator or the ladder-type trencher, and pipes were
laid in open trenches with or without surrounding
envelope material. The entire operation was both
costly and labor intensive, but effective. Liter-
ally millions of acres of this technology are
still in use, and some continues to be installed.

The new technology which has impacted heavily
on agricultural drainage of Corn Belt-type soils
involved the substitution of small diameter (3,

4 or 5 inch) corrugated plastic tubing for clay
and concrete pipes, and the installation of this
tubing by trenchless machines. These drain-type
plows use laser devices to monitor the placement
of the tubing with respect to grade (elevation).
The extruded plastic tubing is perforated mechan-
ically in order to permit entry of water into the
tube. The entire technology package is techni-
cally effective, easy to handle, labor efficient
and cheap (compared to the earlier drainage tech-
nology).

Development of smooth-walled polyethylene
tubing which was largely a British development,
first became available for manufacture in the U.S.
in 1941 (Schwab, 1955). . However, only the smaller
(2 inch diameter or less) tubes were economical
and these were generally too small for acceptable
performance. Meanwhile, corrugated polyvinyl
chloride (PVC) tubes were developed and used ex-
tensively for drainage in Europe, particularly in
Germany and the Netherlands. An estimated 85 per-
cent of all drainage products in Europe are now
PVC corrugated tubing (Easton et al., 1977). By
1967, installation of corrugated plastic tubing
had begun in the U.S., using conventional trench-
ing machines. Subsequent development of instal-
lation equipment proceeded rapidly and the high
speed, trenchless, automatic grade control, plow-
type drainage equipment was soon available. In
contrast to the European situation, where PVC
plastics have been used almost exclusively for
corrugated tubing, the most common plastics used
in the U.S. have been high-density polyethylene
(HDPE). The PVC materials are now being manufac-
tured in the U.S. and their use here can be
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expected to increase significantly. Laboratory
tests indicate that plastic tubing will last 70
years without deterioration (Lidster, 1971).

2. Direction and Magnitude of Drainage Technology

The distribution of "wet soils" in the U.S. is
shown in Figure V-4, Nationally, about 105 million
acres of these wet soils are classified as crop-
land, about 25 percent of total cropland (USDA,
1980). Even before the widespread use of plastic
tubing, much of the agricultural drainage was in
the major corn producing areas. For example, of
the total of 59.6 million acres of drained land
reported in the 1969 Census of Agriculture, about
65 percent (38.6 million acres) was in the North
Central Region.7/ Leading states in total land
drained are Illinois, Iowa, Minnesota, Indiana,
and Ohio. This distribution of land drainage is
the result of these states having a large acreage
of flat land with wet soils (Figure V-4), which,
when drained, are highly productive.8/

Wherever they will suffice, surface drains are
the cheapest form of drainage, but subsurface
drainage is required on many wet soils. Prior to
the development of plastic tubing, the installa-
tion of subsurface drainage of land already under
cultivation proceeded slowly. With the advent of
the new plastic tubing coupled with rapid increases
in land prices and modest increases in corn and
soybean prices, installation of subsurface drain-
age proceeded at an accelerated pace on both new
land and previously drained cropland. In recent
years, an estimated 3/4 to 1 million acres of
land has been tilled annually with this new tech-
nology in Southern Minnesota alone (Allred, 1981)
and the installation rate has been rapid through-
out the Corn Belt, Lake States and in some other
areas.9/ It seems likely that most excessively
wet, but otherwise highly productive,cropland with
"Corn Belt" type soils will be drained using the
new plastic tube technology by the mid to late
1980s.10/ Bagley (1977) concludes that, "with
today's high level of agricultural enterprise and
with investments in fertilizer, herbicides, and
hybrid seeds, water control through the installa-
tion of subsurface drainage has become almost
mandatory."” Where physically feasible, the
economic incentive will also be great to drain
those "wetlands"1l/ which have potentially produc-
tive soils but which are not currently being
farmed. Only regulatory constraints or new incen-
tives for farmers will prevent the rather complete
occurrence of such drainage.

3. Direct Effects of the Drainage Technology

3.1 Yield Response and ‘Aggregate Production Capa-
city

Yield response to drainage depends on the
severity of the soil wetness problem which in
turn differs greatly by soil type and by



individual fields within the same soil type.

Also, the productive capacity of soils varies.
Anthony (1975) estimated that an "adequate" drain-
age system on land now in production raised corn
yvields in South Central Minnesota by 10-40 bu/ac
depending on the degree of the soil wetness prob-
lem. Schwab (1976) recorded an average 50 bushel
increase in corn yields (1962-72) from drainage

of heavy soils in Ohio using 'conventional" til-
lage practices while the response from drainage
and "nmo till" practices was 28 bu/ac. A 12-state
survey in the early 1940s showed that an average
yield increase of 65 percent was associated with
installation of drainage systems (Pierre, Aldrich
and Martin, 1966). When applied to current yields,
this represents an increase of 70-80 bu/ac. Thus,
there have been major corn yield responses from
installation of drainage on land already in pro-
duction, as well as on lands prev1ously too wet

to farm without drainage.

In 1975, it was estimated that installation of
drainage had added more than 30 million acres to
the tillable acreage of the Midwest and increased
production on another 40 million acres (Palmer,
1975). Our estimate is that more than 30 million
acres of corn for grain is now being produced on
land which had been drained and that corn yields
on this land, are, on the average, at least 40
bu/ac higher than they would have been without
drainage. Land drainage technology has probably
contributed 1.2 billion bushels to annual corn
production capacity. This is substantially more
than has been contributed by irrigation.

Figure V-4.
Acres).

3.2 Costs and Profitability

Materials and installation costs for 4-5 inch
concrete tile are mostly in the range of $.70 to
$1.10 per lineal foot. With 100 foot spacing
between laterals, a total cost for drainage of
around $500 per acre is common. This per acre
cost is reduced to about $450 per acre with plas-
tic tubing using trench~type installation and to
about $300 with installation by laser controlled,
trenchless plows. Thus, the total per acre cost
range is $300-$500 per acre (Sundquist, 1981).

With projected corn yield increases of 40 bu/ac
or more on land already in production, installa-
tion of drainage is often a highly profitable in-
vestment. Moreover, installation of drainage
technology qualifies investors for investment tax
credits at installation and for capital gain tax
treatment of land value enhancements at time of
sale (U.S. Department of the Treasury, 1981).
Numerous examples exist where recently installed
drainage has generated a net income flow of $100
per acre in the first year following installation.
Thus, for many farmers, installation of drainage
technology pays for itself with increased profits
within 3-5 years. Furthermore, drainage of wet-
lands which are not now cropped, will probably
become financially more attractive as the price of
established cropland increases.

3.3 Resource Use and Productivity

Like irrigation, drainage is mainly a land
augmenting technology. On average, it reduces

Wet Soils, by State and Crop Production Region (Millions of
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Source: USDA (1981).
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the land requirements to produce a bushel of corn
by 30 percent or more. Once the initial installa-
tion is complete, input costs are minimal. It is
estimated that labor and machine productivity for
tillage and planting are increased by 10-15 per-
cent with installation of drainage on wet Corn
Belt soils. Sitterley and Bere (1960), using long
term data for Central Ohio, found that the number
of days suitable for tillage field work during

the critical April-May period was increased by 50
percent or more, in 80 percent of the years, by
implementation of drainage.

In addition to increasing the productivity of
machinery and labor which is actually used, drain-
age technology makes it feasible to produce corn
with less investment in reserve machinery and

"manpower, thereby enhancing overall resource pro-
ductivity even more. Finally, the drainage of
wet soils permits better utilization of plant
nutrients, thus enhancing the productivity of
fertilizer and related inputs.

3.4 Aggregate Input Demand

Aside from the technical equipment and services
required for installation, the only major input
involved in drainage is for the material itself.
Increasingly, this is plastic tubing. During
the world wide shortage of crude oil in 1973-74,

a temporary shortage developed for materials from
which plastic products are made. Although this
shortage is no longer a serious constraint, raw
material prices for plastic tubing can be expected
to increase along with oil prices.

4, Other Aspects of the Drainage Technology

4.1 Environmental, Institutional and Legal Impacts

There are two major types of environmental pol-
lutants carried via drainage water: (i) toxie
pollutants, mainly chemical pesticides; and (ii)
nutrients, mainly nitrogen and phosphorus. Non-
point sources account for more than 50 percent of
the pollutants entering the nation's waterways
and in the North Central Region, 63 percent of
the hydrologic drainage basins are wholly or par-
tially affected by nonpoint source pollution of
nutrients and 37 percent by pesticides (USDA,
1980). However, only some of these pollutants
come through drainage waters from agricultural
lands and only some of them via subsurface drain-
age.

Most pesticide and phosphorus pollutants enter
streams and lakes via overland flow (rumoff),
rather than via percolation through the soil.
For example, phosphorus compounds in the soil are
so insoluble that subsurface waters carry away
little or no phosphate. This same pattern of
movement applies to most other persistent insec-
ticides and herbicides. Thus, installation of
subsurface drainage can substantially reduce the

overland flow of some toxic pollutants and phos-
phorus, because it provides additional "in soil"
storage capacity for water which would otherwise
be diverted to surface runoff. Reducing runoff
has the added benefit of reducing soil erosion.

Nitrogen in drainage waters is mainly in the
form of nitrates, which do pres=nt a pollution
problem for well water in some areas. However,
those nitrates entering drainage waters (inclu-
ding tile drain systems) are mostly taken up by
algae "and rooted plants when they enter lakes,
streams or reservoirs. When this happens, they
are no longer a pollutant, in the nitrate form
(Hanson, 1981). Thus, drainage technology is not
the origin of the nitrogen pollution problem, and
the solution to this problem does not lie with
the abolition, or modification, of drainage tech-
nology. The pollution problems arising from nu-
trients and pesticides in corn production are
assessed in more detail under the fertilizer and
pesticide technology sections of this report.

Drainage technology has had a strong positive
impact on corn production from wet soils, and
from some wetlands. But it has had an adverse
impact on some key competing uses for wetlands
which include, among others, recreation and fish
and wildlife habitat, the latter including the
use of wetlands in the production of migratory
waterfowl (Goldstein, 1971). The economic value
of wetlands for uses competitive with agriculture
is not easily determined because of the "public
good" nature of these alternative uses. Goldstein
(1971) provides a conceptual model for evaluating
waterfowl and wetlands but no reliable estimates
of the value of these public goods are available.
Thus, an inadequate basis for wetland evaluation
is a fundamental problem in assessing the trade-
offs between drainage and non-drainage (Reppert,
1980). Nevertheless, drainage technology should
probably only be applied to wetlands if the public
values the agricultural product gained more than
it values the public good displaced. This prin-
ciple is a difficult one to implement, however,
because much of the wetland acreage is privately
owned and owners can typically capture the highest
economic value from wetlands by draining for crop
production. Thus, regulations have now been im-
plemented in some states to constrain the drainage
of wetlands for crop production and government
subsidies for drainage are no longer available

(Leitch, 1981).

5. Feasibility of the Drainage Technology

Drainage technology is already highly feasible
and it is becoming more so. Its installation
bears a strong complementary relationship with
some technologies including mechanization, irri-
gation and use of chemical fertilizers.

6. Alternatives to the Drainage Technology

Alternatives to land augmenting drainage



technology are mainly those of developing new
lands for corn production or using land currently
employed in the production of other crcops. Both
of these alternatives have high costs and have
adverse impacts on the environment and/or on the
supply of other farm products.

7. Managing the Drainage Technology

Two issues appear to be important in managing
drainage technology. First, more effective ways
need to be found to evaluate wetlands prior to
the decision to drainm or not to drain them. But,
because of the diversity of social benefits accru-
ing to wetlands, the difficulty of objective
measurement, and the variability between wetland
areas, the net social benefits can only be dgter-
mined through systematic, area-specific benefit/
cost assessments of wetland drainage projects.
The second issue pertains to the disposition of
collected drainage waters containing toxic and
nutrient pollutants. This topic is discussed
elsewhere under fertilizer and pesticide technol-
ogies.

Weather Modification

Weather modification is broadly defined as the
changing of weather conditions by artificial
means. Two types of weather modifications which
could have significant impacts on corn production
are those of rainfall enhancement and hail sup-
pression. - As indicated earlier in this chapter,
millions of acres of corn are now irrigated to
supplement natural precipitation. But, widespread
application of reliable rain enhancing technology
would have drastic impacts on corn production on
the non-irrigated land. 1In addition, corn losses
from hail are about 10 percent of total crop
losses from that source (Changnon et al., 1977)
and probably total $100 million or more at current
prices. Thus, the overall economic value of
effective weather modification for corn production
enhancement would be considerable.

The literature on weather modification is vol-
uminous, though most does not relate specifically
to corn. The National Academy of Sciences (1973)
and Changnon (1975) provide a good overview of
the capacity for weather modification and the key
problems and issues involved. A rather compre-
hensive technology assessment of hail suppression
was recently completed under the sponsorship of the
the National Science Foundation (Changnon et al.,
1977).

It is clear that current weather modification
technology is such that some increase in rainfall
can be induced by cloud seeding, and hail suppres-
sion can also be achieved. The results of weather
modification attempts are highly variable although
there have been some cost-efficient agricultural
applications. But, weather modifications deemed
desirable by corn producers are certain to be
considered undesirable by some others. '
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A large scale experiment on hail prevention and
rainfall stimulation initiated in South Dakota in
Spring, 1972 has since been abandoned without def-
initive conclusions (Donnan et al., 1976).

Another experiment (CCOPE) is underway in the
Plains States under the auspices of the National
Science Foundation, the National Center for Atmos-
pheric Research and the Department of the Interior
(Sullivan, 1981). Although research continues in
an effort to find reliable technology for weather
modification, potential applications are compli-
cated by a variety of technical, legal, socio-
political and economic impact issues.

In summary, though some weather modification
technology is now available, significant applica-
tions for corn production enhancement will not
likely occur before the year 2000. We thus con-
clude that this technology will have an inconse-
quential effect on commercial corn production
between now and the end of this century and so
we do not proceed with an in-depth assessment.

Footnotes

1/There is some disagreement over ‘the exact
amount of U.S. cropland under irrigation. The
Census of Agriculture data on irrigation for 1969
and 1974 appear to be low, because of definitional
and underreporting problems. Other data, with the
exception of national-level inventory surveys con-
ducted by the U.S. Soil Conservation Service (SCS)
in 1967 and 1977 and some special area surveys
conducted by State Crop and Livestock Reporting
Agencies, do not have a statistically reliable
sampling base. Moreover, any effort to allocate
irrigated acreage to individual crops must utilize
a non-statistical basis.

2/These were soils for which the available
water capacity (AWC) in the top 60 inches of soil
was 9 inches or more. The AWC of a soil is a
measure of its capacity to make water available
for plant growth. Sand, for example, generally
has a comparable AWC of only 3-5 inches.

3/This amount is probably low for coarse tex-
tured soils where 12 irrigations per season of
about 1.25 to 1.5 inches per irrigation (15-18
inches total) are not uncommon, but high for fine
textured Corn Belt soils where 8 inches of supple-
mental water, or less, per growing season may
suffice.

4/They considered irrigation technology having
an initial cost of almost $40,000 and which
required 75 percent debt financing. They pro-
jected a 7.5 percent annual increase in the price
of corn and a 12-year planning horizon for invest-
ment recapture. As for any "futuristic" analyses,
the future corn and energy prices which they
assumed are crucial to their results.



5/Some, such as Sanghi and Klepper (1977),
conclude that "conservation of groundwatter can-
not be left to market forces' and, therefore,
institutional (legal) constraints on water use
need to be imposed.

6/0ur colleague, Philip Raup (1980) provides
interesting perspective on the extent to which
the major cattle feeding industry now located in
the Southern Plains is largely the product of
expanded production of irrigated feed crops in
that region. Thus, curtailment in irrigation can
be expected to impact heavily on cattle feeding
as well as on corn production.

7/The 1974 Census of Agriculture reports a
much smaller acreage of drained land. It is the
general concensus, however, that these 1974 Cen-
sus numbers are underreported.

8/Wet soils are, in fact, some of the most
productive soils in the world because they are
more fertile and contain more organic matter than
in dryer soils. In addition, the erosion hazard
is less, and less energy is needed for crop pro-
duction (USDA, 1980).

9/Unfortunately there are not statistically
reliable estimates of the acreage of land tiled
each year. Even if there were, however, it would
be difficult to sort out the acreage of newly
tiled land from that receiving replacement tiling
and/or tiling between the existing laterals on
already tiled fields.

10/In fact some regard most cropland as being
free of drainage problems (USDA, 1980). 1In that
event, most of the future tiling will be for re-
placement or for improvement of existing systems.

ll/Wetlands and wet soils are not the same.

Only a small percentage of wet soils are wet
enough to be classified as wetlands.
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VI-PEST CONTROL IN CORN

1. Definition and Description

This technology assessment deals with past,

present and future methods of pest control in corn.

"Pests" include weeds, insects and diseases.
"Control" can be biological, cultural or chemical.

Concern has grown over environmental contamin-
ation from chemical pesticides used in corn pro-
duction, partly as a result of their increased
usage and partly because of the continuing uncer-
tainty over the environmental consequences of
their use. The concept of "integrated pest man-
agement' has become popular as a potential method
for satisfying both crop production and environ-
mental objectives. Integrated pest management is
the balanced use of cultural, biological and
chemical measures which are most appropriate in
light of a careful study of all the factors
involved (Way, 1977). Although the potential
applicability of integrated pest management tech-
niques is included in part of this assessment,
existing methods of control rely mainly on chemi-
cals, and this form of control provides the major
focus of the report.

2. Direction and Magnitude

2.1 Herbicide

Weeds are always a problem in corn and must be
controlled by some means, usually chemical or
cultural. Ninety-eight percent of all corn land
received some herbicide treatment in 1980, at an
average use rate of 2.9 1lbs of active ingredient
per treated acre (USDA, 1981).1/ Herbicide use on
corn accounts for 53 percent of total herbicide
usage in the U.S. (Eichers, 1981).

Prior to 1976, total herbicide use in corn was
increasing rapidly, because of increases in both
the proportion of total corn acres treated
(Figure VI-1) and in the rates of usage per
treated acre. Usage rates per treated acre in-
creased from 1.7 lb/ac to 2.7 lb/ac between 1971
and 1976 (Eichers et al., 1978). However the
sharp rise in corn herbicide use appears to have
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ceased, since: (i) virtually 100 percent of corn
acreage is now receiving treatment; and (ii) the
increase in use rate per acre, prior to 1976, was
associated with the particular chemical compounds
which were being adopted at that time and which
required heavy application rates. In contrast, the
compounds which have increased in popularity since
1976 have not required increases in application
rate (Behrens, 1981). Total herbicide use on corn
remained almost constant between 1976-80 at just
over 200 million pounds of active ingredient
(Table VI-1).

Table VI-1. Herbicide and Insecticide Use on
Corn (million 1lbs of active ingredient)

1966 1971 1976 1980
Herbicide 46 101 207 209
Insecticide 24 26 32 36

Source: Eichers et al., (1978); Eichers (1981);
USDA (1981).

Figure VI-1. Percent of Corn Acres
Receiving Herbicides.
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In 1980, the major corn herbicides, and their
total usage, were (USDA, 1981):

million 1bs (a.i.)

atrazine 62.5
alachlor 47.4
butylate 45.6
cynazine 19.6
metolachlor 10.4

The two leading herbicides, atrazine and alachlor,
~re the same compounds which were leading in 1976.
However the quantity used of each has sharply
decreased over the four year period (cf. Eichers
et al., 1978). In contrast, the use of the three
next most popular herbicides on the above list
increased sharply since 1976. This increase is
mainly a reflection of their relative effective-
ness.

Foxtails, which are prevalent throughout the
Corn Belt, are considered the worst weed group in
the area. The tolerance of fall panicum, crab-
grass and shattercane to atrazine resulted in the
growth of importance of these weeds. However,
these weeds have recently become more effectively
controlled (with the exception of shattercane) by
the widespread application of grass controlling
herbicides, such as alachlor. Perennial weeds
(e.g., quackgrass) tend to become a problem where
reduced tillage is practiced, since herbicides are
relatively less effective against them. While
many weeds are problems throughout most of the
corn growing region, some are limited to subre-
gions. Climbing milkweed is a problem only in the
Southern Corn Belt. Quackgrass is a problem only
in the Northern Corn Belt. The widespread use of
oats and hay in rotation with corn in the latter
region make eradication of quackgrass difficult.
Atrazine cannot be used in corn in these circum-
stances because of its persistence. A troublesome
new weed in corn is wild proso millet. It was not
really evident prior to 1970, but has now spread
rapidly in Minnesota, Wisconsin (Harvey, 1979)
and more recently to other Corn Belt states. The
major weeds in corn, their threat potential and
appropriate control measures are discussed in a
report by the OTA (1979). They have been included
in Appendix Table VI-1.

2.2 Insecticides

The amount of insecticide used on corn is far
less than the amount of herbicide, in terms of
total quantity, 36 million 1lbs (Table VI-1), pro-
portion of acres receiving treatment, 52 percent
(Pimentel et al., 1979) and percentage of total
U.S. usage, 20 percent (Eichers et al., 1978).

The total quantity of insecticide use has been
rising steadily, but the rise has been less
dramatic than with herbicide (Table VI-1).
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The application rate on those acres treated has
been constant at about one 1lb of active ingredient
per acre, but the number of acres treated has
been rising to its 1979 (52%) level.

Three insects are presently considered to be
major problems on corn. These are rootworms,
European corn borers and the black cutworm. The
corn rootworm complex is the most serious. The
northern and western rootworm are distributed
throughout the Corn Belt. Prior to 1959, the
western rootworm was a minor pest, located pri-
marily in Nebraska and Western Iowa. Its spread
was due to the development of resistance to insec-
ticides used at the time. Resistance of the
western rootworm to chlorinated hydrocarbons was
first noted in Nebraska in 1959. It subsequently
spread into most eastern states as the western
species invaded territory previously occupied by
the northern corn rootworm. While rootworm is
the most serious insect pest, an annual rotation
out of corn usually obviates the need for chemical
control. The second most important soil insect
problem is black cutworm. The removal of the
insecticide aldrin from the market increased this
pest problem for a time, but suitable control
chemicals are again available.

The primary aboveground insect pest is the
European corn borer, which has been particularly
damaging in the Western Corn Belt states since
1978 (Keith et al., 1980). Only a small propor-
tion of corn acreage (5-10%) is chemically treated
for aboveground insects (OTA, 1979, p. 38). °

The major insecticides used on corn in 1980
were (USDA, 1981):

million 1bs (a.i.)

terbufos 9.3
carbofuran 8.9
fonofos 7.1

This represents a significant change since 1976
(see Eichers et al., 1978). Corn rootworms and
other pests have developed resistance to the
cyclodiene class of insecticides (OTA, 1979), but
the presently-used organophosphates and carbamates
are generally effective, although they are con-
siderably more expensive. Rootworm insecticide
treatments have more than doubled in price over
the last few years.

2.3 Fungicides

The amount of fungicides =applied to corn is
small and fungicide is applied mainly as a seed
treatment. Genetic resistance in corn hybrids
has apparently been an effective control measure
for many fungal diseases (OTA, 1979, p. 16, 39).



Overall pesticide use in U.S. agriculture has
been projected to grow by 0.3 percent per year
(Eichers, 1981), which is more or less consistent
with trends in corn herbicide use and somewhat
below the trend in corn insecticide use occurring
since 1976. Future pesticide application rates
might even decline as more active compounds become
available. However, some growth in total herbi-
cide use in the short-term could come about
because of increases in total corn acreage or in
the proportion of corn being reduce-tilled.

3. Direct Effects of the Technology

3.1 Yield Response and Aggregate Production
Capacity

Losses to specific insects and diseases in
corn have been estimated (from NAS 1975a; p. 31,
32) and are reproduced in Appendix Tables VI-2
and VI-3. With present control practices, losses
due to disease are perhaps 10-14 percent (NAS,
1975a, p. 33) and 12 percent due to insects
(Pimentel et al., 1979). Losses from insects in
untreated corn are around 20 percent. Weed losses
in the absence of control can range up to 100
percent but some form of weed control is practiced
on all corn land.

While there is a large potential gain in yield
of up to 26 percent by elimination of all disease
and pest problems, it is doubtful whether this
potential could ever be achieved. The costs of
diagnosis and cure would be expensive. Future
changes in pest control technology might make
marginal improvements in reducing the total corn
yield losses due to pests, but the general con-
sensus is that corn pests are '"under control"
(OTA, 1979). The main thrust of future technolo-
gies (e.g., scouting) will be to reduce the cost
and/or negative environmental consequences of
maintaining field losses at their present levels,
rather than reducing them. (These statements
apply to aggregate U.S. yields. On a local or
regional level, significant yield losses do
occur.)

If there is no significant effect on.aggregate
U.S. yields from new pest control technologies,
then any change in aggregate corn production cap-
acity, resulting from changes in pest control,
would have to be the result of bringing more land
into corn production. Radical cost reductions in
corn pest control would enhance corn competitive-
ness vis-a-vis other crops, expecially in the
Southwest, where pest control costs are high
(Eichers, 1981). However, it is doubtful whether
changes in chemical pest control technologies
would selectively benefit only one crop, such as
corn, in a particular region. In general, one
might reasonably expect technological innovations
in regions where pest control is relatively more
expensive, since the profit inducement for such
technologies would be highest there. The Corn
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Belt is one of the least expensive regions for
corn (chemical) pest control (Eichers, 1981).
Overall, it is difficult to foresee any large in-
creases in the aggregate production capacity for
corn stemming from new pest control techniques.

A number of studies have attempted to show the
effects of banning pest control chemicals (inclu-
ding the effects on aggregate production capacity),
e.g., Taylor and Frohberg (1977). However,
although a total ban on pesticide use would affect
aggregate production capacity it does not appear
likely that such a radical restriction would be
implemented.

3.2 Costs and Profitability

At $15.80 pér acre, pesticides accounted for
7.3 percent of total corn production costs in
1980. This represents a fall from 8.8 percent in
1978 (Eichers, 1981). Pesticide prices have risen
at only half the rate of "all production items"
over the last decade (Eichers, 1981), and this has
undoubtedly been partly responsible for some of
the increase in pesticide use in corn over the
period. The increase has been mainly in the form
of herbicides (which have, in fact, become rela-
tively cheaper than insecticide on an active
ingredient basis). About two-thirds of the total
pesticide costs used on corn are for herbicides,
while the other one-third is for insecticides
(Lagrone and Krenz, 1980). The one-third propor- -
tion of costs attributable to insecticides is
higher than the proportional quantities of herbi-
cide and insecticide. This is due to the rela-
tively higher cost of new insecticides (over
$10/1b).

Pesticide use has been a profitable pest con-
trol strategy, as is reflected by the increased
usage (Table VI-1). Headley (1968) estimated
that, at 1963 usage levels, an additional one
dollar spent on agricultural pesticides would
return four dollars to farmers. These figures do
not relate specifically to corn, but recent fig-
ures indicate that pesticide use on corn is
profitable. Miranowski (1980) presents data
showing the profitability of corn insecticide
treatments while Cashman et al. (1981) found a
benefit/cost ratio for corn herbicides of 8/1.

An annual rotation out of corn provides quite
effective rootworm control in lieu of chemicals,
and it is more profitable than continuous corn
(see Chapter VII). Apparently about 21 percent
of corn was grown following another corn crop in
1980 (Chapter VII); if all corn was grown in ro-
tation, there would be approximately a 25 percent
reduction in insecticide application to corn
(calculated from data in Pimentel et al., 1979).

Another insect control technology is to combine
chemical application with "scouting'" (monitoring
changes in the insect or egg population in order



to predict future infestations). While there has
been some success with such strategies for corn
rootworm (OTA, 1979, p. 88) and the other major
corn insects, Pimentel et al. (1979) calculated
that a 50 percent reduction in treatment costs
would be necessary to pay for the scouting. After
surveying experts in this area, Pimentel et al.
concluded that such savings would not generally
be possible. However, their calculations were
based upon a $5/ac cost of insecticide applica-
tion. At that cost, scouting seemed to be a mar-
ginal proposition, but now that rootworm insecti-
cides costs are above $12/ac, scouting will be
feasible in many areas. Even if almost all corn
moves into a corn-soybean rotation, some applica-
tion of insecticides for rootworm would continue
(25 percent of corn in the corn-soybean rotation
was treated in a survey reported by Miranowski,
1980 and Pimentel et al., 1979, found that 29
percent of corn following a non-corn crop was
treated with insecticide). Therefore, scouting
can be profitable in reducing the number of insec-
ticide treatments, even if crop rotation becomes
the primary control treatment (see section 5).

3.3 Resource Use and Productivity

There is presently a strong trend towards less
tillage for weed control and seedbed preparation,
with a corresponding increased emphasis on chemi-
cal control of weeds. This trend is motivated by
the prospect of short-term economic gain (see
Chapter VII) and it has a major additional long-run
benefit of providing good soil erosion contol.
Thus, herbicides have both short- and long-term
pcsitive implications for labor and land produc-
tivity. Although herbicides require fossil fuel
inputs in their manufacture their use still repre-
sents a net energy saving because of the saving
of fuel for tillage (see Chapter VII). The
amounts of energy saved are, however, minor rela-
tive to the total energy used in corn production
(again see Chapter VII).

4. Other Aspects of the Technology

4.1 Environmental, Legal, Institutional

Modern corn herbicides are, in general, strongly
adsorbed on soil and they are non-persistent.
They are not highly toxic to humans. (The excep-
tion is Paraquat, which is used on no-till corn.)
While the trend towards reduced tillage may imply
an increased level of herbicide use, to counter-
balance this there is also a reduction in soil
erosion and water run-off (carrying herbicides)
so that the net effect of reduced tillage on her-
bicide pollution may be beneficial (Chapter VII).
Herbicides are not generally regarded as being a
major environmental problem, especially on Corn
Belt soils.

New insecticides for corn are mainly organo-
phosphates and carbamates. They are toxic to
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humans and other non-target organisms, but they
are less persistent than the formerly-used organo-
chlorines.

The major regulatory weapon for safeguarding
the environment against damage from pesticides is
the chemical registration process of the EPA. In
addition, the RPAR (Rebuttable Presumption Against
Registration) system can remove chemicals from the
market even after they have been registered.

(Some chemicals were on the market prior to the
registration regulations becoming effective.)2/

Although there is a need to regulate poten-
tially dangerous chemicals, problems exist with
the registration procedures. They are time con-
suming and expensive for companies to meet (up to
$10 million to register a new pesticide, NAS,
1975a, p. 108). Some small companies have not
been able to bear these high costs and have left
the industry. However, a substantial number of
large companies remain. In fact, corn pesticide
manufacturer number have remained constant since
1966. Eichers (1980) indicated that there were
26 manufacturers of corn herbicides in 1966 and
21 manufactors of corn insecticides in 1976. But,
four firms accounted for 94 percent of the total
corn herbicide sales and 81 percent of the total
corn insecticides sales (not necessarily the same
four firms in each case). Thus there is a certain
degree of "market concentration," although com-
pared with 1966, market concentration in 1976 was
less for corn insecticjides. Overall, there is
little evidence that regulatory activities have
reduced the number of corn pesticide manufacturers
or have increased market concentration in pesti-
cide sales since 1966.

The large investment costs required to register
a pesticide automatically biases the research and
development system towards broad spectrum herbi-
cides (with larger markets). Ceteris paribus,
this is not compatible with the idea of minimizing
adverse environmental consequences of pest control.
A "minor use'" program was instituted to help com-
bat the problem, but with limited success. This
program, along with other aspects of the regula-
tory process has led to the channeling of scarce
public-sector, scientific resources away from
innovative research into more monitoring/regulatory
roles (CAST, 1981).

The 1978 Federal Pesticide Act initiated
changes intended to simplify the registration
process and to help further in overcoming the
"minor use" problem. A "tier" system of regis-
tration is being proposed for "biorationals,"
whichcould lower the cost of registration to less
than $100,000 and could reduce the time taken to
meet registration requirements by two and one-half
years (Shaffer, 1981). Obviously these changes
are strong incentives for promoting biological
control which is seen as more environmentally
sound and more ''target specific" (and therefore



not amenable to development under the present
registration system).

Another easing of the regulations has been in
terms of allowing the sale of tank-mixed herbi-
cides. (Until recently, only farmers were able
to tank-mix herbicides.) Tank mixing of some
herbicides is now often the recommended procedure
and may provide synergistic effects, or, more
simply, breader spectrum control.

5. Feasibility of the Technology

Concern over the environmental aspects of chem-
ical pest control is not likely to have a major
impact on corn production. No known environmental
hazards have been determined to occur over wide
areas (NAS, 1975a).

The application rate of corn insecticides is
relatively low. However, presently-used insecti-
cides are not expected to remain effective indef-
initely. There is no guarantee that new replace-
ment chemicals will be found, in the light of the
obstacles to registration, and the restricted
range of chemicals which are effective in rootworm
control. However, crop rotation and/or scouting
provide effective control measures which could
eliminate or drastically reduce insecticide use,
thereby slowing the’aevelopment of insect resis-
tance. A large proportion of corn insecticide
usage is prophylactic and 90 percent of corn in-
secticides are applied at, or prior to, planting
(NAS, 1975a, p. 51). However as much as 60 per-
cent were subsequently found in an experiemnt to
have been applied unnecessarily (NAS, 1975a,

p- 77). The recent rise in insecticide treatment
costs have made "scouting'" a viable proposition
in some areas. Assuming that all corn will be
grown in rotation in the near future, 27 million
lbs of insecticide would be applied ‘to the U.S.
corn crop (assuming 1980 application rates and
acreages) - see section 3. If scouting can then
eliminate all unnecessary applications, insecti-
cide application would fall from 27 million 1lbs
to 11 million 1lbs. With the long-run possibility
of more insect-resistant corn hybrids, the over-
all vulnerability of corn insect control seems
minimal, although chemical control is in a some-
what vulnerable position.

Corn weed control is a different proposition.
On the positive side, weed resistance to herbicide
use in corn has not been a major problem (Aldrich
et al., 1979), because of the low persistence of
most herbicides and the large reservoir of weed
seeds in the soil (Gressel, 1978). Furthermore,
there are a number of chemical compounds which
are able to provide effective weed control in
corn. Thus, the removal of a few families of
herbicides from the market or the development of
some weed resistance would cause little problem
(Behrens, 1981), because substitute chemicals are
available. On the other hand, the recommended
rate of herbicide applications per acre is much
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larger than for insecticides (Table VI-1) and the
only feasible alternative to herbicides is to in-
crease tillage (with severe soil erosion conse-
quences). While herbicides have low toxicity to
mammals, their high application rates and lack of
suitable (non-chemical) substitutes suggest that
some vulnerability exists (although perhaps more
for soil erosion control than for weed control,
since the most obvious alternative to herbicides
is tillage).

6. Alternatives to the Technology

While the primary reliance on pesticides, es-
pecially herbicides, is expected to continue (NAS,
1975a; Carlson, 1979), alternatives do exist.

Some of these were discussed in previous sections.
New types of weed control (e.g., lasers, radiation)
could totally or partially substitute for chemical
control. New types of applicators may signifi-
cantly lower the application rate by wiping herbi-
cides directly onto weeds or by catching and re-
circulating the herbicide which does not contact
the weed (Bode, 1980). Other ways to more effi-
ciently use herbicides would be to use thickeners
in the spray to reduce drift; to put a positive
electrostatic charge on herbicide droplets (which
are then attracted by the negative charge on
plants), thus avoiding waste. A potential techno-
logy which shows some promise is to attach weed
seeds. Seeds could be killed directly by steri-~
lant, or their untimely germination and death
could be promoted by chemicdl treatment. Biologi-
cal control of weeds in corn is not likely to

have a major impact on Corn Belt weeds (OTA, 1979;
Behrens, 1981). Most Corn Belt weeds are world-
wide problems, suggesting that natural predators
do not exist elsewhere.

Another alternative to chemical pest control
is insurance. Carlson (1979) discusses possible
institutional approaches and problems with pest
insurance, which must be regarded as a possibil-
ity, although the data base is lacking for the
setting of rates, etc. Moreover, it is likely
that this would not be a cost effective alterna-
tive compared to a well designed and well imple-
mented integrated pest management program.

7. Managing the Technology

Although corn pests presently seem to be "under
control,”" a National Academy of Science report
(1975a) recommended that the following contin-
gency action procedures be implemented:

(i) Make inventories of chemicals other than
those in common use, which are effective against
specific pests.

(ii) Adopt legal and administrative procedures
in order to move quickly against unforseen pest
outbreaks (including region-wide programs).

(iii) Make inventories of appropriate plant
genetic materials.



Non-chemical pest control measures frequently
involve the substitution of knowledge (by the
farmer or by a scout) for the chemical. The
present system, with a heavy dependency on chemi-
cals, is somewhat self-perpetuating in that the
chemical companies have a vested interest in pro-
viding farmers with information relating to chem-
ical use, but not relating to non-chemical control
methods. For example, only 10 percent of imnsect
control information of California cotton growers
originates from the agricultural extension ser-
vice, while 70 percent originates from the chemi-
cal companies (Luck et al., 1977). The knowledge
base for non-chemical control must come from the
public sector (e.g., see Blair et al., undated).
A multidisciplinary systems approach is necessary
for such research to succeed and ways of funding,
organizing and implementing such research have to
be found (Huffaker, 1980). It may also be desir-
able to have increased public involvement in the
application of chemicals (training, licensing,
etc.) and in the general implementation of
community-wide pest control problems (e.g., Menz
and Auld, 1977; Auld et al., 1979).

Footnotes

1/"Use rate" is the total amount of herbicide
applied to corn divided by the total number of
corn acres treated. Since some corn acreage
receives multiple applications of herbicide,
"average use rate" is not quite the same as
"average application rate."

2/An overview of the legal aspects relating to

pesticide use in agriculture is given in NAS
(1975b), Chapter 8.
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Appendix Table VI-1. Weed Control Strategies for Corn in the Corn Belt

CONTROL METHODS

CULTURAL CHEMICAL
= = 5
é 2 o % § E' g Emergence
WEED Pog;ﬁ;l a/ 3 38 . 7 g3 & = @ 2
PEST Now 10-15- & @& ol E_Sa 2 A& &
ANNUAL BROADLEAF
Common Cocklebur 1 1 1 2 2 3 1 3 1 2 3 2
Carpet Weed 1 2 1 2 2 3 1 3 1 2 3 2
Common Sunflower 1 2 1 2 2 3 1 3 1 2 3 2
Common Lambsquarter 1 1 1 2 2 3 1 3 1 2 3 2
Pigweed 1 1 1 2 2 3 1 3 1 2 3 2
Velvetleaf (Button Weed) 2 3 1 2 2 3 1 3 1 2 3 2
Smart Weed 1 1 1 2 2 3 3 3 1 2 3 2
Common Ragweed 1 1 1 2 2 3 3 3 1 2 3 2
Giant Ragweed 1 1 1 2 2 3 3 3 1 2 3 2
PERENNTAL BROADLEAF -
Common Milkweed 1 2 1 2 2 2 1 3 1 1 2 2
Honeyvine Milkweed 2 3 1 1 1 1 1 3 1 1 2 2
Hemp Tog Bane 1 1 1 2 2 2 1 3 1 1 2 2
Wild Sweet Potato . 2 2 1 1 1 3 1 1 2 2
Field Bind Weed 1 2 1 1 1 3 1 1 2 2
Swamp Smart Weed 1 1 1 2 3 3 1 1
Morning Glory 1 2 1 3 1
Witch Weed 0 1-3 1 1 3 3 1 3 ? 3
Wild Cucumber 1 2 1 3 1
Canada Thistle 1 1 1 3 1
ANNUAL GRASSES
Giant Foxtail 2 2 1 2 1 3 1 3 2 2 3 2
Yellow Foxtail 1 1 1 2 1 3 1 3 2 2 3 2
Green Foxtail 1 1 1 2 1 3 1 3 2 2 3 2
Crab Grass 1 1 1 2 1 3 1 3 2 2 3 2
Fall Panicum 2 3 1 2 1 3 1 3 2 2 3 2
Barnyard Grass 2 2 1 2 1 3 1 3 2 2 3 3
Nible Will 1 1 1 2 1 3 1 3 1 2 3 ?
Goose Grass 2 2 1 2 1 3 1 3 1 2 3 3
Shatter Cane 2 3 1 2 1 3 1 3 1 2 3 2
PERENNTAL GRASSES
Quack Grass 1 2 1 2 2 3 1 3 2 1 3 3
Johnsongrass 2 2 1 3 3 2 1 2 1 1 3 3
Bermuda Grass 1 1 1 2 2 3 1 3 2 1 3 3
Yellow Nutsedge 2 2 1 3 3 2 3 3 1 1 3 2
ﬁ%li igieat gg:t:g%ective a/ Threat potential in 10-15 years.
2 medium some effect
3 large moderate to major effect
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Appendix Table VI-~-2. An Estimate of the Present and Potential Importance of
Insect Pests on Corn

Losses with ) Losses if Present

Present Controls Controls Not Used

Special Special

Local Local
Insect Areas Cornbelt Areas Cornbelt
European corn borer M L H M
Western corn rootworm M L VH M
Northern corn rootworm M L H M
Southern corn rootworm VL VL L VL
Black cutworm M L H
Wireworm M VL M
White grub L VL M
Grape colaspis VL VL VL VL
Seed-corn maggot L VL M VL
Seed-corn beetle . L VL_ M VL
Armyworm L VL M VL
Fall armyworm L VL M VL
Corn leaf aphid L L M L
Billbug L VL M VL
Stalk borer M VL M L
Flea beetle L M
Corn earworm L L L
Southwestern corn borer M VL M VL
Mite M VL H VL

VL = Very Low (0-1%)

L = Low (2-10%)
= Moderate (11-35%)
H = High (36-50%)

VH = Very High (over 51%)
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Appendix Table VI-3. An Estimate of the Present and Potential Importance of Diseases in

Corn
Potential Losses
Losses with Should Present
Present Controls ‘Controls Fail
Loca}n Effect In or Not Be Useq
Disease Areas Sector kggg% Seégor
Seed rot L L H M
Seedling blight L L M M
Stewarts bacterial wilt
and leaf blight M L H L
Northern leaf blight H VH H
Southern leaf blight M L VH M
Helminthosporium leaf spot M VL L
Yellow leaf blight M L L
Eyespot L VL L VL
Crazy top VL VL VL VL
Sorghum downy mildew L VL H L
Common corn rust M L
Southern corn rust VL VL VL VL
Other leaf blights L VL L VL
Maize dwarf mosaic M VL VH
Maize chlorotic dwarf M VL H
Bacterial stalk rot VL VL VL VL
Pythium stalk VL VL VL VL
Diplodia stalk rot M M M
Gibberella stalk rot M M M
Fusarium stalk rot L VL L L
Charcoal rot L VL L L
Common smut L VL H M
Nematodes VL VL VL VL
Storage rot M L VH M

VL = Very Low (0-1%)

Low (2-10%)

Medium (11-35%)

High (36-50%)

VH = Very High (over 51%)

=
] H
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VII-TILLAGE PRACTICES AND CROP ROTATIONS

Tillage practices and crop rotations are both
important agronomic technologies. The heavy con-
centration of corn and soybean row crops in the
Corn Belt has had negative consequences for soil
erosion control. Crop rotations and reduced til-
lage are both, in a sense, erosion control tech-
niques. Crop rotations may also have beneficial
implications for soil fertility and pest control.
Insofar as reduced tillage is expected to
increase pest problems in corn, reduced tillage
may become especially attractive in conjunction
with crop rotations, which can effectively reduce
some insect pest problems.

Tillage

1. Definition and Description of Tillage

Tillage refers to the working of the soil.
Conventional tillage can be defined as the use of
a plow to turn the soil (usually a moldboard
plow), or the use of implements such as harrows
and disks to condition the seedbed prior to
planting and for weed control. Reduced tillage
can be regarded as tillage, which: (i) does not
involve the use of the moldboard plow (conven-
tional tillage); (ii) uses herbicides as the
primary method of weed control; and (iii) attempts
to leave enough residue on the soil surface to
significantly reduce erosion. Reduced tillage
embodies hoth no-tillage and various forms of
conservation tillage. Corn is well-suited to
reduced tillage because: it is a vigorous com-
petitor with weeds in the seedling stage; corn
is not overly susceptible to herbicide damage;
and it is an erosive (row) crop.

The emphasis in this assessment is on reduced
tillage, because the predominant trend is away
from conventional tillage of corn to reduced
tillage. Both types of tillage are discussed,
however, since any assessment of reduced tillage
must be made relative to conventional tillage.
The major characteristics of reduced tillage to
be discussed in this report are the short-run
economic aspects and the long-run effects on soil
erosion.
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2. Direction and Magnitude of the Reduced Tillage
Technology

The use of 2,4-D to control weeds began in the
late 1940s and was a prerequisite to the reduction
of tillage. Subsequent developments in the manu-
facture and application of other herbicides enabled
them to be used for weed control in place of til-
lage. Initially they substituted for post-planting
cultivations, but subsequent substitutions were
also made for pre-planting cultivationms. The
development and introduction of the pre-planting
herbicide, paraquat, in the 1960s gave reduced
tillage a boost (USDA, 1975).

Information on the acreage of corn grown under
different tillage treatments is available from
surveys carried out under the auspices of No-Till
Farmer Magazine (Table VII-1). There has been a
consistent increase in reduced tillage for corn,
both in absolute terms (column 1) and as a per-
centage of total corn acreage (column 3). 1In
1979 and 1980, approximately one-third of the
total corn acreage was reduced-tilled (more than
any other crop). The survey also estimated that
the number of no-till corn acres (included under
"reduced tillage'" in Table VII-1) has remained at
about 4 percent of total corn acreage since 1973.
The present trend is away from conventional to
reduced tillage, rather than to no-till.

The trend from conventional to reduced tillage
is expected to continue. In a recent study,
Worsham (1980) surveyed relevant research and ex-
tension personnel in the 25'leading corn preducing
states. He concluded that 48 percent of corn
would be under reduced tillage by 1990. This
would translate into about 60-70 percent of corn
land under reduced tillage by the year 2000. In
another recent study, Crosson (1981) estimated
that 50-60 percent of U.S. cropland would be
reduced tilled by 2010. This estimate is not in
conflict with the Worsham estimate if one takes
into consideration that the Crosson estimate was
not for corn specifically, but rather for all
crops and that his estimate was a conservative
one. In addition to these two studies.there is



Table VII-1. Acreage of Reduced and Conventional
Tillage for Corn, 1972-80
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(million acs) (%)
1972 - 12.6 58.8 18
1973 16.6 55.6 23
1974 16.7 58.6 22
1975 18.6 56.1 25
1976 19.4 61.9 24
1977 20.9 60.6 26
1978 21.0 58.8 26
1979 26.3 53.7 33
1980 26.6 52.2 34

Source: 1979~80 Tillage Survey, No-Till Farmer,

1980.

an earlier study by USDA (1975) which estimates
that 97 percent of all North-~Central cropland
will be reduced-tilled by the year 2000. Overall,
the Worsham estimate appears to be the most reli-
able one to date for corn.

3. Direct Effects of the Reduced Tillage
Technology on Corn Production

3.1 Yield Response and Aggregate Production
Capacity

The major effect of reduced tillage on yield
is that it can prevent long-term yield losses by
controlling soil erosion (this is discussed in
section 4). In the short-run, switching to re-
duced tillage has little effect on yield.

A substantial body of evidence has now been
accumulated pointing to the general yield compar-
ability of conventional and reduced tilled corn
(for a summary, see McKibben, 1979; Griffith et
al., 1977). However, under certain circumstances,
yields can vary widely (Unger and McCalla, 1980).

Reduced tillage can increase the aggregate
production capacity of U.S. corn production by:
(i) bringing land into production which is too
steep to farm under conventional tillage without
unacceptable levels of soil erosion, and (ii)
facilitating multiple cropping by reducing the
time between harvesting of the first crop, and
planting the second. It is doubtful whether mul-
tiple cropping will result in significantly
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increased total corn production. Corn is a rela-
tively slow maturing crop and where reduced tillage
does make double cropping feasible, corn is not
likely to be one of the crops involved. Certainly
(1) 1is valid - additional cropland can be brought
into production using reduced tillage (Larson,
1981), however it is difficult to know how much of
of this would be used for corn (see Chapter XII).
No attempt is made in this report to quantify the
amount of land not presently being used for corn,
but which could be made suitable for corn produc-
tion by reduced tillage.

3.2 Costs and Profitability

Cost savings from fuel, labor and machinery
purchases are possible with reduced and no-tillage
systems. These are summarized in Table VII-2
which shows that savings of $5.50 per acre can be
realized by switching from conventional to reduced
tillage, and $12.90 per acre by switching from
conventional to no-tillage.

These cost savings are partially counteracted
by additional herbicide costs (Table VII-3).
Purdue University (Richey et al., 1977) herbicide
recommendations for corn are 0.65 lbs/ac extra
for reduced tillage and 1.4 lbs/ac extra for
no-tillage (20 and 44 percent per acre increases
over conventional tillage, respectively). Overall,
there is a small per acre profit advantage of $3
per acre attributable to reduced tillage (Table
VII-3). This is considerably below Crosson's
(1981) estimate of $11. The reason for our lower
estimate is that we attributed lower machinery
and labor cost advantages to reduced tillage.
It appears that Crosson's assumption of labor
savings (50%) with reduced tillage is too high,
as our own estimate (from the literature) of labor
savings is about 10 percent of the total labor
used in corn production.

In estimating the profit advantage for reduced
tillage in Table VII-3 no additional costs have
been charged for potential pest (other than weed)
problems or for additional fertilizer, although
there is some evidence that problems in these
areas may be encountered (e.g., Gregory and
Musick, 1976; Boosalis and Duopnick, 1976; Thomas
et al., 1973; Worsham, 1980; Phillips et al.,
1980). However the evidence is conflicting for
fertilizer (e.g. Crosson, 1981) and for insect
and disease control. Existing practices, perhaps
combined with rotations, are expected to satis-
factorily cope with any additional problems
(Gregory and Musick, 1976). Corn insects and dis-
eases do not usually survive in soybeans, and

vice-versa (Richey et al., 1977).

A key factor in the adoption of reduced tillage
by farmers is the short-run economic gain to be
made. Although there appear to be an even higher
profit advantages for no-tillage, this has not



Table VII-2.
Reduced Tillage and No-Tillage

Cost Savings by Switching from Conventional to

Cost Savings ($/ac/yr)

Fueld Labor® MachineryS/
Reduced Till $1.50 $1.60 $2.40
No-Till $4.20 $3.70 $5.00
Source: No-Till Farmer (1980), various issues.
a/

USDA (1975, 1980); Wittmus et al.
Worsham (1980).

E/Assumes labor costs $5/hr.

These figures are in the same order of magnitude as indicated by
(1975); Richey et al. (1977);
Assumes diesel costs of $1/gal.

Labor saved in no-tillage is about 50

percent of total pre-plant and planting labor for conventional til-

lage.

The percentage is less for reduced tillage.

See Mannering

and Burwell (1968); Derscheid et al. (undated); and Doster and
Phillips (1973) for similar estimates of labor saving.

E/Assumes 10 year life of machine, 500 acres of corn/machine.

Machine

costs are less with reduced tillage because tractors do not have to be

so powerful.

The No-Till Farmer savings figure for no-till ($10.20)

appears to be high when compared with the $5 estimate by Siemans and

Oschwald (1978) and $2 by Doster and Phillips (1973).

Consequently

- the intermediate figure of $5 has been substituted for the No-Till

Farmer estimate.
across sources.

The minimum tillage savings were more consistent
The machinery situation is complicated by the fact

that periodic soil renovation may be necessary in some soils

(Parochetti, 1980).

However, this will probably be infrequently
enough so that renting the machinery is possible.

Planters are now

available which can plant corn both no-till and after tillage, but
these planters may not suffice for other crops in rotation. The
possibility exists that some farmers would have to own both tillage
and no-tillage equipment (Crosson, 1981).

been reflected in the adoption rates (section 2).
Reasons for this could be that: (i) the technol-
ogy is not yet fully developed (especially weed/
pest control aspects); (ii) there is more yield
risk involved with no-tillage (as greater manage-
ment skills are required); and (iii) yields are
slightly lower with no-tillage. (It would take
less than a four bushel decline in corn yields to
eliminate the profit advantage for no-tillage.
Such a decline may exist, although it is not yet
apparent.)

3.3 Resource Use and Productivity

While both labor and energy can be saved by
shifting from conventional to reduced tillage
systems, the savings are small percentages (~10%)
of the total amounts of labor and petroleum-based
energy used per acre of corn. Therefore, the
effect on total energy and total labor use is
correspondingly small. However the savings from
reduced tillage in terms of labor and diesel fuel
used in planting, weed control and seedbed prepa-
ration are nearer to 50 percent. The saving in
diesel fuel is 2-3 gallons per acre. Labor saving
is about 0.3 hours per acre, but the importance of
this saving may be greater than is obvious from
the size of the number taken in isolation. Since
the labor saving occurs around planting time, it
may facilitate timely planting or increase the
acreage planted per person and per machine.
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A qualitative comparison between conventional,
reduced and no-tillage systems is made in Table
VII-4.

4. Other Aspects of the Reduced Tillage
Technology

4.1 Environmental Aspects - Soil Erosion

If left unchecked, soil erosion eventually
leads to reductions in crop yiglds. The maximum
level of soil erosion which can take place without
causing any reduction in crop yields is called
the "soil loss tolerance level" (sometimes abbre-
viated to "T," and usually expressed as a rate of
soil loss per acre per year).

Table VII-3. Profit Advantage for Reduced and
No-Tillage in Corn as Compared With Conven-
tional Tillage

Extra Profit
Savingsﬁ/ - CostsP/ = Advantage/Ac
Reduced
Tillage $5.50 $2.50 $3.00
No-Tillage $14.90 $5.50 $9.40
a/

From Table VII-2.

h/For Herbicides.



Table VII-4.

A Comparison of Characteristics of Several Tillage Systems

’ Moldboard Plow Reduced No

Quality (conventional) Tillage Tillage
Time and labor demand most moderate least
Fuel consumption greatest moderate least
Dependence on herbicides least intermediate greatest
Control erosion poorest fair greatest
Opportunity to double crop poorest fair greatest
Requires learning new

system least intermediate greatest
Support machinery when

soils are wet least good greatest
Adaptable to poorly

drained soils best fair least
Minimize insect and

disease problems best good least
Special planter required no no yes
Special problems with soil

fertility no no no
Source: Triplett (1976).

In 1977, 33 percent of U.S. corn land was esti-
mated to have annual erosion rates greater thanm 5
tons per acre (USDA, 1978). This figure of 5 t/ac
is slightly above the average rate of loss (4.5
t/ac) thought to be compatible with sustaining "
crop productivity in the Corn Belt (Lindstrom et
al., 1979b). Thus it appears that about 40 per-
cent of corn land exceeds this 4.5 t/ac maximum
soil loss tolerance value. In other words, under
present soil management practices, about 40 per~
cent of the corn land will experience a permanent
reduction in productivity in the future, due to
soil losses by erosion.

To illustrate the influence of tillage on soil
erosion, the amount of corn land which would
exceed the soil loss tolerance level (T) was esti-
mated assuming one type of tillage (based upon
the data in Lindstrom et_al., 1979a).1/

Percent of Corn Land
Exceeding T Value

Conventional Tillage 69
Reduced Tillage 31
No-Till 24

Clearly, alleviation of soil erosion is a pos-
itive environmental consequence of reduced til-
lage. Furthermore, it appears that reduced
tillage has already been successful in shifting
significant amounts of corn land from above the
soil loss tolerance level to below it. The
reasoning behind this statement is as follows:

with no reduced tillage, 69 percent of corn land
would exceed the soil loss tolerance level, but
it is estimated that presently only 40 percent of
corn land is exceeding the tolerance loss level.
The difference is in line with the amount of

corn presently grown under reduced tillage (347).
It is not realistic to think that every acre of
reduced tilled corn has shifted the land from
above the tolerance level to below it, and the
data are not sufficiently '"hard" to suggest such
a strong conclusion. However, the evidence does
suggest that reduced tillage is being applied with
the highest frequency in those areas where soil
erosion is a problem.

In an attempt to further support this conclu-
sion, the potential erosion on land used for corn
production in each state was compared with the
amount of reduced-tilled corn in that state. The
potential for corn land soil erosion in each state
was taken to be the percentage acres of corn land
exceeding the soil loss tolerance level, assuming
all corn land is conventionally tilled. The fig-
ures are shown in Table VII-5, where it can be
seen that a positive relationship does exist be-
tween soil erosion potential and implementation
of reduced tillage for corn (r = 0.47). Presum-
ably the relationship would be even stronger at
an aggregation level less than the entire state
(e.g., see Crosson, 1981, p. 21).

The average soil loss weighted by acreage for
the Corn Belt is 10 t/ac/yr (Lindstrom et al.,
(1979b). It has been estimated that on a typical
Corn Belt soil, erosion rates of 10 t/ac/yr
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Table VII-5.

Percent of Corn Land in Conventional Tillage Exceeding

Soil Loss Tolerance Level and Percent of Corn Land Reduced Tilled,

by State, 1980

Corn Land Above
Tolerance Loss Level

Corn Land
Under Reduced

State (Conventional Till)a/ Tillageb/
(% of total)
Minnesota 32 19
Illinois 76 20
Wisconsin 52 22
Ohio 52 28
South Dakota 49 29
Missouri 98 34
Kansas 80 40
Iowa 72 42
Indiana 69 46
Nebraska 67 50
E/Calc:ulated from unpublished data of Lindstrom et al. (undated).

b/

~ From No-Til]l Farmer Survey, 1980.

Missouri and Wisconsin data

from the 1979 ‘Survey (since there was an apparent misprint in 1980

survey figures for those states).

result in a corn yield decline of 3 bu/ac every
15 years (or 0.2 bu/ac/yr, USDA, 1980). On the
assumption that each acre of reduced tillage effec-
tively adds 0.2 bu/ac/yr to corn yield (via a
reduction in soil erosion), almost 5 million
bushels of corn are being added to the harvest
each year (0.2 bu/ac/yr x 0.34 reduced tilled x
73 million. acres) with a value of $13.5 million
(at a 1980 corn price of $2.70/bu). In present
value terms, the total future saving from reduced
tillage which has already been implemented, is
$192 million (discounted at 7 percent).

A maximum of 69 percent of corn land can be
brought within soil loss tolerance limits by a
combination of reduced and conventional tillage.

A further 7 percent of corn land can be brought
"under control" by no-tillage. Based upon the -
economic incentives calculated in Table VII-3,
free market forces might be expected to bring
about these changes in erosion control. However,
it must be remembered that those figures are only
estimates, and furthermore, they are estimates for
"average" conditions. Some individuals or regions
may not find it profitable to switch to reduced
tillage methods, but even in those cases, reduced
tillage is not likely to be much less profitable
than conventional.

The short term costs of soil erosion to the
farmer often do not provide sufficient economic
incentive for them to control erosion (Waelti,
1981). For example, 3 bu/ac corn yield reduction
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every 15 years reduces profits by less than
$1/ac/yr. Furthermore, yield decreases from soil
erosion may not actually be observed because of
their '"masking" by other improvements in yield
enhancing technology.

With 76 percent of soil erosion on corn land
controllable by conventional, reduced, and no
tillage, only the remaining 24 percent require
action beyond the implementation of erosion-
controlling tillage techniques. It was determined
(again using Lindstrom et al.'s data) that 96 per-
cent of the excessive so0il loss in the Corn Belrt,
would be in Iowa, mostly on land sloping at 6-12
percent. For these areas, additional conservation
measures beyond no-tillage will be necessary to
bring erosion within the tolerance limits.

Reduced tillage plus contouring (the latter at a
cost of about $1/ac/yr (EPA, 1978)) would be suf-
ficient to bring erosion within acceptable limits
in most of Iowa. Almost all of the remaining land
could be brought within tolerance limits by
reduced tillage plus contouring at $5/ac/yr (EPA,
1979). One alternative which would reduce erosion
is growing less-erosive crops, however the oppor-
tunity cost of growing these would usually be more
than $5/ac/yr (see section 6). Contouring or
terracing would therefore seem to be the preferred
action, assuming that this would not impose high
"indirect" costs, such as specialized machinery
purchase).



4.2 Environmental Aspects - Chemicals

As discussed earlier, there is a potentially
negative environmental aspect to reduced tillage,
which is the additional herbicide input required
for effective weed control. This, in itself, is
not proven to be a problem. The desire to keep
chemical use and runoff to a minimum, is based
more on the fear of the potential, but unknown,
consequences which might result. While herbicide
use will increase by about 20 percent with reduced
tillage, the concomitant reduction in soil ero-
sion means that herbicide run-off will increase
by less than 20 percent, if at all, since herbi-
cides adhere to soil. 1In an Iowa study (EPA,
1979) pollution from herbicides frequently used
on corn was decreased by 25 percent by adopting.
reduced tillage, implying that the net effect of
reduced tillage on herbicide pollution was close
to zero (25 percent decrease in pollution by
runoff approximately balancing 20 percent increase
in application rate). With some herbicides, in-
cluding paraquat, which is strongly adsorbed on
soil and commonly used in reduced tillage, the
net effect of reduced tillage on herbicide runoff
may be beneficial (Wauchope et al., 1981).

Reduced tillage increases water infiltration
and reduces water runoff (with its associated
herbicide content). While this increases the
amount of herbicides going through the soil, sub-
surface water contamination by herbicides is
rare, because they are not persistent (Wauchope
et al., 1981 . Overall, the effect of reduced
tillage may well be to reduce environmental damage
from herbicides (compared with conventional til-
lage) despite an increase in herbicide use. This
opinion was supported by Hanson (1981).

Reduced tillage may adversely effect nutrient
(nitrogen and phosphorus) losses from soils in
the following ways (Wauchope et al., 1981):
(i) crop residues left on the surface of the soil
are a source of nitrogen and phosphorus in runoff;
(ii) surface application of fertilizers also in-
creases nitrogen and phosphorus runoff; and (iii)
increasing water infiltration into the soil leads
to increases in ground water nitrate levels.
Overall, reduced tillage probably increases nitro-
gen problems in runoff and in groundwater; the
effect on phosphorus pollution problems is less
clear since the increases in surface applied
phosphorus in run-off is balanced by the reduction
in phosphorus carried in soil (Crosson, 1981).

5. Feasibility of the Reduced Tillage
Technology

In general terms, the reduced tillage technol-
ogy i1s feasible for corn production, and it can
also successfully control soil erosion on most of
the nation's corn land, at zero or modest cost.
In some areas, however, successful weed control
is not presently possible without chemicals.

In all areas, the composition of the weed popula-
tion will change over time with weeds that are
resistant to herbicides (usually perennials)
becoming dominant. Indeed, control of perennial
weeds was cited as the major problem of reduced
tillage in corn in the recent survey conducted

by Worsham (1980). Chemical weed control is more
difficult under reduced (cf. conventional) tillage
conditions, probably because of interception of
the chemicals by surface mulch. Yet surface mulch
is necessary for the successful control of soil
erosion. All of the calculations based upon the
Lindstrom et al. (1979a) data assume 3500 lbs/ac
corn residue is left on the surface. Removal of
surface mulch for other reasons, such as energy
production, or to increase herbicide effective-
ness, will greatly reduce or decrease the value

of reduced tillage in controlling erosion
(Lindstrom et al., 197%9a). It should, however, be
possible to design machinery which temporaily
removes the mulch from the ground while the herbi-
cide is applied.

Some research work is presently underway using
chemicals, which occur naturally in cover crops
or mulches, for weed control (Worsham, 1980).
While this is a relatively new area of study, -it
shows some promise and would greatly facilitate
the implementation of reduced and no-tillage.
Weed control could be achieved directly by a
cover crop of mulch, without resorting to herbi-
cides (Hager, 1980).

The reduced tillage technology for corn is in
its infancy and will improve as science, industry
and farmers themselves continue to develop and
adopt it in the light of their previous experi-
ence (e.g., planting on ridges, Behn, 1977).
Refinements will have to be made to the machinery
and other components of the technology to meet
local conditions, and a whole new generation of
more flexible machinery may be necessary to allow
this to occur.

6. Alternatives to the Reduced Tillage Technology

The major alternatives to reduced tillage
methods for achieving soil erosion control are:
(i) contouring/terracing; or (ii) switching from
corn into less erosive land uses (pasture, small
grains). Reduced tillage appears to be more
profitable than either of these alternatives.
Therefore, they would only have a role to play
in areas where reduced tillage, in itself, is not
sufficient to control erosion (see section 4).
Contouring at $1-2/ac/yr is cheapest, followed
by terracing, which at $5/ac/yr is more expensive,
but also more effective (EPA, 1978). Introducing
small grains, or pasture into the rotation is an
expensive form of erosion control (in terms of
the foregone returns from corn). USDA (1980b)
indicated costs ranging from around $30/ac upwards,
depending upon the frequency of these crops in
the rotations. Crop budgets for the Corn Belt
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region of Southern Minnesota (Benson et al., 1981)
show the cost of substituting wheat for corn as
being $15/ac. (Substituting alfalfa for corn
costs much more.) Where a suﬁplementary erosion
control measure is needed, in addition to reduced
or no-tillage, earthmoving is the least-cost alter-
native. Crop rotation does not look economically
feasible when viewed strictly from the point of
view of erosion control. (The most profitable
rotation, corn-~soybeans, has no beneficial effect
on erosion, as compared to corn following corn.)

7. Managing the Reduced Tillage Technology

Reduced tillage not only can bring short term
economic advantages to farmers who adopt it, but
can and is, successfully controlling soil erosion
on much of the nation's corn land, in the process
saving perhaps $14 million annually in corn pro-
duction which otherwise would be lost. Projections
have been made for reduced tillage that it will
be implemented on 60-70 percent of corn land by
the year 2000. Modest economic subsidies (e.g.,
on no-tillage equipment) or legislative incentives
(e.g., implementation of soil loss tolerance laws)
could push the figure higher. Research aimed at
enhancing the economic feasibility of reduced
tillage (e.g., in areas of weed control, reduced
tillage machinery) provide an alternative means
of encouraging reduced tillage.

These complementary attributes of reduced til-
lage - (i) short-run economic advantages for the
farmer; and (ii) long-run economic advantages for
both the farmer and society - present a unique
opportunity for achieving a socially desirable
goal (soil erosion control), without any apparent
conflict between society and the major affected
party (farmers).

A prerequisite to any sensible policy decisions
about managing the reduced tillage technology is
to arrive at politically and scientifically accep-
table soil loss tolerance values. There seems to
be a consensus that maintenance of long-term soil
productivity is a reasonable objective, but con-
siderable uncertainty exists as to how to trans-
late that objective into practical soil loss
tolerance values.

Crop Rotation

1. Definition and Description

Crop rotation refers to a system of growing
different kinds of crops in recurrent succession
on the same land (Martin and Leonard, 1967).

Since corn is a relatively slow maturing (annual)
crop, it does not lend itself to double cropping
(the growing of two crops per year). Therefore,
most of the discussion in this section is in the
context of an annual rotation. The within-year
(double cropping) rotation will only be discussed
as a potential substitute cropping system for corn.

2. Direction and Magnitude of the Crop Rotation
Technology ‘

During the 1930s corn was usually grown in ro-
tation with hay and small grains. This was neces-
sary in order to ensure adequate nitrogen for the
corn, and because roughage feeds had to be grown
for the livestock, which were an integral part of
corn-producing farms at the time. Soybeans were
not grown extensively in this early period.

Two subsequent developments altered the rota-
tional pattern: (i) the availability of cheap
fertilizer nitrogen, which substituted, to some
extent, for legume crops; and (ii) widespread
adoption of soybean growing in traditional corn-
growing areas. (Note that these soybeans did not
really "displace" corn, in that corn acreage
remained fairly constant.)

The present heavy concentration of row cropping
in the Corn Belt (Larson, 1981) and the omission
of hay from rotations including corn, has enabled
corn farmers to become more specialized producers.
They have made large investments in planting/har-
vesting machinery for corn and in storage/handling/
drying facilities for corn. This "structural
change' has meant that only a dramatic fall in the
relative price of corn would entice corn farmers
back to growing small grains or hay. Another
reason why corn farmers would not readily return
to growing oats and hay is that livestock enter-
prises, once an integral part of most corn farms,
are currently Tun as independent operations,
mostly in regions remote from the main cotn
growing areas. Thus local (Corn Belt) markets for
oats and hay are small. Furthermore, the costs
of re~integrating livestock enterprises into
present-day corn farms would be large.

At present, the crop most commonly grown in
rotation with corn is soybeans. Forty-eight
percent of the corn acreage is grown in this
rotation. This figure refers to a strict two
year rotation and does not include such rotations
as soybeans-soybeans-corn. The percentage of
"corn following soybeans'" would be higher than
48 percent. Twelve percent of corn follows a
previous corn crop, but is not '"continuous'" corn,
while another 9 percent of corn is continuous.
(These percentages were calculated from data in
Lindstrom et al., 1979a, and refer only to the
Corn Belt, broadly defined.2/)

Although the proportion of corn in various
rotations was not calculated on a regional basis,
significant regional variation does exist. An
indication of the regional picture can be gauged
from the percentage of cropland in different re-
gions of the Corn Belt (Table VII-6). In general,
corn is less prominent in rotations in Southern
Corn Belt areas, where soybeans are relatively
more important. (The exception is the irrigated
part of the Southwestern Corn Belt.)
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Table VII-6. Percentage of 9ropland in Different
Regions of the Corn Beltd

Crop
Small
Region corn Soybeans Grains Hay
Central 50 30 10 10
Southern 33 33 X 11 22
Northwest 50 13 26 13

E/Adapted from Lindstrom et al., (1979b).

3. Direct Effects of Crop Rotation Technology

3.1.1 Yield-Response

. Rotation of corn with other crops has been
shown experimentally to increase corn yields.
The corn yield response to rotation depends, in
part, on the inherent fertility of the soil and
to the amount of fertilizer nitrogen added. Soy-
beans is the most popular crop in rotations with
corn. At currently-used fertilizer nitrogen
levels (100+ 1bs/ac) the EPA (1978) cites a
12 bu/ac corn yield advantage for the corn-soybean
rotation over the corn-corn rotation. An exten-
sive six year experiment in southern Minnesota at
the University of Minnesota, Waseca (Randall,
1981) resulted in an average corn yield advantage
over a range of nitrogen levels for the corn-soy-
bean rotation of 34 bu/ac. Hicks (1981) found a
14 bu/ac yield increase in a two year experiment
in the same region. Welch (1977) reported a 23
buf/ac and a 15 bu/ac gain in two separate Illinois
experiments. A replicated, multi-year, farm-level
experiment in Southern Minnesota showed an average
gain of 13 bu/ac (Urevig, 1981). For a summary
of other data, see Ewing, 1978; Schrader and Voss,
1980, Welch, 1979. Clearly the corn yield advan-
tage from a corn~-soybean rotation is variable,
depending upon circumstances, but overall, a 15
percent yield increase, at moderate fertility
levels, is not an unreasonable expectation.é/

There is evidence that the increase in corn
yield following soybeans is not due to nitrogen
carryover. First, direct measurement of the
nitrogen contribution of soybeans indicates that
it is perhaps 30-40 lbs/ac (Schrader and Voss,
1980) with little of this being available early
in the corn growing season (Crookston, 1981).
Second, a 15 percent increase in corn yield has
been found even when very high levels of nitrogen
are applied to corn (Welch, 1977; Randall, 1981).
Finally, Randall (1981) found that wheat (a non-
legume) had approximately the same yield enhan-
cing effect as did soybeans. It is not clear
what does cause the yield decrease in continuous
corn. (A number of other possibilities for the
increases in corn yield when grown in rotation
were discussed by Welch (1977), but without any
clear conclusion.) There is some evidence that
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insects and diseases are more of a problem with
continuous corn and it is well established that
corn rootworm (the major insect pest of corn)
requires corn roots in order to survive. In gen-
eral, corn insects and diseases do not survive on
soybeans, nor do soybean insects and diseases sur-
vive on corn (Richey et al., 1977). For example;
87 percent of the corn following corn acreage is
treated for rootworm control, compared with 29
percent of other corn acreage (EPA, 1979).

The previous discussion of a 15 percent yield
response of corn to rotation was in the context
of moderate fertility levels. At low fertility
levels, the nitrogen contribution of the legume
is more effective at enhancing yield; gains higher
than 15 percent could be anticipated (such as
after a good alfalfa crop, which can contribute
more than 100 lbs/ac of nitrogen - Schrader and
Voss, 1980).

3.1.2 Aggregate Production Capacity
As other crops displace corn in a rotation,

the aggregate U.S. capacity to produce corn falls
(unless soil fertility levels are extremely low).

~If a corn-corn rotation is changed to corn-soybeans

then corn acreage is halved; however there is a
compensation of a 15 percent yield increase for
the corn which is grown. Overall the production
capacity of the corn-corn land therefore, is 50+
(0.15 x 50) = 57.5 percent of its previous level.
If the 21 percent of corn which is presently being
grown after a previous corn crop was to become a
corn-soybean rotation, total U.S. corn production
would fall by [21 - (21 x 0.5 + 15%)], or 9 per-
cent, assuming no new corn land came into produc-
tion.

Under extremely low fertility conditions, the
aggregate production capacity of corn could be
increased by including alfalfa in the rotation.
Yields might increase by more than the 50 percent
lost in an annual rotation. However, existing
soil fertility levels in U.S. corn land are pre-
sently well above such a level. Although sharp
rises in energy prices could alter the situation,
this is unlikely.

There is some evidence that rotating corn hy-
brids could have a beneficial impact on corn
yields similar to rotating corn with soybeans
(Hicks, 1981). While the evidence is only preli-
minary, and has not been found with all hybrids,
if this technolgoy can be understood and devel-
oped, there is a potential impact on the aggregate
production capacity of corn.

3.1.3 Aggregate Corn Production Capacity and
Double Cropping

Double cropping (two crops per year) with corn
is not physically feasible in the Northern Corn
Belt. 1In the extreme Southern Corn Belt, and in



the Southeast generally, double cropping with corn
is physically feasible but double cropping with
crops other than corn is usually more profitable.
(Corn is a relatively slow maturing crop and this
detracts from its usefulness in double cropping
systems.) In the Southeast, winter wheat-soybeans
appears to be the most profitable form of double
cropping, and monocrop corn is more profitable
than wheat-corn (Eddleman, 1981; Lewis and
Phillips, 1976). Although it is not clear how
widespread double cropping will become, in the
Southern U.S. there is a continuing trend out of
corn into soybeans. The opportunity for profit-
able double cropping of wheat/soybeans will prob-
ably speed that trend. (Some corn may remain in
the system since it is complementary to a double
crop of wheat-soybeans in terms of idle labor

and machine resources, .Eddleman, 1981.)

3.2 Costs and Profitability

The direct cash costs of growing corn fall when
other crops are rotated with corn. For example,
an acre of corn following alfalfa could be pro-
duced at a savings (cf. continuous corn) of $20
for nitrogen (100 1bs x $.20 per 1b), $12 for
insecticide, plus a 15 percent yield "bonus" (see
earlier). Based upon an expected (non-rotational)
yield of 100 bu/ac, and variable costs of $136
per acre (USDA, 1981), per bushel variable costs
would fall from $1.36 to $.90. While alfalfa is
the most useful crop for rotating with corn from
the viewpoint of reducing subsequent corn produc-
tion costs, the direct economic value of alfalfa
is not high enough to make it economically viable
in rotation with corn (USDA, 1980). This conclu-
sion was confirmed by calculations using data
from Benson et al. (1981), which showed an annual
net return (loss) of -$82/ac for a corn-alfalfa
rotation. This loss is due to the high cost of
establishing alfalfa every second year.é/

Soybeans contribute less nitrogen than does
alfalfa to the following years' corn crop (40
1bs/ac maximum), although it provides the same 15
percent yield advantage to the corn and in addi-
tion, saves $12 in insecticide costs compared to
continuous corn. Also the soybeans themselves
benefit from the rotation (Abbot, 1979). Data
from Hicks (1981) also shows a 4 bu/ac yield ad-
vantage for soybeans following corn compared with
soybeans following soybeans. A calculation of
total benefits to the two year corn-soybean rota-
tion reveals a profit advantage compared with
continuous corn or continuous soybeans:5/

additional yield from corn $40/ac
additional yield from soybeans $28/ac
savings in insecticide $12/ac
total profit advantage $80/ac

This is an extraordinarily high profit advan-
tage over continuously growing one crop on the
same land (and no credit was given for the nitro-
gen contribution from soybeans in these calcula-
tions).
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4., Environmental Impacts of Rotations

Crop rotations can have positive environmental
effects through reducing chemical applications and
(potentially) by reducing soil erosion.

Insecticide treatments (mainly for rootworm)
are drastically reduced by growing corn in rota-
tion with another crop. However, only 21 percent
of corn is presently grown following a previous
corn crop. If this percentage is reduced to zero,
it is estimated that the amount of insecticide
could be reduced by 25 percent (see Chapter VI).
Crop rotations are also useful in controlling
weeds. The inclusion of alfalfa in a crop rota-
tion can reduce corn nitrogen fertilizer require-
ments and associated nonpoint pollution (see
Chapter IV).

In general, reduced tillage exacerbates pest
problems, so that crop rotations become relatively
more important in reduced tillage situations.

With no-till, crop rotation may be necessary to
control perennial weeds.

While the corn-soybean rotation is attractive
from the viewpoint of profitability (in the short
run), it does not reduce soil erosion compared to
continuous corn. In fact, it increases erosion
problems (EPA, 1978; Laflen and Modelhauer, 1979).
On the other hand inclusion of small grains and/or
alfalfa in the rotation reduces soil erosion sig-
nificantly. For example, the corn-corn-wheat-hay
rotation has an erosion rate only 25 percent of
the erosion from continuous corn. However, such
a rotation cannot compete profitably with contin-
uous corn or corn-soybeans.

5. Feasibility of Crop Rotations

Overall, the corn-soybean rotation looks
attractive on paper, and it is, in fact, the
most popular rotation involving corn. The corn-
soybean rotation reduces pest problems, the soy-
beans add some nitrogen to the soil, and the rota-
tion has a general yield-enhancing effect. How-
ever, there is a problem in that this rotation
results in greater soil erosion compared with
continuous corn. Some combination of reduced or
no-tillage and contouring or terracing would usu-
ally be sufficient to bring soil erosion within
tolerable limits, if used in conjunction with
corn-soybeans. (There would still be large
profit advantages for corn-soybeans as compared
to continuous corn, even after allowing for con-
touring or terracing costs.6/). Only in a few
extreme cases would it be necessary to incur the
cost of moving to corn rotations involving hay
and small grains in order to bring erosion under
control.

6. Alternatives to Crop Rotations

The alternative to crop rotations is to grow
continuous corn. However, this alternative does



not look especially attractive under current and
expected price regimes (see earlier sections).
The already large proportion of corn grown in
rotations is expected to increase, especially in
conjunction with reduced tillage. The present,
and expected future, popularity of reduced tillage
for corn will increase the need for pest control
methods to substitute for tillage. Insofar as
crop rotations assist in pest control, increases
in reduced tillage will decrease the attractive-
ness of the continuous corn rotation.

7. Managing the Rotation Technology

Estimates of the potential impacts of crop
rotations on the aggregate production capacity
for corn are a function of the present amount of
corn grown after a previous corn crop. Our esti-
mate of 21 percent is somewhat below the common
consensus and a more reliable estimate, perhaps
via a sample survey, would be.valuable.

The reasons for the yield-enhancement effects
of rotations remains something of a mystery.
Research into understanding this phenomenum could
have a large payoff, as it may be possible to
promote the yield-enhancing mechanisms through
management or other applied research techniques.

Footnotes

1/This manuscript presents the detailed data
which was condensed into a series of articles in
the March-April issue of the Journal of Soil and
Water Conservation. One of these articles is
referred to elsewhere in this chapter, viz.
Lindstrom et al. (1979b).

2/An independent estimate (EPA, 1979), repor-
ted that 40 percent of the U.S. corn crop was
"continuous corn." Upon comparison with the
Lindstrom et al. (1979a) figures, it appears that
the EPA study was really referring to 'corn fol-
lowing corn'" but even at that, the two estimates
vary widely (21 percent versus 40 percent). Since
the EPA study used gross estimates made by ento-
mologists, the Lindstrom et al. figures are
probably more accurate.

3/It is not clear whether this 15 percent yield
reduction observed for corn after corn is main-
tained over time - it seems that the 15 percent
decline may continue for only one or two years
(Crookston, 1981).

4/Extending the life of the alfalfa crop to
make a corn-alfalfa-alfalfa-alfalfa-alfalfa rota-
tion does not improve the overall profitability
of the rotation significantly. While the cost of
establishing the alfalfa is spread over 4 years,
the costs of foregone revenues from corn is also
much larger.
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5/Assuming that the net benefits from contin-
uous corn, and continuous soybeans are equal.

6/Reduced or no-tillage would not be expected
to decrease the profitability of the rotation.
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VIII--MECHANICAL TECHNOLOGY

1. Definition and Description

Mechanization in field crop production can be
defined as the use of machinery to perform the
necessary tasks involved in the field operations,
handling and (on-farm) storage of the product.

It can be thought of as the use of implements
(such as plows, planters and combines) together
with a source of power (usually gasoline or
diesel) which increase the productivity of labor.

In corn production, mechanization takes the
form of tractors or self-propelled harvesting
equipment as a power source, in combination with
the mechanical implements used for performing
the tasks involved in corn grain production.
This chapter examines mechanization in relation
to seed~bed preparation, planting, mechanical
weed control, and harvesting of the corn crop.
The technologies of on-farm drying and storage,
irrigation, fertilization and pest control are
discussed in other chapters in this report.

2. Direction and Magnitude

The trend towards further mechanization of
corn production in the U.S., from 1945 to the
present, should be examined within the context
of the incentive to mechanize stemming from the
desire of individual farmers to produce a larger
volume of grain in order to increase income.

The volume of grain produced per operating unit
is, in turn, determined by the acreage farmed
and the yield per acre.

Corn producing farms in the U.S. have typically
evolved into 2-person operating units which pro-
duce at least one other crop in addition to corn.
The acreage farmed per production unit is limited
by the amount of land on which available labor
can perform timely cropping operations with a
full set of modern machinery and equipment. In
corn production, each stage of crop development
is determined biologically and is influenced by
the natural environment. These biological pro-
cesses determine the time frame within which each
farming operation must take place in order that

field losses and/or yield reductions are mini-
mized. Thus, there is an optimal time period
within which each task must be performed. The
trade-off between increased acreage and decreased
per acre yields (caused by untimely operations)
is a key factor limiting farm size.

Improved timeliness of cropping operations
has been one of the greatest gains from mechani-
zation. However, it is important that this im-
proved timeliness be considered within the con-

text of increasing farm size with a relatively

fixed amount of labor. From the producers point
of view, the incentive to mechanize has been to
facilitate timely operations on ever-increasing
acreages of corn within the constraint of the
availability of high quality (mainly family)
labor. Thus, mechanization has served to relax
previous constraints on the acreage of corn which
could be produced by one production unit.

An additional incentive to mechanize has been
to exploit available per unit (bushel or acre)
cost economies.l/ Exploiting these cost economies
has involved specialization: the transition from
mixed (grain-forage-livestock) farms to highly
specialized row-crop (principally corn and soy-
bean) farms. A brief examination of the histori-
cal development of mechanization in tillage,
planting, mechanical weed control and harvesting
of corn is presented in Appendix VIII.

3, Direct Effects of the Technology

3.1 Yield Response and Aggregate Production
Capacity .

Mechanization is mainly thought of as labor
saving (augmenting) rather than yield increasing
technology. However, it has also been instrumen-
tal in increasing corn yields. Mechanization
has facilitated reductions in field losses of
corn through harvesting grain at higher moisture
content, more timely field operations and earlier
planting. All of these have contributed to
yvield increases.
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3.1.1 Harvesting at Higher Moisture Content

The introduction of field shelling, brought
about by technological developments in corn har-
vesting and drying, facilitated the harvest of
corn at higher moisture contents. As is illus~
trated in Figure VIII-1, field losses are related
to the moisture content of the grain. Most ear
corn used to be harvested at 20 percent (or less)
moisture. As field shelling became more popular,
it was recognized that field losses were related
to moisture content and that substantial field
losses occurred if (i) the harvest began when all
the corn had dried to as low as 20 percent, and
(ii) the harvest took place over an extended per-
iod of time. Most corn is now harvested with

kernel moisture content between 25 and 32 percent.’

As is illustrated in Figure VIII-1, the optimal
grain moisture level at which harvest should

begin is determined by the number of days required
to complete the harvest. The individual producer
minimizes field losses by choosing to begin har-
vesting at a moisture level which will permit the
completion of the harvest before moisture levels
drop to a level where harvest losses are serious.

3.1.2 Timeliness of Operations

Timeliness of field operations is crucial in
maintaining high yields in corn production.

Figure VITI-1. Effect of Moisture Content at
Beginning of Harvest and Length of Harvest
on Field Losses of Corn.
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Source: Appendix Table VIII-1.

The timeliness of planting is particularly impor-
tant. The planting operation must be completed
over a short period of time. Corn cannot be
planted until the soil temperature reaches the
desired temperature (60° F ensures prompt germin-
ation)j however, it must be planted early enough
so that physiological maturity can be reached
prior to severe frost in the fall. Field opera-
tions can be delayed by poor weather conditions,
therefore the'producer must be equipped to com-
plete tasks as quickly as possible. By increasing
machinery size and speed, mechanization technology
has responded to this need on ar ever-increasing
acreage per farm.

The concept of calendarization of corn produc-
tion has also been employed by corn producers to
enhance timeliness of operations., Calendarization
is the scheduling of planting dates in accordance
with maturity dates, to spread out the harvesting
season by ensuring that portions of the crop
reach maturity at different dates. This allows
labor, machinery and drying capacities to be
more fully utilized, enabling a one- or two-person
work force to handle a larger acreage.g/ Figure
VIII-2 illustrates the relationship between
planting date and date of maturity for, hybrids
of 80-115 day relative maturity.

Figure VIII-2. Effect of date of planting
and hybrid maturity on date when ear
moisture content is 30 percent.
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By planting hybrids of differing rates of matur-
ity (late + early maturing), and by staggering
the planting dates, a considerable time spread
can be achieved in the harvesting season.3/
There are trade-offs between earlier maturity
and yields, since early maturing hybrids have
lower potential yields than long season hybrids.
The producer will trade-off increased corn
acreage (made possible by spreading harvest time)
for yield reductions due to these earlier ma-
turing varieties. This trade-off is illustrated
in Figure VIII-3.
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Figure VIII-3. Effect of date of planting
and hybrid maturity on corn yield.
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3.1.3 Earlier Planting Dates

Mechanization has been instrumental in the
move towards earlier planting dates through fall
tillage and more rapid seed bed preparation in
the spring. The move toward earlier planting
dates encouraged the development of longer season
hybrids which have increased yields. The effect
of earlier planting on yield is illustrated in
Figure VIII-3 for hybrids of various relative
maturity requirements. Longer seasoned hybrids
(i.e., 110-115 relative maturity) planted early
in the season result in higher yields (up to 30%
higher) than either these same hybrids, or other
shorter-season hybrids, planted later in the
season,

3.2 Costs and Profitability

Appendix Table VIII-2 illustrates the
machinery required on a typical 640 acre corn-
soybean farm in the Corn Belt. The current
average investment for a full complement of ma-
chinery on this 640 acre farm is $140,000
($250,000, if the machinery is purchased new).

Real net returns per acre (returns when both
revenues and costs have been deflated) for corn
production have declined rapidly over the past
40 years, from over $200/ac in 1941-42, to about
$15/ac in 1974-80 (Table VIII-1). To maintain
or increase total net returns in the face of
declining real returns per acre, producers in-
creased their corn acreage. (In 1980, 14 acres
yielded about the same real net returns as one
acre in 1941-42.) This increase was facilitated
by mechanization. Corn acreage per farm is
estimated to have increased by 240 percent
between 1945 and 1978. (The growth in corn
acreage per farm is estimated in Chapter 12 and
illustrated in Figure XII-2.)

Table VIII-1. Real Net Returns in Corn
Production - Central Illinois

Net Returns

Yield Net Returns
($/bu)2/ per acre per acre

(bu/ac) ($/bu)
1941-42 3.15 66 207.90
1951-52 2.61 67 174.87
1959-60 .61 95 59.95
1964-73 .61 115 70.15
1974-80 .12 127 15.24

2/5ee Table XII-6.

3.3 Resource Use

Labor: Mechanization of corn production in
the U.S. has facilitated a large increase in
labor productivity. This has been made possible
by the increased land which one producer can farm
as a result of mechanization. Table VIII-2 illus-
trates changes over time in the number of hours
required to produce one acre and one bushel of
corn. As is illustrated, labor requirements since
World War II have decreased dramatically.

Table VIII-2. Estimated Work-Hours Used to
Produce Corn, U.S. 1900-1979

Work Hours Per Acre

Total Prior to Harvest Work
Harvest Hours
Per 100
Year Bushels
1900 38.0 22.0 16.0 147
1920-24 32.7 19.2 13.5 122
1940-44 25.5 16.0 9.5. 79
;950—54 13.3 8.9 4.4 34
1960-64 7.0 4.3 2.7 20
1970 5.2 2.9 2.3
1975-79 3.6 a/ a/ 4
é/Not: available.
Source: Jones and Allred, 1980 (for years 1900
to 1970); USDA, Agricultural Statistics,
1979 (for 1975-79 data).
Fuel: Using the machinery complement outlined

in Appendix Table VIII-2, the fuel used for field
operations was calculated at 10.03 gallons per
acre. A number of changes have resulted in in-
creased efficiency of fuel use in field operations
for corn production. The replacement of gasoline
tractors by diesel powered tractors reduced the
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cost per unit of fuel and increased fuel effici-
ency. A recent survey ©f corn production showed
that more than 80 percent of the tractors over 50
drawbar horse power (HP) were diesel tractors.
The gasoline tractors tended to be smaller (less
than 95 HP) and older (Lagrone and Krenz, 1980).
Another change in mechanical technology has been
the increased width of machinery which resulted
in a reduction in fuel consumption per acre.
Changes in production practices have also been
instrumental in reducing fuel use. Prior to the
introduction of herbicides, weed control was
accomplished through tillage operations. The use
of herbicides for weed control has reduced the
number of tillage passes over the field. Reduced
tillage reduces fuel consumption by 2 to 3 gallens
of diesel fuel per acre (see Chapter VII).

All Resources: Mechanization has facilitated
efficiency in the use of all resources. It has
been the vehicle through which a number of tech-
nological improvements have been implemented,
including increased plant density, reduced til-
lage, efficient placement of fertilizers and her-
bicides, and field shelling of corn.

4. Other Aspects of the Technology

4.1 Environmental

Early developments in mechanization of corn
production may have had some negative impacts on
the environment. Examples of this were the
deeper and cleaner tillage which tractor power
permitted, and an increase in the amount of til-
lage, which resulted in soil erosion. In recent
years, however, the trends in mechanization have
had a positive impact on the environment through
reduced tillage and more accurate placement of
chemicals (less chemicals required).

4.2 Vulnerability of the Technology

The development and refinement of mechanical
technology has resulted in a heavy dependence on
fossil fuels. The increases in the price of
fossil fuels in recent years, and the threat of
scarcity, does raise concern since corn produc-
tion is dependent upon fuel as a source of power.
However, energy required in field operations is
not the major source of energy consumption in
corn production. With dryland corn, both ferti-
lizer and drying use more energy. Energy utili-
zed for field operations in irrigated corn is an
even smaller proportion of total energy use.
However, even though field operations use less
energy than such inputs as fertilizer, field
operations may be more vulnerable to supply prob-
lems because of the dependence on one type of
fuel (predominantly diesel). 4/

There are some promising developments in mech-
anization technology and in agronomic practices
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which have served to reduce the fuel require-
ments, namely reduced tillage and electronic
systems on machinery to improve fuel efficiency.

5. Feasibility of the Technology

Mechanization has become an intricate part of
corn production in the U.S. 1In all likelihood
the present degree of mechanization will remain
feasible in the future. As discussed above, the
source of vulnerability in mechanized corn pro-
duction is the use of fossil fuel as an energy
source. As a result of the increased cost of
fuel, efforts have successfully concentrated on
reducing fuel consumption.

6. Alternatives to the Technology

One alternative to mechanization is to substi-
tute for the power source by using human labor
and/or animal power. Neither of these alterna-
tives are particularly attractive since both are
relatively more expensive than is gasoline or
diesel.

Another alternative would be the use of other
methods to accomplish the tasks performed by
mechanization. For example, a reduction in til-
lage used for weed control could come about
either by increasing chemical control or through
the use of crop rotations. Although chemical
applications may require less fuel than tillage,
chemicals may represent a costly solution in terms
of the environment and the cost of the chemicals
themselves (see Chapter VII). As is discussed in
Chapter VII, the use of rotations such as corn-
soybeans would not totally control weeds. Rota-
tions including small grains would be more suc-
The trade off here would be between
weed control and financial gains since small
grains produce a lower return than soybeans.

Another possible reduction in the use of
mechanical technology or fuel power would be par-
tial or total nitrogen self-sufficiency in corn
(this alternative is discussed in Chapter X),
which would also reduce the number of trips over
the field. The development of low priced, slow
release fertilizer would also reduce the number
of times fertilizer needs to be applied.

7. Managing the Technology

In the absence of any legal or other insti-
tutional constraints, and because of reductions
in per unit returns, it appears likely that oper-
ating units will expand in size in order to ex-
ploit the productive capacity and cost economies
of available mechanical technology. However,
mechanization research directed at further re-
ducing labor requirements in corn production
appears of low priority for two reasons. First,
there do not appear to be substantial potential
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gains from further reductions in labor require-
ments. Second, labor efficient machinery which
is already available is not presently utilized

by many producers. There are, however, potential
gains to be realized from improving the effici-
ency of machinery by improving: (i) fuel effi-
ciency; and (ii) the equipment's ability to per-
form particular tasks.

Footnotes

1/We have not undertaken in this report to
conduct a definitive assessment of cost economies
in corn producticn. It does appear, however,
that some technical cost economies (per bushel
reductions in production costs) exist for farms
as large as the 640 acre corn-soybean Corn Belt
farm for which machinery costs are computed in
Appendix Table VIII-2 (Miller et al., 1981).
In addition, some market cost economies have been
reported for larger corn farms which purchase
inputs in large volume lots (Krause and Kyle,
1971).

2/Typically both the planting and harvesting
operations involve a two-person work force.
During planting, one person is involved in seed
bed preparation and the other in planting.
During harvest one person is involved in harvest-
ing and the other in grain hauling.

3/Under calendarization the early maturing
hybrids are planted first. These have usually
been developed for northern environs where soil
and growing conditions are not as favorable and
are, therefore, more cold tolerant in the early
part of the season.

ﬁ/To provide an idea of the relative magni-
tudes of energy requirements of an acre of corn,
fertilizer (125 lbs/ac) required 21.7 gallons of
diesel fuel equivalents/acre and, using conven-
tional tillage practices, field operations re-
quired 5.2 gallons of diesel/acre. This estimate
uses as equivalent: 0.171 gallons diesel fuel/1lb
of nitrogen and 0.015 gallons diesel fuel/lb of
phosphate (Wittmus et al., 1975).
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Appendix VIII

Historical Development of Corn Mechanization

The mechanization of corn production in the
U.S. has progressed through three basic stages:
the use of hand tools powered by human labor;
the development of farm implements and machinery
powered by horses; and a third stage, represented
by a shift in the power source to mechanical
power. The progression through these stages did
not occur simultaneously for all tasks involved
in corn production (e.g., the move to animal
power in tillage occured much earlier than for
corn planting and harvesting).

The major trends of mechanization can be ex-
amined within the framework of the sources of
power used and the three major cropping opera-
tions: tillage; planting; and harvesting.

The Power Source

Steam powered tractors were introduced into
agricultural production at the turn of the 20th
century. These tractors did not in themselves
have a significant impact on corn production.
However, they were precursors of the gasoline
powered tractor, which has facilitated many
changes in corn production technology.

Automotive power offered many advantages over
human and animal power. For example, the inter-
nal combustion tractor could supply more total
draft power which could be partitioned easily,
supplying small amounts of power to the forward
movement of the machine and large amounts to
other tasks such as harvesting. Automotive power
also offered the advantage that the crop acreage
formerly used to produce feed to support draft
animals, could now be used to produce crops or to
pasture food livestock.

Gasoline powered tractors have undergone
radical changes since their introduction. Some
of the important improvements in tractors prior
to World War II were: the development of the
unit or frameless tractor; the row-crop tractor;
increased power; reduction in weight, the intro-
duction of pneumatic tires; and the power take~
of f and hydraulic devices. The power take-off
was developed during World War I, and became
popular around 1923 (Schlebecker, 1975). It was
used to power equipment such as augers and ferti-
lizing machinery. The power 1lift which raised
tillage machinery off the ground to facilitate
turning and transporting was widely used after
1928 and was standard equipment by 1945.

The major developments in tractors following
World War II have been the shift from gasoline
powered tractors to diesel and the increase in
drawbar horsepower. A recent survey provides
some insight into: (i) the importance and size
of tractors on corn farms today; and (ii) the

trend away from gasoline powered tractors
(Appendix Table VIII-3). More than 80 percent

of the tractors over 50 HP were diesel powered.
The gasoline tractors tended to be the smaller,
older tractors. One other trend in the mechanical
power source has been the trend toward self-pro-
pelled harvest equipment. In the Lagrone and
Krenz (1980) survey, the amount of corn harvested
by self-propelled combines ranged from 77 percent
in Iowa to 93 percent in Nebraska and Missouri.

Tillage

Pre-Planting: Tillage prior to planting in-
volves breaking and conditioning -the soil. 1In
different forms, the moldboard plow had been the
standard soil breaking or plowing tool for corn
production in the U.S. Improved design during
the 19th century reduced the power required to
pull the plow. The moldboard plows of the twen-
tieth century increased in size and the number
of bottoms per unit. These larger plows were
made possible by the increase in drawbar power
to tractors. To illustrate the present capacity
of soil preparation equipment, the 5 bottom mold-
board plow in Appendix Table VIII-2 will cover
2.9 ac/hr using a 100 horsepower tractor (by
comparison, an 8 bottom plow in combination with
a 160 horsepower tractor would plow 4.6 ac/hr).

To prepare the seed-bed, further post-plowing
soil conditioning is required prior to planting
using implements such as harrows. Soil condi-
tioning implements have undergone many improve-
ments in design which improve their performance
and ease of handling, such as the degree of auto-
mation which has been built into these implements.
A predominant trend in soil preparation equipment
has been the increase in width and speed of the
tillage machinery. Today, harrows and disks are
the most popular implements used to condition
the soil prior to corn planting.

Post-Emergence Tillage: Post-emergence til-'
lage was the method of weed control prior to the
introduction and widespread use of chemical her-
bicides. At the turn of the 20th century,
farmers were using one- and two-row horse drawn
implements for weeding. Corn evolved as a row
crop in the U.S. to facilitate the use of mech-
anical weed control. Initially, cultivating
equipment was pulled behind the tractor (or
horse). Later the implements were mounted on
the tractor, this provided for easier handling
and permitted one person to operate both the
tractor and tillage equipment. Since the maximum
number of rows cultivated in one sweep was deter-
mined by the size of the planting equipment, as
the planting equipment increased in size so did
cultivators, reducing the number of hours re-
quired for weed control.
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The introduction and use of herbicides re-
sulted in 4 reduction of tillage for weed control.
The trend away from tillage as the method of
weed control began in the 1950s (2,4-D, the first
major herbicide used for weed control in corn,
was introduced in the mid-1940s). By the 1970s
chemicals had replaced tillage as the predominant
form of weed control in corn production (Slife,
1973). Weed control is now accomplished using a
combination of herbicides and cultivation.
Lagrone and Krenz (1980) report that most farmers
in their survey cultivated their fields once for
weed control.

Planting

For optimal yield, seed requires accurate
placement (spacing and depth) and proper soil
covering (so that moist soil comes into contact
with the seed). Also the soil covering must be
packed so that it retains moisture without soil
crusting. An additional requirement is that corn
be planted in straight rows. (This facilitates
harvesting operations and efficient weed control.)

Modern corn planting technology represents
a vast improvement over previous methods. Until
the 1850s corn was planted by hand. The horse-
drawn planter was introduced in the mid-19th cen-
tury. Corn at that time was planted in a checker-
board pattern (check - rows) to facilitate cul-
tivation between the rows in both directions
(for weed control). The horsedrawn planter had
levers which were pulled to release the seed.
In the 1870s a check - row device became popular
using twine (and subsequently wire) knotted at
intervals which tripped the mechanism for release
of the seed. The introduction of the planter
plate for metering corn occurred about 80 years
ago. These planter plate metering devices (and
a belt type metering system) were standard equip-
ment until 1970. This type of metering system
required that seeds meet the specific size re-
quirements of the plate used. 1In the last decade
fairly sophisticated kernel pickup and discharge
mechanisms have been developed using air pressure.
These systems have several advantages in that:
(i) they do not require the narrow range of seed
size that the previous systems did; (ii) the
amount of mechanical damage to the seed in plant-
ing has been reduced; and (iii) improved accuracy
of seed placement is achieved at higher speeds.

The planting operation must be completed over
a short period of time. The primary objective
in planting is very rapid precision planting.
To ensure optimal yields, timeliness of planting
is very important. To increase the number of
acres planted over a short period of time, both
the speed of the planting equipment and the num-
ber of rows planted are of importance. Precision
planting at high speeds has been accomplished
through the use of: plateless metering, a reduc~-
tion in the weight of implements, and minimizing

the amount of soil contact. There has also been
an increase in the number of rows planted. The
size of planters has increased from the 2 and 4
row planters of the mid-1940s to the 8 and 12 row
planters available today. The average size of
planters reported on the farms with dryland corn
in the Lagrone and Krenz study (1980) for the
five states listed in Appendix Table VIII-3 was
between 15.8 and 18.8 feet, or 6 to 8 row
planters.

To illustrate the influence larger planters
have on the number of acres which one farmer can
plant in a season, the number of acres planted
per hour for different sized planters may provide
some insight. A 4 row planter using a 38 inch
spacing of rows and pulled by a 50 HP tractor
can plant 5.4 acres per hour whereas an 8 row
pulled by a 100 HP tractor with the same row
spacing can plant 10.3 acres per hour (a 12 row
planter planting 30 inch rows can cover 11.8
acres per hour). So that by doubling the size
of the planter the producer almost doubles the
number of acres which can be timely planted in a
season (thus facilitating an increase in corn
acreage per farm).

Harvesting

The two major developments in corn harvesting
since 1945 have been the adoption of field shel-
ling and the corn combine. Prior to the adoption
of field shelling, corn was picked and shelled in
two separate operations. Although field shelling
equipment had been introduced by 1935, the move
towards field shelled corn was delayed until
grain drying technology was developed. The por-
table corn dryer appeared around 1949
(Schelbecker, 1975). This introduction of heated
air grain dryers made field shelling feasible.
During the 1950s and 1960s there were a number
of incentives which encouraged the adoption of
field shelling: (i) the ability to handle larger
volumes of grain; (ii) the shift to off-farm sale
of corn; (iii) earlier and more rapid harvesting;
and (iv) reduced labor requirements. The adop-
tion of field shelling took place in the late
1950s and 1960s. In 1956 only 3 percent of the
corn in the Corn Belt was field shelled (2%
nationwide); by 1962 this had increased to 16
percent (also 167% nationwide); by 1966, 57 percent
of the corn in Illinois was field shelled and by
1973 more than 80 percent (Scott and Capley,
1968; Minnesota Crop and Livestock Reporting Ser-
vice, 1974).

The move to combines took place rapidly as ear
corn was phased out in the 1950s and 1960s. By
1970, nearly 70 percent of corn produced in the
five principal Corn Belt states was harvested
by combines (Kepner et al., 1978). The develop-
ment of the corn combine began as early as the
1920s when attempts were made to adapt the small
grain combine to corn. These early efforts in-
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volved feeding the entire plant into the combine,
but it was clear that successful use of the com-
bine would require a method of excluding the
stalks from entering the machine (Kepner et al.,
1978). In the early 1950s successful types of
stalk gathering equipment and shellers were
developed for the combine (rasp-bar cylinder),
followed by the introduction of snapping units
which snapped the ears from the corn sending
them through the machine and omitting the stalks.

Initially combines were pull type, powered
by power take-off from the tractor. Self-propel-
led combines represented an advance in corn com-
bines. These combines offered such advantages as
improved visibility, ease of handling, and other
features which improved the machine's performance.
Recent developments have been increased size of
combines to handle more rows in one sweep, elec~-
tronic monitoring equipment (i.e., grain loss
indicators, level of grain in the hopper, monitor-
ing the engine function, etc.), improved methods
of moving the grain inside the combine and in-
creased comfort for the operator.

Appendix Tables VIII-1 through VIII-3 appear
on the next two pages.
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Appendix Table VIII-1. Average Total Field Losses of Corn as a Percentage of Gross Corn Production, by

Length of Harvest and Moisture Content at Beginning of Harvest (Ear Corn Picker)
]

Length of Moisture content at beginning of harvest
harvest 30 29 28 27 26 25 24 23 22 21 20
(days)

8 3.8 3.6 3.4 3.2 3.1 3.2 3.3 3.5 3.9 4.5 5.5
10 3.7 3.5 3.3. 3.2 3.2 3.2 3.4 3.6 4.0 4.7 5.7
12 3.6 3.4 3.3 3.2 3.2 3.3 3.5 3.8 4.2 4.9 5.9
14 3.5 3.4 3.3 3.2 3.3 3.4 3.7 3.9 bk 5.1 6.1
16 3.5 3.4 3.3 3.3 3.4 3.6 3.8 4.1 4.6 5.3 6.3
18 3.5 3.4 3.4 3.4 3.5 3.7 4.0 4.3 4.8 5.5 6.6
20 3.5 3.5 3.5 3.5 3.7 3.9 4.2 4.5 5.0 5.7 6.8
22 3.6 3.6 3.6 3.6 3.8 4.0 4.3 4.6 5.2 5.9 7.1
24 3.7 3.7 3.7 3.8 4.0 4.2 4.5 4.8 5.4 6.2 7.3
26 3.8 3.8 3.8 3.9 4.1 4.4 4.7 5.0 5.6 6.4 7.6
28 3.9 3.9 3.9 4.1 4.3 4.6 4.9 5.2 5.8 6.7 7.9
30 4.0 4.0 4.1 4,2 4.5 4.8 5.1 5.4 6.0 6.9 8.2
32 4.1 4.2 4.2 4.4 4.6 5.0 5.3 5.7 6.3 7.2 8.4

34 4.3 4.3 4.4 4.6 4.8 5.2 5.5 5.9 6.5 7.5 8.8

36 4.4 4.5 4,6 4.8 5.0 5.4 5.7 6.1 6.8 7.7 9.1
38 4.6 4.6 4.7 5.0 5.2 5.6 6.0 6.4 7.0 8.0 9.4
40 4.7 4.8 4.9 5.2 5.5 5.8 6.2 6.6 7.3 8.3 9.7
42 4.9 5.0 5.1 5.4 5.7 6.1 6.5 6.9 7.3 8.6 10.1
44 5.1 5.2 5.3 5.6 5.9 6.3 6.7 7.2 7.9 9.0 10.4
46 5.3 5.4 5.5 5.8 6.2 6.6 7.0 7.5 8.2 9.3 10.8
48 5.5 5.6 5.8 6.1 6.4 6.8 7.3 7.8 8.5 9.6 11.1

Source: Davis (1963)



Appendix Table VIII-2. Field Machinery Required
on a Typical 6?0 Acre Corn-Soybean Farm in
the Corn Belt?

New Average
Costsb/ InvestmentS
($H (%)

Anhydrous applicator 4,334 2,384
5 bottom moldhoard plow 7,200 3,960
Disk 21 ft. 10,896 5,993
Field cult. 18 4,497 2,473
Spring tooth drag 48 7,952 4,374
Corn planter 8-30" 17,281 9,505
Cultivator. 8-30 4,675 2,571
Sprayer 50 ft. 4,380 2,409
Tractor (1) 75 HP - 22,069 12,138
(2) 110 HP 40,925 22,509
Combine 76,927 42,310
Corn head 8-30 20,527 11,290
Soybean head 8,919 4,905
Truck 22,500 12,375
Wagon 2,580 1,419
Total $255,662 $140,615

é/Machiner:y requirements were calculated with the
aid of Dr. F. Benson, Department of Applied and
Agricultural Economics, University of Minnesota,
using the "What to Grow" probram from DECAIDS -
Catalog of Computer Decision Aids for a 640 acre
farm with 340 acres of corn and 300 acres of
soybeans. Total fuel use was estimated at 10.03
gal/ac and total labor required for field opera-
tions was 1.76 hours per acre.

b/

—' Projected 1982 costs.
c/

55% of new cost.

Appendix Table VIII-3. Tractors on Dryland Corn
Farms, 1978

Number of tractors per farm
Number of

Gasoline
(Over (Over Tractors
50 HP) 95 HP) (Over 50 HP)
Iowa 3 1.2 .67
Missouri 3.2 1.3 .60
Ohio 2.3 .9 .40
Minnesota 0 42
Nebraska 2.7 1.3 .02

Source: Lagrone and Krenz (1980).
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IX~ON-FARM CORN DRYING TECHNOLOGY

1. Definition and Description

Artificial drying of corn (corn drying) is de-
fined as the process of reducing the moisture con-
tent of harvested, shelled corn to a level at
which it can be stored and/or transported without
significant deterioration in quality or grade.
Number two yellow corn (No. 2 yellow) is the
quality grade standard on which most corn grain is
marketed. Although this grade standard permits a
moisture content (wet weight basis) of up to 15.5
percent, shelled corn cannot be stored safely in
many areas of the Cornm Belt at a moisture content
above 14 percent during the warm humid summer
months. Inadequate drying leads to the growth of
molds and to the initiation of other processes
which cause quality deterioration. The growth of
molds exacerbates the temperature and humidity
problem.

Corn kernel moisture content is generally

about 32 percent when the.grain reaches physiolo-
gical maturity, or maximum grain yield (Hicks,
1979), but significant variations from that level
have been reported (Baker, 1970). Increased field
losses during harvesting generally occur when
grain is harvested at moisture contents below 25
percent. Thus, there is an important trade-off
between harvesting at higher moisture levels and
incurring greater grain drying costs versus har-
vesting at lower moisture levels and incurring
higher field losses. These parameters, together
with the maximum moisture content for safe stor-
age, set the general framework in which technical
and economic decisions about corn drying are made.

The terminology associated with corn drying
processes and systems is complex. Three broad
systems of corn drying are employed (Morey, 1981):
(i) high temperature(or high speed) systems in
which corn is dried rapidly at air temperatures
of around 120-125° F; (ii) low temperature sys-—
tems in which drying takes place at air tempera-
tures which are increased only by about 2°F. by
the heat of the power fan unit, or by about 5-8°
F. via some supplementary heating of the circula-
ting air; and (iii) combinations of the above
two systems. One method of combination drying
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utilizes a high temperature system to bring the
grain moisture down to a level (usually 20-22
percent moisture) at which a low temperature sys-
tem may be effectively employed to reduce the
moisture content further. In another combination
drying system, dryeration, hot grain is discharged
from a high temperature dryer (at 16-18 percent
moisture) to a bin where it steeps for 8-10 hours
before being cooled by airflow and transferred to
storage.

A second type of categorization of corn drying
systems identifies them as: (i) "in-storage drying"
systems in which the grain remains in place during
drying; or as (ii) "batch" or '"continuous flow"
systems in which the grain is moved in and out of
drying bins. Some batch facilities are equipped
with devices to stir the grain. All drying facil-
ities, including those for in-storage drying, are
equipped with fans to move air through the grain
for drying.

Though the drying and storage of corn grain
are distinct operations, they are usually closely
linked, particularly when drying is done on-farm.
The corn drying systems actually employed by
farmers must.be coordinated with the rate at which
corn is harvested. 1In fact, this harvest rate,
together with the total volume of grain harvested
and its moisture content generate the critical
constraints for the specification of feasible
drying systems for individual farmers. In general,
a higher proportion of total corn drying has been
performed on-farm in recent years and on-farm
drying will continue to be important in the
future.

2. Direction and Magnitude

Corn drying is a recent technology which has
undergone considerable evolution. Loss in volume
and quality of corn grain as the result of deter-
ioration due to excessive moisture has always
been a problem. Until the late 1950s, little
effort went into preventing these losses. Then
the grain drying process was mostly natural field
drying, followed, if necessary, by natural air
drying of the ear corn (in the crib) prior to



shelling or feeding. Only rarely was corn sub-
jected to on~farm artificial drying after
shelling. However, farmers often suffered "high
moisture discounts." A common discount system
for high moisture corn in the mid-1960s was 3¢/bu
for each point of grain moisture above 15.5 per-
cent and up to 20 percent and 2¢/bu for each
point of grain moisture above 20 percent (Hill,
1966). Under this system, corn with 25 percent
moisture would have been discounted by 23.5¢/bu -
highly significant when the market price for No.
2 yellow corn was in the one dollar per bushel
range. Typically, however, only about 60 percent
of the high moisture discounts represented a loss
for farmers since they were marketing additional
water when the corn moisture content was over
15.5 percent (Aldrich and Leng, 1965).

Prior to the introduction of on-farm drying
technology, excessively wet corn for on-farm use
often had to be fed immediately to livestock in
order to avoid spoilage. 1In addition, much of the
stored ear corn had to be fed prior to the advent
of the following humid and hot summer weather. A
general rule of thumb for the Central Corn Belt
was that corn stored in the crib could have a
maximum grain moisture content of up to 20 percent
through the fall and winter, but this had to be
reduced to 18.5 percent or less by March 1
(Aldrich and Leng, 1965). A high proportion of
the corn was fed as ear corn, with or without
grinding, on the farm where it was produced.

Where dairy or beef cattle were present, some
excessively wet or immature corn originally inten-
ded for harvesting as grain had to be diverted to
the silo.

The shift from utilizing corn as feed, on the
farm where it was produced, to marketing it, has
had an influence on the adoption of artificial
drying technology. As recently as 1949, less
than 25 percent of the corn grain was sold from
the farm where it was grown.” This percentage had
increased to almost 65 percent by 1978. Almost
all corn sold from the farm must meet the 15.5
percent maximum moisture standard for No. 2 corn.
In recent years, about 30 percent of the corn
grain has been shipped to export markets in which
case strict adherence to maximum moisture stan-
dards is necessary.

As recently as 1962, 79 percent of the corn in
the Corn Belt was harvested as ear corn by use of
mechanical pickers. This resulted in field losses
ranging from 3.1 to 11.1 percent depending on
length of harvest period and grain moisture con-
tent at harvest (Davis, 1963). Losses were parti-
cularly high for those farmers who had a large
acreage, and, who therefore had to extend their
harvest period beyond that suitable for harvesting
under near optimal conditionms.

The development and use of large capacity,
rapid corn harvesting equipment which both picked
and shelled corn in the field, coupled with the.
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need to meet stringent moisture requirements in
order to sell corn off-farm or store it in the
shelled form for extended periods, pressured many
farmers to adopt on-~farm corn drying technology.
Jensen et al. (1979) summarized the reasons why
this technology was adopted by individual farmers:

"Thus, the farmer adoption of high
speed, large capacity harvesting sys-
tems, the inability of the local eleva-
tor and the transport system to handle
the large grain supplied at harvest
without farmer delays, along with rela-
tively inexpensive fuels for corn
drying have been important reasons why
many corn producers now have their own
drying systems. But other factors also
have provided an incentive for early
corn harvesting and artificial drying.

Early harvesting of soybeans and
corn makes it possible to complete
fall plowing so as to assure more
timely field operations in the spring,
and to take advantage of yield increases
associated with fall over spring
plowing on the heavy silt loams of the
northern Corn Belt. Moreover, early
fall harvesting reduces the risk of
unfavorable weather for corn harves-
ting and fall plowing and decreases
field losses from harvesting drier
corn."

One can add the fact that longer-growing, later
maturing hybrid corn varieties have rather con-
sistently outyielded the earlier-maturing vari-
eties (which, because of their earlier maturity,
have added capability for in-field dry-down with-
out the application of artificial drying).

Farmers have preferred to plant the later maturing
varieties despite their greater requirements for
artificial drying.

By the early 1970s the shift to the use of
field picker-shellers and corn head-on-combines
for harvesting had been largely completed in the
Corn Belt. 1Im 1973, for example, about 80 percent
of the corn acreage in Illinois and Indiana, and
about 70 percent in Iowa was harvested with this
equipment (Minnesota State Crop and Livestock
Reporting Service, 1974). Simultaneously, the
rapid adoption of artificial corn drying technol~
ogy was taking place, and by 1978 at least 68 per-
cent of the farms harvesting corn for grain in
the Corn Belt states, except Missouri, used arti-
ficial drying (Lagrone and Krenz, 1980). An even
higher percentage of "field shelled" corn was
artificially dried.

The adoption of artificial corn drying tech~-
nology in commercial corn production (either
on-farm or in elevators) is now well advanced.



Nevertheless, a number of interesting and impor-
tant questions remain concerning this technology
and its possible future modification(s). By far
the most prominent of these questions centers on
methods by which the energy intensiveness and
costs of drying can be reduced. Our assessment
of corn drying centers on these topics.

3. Direct Effects of Technology

3.1 Yield Response and Aggregate Production
Capacity

The adoption of corn driying technology does
not, in itself, increase corn production since it
is applied only after the corn is harvested.
However, ceteris paribus, it does permit farmers
to make more extensive use of later maturing,
higher yielding hybrids. 1In addition, it results
in reduced 'field" and "in-storage'" losses. -Thus,
corn drying technology does have an impact on
aggregate corn production capacity. Moreover,
compared to the use of natural drying, it permits
utilization by farmers of a broadened set of pro-
duction, storage and marketing strategies for
corn and other grains.

It is impossible to measure precisely the in-
crease in corn production capacity which is attri-
butable to corn drying technology. Trade-offs
occur between maturity rates,l/ yields, moisture
contents and harvesting losses, making generali-
zation difficult. However, some general assess-
ments can be made.

Using a large number of Minnesota trials, Hicks
(1979) estimated a 0.7 to 1.0 bu/ac increase in
yields per relative maturity (RM) unit. Edrlier
maturing varieties have a 0.3 to 0.4 percent
lower moisture content per RM unit. Thus, a re-
duction in RM from 110 to 100 days results in a
yield reduction of 7 to 10 bu/ac and a reduction
in moisture content of 2.1 to 4.0 percent.

On average, existing corn drying technology
probably makes it feasible to increase the RM by
an average of 12 or 13 days on about 60 million
acres of U.S. corn.2/ Using Hicks' Yield-RM
trade-off formula, this represents a total annual
increase in production capacity on this acreage,
of about 500 million bushels. There are, however,
adjustments which farmers could make to partly -
offset the reduction in production capacity which
would occur if corn drying technology (or capa-
city) was not available. So the above estimate
must be regarded as being a rough approximation
only.

Corn drying technology has reduced the field
loss and in-storage spoilage of grain. Full
implementation of drying technology permits the
harvesting of most corn with high capacity field
shelling equipment, at a moisture content of 25
percent or more. This probably reduces average
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field losses by as much as 2 to 3 percent (160-240
million bushels onan 8 billion bushel crop) com-

pared to having to handle the crop without drying
technology.

3.2 Costs and Profitability

As mentioned above, most on-farm corn drying
technology is highly linked to on-farm storage
facilities. Investments for corn drying and
storage are not easily separated. 1In addition,

a portion of the benefits accruing to farmers

from drying technology are in the form of indirect
benefits from more timely field operations, added
flexibility in the farm production system and
increased volume capacity. Even though it is
difficult to establish an absolute value of returns
from corn drying technology, one can identify the
costs and energy requirements for alternative corn
drying systems and match them informally against
the set of general benefits accruing to farmers.

Several comprehensive cost studies (Schwart
and Hill, 1977; Jensen et al., 1979) have been
done to estimate investment and operating costs
for alternative corn drying systems. The Schwart
and Hill study estimates costs for annual volumes
of 5,000 to 100,000 bushels, while the volume
range considered by Jensen et al. was from 10,000
to 200,000 bushels. A summary of investment and
operating costs for the latter study are reported
in Appendix Tables IX-1 and IX-2.

Jensen et al. report 1977 investment costs for
the alternative drying and storage systems ranging
from about $2 to $4 per bushel for 10,000 bushel
volume and from $1.10 to $1.75 for a volume of
200,000 bushels. Both studies indicate that most
economies of size have been realized at an annual
volume of 60,000 bushels,gj which corresponds
roughly to 500 to 650 acres of corn. Jensen et al.
projected after-tax, real annual costs per bushel
for least-cost corn drying and storage systems
assuming a 5 percent level of general inflation
and modest, significant and drastic price
increases for energy (Appendix Table IX-2).4/
Somewhat surprisingly, even with the highest
energy cost projections, the real, after-tax, per
bushel drying costs for least-cost systems were
$.21 or less for all volumes between 10,000 and
200,000 bushels.5/ Even after an adjustment for
higher (current) interest costs, this cost level
is significantly less than the combined value of
higher field losses and market price discounts
for high moisture corn which would generally be
incurred without drying technology. Therefore,
our expectation is that drying technology will
remain highly profitable for all but the small
volume corn producers (less than 10,000 bushels
per year). Moreover, we conclude that the adoption
of new drying technolpgy will continue, although
farmers will adopt the most cost-effective tech-
nology possible.



3.3 Resource Use and Productivity

Adoption of corn drying technology increases
investment costs and operating expenses (mainly
energy costs) for farmers, but simultaneously
enhances the productivity and flexibility of other
farm resources. As indicated in Appendix Table
IX-1, the least-cost 1977 investment costs of
drying and storage systems ranged from a low of
about $20,000 for 10,000 bushel capacity to over
$215,000 for 200,000 bushel capacity. The size
of the investment may adversely affect the ability
of some smaller-scale farmers to remain competi-
tive in corn production. Otherwise, aside from
its heavy energy use, drying technology has enhan-
ced the productivity of most other resources used
in corn production.

3.4 Aggregate Input Demand

Corn drying technology has mainly increased
producer demand for facilities, equipment, LP gas
and electricity. In 1974, corn drying used an
estimated 50,037 billion BTU's in energy including
450 million gallons of LP gas and 378 million
kilowatt~hours of electricity (USDA, 1977). The
present amount of energy used in corn drying is
much higher since there has been a substantial
increase in grain drying since 1974. Appendix
Table IX-3 illustrates some of the tradeoffs
between energy sources for various types of drying
systems. One advantage of the low temperature
drying systems is its independence from liquid
fuel. (However, it requires additional electri-
city to meet high air flow requirements.) As of
1978, LP gas was used as a fuel source on a high
percentage of farms with on-farm corn drying
technology (Appendix Table IX-4). A high priority
research topic for engineers is to reduce the
dependence of drying technology on liquid fuels.

4. Other Aspects of the Technology

Corn drying technology has been induced largely
by the development of technologies for high-volume
rapid harvest of field shelled corn. The current
technology, using electricity for air circulation
and LP gas for supplemental heat, is environ-
mentally clean.

4.1 Vulnerability of the Technology

The almost sole vulnerability of drying tech-
nology is its heavy dependence on liquid fuels
for the production of supplemental heat for
drying. Conventional high temperature drying of
corn grain from 25.5 to 15.5 percent moisture
requires about 0.2 gallons of LP gas per bushel
(Morey, 1981). Multiplying this quantity by the
price of LP gas (about $.63 per gallon in fall
1980) indicates a cost of about $.126 per bushel
for drying energy. (At $.75 per gallon, this
cost would be $.15 per bushel, etc.)
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Researchers in agricultural engineering are
currently working on the development of technology
which will permit the economic use of waste mat-
erials (particularly corn cobs) as a fuel source
for heating (Loewer et al., 1980: Peart et al.,
1980; Morey, 1981). One concept being researched
is that of the simultaneous harvest and subsequent
drying of corn grain and cobs with the subsequent
recycling of the dried cobs to use as the fuel
source for generating heat for drying (Figure
IX-1). Since only about 50 percent of available
wet cobs are needed to dry corn with 30 percent
moisture (Peart et al., 1980), these waste mater—
ials represent an ample energy source for drying.
Such technology would, however increase somewhat
the labor requirements and other costs of corn
harvest in exchange for a reduced dependence on
liquid fuels. Some small equipment manufacturers
are now offering prototype equipment designed to
use waste materials as a fuel source.

A second area of research aimed at saving
liquid fuel is that pertaining to solar-assisted
grain drying systems. Two problems, however,
make an economically feasible single purpose solar
system for corn drying difficult to achieve.

One is the high cost of solar collectors. A
second is the peak volume of drying capacity which
is required during the relatively short harvesting

period. Heid (1980) indicates also that although
Figure IX-1. Residue System for Drying Corn
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solar-assisted grain drying can reduce the
requirements of LP gas by half or more, additional
electrical energy is required for operation of the
solar collector fan.

It appears likely that some future substitution
of both waste materials burning and solar assisted
systems will reduce the per bushel dependency on
LP gas. For the near term, burning of waste mat-
erials is the technology most likely to be
economically feasible if the cost of LP gas in-
creases substantially in the future.

5. Feasibility of the Technology

Corn drying technology is being rapidly adopted
and it appears that the liquid fuel requirements
of the technology will be reduced with future
modifications.

6. Alternatives to the Technology

The major alternatives to artificial corn
drying technology are: (i) storage in oxygen-free
(air tight) silos; (ii) acid treatment of grain;
and (iii) breeding hybrid varieties with earlier
maturity and/or more rapid natural dry-down capa-
city in the field.

Oxygen-free storage has two disadvantages.
First the per bushel investment costs for equip-
ment and storage facilities are high. Second,
the corn must be fed on-farm to livestock. Thus,

. this is not a viable technology for corn which is
to be marketed off-farm and is feasible only when
compatible with the on~farm livestock system.

Acid treatment of corn to prevent its spoilage
in storage is only competitive, in terms of cost,
with drying technology at small volumes (less
than 10,000 bushels). This alternative also has
other disadvantages; acid treated corn can only
be used for livestock feed and the corrosive
action of acid reduces the effective 1life of metal
storage bins. Thus, it is unlikely that acid
treatment technology will compete economically
with corn drying.

The tradeoffs between maturity rates and
yields will continue to receive the attention of
corn breeders and some improvement in the rate of
natural dry-down capacity of varieties which pro-
ducers grow can be expected. This will not, how-
ever, eliminate the need for artificial drying of
corn grain, although it may reduce the initial
moisture content from which artificial drying
must begin. This should reduce the vulnerability
of producers to shortages of, and higher prices
for, liquid energy.

Farmers will continue to use drying capacity
at commercial elevators. Indeed, elevators will
try to provide effective drying capabilities in
order to compete effectively for farmers' grain.
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However, use of elevator facilities for drying
reduces the farmers' marketing and storage options
and often disrupts harvesting schedules when the
demand for elevator facilities exceeds the supply.

7. Managing the Technology

Drying technology and capacity must be effect-
ively matched with harvesting rates and volumes.
Hill and Vercimak (1979) found that many Iowa and
Illinois farmers left their dryers idle despite
having made substantial investments in this tech-
nology. For others, inadequate management of
drying technology results in "overdrying" with
attendant energy waste and/or reduced product
value. Drying beyond requirements for grade and
storability reduces weight volume of corn, thus
constituting an economic loss to farmers. Exces-
sively rapid drying and cooling results in kernel
stress and quality reduction. Moreover, such
stress can be expected to have an impact not only
on grain quality at first marketing, but also on
the resulting quality of grain during subsequent
stages of marketing and handling (Hill et al.,
1979). Whenever feasible, systems which use
natural air drying and in-storage cooling appear
to have distinct advantages.

Footnotes

1/This situation is complicated by the exist-
ence of more than one measure of physiological
maturity (e.g., moisture content, days after
silking and black layer) and of maturity (e.g.,
days from planting to maturity, RM; and growing
degree days, GDD).

2/This is based on a somewhat ad hoc applica-
tion of varietal maturity rate designations to
the length-of-growing season climatic zones shown
in Chapter III. Calendar days associated with
growth stages do not correspond to the relative
maturity designations. However, when there are
5 days difference between ratings the earlier
hybrid should reach physiological maturity about
5 days before the later hybrid (Peterson and
Hicks, 1973). Extension of maturity rates as a
result of drying technology availability is
assumed to be greater in the Northern regions
than the South.

3/Schwart and Hill suggest that "in bin" dryers
provide the least costly drying across the
greatest range of annual volumes and that at vol-
umes above 20,000 bushels the addition of a
stirring device reduces the cost per bushel by
providing greater drying capacity with any given
size of heating components. Automatic-batch or
continuous-flow dryers become economically com-
petitive mainly at annual volumes of 60,000
bushels or more.



4/Modest = energy price increases of 1 percent-
age point above the inflation rate for electricity
and 2 percentage points above the inflation rate
for propane. Significant = the real price of
electricity increases 45 percent and the real
price of propane increases 150 percent over 20
years. Drastic = the real price of electricity
increases 154 percent and real price of propane
increases 517 percent over 20 years.

5/Before~tax costs for different drying systems
estimated by Schwart and Hill are significantly
higher than the after-tax costs of Jensen et al.
Tax adjustments would place both estimates in a
similar range. Both estimates found annual oper-
ating costs to be a much smaller component of
total costs than were the annualized costs of °
investment.
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Appendix Table IX-1.

Capacity (in bushels)

a/

Investment Costs for Selected Alternative Drying and Storing Systems for Corn-

System 10,000 20,000 40,000 60,000 100,000 200,000
R Investment Cost (dollars)

High Temperature
Continuous Flow 30,748 36,592 52,610 63,756 131,026 235,659
High Temperature
Automatic Batch Dryer 24,436 30,768 50,332 65,297 b/ E/
High Temperature
Batch~In~Bin 20,401 28,212 44,880 - 52,389 b/ b/
Low Temperature 22,003 41,001 65,019 106,326 b/ b/
Combination High/Low
Continuous Flow Dryer 39,948 54,705 75,842 99,231 175,976 332,240
High/Low Temperature
Automatic Batch Dryer 33,085 48,397 70,017 93,406 182,609 348,198
Dryeration-Continuous
Flow Dryer 37,877 43,721 58,115 70,845 128,507 215,527
Dryeration-Automatic
Batch Dryer 32,149 38,031 52,425 74,180 133,614 222,924
E/1977 Price Basis.
E/Not evaluated
Source: Jensen et al., (1979).
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Appendix Table IX-2. Real Average Annual Costs2’ (in cents) per Bushel for the Lowest Cost Drying and
Storing System(s)h. for Seven Case Farm Situations Under '"Modest," "Significant," and "Drastic"
Energy Price IncreasesS’ in Combination with a 5 Percent Rate of General Rate of Inflation Assuming
a 35% Income Tax Bracket for Each Case Farm.

Case farms: bu/yr

stored and dried Rank Modest Significant Drastic
1 Low temp. 16.8 Low temp. 17.3 Low temp. 19.4
10,000 2 Batch-in-bin 19.9 Dryer-AB 22.2 Combination-AB 28.0
3 Dryer-AB 20.1 Batch~in-bin 22.5 Dryer~AB 28.0
1 Batch-in-bin 14.8 Low temp. 16.1 Low temp. 18.1
20,000 * 2 Dryer-AB 15.3 Dryer-AB 17.4 Combination-AB 22.5
3 Low temp. 15.6 Batch-in-bin 17.4 Dryer-AB 23.2
1 Dryer-AB 12.4 Dryer-AB 14.5 Low temp. 16.6
40.000 2 Dryer-CF 13.2 Low temp. 14.6 ] Combination-AB 19.6
’ 3 Batch-in-bin 13.3 Dryer-CF 15.3 Dryer-AB 20.3
4 Low temp. 14.0
. 1 Dryer-CF 11.9 Dryer-CF 14.0 Low temp. 16.4
20’202 w;thott 2 Dryer-AB 12.3 Low temp. 14.3 Combination-AB 18.1
ucket elevator 3 Batch-in-bin 12.4 Dryer-AB 14.4
60,000 with 1 Dryer-CF 14.9 Dryer-CF 16.9 Comb%nat%on~AB 21.1
bucket elevator 2 Dryer-AB 15.3 Dryer-AB 17.4 Combination-~CF 21.7
ueket ete 3 Combination-AB 17.5
80,000 without 1 Dryer-CF 11.3 Dryer-CF 13.4 Combination-CF 18.0
bucket elevator 2 Dryer-AB 11.5 Dryer-AB 13.6 Combination-AB 18.3
. 1 Dryer-CF 13.3 Dryer-CF 15.3 Combination-CF 20.8
80’200 With 2 Dryer-AB 13.6 Dryer-AB 15.7 Dryer-CF 21.1
bucket elevator 3 : Combination-AB 21.2
100.000 1 Dryer-CF 12.9 Dryer-CF 15.0 Combination-CF 20.1
’ 2 Dryer-AB 13.1 Dryer-AB 15.2 Combination-AB 20.5
3 Dryer-CF 20.8
1 Dryer-CF 11.7 Dryer-CF 13.7 Dryer~CF 19.5
200.000 2 Dryer-AB 11.7 Dryer-AB 13.8 Dryer-AB 19.6
? 3 Combination-CF 19.6
4 Combination-AB 20.1
Low temp. = low temperature. Dryer-AB = Dryeration-automatic batch. Dryer-CF = Dryeration-continuous

flow. Combination-AB = Combination high temperature-low temperature-automatic batch. Combination-CF =
Combination high temperature-low temperature-continuous flow.

a/ . - . .
— Assumes 90 percent debt financing of investment at 9 percent interest rate. Some mechanical components
of each drying and storage system are replaced on a 10-year schedule.

b/

— Assumes drying for a reduction in grain moisture content of about 10 percentage points.

g/Modest, significant, and drastic price increases for energy correspond roughly to 10 percent, 45 percent,
and 154 percent real increases for electricity and 20 percent, 150 percent and 517 percent for propane
respectively over a 20-year period.

Source: Jensen et al., 1979.
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Appendix Table IX-3.

for Alternative Drying and Storing Systemsh

Capital Investment (Initial and Replacement),é/ Gallons of LP Gas and Kilowatt Hours of Electricity Per Bushel
and Case Farm Situations (Investment Costs are Based on 1977 Prices)

CASE FARM SITUATTIONS
Drying and storing 10,000 bu. 20,000 bu. 40,000 bu. 60,000 bugz 80,000 bu;E 100,000 bu. 200,000 bu.
systems
. $2.60 (1.61) $1.65 ( .89) $1.15 (.46) $1.00 (.34) $ .99 (.30) $1.31 (.35) $1.17  (.30)
E;ﬁ';lﬁi‘(‘)‘ﬁzrﬁ‘;e .186 gal. .186 gal. .186 gal. .186 gal. .186 gal. .186 gal. .186 gal.
.123 kwh. .150 kwh. .156 kwh. .156 kwh. .112 kwh. .174 kwh. .147 kwh,
High temperature $2.07 (1.12) $1.39 ( .83) $1.21 (.51) $1.02 (.35)
automatic batch .186 gal. .186 gal. .186 gal. .186 gal.
“ .168 kwh. .201 kwh. .233 kwh. .232 kuh.
High temperature $2.12 ( .51) $1.32 ( .24) $1.08 (.16) $ .91 (.12)
batch-in-bi .148 gal. .148 gal. .148 gal. .148 gal.
atchmin=bin .173 kwh. 147 kwh. .155 kwh. .170 kwh.
$2.02 ( .54) $1.88 ( .41) $1.56 (.38) $1.53 (.35)
Low temperature 0 0 0 0
1.88 kwh. 1.88 kwh. 1.97 kwh. 1.97 kwh.
Combination $3.60 (1.84) $2.51 (1.00) $1.82 (.57) $1.47 (.39) $1.38 (.33) $1.74 (.38) $1.61 (.31)
high/low temperature .048 gal. .048 gal. .048 gal. .048 gal. .048 gal. .048 gal. .048 gal.
continuous flow .99 kwh. .99 kwh. 1.13 kwh. 1.23 kwh. 1.24 kwh. 1.25 kwh. 1.34 kwh.
Combination $3.02 (1.28) $2.22 ( .72) $1.68 (.43) $1.39 (.31) $1.42 (.35) $1.81 (.38) $1.69 (.32)
high/low temperature .048 gal. .048 gal. .048 gal. .048 gal. .048 gal. .048 gal. .048 gal.
automatic batch 1.00 kwh. 1.00 kwh. 1.17 kwh. 1.25 kwh. 1.25 kwh. 1.25 kwh. 1.36 kwh.
Drveration $2.75 (1.38) $1.72 (.81) $1.25 (.43) $1.05 (.31) $ .96 (.23) $1.23 (.26) $1.03 (.19)
ytinuous flo .118 gal. .118 gal. .118 gal. .118 gal. .118 gal. .118 gal. .118 gal.
con v .084 kwh. .111 kwh. .113 kwh. .116 kwh. .106 kwh. .157 kwh. .139 kwh.
Drveration $2.33 ( .96) $1.50 (.57) $1.13  (.31) $1.10 (.33) $1.00 (.25) $1.27 (.25) $1.05. (.17)"
Z tic batch .118 gal. .118 gal. .118 gal. .118 gal. .118 gal. .118 gal. .118 gal.
automatic batce .108 kwh. .139 kwh. .132 kwh. .136 kwh. .115 kwh. .163 kwh. .146 kwh.

a/

b/

i

¢/Without bucket elevator.

Source:

Jensen et al.,

Assumes a 20-year period of operation.
of less than 20 years.

(1979).

Thus, replacement investments are for those components of the system with an expected life

—'Assumes drying for a reduction in grain moisture content of about 10 percentage points.
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Appendix Table IX-4. Drying Practices on Farms Producing Corn for Grain, 1978

(o]
PiZ:EHSiﬁzd £ PE;CE:;Ziet;;efizzz Percentage by type of fuel used
Continuous
State Total On Farm Batch Bin Flow LP gas Electricity = Natural Gas Other
Dryland
Cornbelt
Illinois 68.3 53.6 8.2 70.9 20.8 61.2 9.7 15.3 13.8
Indiana 73.8 64.9 28.1 42.7 29.2 80.5 4.5 10.9 4.1
Iowa 68.6 57.2 28.5 52.9 18.7 82.8 7.6 0.0 9.6
Missouri 56.5 50.5 28.9 41.1 30.0 74.2 2.6 0.0 23.2
Ohio 71.8 51.2 29.0 53.0 18.0 85.8 5.2 0.7 8.3
Lake States
Michigan 65.1 30.8 65.3 8.8 25.9 100.0 0.0 0.0 0.0
Minnesota 67.7 51.3 41.3 37.0 21.8 97.1 2.9 —— -—
Wisconsin 33.5 22.1 35.2 28.3 36.5 63.5 -— 36.5 -—=
Great Plains
Kansas 22.0 19.1 46,1 29.9 24,1 85.1 7.0 — 7.9
Nebraska 34.7 26.9 0.6 41.9 57.6 69.9 0.1 0.4 29.6
Texas 24,9 13.5 25.1 37.9 36.9 42.1 21.0 36.9 -—
South
Alabama 32.8 29.4 45.5 44.0 10.5 95.2 4.8 -— -——
Georgia 28.2 17.1 48.3 51.7 0.0 69.1 18.3 -— 12.6
Kentucky 53.0 50.1 22.0 51.9 26.1 68.8 0.7 10.3 20.2
North Carolina 52.7 44 .4 17.3 82.7 0.0 68.7 11.5 3.5 16.3
South Carolina 61.5 41.8 38.3 46.7 21.0 70.5 11.5 -— 18.0
Tennessee 20.1 20.1 0.0 97.5 2.5 ———— 3.7 —_— 96.3
Northeast
New York 46.6 32.7 49.2 18.4 32.4 86.5 3.2 10.3 --=
Pennsylvania 38.3 22.7 35.1 28.5 36.4 96.5 - -— 3.5
Irrigated
Colorado 14.6 11.2 17.3 33.4 49.3 40.7 ——— 48.1 11.2
Kansas High Plains 38.6 22.1 14.8 0.0 85.2 14.8 -— 85.2 -
Nebraska 68.0 54.4 0.3 49,1 50.6 66.1 0.3 29.6 4.0
Texas High Plains 61.5 9.5 31.4 0.0 68.6 -_—— - 100.0 -—-

Source: Lagrone and Krenz (1980).
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This
to corn
not yet
tion in

chapter examines the potential application
of a number of biotechnologies which are
fully developed technically for applica-
commercial corn production. These technol-
ogies are: photosynthetic enhancement, plant
growth regulators, cell and tissue culture, gene
transfer at the cellular level, and biological
nitrogen fixation. The technologies were identi-
fied by reference to the Competitive Grants Pro-
gram of USDA (1980), from literature review and
from discussions with agricultural scientists from
a wide range of disciplines.

Since all of these emerging biotechnologies
are not fully developed at present, their
assessment necessarily involves a different
approach from those technologies which are already
operational. Scientists who are developing the
emerging biotechnologies are in the best position
to assess the likelihood of their ultimate suc-
cess. Their opinions were solicited through a sur-
vey. 1Individuals to be surveyed in relation to
each emerging biotechnology were identified
through USDA (1980) and through colleagues at the
University of Minnesota, lowa State University and
and Pioneer Hi-Bred International. The number of
people surveyed in regard to each technology and
the number of responses received are shown in
Appendix Table X-1. The surveys and summaries of
the results are also shown in the Appendix.

When the expected gross benefits identified in
the survey were converted into present value terms
(using a real interest rate of 7 percent) the ex-
pected benefits per acre resulting from each tech-
nology were $70 for plant growth regulators, $24
for photosynthesis, $14 for cell and tissue cul-
ture and $7 for biological nitrogen fization.
Benefits were only taken into account through to
the year 2000. No quantification of benefits was
attempted for gene transfer because of its early
stage of development.

As will be seen later in the Chapter, the
application of plant growth regulators are expec-
ted to add significantly to costs of corn produc-
tion. However, the other emerging biotechnologies
are expected to be embodied, at least in part, in

X-1

(the production of) improved hybrid seeds. When
spread over 80 million acres of corn, research
and development costs per acre are likely to be
small. Also, the fact that the adoption of the
biotechnologies (other than plant growth regula-
tors) would be by seed companies, rather than by
farmers themselves, means that there should be
little time lag between development and adoption.
The hybrid seed industry is generally regarded

as being competitive (see Chapter III), which is
an additional factor suggesting rapid adoption of
most of these biotechnologies, subsequent to their
development.

This chapter makes no claim to being a compre-
hensive technical review of the five emerging bio-
technologies. Rather an attempt has been made to
provide the non-specialist reader with sufficient
technical detail to follow the discussion of the
likely general magnitude of the impact from these
biotechnologies and the likely time schedule of
that impact.

Photosynthetic Enhancement

1. Definition and Description of Photosynthetic
Enhancement Technology

This section examines the possibility of corn
vield increases via an increase in the photosyn-
thetic rate, as measured by net carbon dioxide
exchange per unit of leaf per unit of time.
Plants fall into one of two groups - one group
with rates of 50-60 mg CO, dm~2 hr~l, the other
group at 20-30 mg CO, dm~2 hr-l Corn is in the
higher rate group.

Total crop photosynthesis can also be increased
in ways other than by increasing the photosynthe-
tic rate (per unit of leaf area per unit of
time), for example, by altering planting pattern
or leaf arrangement and by prolonging leaf life.
However, with these other methods, it is diffi-
cult to distinguish whether resulting yield in-
creases are due to changes in photosynthesis or
in some other factor. Therefore, in this assess-
ment, concentration is on the narrow, but more
tangible, definition of photosynthetic enhancement

given in the first paragraph.



2. Direction and Magnitude of Photosynthetic
Enhancement Technology

Photosynthesis is the source of dry matter
accumulation in plants. One might expect that in-
creasing the rate of photosynthesis would increase
drv matter accumulation directly. There are a
number of complicating factors, however, (see
Section 5) and "a direct cause and effect rela-
tionship between yield and photosynthesis has yet
to be established" (Moss and Musgrave, 1971).
There have been no recorded increases in commer-
cial corn yields via increasing the rate of photo-
svnthesis.

Despite the obscurity of the relationship,
there is considerable indirect evidence that pho-
tosynthesis has an important influence on yield.
Shading experiments almost always result in yield
reductions, while fertilizing plants with carbon
dioxide gas almost always increases yields. It
is presumed that, in each case, the influence
occurs via a change in the photosynthetic rate.
Although fertilization with carbon dioxide gas
has increased yields, it would be prohibitively
expensive on a large scale. Direct manipulation
of the photosynthetic pathway by chemicals or
plant breeding has been suggested as a possi-
bility, but the present inadequate knowledge of
the system makes this an extremely long-term
prospect, at best.

The survey results (Appendix) indicated that
the only mechanism likely to bring about increased
photosynthetic rates in corn by the year 2000 is
direct selection for high carbon dioxide exchange
rate within traditional plant breeding programs.
Some progress has already been made: Crosby et al.
(1978) found large differences among eight lines
of corn inbreds developed from Iowa Stiff Stalk
Synthetic. They also found significant heterosis
in these lines and concluded that selection for
high photosynthetic rate should be possible.

3. Direct Effects of Photosynthetic Enhancement
Technology

A majority of respondents to the questionnaire
felt that no yield increases in corn would come
about via increases in photosynthetic rate by the
year 2000. A number of respondents specifically
stated that photosynthetic rate gains would be
possible, but that these would not translate into
yield increases. The overall expectation was for
a yield increase of 8 bu/ac by the year 2000.

In addition to knowing the expected yield in-
crease in the year 2000, it is also of interest
to know the expected yield gains leading up to
that time. An estimate of the marginal annual
vield increase was made (Appendix Table X-2),
based upon answers to questions about when the
first significant yield increases could be ex-
pected and by assuming that an S~-shaped curve

approximates the annual marginal yield increment

over time due to photosynthetic enhancement. The

results, which must be regarded as a rough approx-

imation only, are shown in Figure X-1.

Figure X-1. Expected Marginal Annual Yield
Increment Due to Photosynthetic Enhancement.
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4. Environmental Aspects of Photosynthetic
Enhancement Technology

Increasing the photosynthetic rate for corn
has no obvious adverse environmental consequences.
It is the prospect of getting "something for
nothing" (virtually no additional farm inputs, no
direct or indirect environmental consequences)
which makes the technology attractive.

5. Feasibility of Photosynthetic Enhancement
Technology

There are a number of reservations about the
feasibility of corn yield increases occurring
through increases in photosynthetic rate. These
reservations, both theoretical and empirical,
were reflected by the majority of respondents
anticipating no yield gains by the year 2000. Of
the 6 people who responded that they expected a
positive yield gain, 3 of these were highly opti-
mistic, expecting minimum yield gains of 25, 10
and 15 bu/ac by 1986. The most likely yield res-
ponse estimates are heavily influenced by these
three people.

Some of the reasons for being skeptical about
yvield increases by photosynthetic enhancement are
given below. First, plants with a higher photo-
synthetic rate may also respire faster (Moss and
Musgrave, 1971), thus negating the potential gain.
Second, an increase in rate of photosynthesis
will not increase dry matter accumulation if the

"demand for photosynthate (the product of photo-

synthesis) is already being met (Nasyrov, 1978).

Even if photosynthetic rate was directly re-
lated to dry matter production, the relationship



between dry matter production and corn grain
yield is not simple. Corn yield is limited by
environmental factors (water, nutrients, etc.) in
addition to factors such as photosynthesis.
Johnson (1980) calculated that present rates of
photosynthesis are sufficient to achieve 500 bu/ac
corn. A comprehensive study on wheat by Evans
and Dunstone (1971) suggests that photosynthetic
rate has not been an important factor in the
evolution of modern wheat. Indeed, the photosyn—
thetic rate of wheat has fallen as modern wheats
have evolved from primitive types (Radmer and
Kok, 1977). 1t must be remembered that the whole
evolutionary process in plants is based upon sur-
vival, not the conversion of energy. Thus, a
shift toward the latter objective might be expec-
ted to require quite radical changes in plant
morphology/physiology which may be difficult to
achieve.

6. Alternatives to Photosynthetic Enhancement
Technology

Increasing the photosynthetic rate potentially
offers "something for nothing," at least insofar
as farmers are concerned, and there are no known
adverse environmental consequences. However, the
potential yield increases look relatively small,
(at least prior to 2000) and from a research re-
source allocation viewpoint, the same investment
elsewhere might yield greater returns.

7. Managing Photosynthetic Enhancement Technology

Photosynthesis technology is in the development
stage. Questions relating to its management are
mostly those concerning research funding and pri-
orities. Almost all respondents to the question-
naire (13 out of 15) felt that lack of research
funding was limiting progress. Most stressed the
need for more understanding of the physiology of
photosynthesis and for a team approach to breeding
for a higher photosynthetic rate.

Plant Growth Regulators

1. Definition and Description of Plant Growth
Regulator Technology

Plant growth regulators (synthetic or natural)
are organic compounds, other than nutrients, which
promote, or otherwise modify, any physiological
process in plants.

2. Direction and Magnitude of Plant Growth Regu-
lator Technology

Plant growth regulators (PGRs) are not recent
discoveries. Ethylene has been used for coloring
oranges since the 1920s; auxins have been used to
speed the rooting of cuttings since the 1930s.
The first active, selective herbidicide, 2,4-D,
was introduced in the 1940s and is a synthetic
copy of a natural plant hormone. There are a

multitude of examples of the application of growth
regulators to horticulture (e.g., Morgan, 1979).
Defoliants are applied to about one-half of the
total U.S. cotton crop to facilitate mechanical
harvesting (Morgan, 1979). There have been appli-
cations of regulators to wheat and barley in
Europe for the prevention of lodging (Wareing,
1976). With sugarcane, a useful role has been
found for growth regulators at every stage of

crop growth (Hudson, 1976). Cycocel is an impor-.
tant growth regulator in wheat (0'Neal, 1981).
There is no widespread application of growth reg-
ulators to corn for yield enhancement in the U.S.
One compound, Dinoseb, was used to some extent

in the mid-1970s, but it is virtually unused
today.

In principle, the availability of exogenous
regulators (often hormones), offers great oppor-
tunity, since according to Wareing (1976): (i)
there is a potential effect on virtually all
aspects of plant growth and development; (ii) it
is often possible to obtain relatively specific
responses without undesirable side-effects; and
(iii) active hormones offer favorable cost con-
siderations if they can work at low concentrations.

A majority of respondents to the survey thought
that a yield increase would come about by an in-
crease in the harvest index of corn (the propor-
tion of total dry matter which is incorporated
in the grain). Some respondents specifically men-
tioned the possibility of delaying the onset of
leaf senescence during the grain filling stage
and some suggested the use of PGRs to enhance
photosynthetic efficiency. Delaying leaf senes-
cence appears attractive since PGRs have been
successful in delaying the onset of physiological
processes in non-corn applications, and there is
some evidence available relating delay of leaf
senescence to increased yield. Furthermore,
delaying leaf senescence is a measurable phenome-
num, and thus, it is amenable to effective moni-
toring for progress (Morgan, 1979). In summary,
while most respondents referred to the general
objective of increasing the harvest index, this
objective might specifically be achieved by de-
laying leaf senescence during grain filling.

3. Direct Effects of Plant Growth Regulator
Technology

Because no PGR is at present, or ever has been,
widely applied to corn, estimates of yield
effects are not possible from historical data.
Yield response estimates, therefore, relied upon
responses to a questionnaire (Appendix), which
indicated an expectation that the use of PGRs
will result in yield increases of 16 bu/ac by the
year 2000. (Only 2 of 19 respondents expected
zero yield increase by the year 2000.)

It is also of interest to know the expected
yield gains leading up to the year 2000. These
were estimated in Appendix Table X-3, and the
results are shown in Figure X-2.



Figure X-2, Expected Marginal Annual Yield
Increment Due to Plant Growth Regulators
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The expected increase in yield of 16 bu/ac in
the year 2000 is in the range quoted by industry
sources (Anonymous, 1981), as being necessary to
make commercial PGR production and sales viable.
In fact, development and testing of PGRs for corn
is widespread in the private chemical industry.

There is little basis for making an estimate
of the price likely to be charged to farmers of
PGRs for corn, since at present none are in wide-
spread use, nor apparently have any experimental
use permits been issued by EPA (Anonymous, 1981).
There are reasons to expect that PGR prices will
be sufficiently low to encourage commercial appli-
cation. Generally speaking, PGRs are highly
active and only low concentrations are required to
elicit a response (although Cycocel, a PGR used
on wheat, is applied at a relatively heavy rate
of 2 1b/ac). Another factor likely to keep prices
down is the strong competition for the PGR market
(Anonymous, 1981). However, in the short-run,
one or two companies may be able to capture the
whole market prior to other companies developing
a competitive product. Overall, a price in the
$10-$15 (1981 prices) per acre range might be ex-
pected (confidential industry sources).

It is not envisioned that PGRs would require
additional amounts of other inputs (except for
the direct cost of application) but rather they
would enhance the efficiency with which available
inputs are converted into economic yield.

4, Other Aspects of Plant Growth Regulator
Technology

4.1 Environmental, Legal and Institutional Impacts

These are generally expected to be similar to
those of herbicides used in corn production (see
Chapter VI). The major difference is that PGRs
on corn may be used in small concentrations and
may be natural compounds or analogues of natural
compounds. Overall, environmental problems

should be no more severe, and possibly less
severe, than with herbicides.

4.2 Vulnerability of the Technology

PGRs are not particularly energy intensive to
produce and are not a concern in this regard. It
is possible that corn yield variability might be
increased by the application of PGRs (if, for
example, yield response to PGRs is a function of
weather).

5. Feasibility of Plant Growth Regulator
Technology

Questions about the feasibility of yield-enhan-
cing PGRs remain. The yield increases in Appendix
Table 1 are expected by people highly knowledgeable
in the area, but they may not, in fact, occur.
Basic mechanisms are not well understood (most
progress to date in the plant regulator area has
been "empirical'). A flowering hormone is thought
to exist, but has never been identified. Even if
it were possible to hasten or delay flowering, it
is not clear which alternative would most likely
lead to yield gains.

Each type of regulator has a wide spectrum of
potential physiological effects: the same sub-
stance may produce contrasting effects at differ-
ent stages in the plant life cycle. The level of
hormone is a factor in eliciting response, as is
the hormonal balance (comparative levels of vari-
ous hormones within the system). Variations in
hormonal balance at different locations within
the plant and over time can have far-reaching
effects. Most responses to PGRs so far have in-
volved the triggering of growth processes, such
as germination or fruit set, or accelerating or
retarding the rates of existing processes.

Two particular problems with PGR development
and applications on corn are (Hanson, 1978):

(i) The development processes of the corn ear,
which are most closely associated with yield, are
in progress over a long period. It is difficult
to judge when attempts at modification with PGRs
should be made.

(ii) There is substantial compensation between
the components of yield in corn. Artificially
stimulating one component may depress another
component.

6. Alternatives to Plant Growth Regulator
Technology

PGRs provide a potential mechanism for increas-
ing yield without implying the need for additional
inputs, other than the PGR itself. They are some-
what akin to improved seeds in that they operate
via increasing the efficiency of available inputs.
PGRs are also similar to improved seeds in that
they might be expected to cost roughly the same
per acre as seed and would be supplied directly



to farmers by private companies. Thus, in a
sense, plant breeding might be viewed as an alter-
native technology. Plant breeding has the advan-
tage of having no direct environmental conse-
quences.

On the other hand, plant breeding might be
viewed as being complementary with PGRs in that
breeding programs could select for hybrids exhi-
biting a strong response to PGRs (not practiced
at present). There have been some acquisitions
of corn breeding companies by major chemical
companies in recent years (see Chapter III) which
facilitates the joint development of PGRs and new
corn varieties. It would be attractive for these
companies to supply both the PGRs and the varie-
ties which responded best to their application.
It should be noted however that the two technolo-
gies are totally different in form and mode of
operation.

7. Managing Plant Growth Regulator Technology

There do not appear to be any unique problems
associated with the PGR technology, nor any
special need for public involvement, except in
relation to the environmental aspect. Even here,
the potential impact is less than with other
chemical applications on corn.

A majority of respondents to the questionnaire
(mainly private sector) felt that research funding
was not limiting progress. Yet university and
government sector respondents felt that it was.
The divergence of opinion over research funding
limitations seems to reflect the different per-
spectives of the private and public sector.
Nevertheless, both groups stressed the need for a
better basic understanding of the physiology of
yield, as a pre-requisite for successful PGR
development. Basic research into the physiology
of yield is more the role of the public sector
where research funds do appear to be limiting
progress. On the other hand, private sector
funding for compound development and testing
(within the bounds of existing knowledge), appears
to be adequate.

Genetic Modification at the Cellular Level

Genetic modification refers to the modification
of the genetic makeup of an organism by some pro-
cess other than natural selection. In plants,
this can take place at two levels: the whole
plant or the cellular level. Genetic modification
at the whole plant level has been taking place
for thousands of years as plants have been selec-
ted on the basis of their performance as agricul-
tural crops. Genetic modification at the whole
plant level is examined in Chapter III - Conven-
tional Plant Breeding. This chapter refers only
to genetic modification at the cellular level.

Genetic modification at the cellular (or
sub-cellular, e. g., gene) level is a relatively
new development resulting from the interfacing
of recent advances in three areas: cell and
tissue culture; molecu}ar biology; and gene trans-
fer (Phillips, 1977).l' In order to achieve cellu-
lar level modifications, plant cells are first
established in tissue culture. Modifications are
then made to the cells themselves. Finally the
modified cells are regenerated to become whole
plants. There are two forms of genetic modifi-
cation - direct and indirect. Indirect modifica-
tions involve techniques such as screening for
desired traits at the cellular level. (These
are discussed in this Chapter under the heading
of cell and tissue culture.) Direct modification
involves the insertion of new genetic information
into the cell. (These are discussed in this
Chapter under the heading of gene transfer.)

Genetic Modification at the Cellular Level -
Cell and Tissue Culture

1. Definition and Description of Cell and Tissue
Culture Technology

Cell and tissue culture is the maintainance
and multiplication of cells in a culture or medium.
A single cell or group of undifferentiated cells
from a plant are introduced into a medium where
they undergo division. The development of cell
and tissue culture has facilitated many advances
including: the regeneration of plants from undif-
ferentiated cells; the transfer of genetic mater-
ial from one species to another; haploid and
anther culture techniques; screening for desired
traits at the cellular level; and mass propagation.

2. Direction and Magnitude of Cell and Tissue
Culture Technology

The ability to successfully culture plant cells
has been available since the late 1930s. Since
that time, there has been a great deal of research
refining the nutritional and environmental re-
quirements of plant cells in culture. To date,

a large number of species have been cultured
successfully.

Although successfully culturing plant cells
was an important development, the crucial step
towards using cellular modifications in plant
breeding programs was the ability to regenerate
plants from cultured cells. The regeneration of
whole plants from tissue culture is important
because genetic modifications at the cellular
level can then be evaluated in mature plants and
subsequently used in breeding programs. The first
regeneration of corn from tissue culture was re-
ported by Green and Phillips (1975).



There are many potential applications of cell
and tissue culture to crop development. Some of
these applications serve to reduce the cost and/or
time required to accomplish the same tasks as com-
pared to conventional breeding. In other cases,
cell and tissue culture increases the scope of
plant breeding through achievements which are not
possible using conventional breeding techniques
(e.g., the trapsferring of genes between species).

The responses to the questionnaire (Appendix)
indicated the following major categories of poten-
tial applications of cell and tissue culture to
corn production.%

(i) Screening varieties for disease or other
stress resistance. Some plant diseases are asso-
ciated with toxins; these toxins can be applied
to tissue cultures of a susceptible variety to
obtain disease resistant mutants. This can be a
relatively inexpensive method to search for
disease resistance within varieties which other-
wise have desirable qualities.

(ii) Developing inbred lines using anther cul-
ture. Anther culture is a cell culture which is
produced using anthers (containing the haploid sex
cells of a plant). Haploids can be of value to
breeding programs in the production of homozygous
inbreds for hybrids.é/

(iii) Reducing the time required to develop new
varieties. (This broader category may include
one or both of the above applications.)

The respondents were divided over the poten-
tial of the various commercial applications of
cell and tissue culture. Of the 31 respondents,
11 indicated that the most likely application
would be to screen varieties for disease/stress
resistance. (Eight specified disease resistance
and three specified other forms of stress resis-
tance.) Seven suggested that anther culture
would be used for developing inbred lines.
Another seven respondents indicated that cell and
tissue culture would increase the rate at which
new varieties would be developed. Eight responses
referred to applications similar to those listed
above, however, it was difficult to place their
responses into any particular category. (Some
individuals listed more than one application.)

3. Direct Effects of Cell and Tissue Culture
Technology

The survey results indicated that 71 percent
of the respondents believe that cell and tissue
culture will make a significant. contribution to
corn breeding by the year 2000. Fifty-five per-
cent of the respondents indicated that corn yields
would increase as a result. The first commercial
application is expected to be in 1988 and a 3
bu/ac yield increase is expected in the year 2000.
To illustrate how this yield increase is distri-
buted over the 12-year period, from 1988 to 2000,
the expected marginal annual yield increment is
shown in Figure X-3.

X-6

Figure X-3. Expected Marginal Annual Yield
Increment from Cell and Tissue Culture.
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Source: Appendix Table X-4.

Many of the respondents who did not anticipate
any yield increase, selected screening varieties
for disease resistance as the most likely appli-
cation. Although such an application may not
translate directly into an increase in yield, it
would do so indirectly through a reduction in
yield losses. This method of screening may also
be regarded as reducing the cost of production
due to disease resistant varieties becoming avail-
able at an earlier date than would be possible
utilizing present techniques.

The questionnaire focused on the potential
yield increases by the year 2000. There may also
be some non-yield impacts such as improved nutri-
tional quality. For example, at the University
of Minnesota, tissue culture is currently being
used to screen for high lysine corn.

4. Other Aspects of Cell and Tissue Culture
Technology

No significant environmental, legal or insti-
tutional impacts of the technology were identi-
fied.

5. Feasibility of Cell and Tissue Culture
Technology

Tissue culture has not yet been systematically
integrated into commercial systems of corn
breeding. Commercial firms are presently estab-
lishing programs and personnel in an attempt to
integrate these new techniques into their estab-
lished breeding systems. Two major kinds of
problems may influence the technical feasibility
of doing this.

The first type of problem involves the logistics
of incorporating techniques, which have been used
at an experimental level, into large scale programs.



The second type of problem, relating to the tech-
niques themselves, may limit their usefulness in
commercial breeding programs. Some examples of
this second type of problem are discussed below.

Tissue culture techniques may provide a rela-
tively inexpensive method of searching for disease
resistant varieties, but this particular applica-
tion may be limited. It requires that a toxin be
associated with the disease. The toxin can be
applied to tissue culture of disease susceptible
(but otherwise desirable) varieties. Consequent-
ly, this technique would be of use in producing
disease resistant varieties only if the disease
produced a toxin. As one respondent to the survey
pointed out, many diseases do not produce toxins.

The use of tissue culture to identify strains
of corn with desired characteristics (e.g., stress
resistance) potentially reduces the cost of
obtaining those characteristics relative to con-
ventional methods. However, desirable character-
istics at the cellular level may not translate
into the same characteristics at the whole plant
level (Scowcroft, 1977), although there have been
some reported successes (Phillips, 1977). 1In
addition to the concern discussed in the previous
paragraph, it may be necessary to check that
desirable characteristics already possessed by
the plant (e.g., yield), prior to undergoing cellu-
lar level selection, are retained. This may con-
siderably reduce the advantages gained, in terms
of time and cost savings, from using this method
of selection.

Other uncertainties which should be considered
are the failure or success rate (90%, 50%, 25%7?)
of regeneration of cells and of regenerated plants
to mature and produce seed in laboratory condi-
tions in both the commercial and public sector
settings.

6. Alternatives to Cell and Tissue Culture

Technology

Although tissue culture cannot be thought of
as alternative to present methods of plant breed-
ing, these new techniques could replace or supple-
ment some techniques presently used in conven-
tional plant breeding. In this sense the alter-
native to using cell and tissue culture is to use
the present methods of plant breeding (Conven-
tional Plant Breeding is discussed in Chapter III
of this report.)

7. Managing Cell and Tissue Culture Technology

In managing the technology, tissue culture
should be considered in the context of conven-
tional plant breeding and also as a laboratory
technique which will be utilized to advance the
basic knowledge of living organisms including
commercial crops such as corn. Tissue culture
techniques and other new biotechmologies such as

genetic engineering cannot be considered as an
alternative to conventional breeding. If they
are used, they will be used in conjunction with
conventional breeding programs, not in place of
them. These new biotechnologies represent tools
to be utilized within established breeding pro-
grams.

Cell and tissue culture techniques in corn have
been developing along with basic knowledge in
plant and cell physiology. The need to utilize
the techniques in exploring other areas such as
genetic engineering have hastened their develop-
ment.

A question was included in the survey to estab-
lish whether or not any particular area(s) of
knowledge is constraining further development
(see Appendix). From the response it appears
that no one area, but rather many areas are cur-
rently limiting the development of the technology.
Respondents indicated that research funding is
required to increase the number of corn varieties
regenerated from tissue culture and to regenerate
plants from suspension culture and protoplasts.
Respondents also indicated that basic work in
tissue culture, screening and selection schemes
and protoplast work is required.

Genetic Modifications at the Cellular Level -
Gene Transfer

1. Definition and Description of Gene Transfer

Technology

Direct genetic modification at the cellular
level currently involves two approaches: proto-
plast fusion and DNA transfer via a DNA carrier
(foreign vector). :

The first approach (protoplast fusion) refers
to the fusion of two protoplasts, or the fusion of
a single protoplast with cell components from an-
other cell.4/ The resulting cell contains a com-
bination of the genetic material from both cells.

The second approach to direct genetic manipu-
lation (also known as 'recombinant DNA" and 'gene
cloning"), utilizes foreign vectors to transfer
DNA into a host plant cell. Foreign vectors are
nonplant materials such as bacterial plasmids or
phages (viruses). 1In simplified terms, these
vectors act as intermediaries transferring segments
of DNA, which have been isolated from one cell,

to the protoplast of another.

2. Direction and Magnitude of Gene Transfer

Technology

The development of protoplast fusion has been
facilitated by developments in the areas of proto-
plast isolation (removal of the cell wall), tissue
culture, and the regeneration of plants from
tissue culture.



The work on genetic transfers using foreign
vectors has been facilitated by developments in
tissue culture and in the understanding of the
basic mechanism by which genetic material of bac-
teria is sometimes transferred to another
bacteria.

Molecular genetic modifications using proto-
plast fusion and foreign vector techniques offer
the potential for transferring genes across the
barriers of species (and possibly genus and king-
dom). This concept of transferring genes across
species has led to the proposal (which would have
enormous impact, if successful) for transferring
the nif (nitrogen fixing) genes to cereals. These
techniques also offer the potential of reducing
or eliminating the number of crosses presently
required to transfer characteristics.

3. Direct Effects of Gene Transfer Technology

Gene transfer technology is less developed
than the other four emerging biotechnologies.
Consequently, no quantitative estimates on its
impact were solicited in the survey. Rather, the
survey focused on the most likely applications of
this technology on commercial corn production by
the year 2000. Eighty percent of the respondents
indicated that there would be an impact by the
vear 2000. Some of these respondents indicated
that the impact would be indirect in that research
in this area would lead to a greater understanding
of the genetics of corn. The types of direct
impacts which respondents listed were: the effi-
cient transferring of selected traits controlled
by a single gene (e.g., disease or herbicide re-
sistance) without also transferring other less
desirable traits; changing the chemical composi-
tion of corn (e.g., protein content and type, oil
and starch content); and extending the genetic
base to include other cereals. Increased yields
and other more complex genetically controlled
attributes were not among those applications
listed.

4. Other Aspects of Gene Transfer Technology

4.1 Environmental, Institutional and Legal Impacts
4.1.1 Environmental

The creation of previously nonexistent organ-
isms raises the concern that their effects on the
environment and other organisms is unknown. As
the OTA report (1981) points out, organisms,
unlike chemicals, may reproduce and might be im-
possible to control. This concern could be
partly alleviated by extensive testing. However,
blanket testing for genetically engineered organ-
isms could result in eroding the potential time
advantages to be gained from using genetic engin-
eering techniques (rather than conventional breed-
ing techniques). An example is disease resis-
tance, where the same resistance could be

accomplished by utilizing more time-consuming
conventional breeding methods which would not

be required to submit to regulatory tests. In
order to profit from gene transfer techniques,
selective, rather than blanket, regulations should
be applied. The types of modified organisms that
would likely be produced in connection with corn
would be new varieties of corn and biological
nitrogen fixing organisms.

4.1.2 Institutional

One of the concerns with genetically modified
organisms developed by the private sector has
been the controversy over patenting living organ-
isms. If private industry is to develop these
organisms they require a method of capturing
the returns to their investment. One method of
protecting their investment is through the use of
patents. In June 1980, the U.S. Supreme Court
ruled that man-made organisms are patentable
under the current patent statutes. For several
years the uncertainty of whether or not living
organisms would be patentable resulted in hesita-
tion by firms to invest in the developing of such
organisms.

The Supreme Court decision should have two
effects on the area of genetic modification in
corn. First, general efforts to develop biotech-
nologies useful for corn should increase, thereby
expanding the knowledge base which should in turn
facilitate future advances. Second, firms which
develop specific biotechnologies, such as Np-fixing
microbes via genetic modifications, will be able
to patent them.

4.1.3 Legal

The possibility exists that genetically engin-
eered organisms intentionally released into the
environment may cause some sort of damage.
Organizations which develop or release these or-
ganisms could be liable for that damage. This
threat of liability may result in hesitation by
private industry in utilizing these new technolo-
gies.

5. Feasibility of Gene Transfer Technology

Gene transfer in corn, as for many other crops,
is in its conceptual stages. The majority of the
surveyed scientists indicated that by the year
2000, genetic modification is expected to contri-
bute significantly to corn production, either
directly through the transfer of genes, or indi-
rectly by increasing the basic understanding of
corn genetics.

Those scientists expecting gene transfers to
take place expect traits such as disease resis-
tance to be affected, but not the more complex
traits, such as yield. From the literature it
appears that the actual physical transfer of genes



from one cell to another will be less difficult
than identifying which genes to transfer. Also,
the transferring of genes may be a relatively
simple task compared to getting the genes to be
properly expressed and remain functional through-
out a number of generations.

One possible limitation to the practical use
of gene transfers, initially at least, is that
cells which have been altered must be regenerated
and tested to examine whether or not alterations
at the cellular level have also occurred at the
whole plant level. Also they may require testing
to check that the genetic alterations have not
affected other traits such as yield and produc-
tivity capacity. In some cases, the necessity to
test genetically altered cells before releasing
them may erode some of the gains (in terms of time
and cost) originally gained by utilizing the tech-
niques.

6. Alternatives to Gene Transfer Technology

The alternative to using gene transfers at the
cellular level is to use conventional plant breed-
ing. Conventional techniques can produce the
same results with the exception of introducing
genetic material from outside the species.

7. Managing Gene Transfer Technology

Gene transfer is being developed in line with
advances in basic knowledge in this and related
areas. Questions were included in the survey to
establish whether or not any particular research
area in either genetic engineering of corn or in
a related basic science was constraining develop-
ment in this area. From the responses it appears
that additional research funding is required in
many areas (see Appendix).

One of the concerns of scientists working in
the area of conventional plant breeding is
that genetic engineering, cell and tissue culture
and other developing biotechnologies will be
funded at the expense of conventional plant breed-
ing programs. It should be emphasized that con-
ventional and emerging tecMniques are complemen-
tary rather than competitive. The funding of one
area at the exclusion of the other would be a
mistake; developments in any of the areas will
enhance the other areas and the new techniques
will make a valuable contribution to commercial
corn production by being utilized in conventional
plant breeding programs.

Biological Nitrogen Fixation in Corn

In recent years there has been renewed interest
in biological nitrogen fixation as a source of
nitrogen for crop production. This interest has
resulted both from a search for altermative
sources of nitrogen (due to increasing energy
prices) and from advances in basic research.

As a result of the research efforts in this area
there is a possibility that nen-legume crops may,
in the future, supply a portion of their nitrogen
requirements through Ny-fixation. This section

of the report focuses on developments in the emer-
ging technology of biological nitrogen fixation in
corn.

1. Definition and Description of Biological
Nitrogen Fixation Technology

Nitrogen fixation (N;-fixation) refers to the
conversion of atmospheric nitrogen (N3) to fixed
forms of nitrogen, in which nitrogen is combined
with at least one other atom (e.g., NH4+). Biolog-
ical nitrogen fixation (BNF) is nitrogen fixation
by living organisms. BNF involves microbial ac-
tivity in which atmospheric nitrogen in the soil
air (air within the soil) is transformed into a
form which is directly usable by the plant.

Microbial Np-fixation can be divided into two
categories--symbiotic and nonsymbiotic.5/ In
nonsymbiotic fixation, nitrogen is fixed by free
living microorganisms which exist independent of
a host plant. These microbes derive their source
of energy either from photosynthesis (e.g., blue-
green algae) or from organic matter in the soil.

In symbiotic fixation, the bacteria obtain
their energy from the photosynthate of higher
plants with which they are associated (e.g.,
legumes). Photosynthate is the product of photo-
synthesis in plants. Symbiotic relationships have
been divided into two groups: the associative and
the obligatory. In the associative symbiotic rela-
tionship, free living bacteria in the rhizosphere
(root zone) associate with plants without nodule
formation. ‘'fhe plant produces photosynthate,
releasing some of it into the rhizosphere. The
microbes fix nitrogen by utilizing the photosyn-
thate as an energy source.

An example of the obligatory symbiotic system
occurs with Rhizobium bacteria and legumes. The
badteria invade the root hairs of the plant causing
the formation of nodules on the host plant. The

Rhizobia fix nitrogen in the nodules utilizing

photosynthate. Neither the plant nor most
Rhizobium bacteria will fix nitrogen independently.
The Rhizobium-legume combination has been the
major source of fixed nitrogen in crop production
for centuries. Since the question of using
legumes as a source of nitrogen is not one of
technical feasibility, legumes are excluded from
this discussion and are considered under crop
rotations in Chapter VII.

2. Direction and Magnitude of Biological Nitrogen
Fixation Technology

Although legumes have been utilized in crop
rotations for centuries and their benefits recog-
nized, the mechanism of Np-fixation remained obscur



Recently a number of developments have increased
the understanding of this area and have led to
various proposals for extending Np-fixation to
crops which currently do not fix nitrogen.

There are a number of alternative potential
strategies for utilizing BNF to achieve total or
partial nitrogen self-sufficiency in commercial
corn production. The respondents to the ques-—
tionnaire indicated the following as the most
likely mechanisms for bringing about Ny-fixation
in corn.

(i) Forming an associative symbiotic rela-
tionship (non-nodular) between free-living mi-
crobes and the corn plant. The concept of forming
non-nodular associative relationships between
cereals and Np-fixing microbes has been encouraged
by the discovery in 1975 by von Burlow and
Dobereiner of this type of association in mono-
cots and the bacterium Sprillum lipoferrum. This
tvpe of relationship has since been reported in
corn.

(ii) Transferring the nif (nitrogen fixing)
genes to corn. This approach involves inserting
the nif genes into the plant cell so that the
corn plant fixes nitrogen in the absence of mi-
crobes. Until the early 1970s it was thought that
Rhizobia fixed nitrogen only when associated with
a legume host. It was believed that the legume
provided essential genetic information for the
synthesis of the N,-fixing enzyme, nitrogenase.
However, a number of experiments in 1975 demon-
strated that the necessary genetic information
is present in the Rhizobia itself (see Scowcroft,
1977). This discovery opened up the possibility
of transferring the nif genes to higher plants.
In 1976 a transfer of the nif genes to non-nitro-
gen fixing bacteria was reported (Cannon and
Postgate, 1976), although to date there is no
record of a successful transfer to higher plants.

(iii) Establishing a legume-like relationship
by inducing corn to form nodules. This would in-
volve inducing cereals to form nodules in response
to infection by Rhizobia (NRC, 1977). This ap-
proach would require that the barriers to infec-
tion be removed and that the environment within
the nodules be conducive to the nitrogen fixation
reaction.

Ten of the respondents indicated that the most
likely mechanism for bringing about Ny-fixation
in corn was through the associative symbiotic re-
lationship of corn with free~living microbes.
Three selected the transfer of the nif genes to
corn and two favored establishing a legume-like
relationship (nodule formation).

3. Direct Effects of Biological Nitrogen Fixation

Technology

The survey results indicated that 66 percent
of the respondents believe that at least one of
the mechanisms discussed above will provide nitro-
gen for commercial corn production by the year
2000. The respondents expected that the date of
the first significant Np~-fixation in corn would
be 1990 and that, in the year 2000, corn is ex-
pected to be capable of fixing 32 1lbs of N/ac.
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In addition to knowing the expected nitrogen con-
tribution in the year 2000, it is also of interest
to know the expected nitrogen contribution during
the period leading up to that time. Figure X-4
illustrates the expected yearly contribution
(total amount of nitrogen produced each year) by
BNF in corn. The marginal annual contribution was
also calculated to illustrate the expected annual
increment in nitrogen contribution over this same
period (Figure X-5). (This figure corresponds to
the figures illustrating marginal annual yield in--
creases in the other four emerging biotechnologies.

Figure X-4. Expected Amount of Biological
Nitrogen Fixation in Corn. :
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Figure X-5. Marginal Annual Increment in
Nitrogen Contribution from BNF.
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Although the expected contribution of 32 1bs/ac
is only one-fourth of the present nitrogen appli-
cation rate, this does not necessarily mean that
this source of BNF will only replace one quarter
of the present nitrogen application. It has been
estimated that only about 50 percent of the nitro-
gen applied to crops is, in fact, utilized by the
crop (Ausubel, 1981). The remainder of the nitro-
gen is: leached below the root zone, is lost to
the atmosphere through denitrification, or remains
in the soil. These losses can be reduced by
coordinating the crop's requirement and the
timing of application. Since the crop's require-
ments closely match the supply of nitrogen from
Ny-fixation in the crop, the expected 32 1lbs of
N/ac may represent closer to one~half of the
nitrogen required to maintain present yields.
(No-fixation by legumes grown in rotation with
corn do not have this advantage.)

In the introduction to this chapter, the pre-
sent value of the expected future benefit from
BNF in corn, for the period 1990 to 2000, was
calculated to be $7/ac. This represents the value
of the nitrogen produced by the crop over the ten
year period, in present value terms. This may
represent only a portion of the real savings for
the reason discussed in the previous paragraph.
To provide an indication of the magnitude of the
potential saving to producers, the likely reduc-
tion in the quantity of nitrogen fertilizer, is
between one-third to one-half of the present 130
lbs/ac (i.e., 43 to 65 lbs/ac). If producers were
able to reduce their nitrogen applications by
this amount, this would represent an annual
saving of between $8.60-$13.00/ac (43 lbs/ac x
20¢/1b of applied N = $8.60). This calculation
however, assumes that there would not be a yield
loss due to additional energy requirements of the
plant for Nop-fixation. It also ignores the prob-
lem of a reduction in Np-fixation by the crop if
nitrogen fertilizer were added (to maintain pre-
sent nitrogen and yield levels).

4. Other Aspects of Biological Nitrogen Fixation

Technology

The environmental impact of nitrogen self-
sufficiency in cereals would be favorable. The
present high levels of N fertilizer application
are causing concern (Chapter IV). As was men~-
tioned in the previous section, nitrogen fixed by
the crop is more likely to be utilized by that
crop than is nitrogen applied as fertilizer. As
a result of this higher utilization rate, less
of the applied nitrates would leach into the
ground water.

Another environmental concern associated with
the use of high levels of fertilizer N, is that
nitrous oxides produced by denitrifying bacteria
may be damaging to the ozone layer of the earth's
atmosphere. The use of biological nitrogen fix-
ation in corn may result in a reduction in the
amount of nitrous oxides produced since there
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would be a higher rate of utilization of the fixed
nitrogen by the crop (Ausubel et al., 1977).

5. Feasibility of Biological Nitrogen Fixation

Technology

The technology of BNF in corn is at a develop-
mental stage, and there remain many unanswered
questions about its technical feasibility. 1In
most cases it is not a question of improving an
existing No-fixation system (such as in legumes)
but rather of creating a new one.6/

The survey of scientists indicated that they
expected at least partial nitrogen self-suffic-
iency in corn by the year 2000. The method
chosen as the most likely method of Np-fixation,
that of a nonnodular associative symbiotic rela-
tionship between free-living microbes and the
corn plant, presently exists to a limited extent.
Some of the respondents to the questionnaire
pointed out that, since this method is already
in existence, it is logical to expect improvements
to it at an earlier date (compared with the other
approaches). Three of the respondents indicated
that the most likely mechanism for bringing about
No-fixation in corn was by developing corn plants
which fix nitrogen. The success of this method
depends not only on the successful transfer (and
subsequent heritability) of the nitrogen fixing
genes, but also depends upon whether or not the
transferred genes will actually fix nitrogen
(Ausubel, 1980).

The technical feasibility of Np-fixation in
corn will not ensure its economic feasibility
in U.S. commercial corn production. At present,
there are concerns which, if verified, may reduce
the attractiveness of nitrogen self-sufficiency
in corn. One of these concerns is that there
will be a trade-off between yield and Np-fixation
in the plant. No-fixation requires high levels
of energy which must be provided by the plant.
At present, this concern remains unresolved.
There may also be problems with corn's ability
to provide energy at the appropriate location
(e.g., rhizosphere). Another concern for U.S.
commercial corn production is that, with present
BNF systems, in legumes the presence of high
levels of nitrogen suppresses fixation by microbes.
If the corn plant is less than totally self-suffi-
cient in Np-fixation, nitrogen added as fertilizer
to maintain high yield levels, may suppress N2-
fixation by the crop.

6. Alternatives to Biological Nitrogen Fixation

Technology

The alternatives to nitrogen self-sufficiency
in corn, are other sources of nitrogen such as:
fertilizer nitrogen, organic wastes, and ro-
tations with legumes. These alternate sources of
nitrogen are discussed in cThapters IV and VII
in this report.



7. Managing Biological Nitrogen Fixation

Technology

Although the associative symbiotic relationship
of corn and free-living microbes was identified
as the most promising method for bringing about
nitrogen self-sufficiency in cornm, at this early
stage not enough is known about the alternatives
to eliminate any from consideration (including
the enhancing of legume Nz—fixation as an indirect
method of providing N for corn). Development of
the technology depends upon advancing the under-
standing of the process of BNF itself.

To establish whether or not any particular
areas of knowledge are constraining the develop-
ment of this technology, a question was included
in the survey (see Appendix). No single research
area was identified as the area which should be
given highest priority but various areas were men-
tioned, including the basic sciences (biochem-
istry, physiology); genetic engineering and
tissue culture work; understanding the process of
BNF; and methods of measuring Ny-fixatiom.

One suggestion put forward was that of estab-
lishing mission-oriented research teams comprised
of a plant breeder, physiologist-agronomist, bio-
chemist and microbial geneticist. This approach
has met with considerable success in other areas
such as plant cell and tissue culture.

Footnotes

1/Molecular biology is not specifically exam-
ined because, as a more basic research area, it
is outside the scope of this study.

2/Another potential application, not specifi-
cally addressed in the questionnaire is long-term
storage of germplasm. There are two procedures
currently under development, freeze preservation

of: (i) tissue culture, and (ii) cultured excised -

shoot meristems. Freeze preservation involves
slow freezing of the culture and storing in liquid
nitrogen. Later, the cells are rapidly thawed.
This process, although still in the development
phase, could provide a means of preserving genetic
stocks at a relatively low cost.

3/Normally, five to six generations of selfing
are required to produce a homozygous line. The
use of double haploid cells represents an advan-
tage in that a shorter period of time is required
to produce homozygous cells which can be regener-
ated into plants (the haploid cells can be induced
to double their chromosome number; thus the term
double haploid).

4/A protoplast is that part of the cell that
lies within the cell wall or, for the purposes of
discussing protoplast fusion, it refers to a cell
from which the cell wall has been removed.
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5/The basis for this division is the source
from which the Ny-fixation organism derives its
energy: whether or not it is dependent upon
plants.

Q/Although it has been demonstrated that a
small quantity of nitrogen is fixed in corm crops,
as for many other crops, in an associative type
of system, the system is not well developed nor
has it been shown to fix significant quantities
of nitrogen in field conditions.
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Appendix

Questionnaires were sent to leading scientists
working in each of the emerging biotechnology
areas. The names of these leading scientists
were solicited from the Department of Agronomy
and Plant Genetics, University of Minnesota and
Iowa State University and Pioneer Hi-Bred Inter-
national, Des Moines, Iowa. The number of ques-
tionnaires sent and the number of responses re-
ceived are shown in Appendix Table X-1.

Appendix Table X-1. Questionnaires Mailed and
Responses Received

No. Question- No. Question-
Biotechnology naires Mailed naires Received
Biological .
Nitrogen
Fixation 20 15
Photosynthetic
Enhancement 22 18

Cell or Tissue

Culture 37 31
Plant Growth

Regulators 22 19
Genetic

Engineering 32 27

In the remainder of the appendix we present
the questionnaires and a summary of the results
for each technology. Appendix Tables X-2 through
X-5 are at the end.
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Among other things, the questionnaires re-
quested information on scientists' expectations
about corn yields in the year 2000. It is also
of interest to know the expected yield gains in
years prior to that time, but to ask direct ques-
tions about this was thought to entail too much
"subjectivity" to elicit satisfactory responses.
The method used to estimate the annual expected
yield gains (1981-2000) from each emerging bio-
technology is explained below with reference to
the photosynthetic enhancement questionnaire
(p. X-15 and Appendix Table X-2). The method
used was the same for each biotechnology.

In general terms, the answers to the questions
about first commercial applications of the tech-
nologies were used to approximate a time path
for yield gains between 1981~2000. In particular,
for photosynthetic enhancement, the triangular
frequency distribution embodied in the responses
to question 3, was used to determine the cumula-
tive probability of a significant yield increase
for each year 1981-2000 (Appendix Table X-2,
column 2). Then, this cumulative probability
distribution was used to weight the most likely
yield gain in the year 2000 (question 2). The
result was taken to be an estimate of the mar-
ginal annual yield increase (e.g., Appendix
Table X~2, column 3). From this, the total yield
increment over 1980 can be calculated (Appendix
Table X-2, column 4).



Photosynthetic Enhancement Questionnaire

Q.1 VWhich do you think is the most likely mechan-
ism for bringing about photosynthetic rate
increases (net CO uptake per unit of leaf
per unit time) of commercially grown corn by
the year 2000?

(check one only)

(a) direct application of chemicals to
the plant in order to alter photo-~
synthesis or photorespiration.

(b) traditional breeding programs based
upon direct selection for high CO2
exchange rate, or reduced photores-
piration, etc.

(c¢) genetic engineering techniques which
modify cells within the corn plant.

(d) As these 3 mechanisms (a,b,c) do
not exhaust the possibilities,
please feel free to add your own
suggestions here.

Questions 2 and 3 request information which, be-
cause of the undeveloped state of the technology,
is of a subjective nature. Please answer accor-
ding to your best judgment. If you are absolute-
ly unable to express an opinion, leave the ques-
tion unanswered.

Q.2 (a) Do you think that there will be in-
creases in the photosynthetic rate of
corn and that significant grain yield in-
creases will result by the year 2000?

Yes No

(b) 1If yes, what commercial corn yield in-
creases do you expect to have resulted
from photosynthetic enhancement by the
year 2000 (given current levels of re-
search expenditure)?

Total yield increase
by the year 2000

(bu/ac)
Minimum
(please .
£ill each Most likely
box) Maximum

Q.3 1In what year do you expect to see the first
significant commercial yield increases due
to photosynthetic enhancement?

Year
Earliest
(please . '
£111 each Most likely
box) Latest |

Q.4 (a) Are current levels of research funding
constraining the achievement of corn
yield gains through photosynthetic
enhancement?

Yes No
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(b) If yes, which research areas should be
given highest priority for receipt of
additional funds in order to 1lift this
constraint?

Summary of Results:

Q.1 All respondents to this question (11) selec-
ted traditional plant breeding programs as
being the most likely mechanism for bringing
about photosynthetic rate increases of com-
mercially grown corn.

Q.2 Opinion was divided as to whether corn yield
gains could be achieved through photosynthe-
tic rate enhancement by the year 2000 (7 yes,
9 no). Of those saying no, a number expli-
citly said that photosynthetic rate increases
would be possible, but would not translate
into yield increases.

Q.3 The most likely expected yield response by
the year 2000 was 7.9 bu/ac (average across
all respondents including those expecting
zero response). The 7.9 figure represents
the expected yield increase in the year 2000
due to photosynthetic enhancement.

Q.4 The earliest expected date to see a signifi-
cant yield increase from this source was
1987, while the most likely date was 1995
and the latest date, 2000. (Again including
only those people who expect an increase.)

Q.5 All but one of the 14 respondents to this
question felt that lack of research funds
were constraining progress. Most mentioned
better understanding of basic physiology and
integration of that knowledge into breeding
programs as requiring more research.



Plant Growth Regulator Questionnaire
0.1 What is the most likely mechanism for in-
creasing corn grain yields through the appli-
cation of plant regulators by the year 20007
(check one only)
(a) delaying the onset of leaf senes-
cence.
(b) altering the harvest index.
(c) altering photosynthesis or photo-
respiration rate.
(d) altering Anration of growth stages.
(e) As these  mechanisms (a,b,c,d) do
not exhaust the possibilities,
please feel free to add your own
suggestions here.

Q.2 Do you think that it is more likely that
future commercial applications of plant reg-
ulators to corn will be:

(a) Dinoseb.
(b) other regulators (specify if you
wish).

Questions 3 and 4 request information which, be-

cause of the undeveloped state of the technology,
is of a subjective nature. Please answer accor-

ding to your best judgment. If you are absolute-
ly unable to express an opinion, leave the ques-

tion unanswered.

Q.3 Do you think that the use of plant regulators
will result in an increase of commercial corn
yields by the year 2000? Yes No

If ves, what commercial corn yield increases
do you expect to have resulted from plant
regulator applications by the year 20007
Total yield increase
by the year 2000

(bu/ac)
Minimum
(please .
£i1l each Most likely
box) Maximum

Q.4 In what year do you expect to see the first
significant and consistent commercial corn
yield increases due to plant regulator appli-
cation?

Year

Earliest

Mdst likely

Latest

Q.5 (a) Are current levels of research funding
constraining the achievement of corn
yields gains from plant regulator appli-
cation? Yes No
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(b) If yes, which research areas should be
given highest priority for the receipt
of additional funds in order to lift
this constraint?

Summary of Results:

Q.1 Eight respondents said that the most likely
mechanism for obtaining a corn yield increase
was by altering the harvest index. Five
people suggested increases in photosynthesis
(but did not specifically mention increases
in the rate of photosynthesis per unit of
leaf per unit of time).

Q.2 Everyone who forecast increases in photosyn-
thesis felt that such success would come from
growth regulators which have not yet been
developed.

Seventeen of the nineteen respondents
thought that there would be significant yield
increases in corn from the application of
growth regulators by the year 2000. The most
likely expected increase was 15.7 bu/ac in
the year 2000. The earliest date by which
people expect to see the first measurable
and consistent yield increases from plant
growth regulators is 1988, with the most
likely date being 1994 and the latest date
being 2000.

Q.3,4

Q.5 Ten people thought research funds were limit-
ing progress while eight thought otherwise.
Understanding the physiological basis for
yvield was the only area mentioned more than
once (5 times) as requiring further research.



Cell and Tissue Culture Questionnaire

Q.1 Cell and tissue culture has many potential
applications in plant breeding and genetics.

What do you think the most likely application

of plant cell and tissue culture will be to

plant breeding in corn?

(check one only)

(a) developing inbred lines using anther
culture.
(b) screening varieties for disease
resistant mutants.
(c) using tissue culture to increase
the rate at which new varieties are
developed.

(d) As these three applications (a,b.c)
do not exhaust the possibilities,
please feel free to add your own
suggestions here.

Q.2 Do you believe cell and tissue culture will
make a significant contribution to commer-
cial corn breeding by the year 2000?
Yes No

Questions 3 and 4 request information, which be-
cause of the undeveloped state of the technology,
is of a subjective nature. Please answer accor-
ding to your best judgment. If you are absolute-
ly unable to express an opinion, leave the ques—
tion unanswered. (Assume current levels of re-
search expenditure will continue in the future.)

Q.3 In what year would you expect to see the use
of cell and tissue culture incorporated into
commercial corn breeding?

Year
Earliest
(please .
£111 each Most likely
box) Latest

Q.4 Do you think that the use of cell and tissue
culture will. result in an increase in the
yield of commercial corn production by the
year 20007 Yes No

If yes, what increase in the yield of commer-
cial corn production would you expect the
influence of cell and tissue culture to have
by the year 20007
Total yield increase
by year 2000

(bu/ac)
Maximum
(please .
£i1l each Most likely
box) Minimum

Q.5 Are current levels of research funding con-
straining progress in the application of
cell and tissue culture to corn breeding?

Yes No
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If yes, which research area should be given
highest priority for additional research
funds in order to lift this constraint?

Summary of Results:

Q.1 Respondents were divided in their response
to the question on the most likely applica-
tion of cell and tissue culture to corn pro-
duction.

-8 indicated screening varieties for disease
resistant mutants.

-7 indicated developing inbred lines using
anther culture.

~7 indicated using tissue culture to in-
crease the rate at which new varieties are
developed.

-6 respondents indicated other applications.
-3 indicated selection of stress resistant
varieties.

~2 indicated all applications of plant tis-
sue culture.

Q.2 Twentv-two respondents indicated that they
believed cell and tissue culture will make
a significant contribution to corn breeding
by the year 2000, eight respondents said no.
one respondent said possibly.

Q.3 In response to the question as to what year
respondents expected to see the use of cell
and tissue culture incorporated into commer-
cial corn breeding, the earliest expected
date was 1988, the most likely date was
1990, and the latest date was 2008.

Q.4 Seventeen respondents thought that the use
of cell and tissue culture would result in
an increase in the yield of commercial corn
production by the year 2000, thirteen res-
pondents said no, one said possibly.

The most likely increase in yield by 2000
due to influence of cell and tissue culture
was 3.09 bu/ac.

Q.5 Nineteen respondents indicated that research
funds were constraining progress in the
application of cell and tissue culture to
corn breeding.

No one research area was emphasized as an
area which should be given highest priority
for additional research funds. The areas
frequently mentioned were:

-protoplast work.

-regeneration of plants from tissue culture,
suspension culture and protoplasts.

-others indicated basic work in tissue cul-
ture (and combined tissue cuiture and gene-
tic work) and mutant selection schemes.



Gene Transfer Questionnaire

What applications do you foresee for genetic
engineering techniques which will have a sig-
nificant impact on corn production by the
year 20007

Are current levels of research funds con-
straining progress in genetic engineering
in corn?

Yes No

I1f yes, which research area should be given
highest priority for additional research
funds in order to lift this constraint?

Consider the broader question of fundamental
knowledge required for advances in genetic
engineering. Is knowledge in any basic
science area seriously constraining progress
in genetic engineering?

Yes No

If yes, in which area of basic science are
advances required?

Summary of Results:

Q.1

Q.2

What application do you foresee for genetic
engineering techniques which will have a sig-
nificant impact on corn production by the
year 2000? No single application was empha-
sized. The most frequent responses were:

-transferring single gene traits (i.e.,
disease or herbicide resistance) from unde-
sirable varieties to varieties that have
desirable characteristics.

-changing the chemical composition of corn
(i.e., protein content and type, oil, and
starch).

-expanding the genetic base of corn to in-
clude other cereals.

-others indicated that research in this area
would lead to a greater understanding of
genetics of maize (e.g., factors involved

in gene expression).

-4 respondents indicated that there would be
no application which would have significant
impact by the year 2000.

In response to the question as to whether

or not current research funds are constrain-
ing progress in genetic engineering in corn,
21 respondents said yes, 5 said no, and 1
had no opinion.

There was no single research area that was
emphasized for receiving the highest priority
for additional research funds. To summarize
the most frequent responses:

-5 indicated basic genetics.
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Q.3

Q.1

- -3 respondents indicated all areas required

research funds.

-other respondents indicated molecular biol-
ogy of plants, corn biochemistry, tissue
culture, protoplast techniques, identifica-
tion of genes and vectors which transfer DNA
in plants.

In response to the question as to whether

or not knowledge in any basic science area

is seriously constraining progress in genetic
engineering, 25 respondents said ves.

No specific research area in the basic
sciences was emphasized as the area in which
advances are constraining genetic engineer-
ing advances. To summarize the areas fre-
quently mentioned:

-genetics - these respondents included the
general area of genetics, plant genetics,
identifying genes (mentioned by several),
gene regulation, mechanisms for gene expres-
sion, and physical size of specific genes.
-plant physiology.

-molecular biology (plants and other), bio-
chemistry, cell biology, chemistry (both
pure chemistry and chemistry of nucleic
acids).

~-tissue culture, protoplast technology, re-
generation from single cells.

-gene transfer.

Biological Nitrogen Fixation Questionnaire

Proposals have been made to develop nitrogen
fixation in cereal crops. What do you think
is the most likely mechanism for bringing
about nitrogen fixation in corn?

(check one only)

(a) forming associative symbiotic rela-
tionships (nonnodular) between free-
living microbes and the corn plant
in the rhizosphere.

(b) establishing a legume-like relation-
ship between corn and nitrogen-fix-
ing bacteria by inducing corn to form
nodules and to establish a symbiotic
relationship with nitrogen-fixing
bacteria.

(c) transfering nitrogen-fixing genes to
corn so that the corn plant fixes
the nitrogen without the aid of
bacteria.

(d) introducing highly efficient
nitrogen-fixing genes into photosyn-
thetic free-living nitrogen-fixing
microbes (e.g., blue-green algae).

(e) As these four applications (a,b,c
and d) do not exhaust the possibil-
ities, please feel frée to add your
own suggestions here.



Questions 2 and 3 request information, which be-
cause of the undeveloped state of the technology,
is of a subjective nature. Please answer accord-
ing to your best judgment. If you are absolutely
unable to express an opinion leave the question
unanswered. ’

Q.2 Do you believe the above mechanism will be
successful in providing nitrogen for commer-
cial corn production by the year 20007
Yes No
If yes, in what year would you expect to see
the first significant biological nitrogen
fixation in commercial corn production?
Year
Earliest
(please .
£111 each Most likely
box) Latest
Q.3 What annual quantity of nitrogen would you
expect these mechanisms to contribute in
commercial corn production by the year 2000?
(given the current level of research expen-—
diture)?
Pounds/acre/year
Minimum .
(please
£fill each Most likely
box) Maximum

Q.4 Are current levels of research funding con-
straining progress with biological nitrogen
fixation in corn production?

Yes No

If yes, which research area should be given
highest priority for additional research
funds in order to lift this constraint?

Summary of Results:

Ten respondents selected forming an associ-
ative symbiotic relationship (non-nodular)
between free-living microbes and the corn
plant, as the most likely mechanism for
bringing about nitrogen fixation in corn.
Two selected establishing a legume-like rela-
tionship, by inducing corn to form nodules.
Three selected the transfering of nif genes
to corn. One respondent indicated that
these were long range alternatives (if not
impossible) and that growing legumes in
close association with corn may be better.

Q.1

In answer to the question of whether or not
these mechanisms would provide nitrogen for
commercial corn production by the year 2000,
10 said yes, 3 said no and one indicated
that an effort must be made to try.
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Q.4

0f those who answered yes, the earliest expec-
ted date of significant biological nitrogen
fixation in commercial corn production was
1990, the most likely date was 1996, and the
latest date was 2009.

The most 1likely quantity of nitrogen contri-
buted by these mechanisms in commercial corn
production in the year 2000 was estimated to
be 31.7 1lbs/ac, the minimum estimate was

13.5 1lbs/ac and the maximum was 62.5 lbs/ac.

Calculation: To calculate the quantities of
nitrogen contributed the quantities listed
by the respondents were averaged. If the
respondent left this section blank and also
indicated that these mechanisms would not
contribute by the year 2000 (Q.2), 0 lbs/ac
was used. If the respondent indicated that
these mechanisms would contribute by the
year 2000 (Q.2), but left this section blank,
their answer was assumed to be represented
by the average.

Eight respondents felt that research funds
are constraining progress of biological
nitrogen fixation in corn production. In
addition, one respondent indicated that the
constraint is the number of researchers
willing to undertake a project as well as
the difficulty in obtaining funding.

In response to the question on which research
area should be given highest priority, there
was no single area that was emphasized. To
summarize the answers, respondents indicated
that priority areas for additional research
funds should be (without regard to order of
emphasis in the survey):

-concentration on the actual BNF process it-
self (in legumes and other, i.e., grass and
N-fixing bacteria).

-training (graduate level) and research pro-
grams which interface agricultural and bio-
logical sciences.

-genetic engineering of nif genes (trans-
fering to cereals).

—-increasing the efficiency in N-fixation
(genetic manipulation of both bacteria and
plants involved).

-increased funding in corn biochemistry and
physiology, and in plant cell culture work.



Appendix Table X-2. Expected Yield Increases
from Photosynthetic Enhancement in Corn,
1980-2000

Appendix Table X-3. Expected Yield Increases

from PGR Application to Corn, 1980-2000
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—'Cumulative probabilities derived from triangular
frequency distribution embodied in answers to Q.4
(i.e., the parameters of the triangular distribu-
tion are completely specified by the minimum,
maximum and most likely dates).

E/Total increment by 2000 (7.9 bu/ac), weighted

by Column 2 figures (e.g., year 2000 figure) of:

7.9 x é'gg = 1.21, where /. column 2 = 6.54;
. 0.98
year 1999 figure of: 7.9 x 6.54 = 1.19, etc.

c/

— Cumulative numbers from column 3.
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For method of calculation, see Appendix Table X-2
and discussion on "Yield Gains to the Year 2000"
on p. X-14.
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and discussion on "Yield Gains to the Year 2000"

on p. X-14.
For method of calculation, see Appendix Table X-2

and discussion on "Yield Gains to the Year 2000"

on p. X-14.
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XI--MANAGEMENT OF CORN TECHNOLOGIES BY THE PRODUCER

Most corn production technologies require man-
agement decisions by individual corn producers
when they are applied. Even in the use of hybrid
seed, for example, the producer must choose, from
among available alternatives, which variety (or
varieties) to purchase and plant. As technologies
multiply in number and complexity, their implemen-
tation by producers requires both more information
and more timely information.

Historically, corn producers have been hesitant
to subscribe to technology management services
although they have used the information services
of both the public sector (e.g., the Cooperative
Extension Service) and the private sector (e.g.,
seed companies, fertilizer dealers and machinery
dealers) to answer technical questions. However,
the complexities of production technology, its
high cash cost and the importance of its correct
implementation on a timely basis have combined to
increase the value of technology management ser-
vices. A broad range of such services are now
being provided and used, and the list is growing
rapidly.

The following is a partial list of the corn
production decisions for which appropriate tech-
nological information is important:

(i) seed variety and plant population rates;

(ii) fertility programs;

(iii) pest management programs;

(iv) soil moistutre control and management;

(v) tillage, planting and harvesting programs,
including their calendarization; and

(vi) corn drying and storage programs.

In addition to the previous list, many pro-
ducers use formalized information systems as a
basis, or partial basis, for determining cropping
systems, and for planning input acquisition, pro-
duct marketing and financial management. More-
over, several of the above activities must be
effectively coordinated, both within production
activities and between them. For example, plant-
ing machinery must be coordinated with harvesting
machinery for compatihility of row numbers and
width between rows. Maturity rates for seed var-
ieties used, and their planting dates, must be

consistent with the time schedule and equipment
available for planting, harvesting and grain
drying. With these complexities, the development
of information and decision systems for managing
corn production technologies has become virtually
a technology of its own. These systems can be
adapted for use in a multitude of ways to meet
the individual decision-making needs of producers.
We do not, however, undertake to examine such
potential adaptations in any detail.

1. Definition and Description of Systems of
Technology Management

These systems include any technical information
provided to farmers for the management of the
technology which they use in corn production.

-The digital computer has become a central compo-

nent in some technical services, information sys-
tems and decision aids, but it is still absent
from many others. Moreover, some computerized
management information systems provide for user
interaction and/or system modification, while
others do not.

In an effort to achieve effective technology
management, many commercial corn producers now
use formalized technical information systems per-
taining to the following:

(i) varietal performance (yields, maturity
rates, insect and disease resistance and optimal
plant populations);

(ii) plant nutrition (soil tests, plant sample
analysis, fertilizer-yield response, alternative
fertilizer formulations, fertilizer application
methods and timing, costs, etc.);

(iii) water management (irrigation scheduling,
crop water demand, irrigation system efficiency,
energy efficiency, soil - water - plant relation-
ships, etc.);

(iv) pest control (monitoring of insect, dis-
ease and weed populations, assessment of chemical
pesticide performances, recommendations on chem-
ical pesticide treatments and integrated pest
control methods, etc.); and

(v) grain moisture management (evaluation of
corn grain moisture for implementation of



harvesting and drying technologies and information
on capacities, costs and performances of alterna-
tive drying systems).

Many commercial cqorn producers also use tech-~
nical informatiop on costs, cash flows, present
value analysis, etc. Some of the latter informa-
tion is, however, not uniquely applicable to the
corn enterprise but is used for production manage-
ment of all enterprises. Both high investment
costs and high operating costs (including high
interest charges) require farmers to implement
effective procedures for financial management and
control.

2. Direction and Magnitude of Technology

Until they began using hybrid seed varieties,
most corn producers either selected seed from
their own fields, or purchased a single approved
seed variety from a local dealer. As indicated
elsewhere in this report, the extensive use of
chemical fertilizers and pesticides is mainly a
post World War II phenomenon. Sprinkler irriga-
tion and grain drying technologies are even more
recent. Thus, the effective demand for informa-
tion on technology management is mainly a product
of the last three decades.

On the supply side, private consultant services
have emerged quickly in response to demand. The
necessary software for effective computerized de-
cision aids is only now being generated for some
of the more recent corn production technologies.
The availability of such computer software
(Strain, 1980) and the availability of micro- and
mini-computers for its widespread application are
both in a period of rapid change (Fuller, 1981).
In many states, the Cooperative Extension Service
is providing development services and is also pro-
viding leadership in implementation to the private
sector.

2.1 Sources of Technical Information

Information for technology management is cur-
rently being made available by a variety of
sources including:

(i) industry, particularly those firms en-
gaged in sale of seeds, fertilizers, pesticides,
machinery, and equipment;

(ii) public sector agencies, including USDA,
state agricultural experiment stations and the
Cooperative Extension Service; and

(iii) agricultural consultants, including inde-
pendent consulting services as well as those
associated with cooperatives and other agribusi-
nesses.

Some information regarding corn production
technology must be provided on a highly time-
specific basis in order to be effective for deci-
sion making. Examples include diagnostic—-type
information pertaining to on-farm management of
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irrigation and pest control programs. In the
latter case, for example, one needs to have timely
information on those pest species present in the
individual fields and their populations and devel-
opment stages. This is necessary in order to im-
plement control programs which use the appropriate
amounts of the appropriate pesticides on the appro-
priate time schedule.

2.2 Technical Information Services

The critical need of producers for information
inputs for technology management has been the
major impetus for the rapid growth in number of
professional agricultural consultants. Moreover,
the complexity of current technologies has
created a demand, not only for professional per-
sonnel as consultants, but also for sophisticated
electronic and mechanical monitoring devices and
for a variety of computerized information systems
and decision aids.

Individual agricultural consultants provide a
range of services to corn producers at various
prices. The following is an illustrative listing
of services provided by one farm management co-
operative either in its base corn management plan
or as an addition to it (CENTROL, 1981):

(i) crop planning (including plant population,
row spacing, and variety recommendations);

(ii) soil sampling and testing;

(iii) fertility recommendations;

(iv) stand evaluation at crop emergence;

(v) early insect, disease and weed evaluations;

(vi) pest control recommendations:

(vii) plant samples (early and at reproductive
stage of plant);
(viii) corn borer count;

(ix) corn rootworm evaluation;

(x) final stand count;

(xi) late weed and disease evaluations; and

(xii) for irrigated corn: water scheduling,
an extra plant sample and infra-red photography;
the latter to monitor the crop for plant stress.

The general plan for this service is to moni-~
tor field conditions on a 7-10 day schedule during
the growing season, with more frequent visits
during critical stages of plant growth and/or
during special problem periods.

Other services provide technical information
centering mainly on integrated pest management
or on irrigation scheduling. Although formal
technical information services are currently used
by only a minority of corn producers, it appears
likely that many more producers will be utilizing
some formalized technical information services
by the mid-1980s.

2.3 Role of Computers
Digital computers have been in widespread use

in farm planning for over two decades. Only re-
cently, however, have they been used extensively



as a decision aid for the management of complex
agricultural technologies. Computers are also
being used to record and store voluminous data on
variety performance, weather, pest populations,
efficacy of chemical pesticides, yield response
to fertilizer and water, etc. This data, when
analyzed, will provide an additional information
base for future technology management.

The current list of computerized information
systems and decision aids is excessively long to
report here. Moreover, the systems are changing
rapidly. Some brief examples are included for
illustrative purposes.

A computerized information system used in pest
control management is that of WEEDREC, a computer
assisted herbicide recommendation program devel-
oped at Kansas State University (Nilson, 1981).
Program users may specify up to five important
weed species, the infestation situation for each
and the preferred method of herbicide application.
The computer printout provides an array of herbi-
cide materials, their performance for the listed
weeds and current recommendations relative to
restrictions on their use. This decision aid can
be readily augmented to include current cost in-
formation as well.

To predict potential evapotranspiration rates,
other Kansas State University analysts adopted a
modified Penman equation and the Jensen equation
for utdlization on programmable calculators in
order to predict potential evapotranspiration for
crops. A crop coefficient curve (which describes
the stage of plant development) is then used to
correct to the actual water useage by the stage
of the corn crop (Thomas, 1981).

A third widely used type of computerized deci-
sion aid is the corn enterprise budget generator
(Benson, 1981; FEDS, 1981). These budget gener-
ators provide detailed, area specific compilations
of per acre (and sometimes per bushel): ’

(i) 1input requirements;

(ii) expected yields;

(iii) cost category breakdowns, and

(iv) returns above costs.

The FEDS corn budget generator, for example, pro~
vided the production costs per bushel shown in
Chapter XII of this report. A sample FEDS corn
budget is shown in Appendix Table XI-1.

Other computerized decision aids now available
include those pertaining to grain drying and stor-
age decisions, machinery selection and costs,
optimal fertilizer programs, insect and disease
control programs and many others. In response
to the widespread availability of computerized
decision aids, a major farm magazine (Successful
Farming) recently initiated a publication called
Farm Computer News. This and other communication
devices will surely speed the development and use
of computerized information systems and decision
aids for technology management.
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3. Direct Effects of the Technology

The effectiveness in use of improved informa-
tion systems for capturing potential benefits
depends on both (i) the quality of the information
system(s); and (ii) the effectiveness with which
producers use this information for decision
making. No quantitative assessment of either is
currently possible. It is clear, however, that
effective information services are now an integral
component of the technology utilized by many
leading commercial corn producers. The relative
importance of these services is expected to in-
crease greatly in the future.

3.1 Impact on Yields

Overall, it is unlikely that this technology
(mainly technical consultants, formal information
systems and computerized decision aids) currently
makes a contribution of more than 1.5-2 bu/ac to
average U.S. corn yields. But, they have the
potential by 1990 to reduce by as much as 20-25
percent (perhaps a maximum reduction of 40 percent
by 2000) the existing gap between average farm
yields and those on farms with top technology
management. This probably translates into a

weighted annual yield increase of .25 to .3
bu/ac/yr during the 1980s and .2 bu/ac or so

from 1990 to 2000.1/
3.2 Costs and Profitability

Costs of services for technology management
vary depending on the scope and source of services
provided. The 1982 cost schedule for the compre-
hensive crop management service referred to
earlier (CENTROL, 1981) will be approximately as
shown below:

Dryland Corn

First 40 acres in field - $260.00
Additional acres - $5.00 per acre

Irrigation Corn

First 40 acres in field - $360.00
Additional acres - $6.50 per acre

It can be seen that larger acreage producers
achieve some cost economics of size (reflecting
the overhead costs of travel time by consultants),
but these economics are very modest.- Comprehen-
sive technology management services can be profit-
able for producers if they result in yield gains
of about 2.5 to 3 bushels per acre, or even
smaller yield gains if coupled with cost savings.
The most likely areas for cost savings appear to
be reduced pesticide applications and reduced
use of irrigation water. Costs of up to $15.00
per acre have been reported for a comprehensive
package of field monitoring, irrigation scheduling
and other formalized information system services.
This appears to represent an upper limit to the
feasible cost structure for such services.



3.3 Resource Use and Productivity

Technology management services mainly require
the use of additional trained technical personnel
and the development of effective data systems and
computer software. In the near term, trained
personnel are in short supply. However, this
supply can be augmented rather quickly (by the
mid-1980s) via adjustments in employment and/or
additional technical training. Impacts of manage-
ment technology on conservation and productivity
of other resources is expected to be strongly
positive.

4. Other Aspects of the Technology

Environmental impacts of this technology appear
to be minimal. A net reduction in use of chemical
pesticides in the U.S. appears to be a likely re-
sult as does some conservation in the use of irri-
gation water. Both adjustments are ecologically
positive.

5. Alternatives to the Technology

Demand for management technology is induced by
the complexity of the production technologies
available, and in use. Future corn production
technologies are expected to be at least as com-
plex as those currently employed. There is no
obvious alternative to the development of improved
management technology except the reversion to
simpler production technology and this appears
very unlikely.

6. Managing the Technology

Since the technology is ecologically positive
there are no substantial management problems.
Continued public sector inputs will be needed,
however, to:

(i) continue the development of more effective
technology management services;

(ii) train technical personnel;

(iii) monitor the quality of services being pro-
vided to producers; and

(iv) provide management training programs for
producers.

Footnotes

1/Swanson, Smith and Nyankori (1979) estimate
the yield differential between average county
yields (Piatt County, Illinois) and those on well
managed (Allerton Trust) farms to be about 13 per-
cent. Thus, if one assumed a 12-13 percent dif-
ferential to corn yields of 100 bu/ac for average
U.S. corn production, a 20 percent reduction in
the differential would be about 2.5 bushels, or
.25 bu/ac/yr, if the reduction occurred over a
10 year period, and a 25 percent reduction would
be about .3 bu/ac/yr.
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Appendix Table XI-1. Corn for Grain - Tllinois - Area 300, 1979.

Value Cost Per
Price or or Cost Unit of
Unit Cost/Unit Quantity Per Acre Production
1. Gross Receipts from Production:
Corn bu 2.500 134.200 335.50
Total Receipts 335.50

2, Variable Costs:
Preharvest:

Herbicide ac 11.440 1.000 11.44 0.09
Insecticide ac 3.060 1.000 3.06 0.02
Herbicide Appl. ac 2.300 0.040 0.09 0.00
Seed lbs 0.893 16.600 14.82 0.11
Nitrogen 1bs 0.145 162.100 23.50 0.18
Phosphate 1bs 0.189 88.000 16.63 0.12
Potash 1bs 0.093 107.400 9.99 0.07
Lime tn 8.390 0.190 1.59 0.01
Fertilizer Appl. ac 2.240 0.280 0.63 0.00
Tractor Fuel & Lube ac 4.47 0.03
Tractor Repairs ac 1.89 0.01
Mach Fuel & Lube ac 1.30 0.01
Mach Repairs ac 2.41 0.02
Machinery Labor hrs 3.610 1.846 6.66 0.05
Interest on Op. Cap. $ 0.105 47.954 5.04 0.04
Total Preharvest 103.53 s 0.77
Harvest:
Corn Shelling bu 0.109 10.000 1.09 0.01
Custom Combining ac 15.250 0.100 1.52 0.01
Tractor Fuel & Lube ac 0.25 0.00
Tractor Repairs ac 0.10 0.00
Mach Fuel & Lube ac 5.55 0.04
Mach Repairs ac 6.29 0.05
‘Machinery Labor hrs 3.610 1.930 6.97 0.05
Drying Cost bu 0.103 93.940 9.66 0.07
Interest on Op. Cap. $ 0.105 0.908 0.10 0.00
Total Harvest : 31.53 0.23
Total Variable Costs ) 135.07 1.01
3. Income Above Variable Costs 200.43 T.49
4, Ownership Costs (Replacement, Taxes,
Interest, Ins.)
Tractors 6.26 0.05
Machinery 39.31 0.29
Total Ownership Costs 45.57 0.34
5. Other Costs .
Land Charge (Share Rent) 121.75 0.91
Gen Farm Overhead 7.94 0.06
Management Charge (10.0% of Total Non-Land Costs) 18.86 0.14
Total Other Costs 148.54 1.11
6. Total of Above Costs 329,18 2.45
7, Return to Risk 6.32 0.05




XTII--AGGREGATIVE ASSESSMENT OF THE CORN PRODUCTION SYSTEM

This chapter has two prime objectives. The
first major section of the chapter presents an
aggregation and integration of key findings from
the assessments of individual technologies for
the overall U.S. corn production system. In the
second section, the impacts of these technologies
are projected to the year 2000 and the major im-
plications of these projections are discussed.

The analysis presented here is a partial one,
since a complete analysis would require assessment
of the interaction of technologies across commo-
dities within a general equilibrium (supply-
demand) framework. Such a complete analysis
would require resources beyond the level available
for the study. Two basic assumptions are made:
(i) the demand for corn relative to other products
will remain at about its present level;l/ and
(ii) total U.S. corn acreage will also remain at
about its present level.2/

Assessment of Overall Corn Production System

Acreage, Yields and Production Capacity

Annual average yield increases of 1.5 bu/ac
can be expected through most of the next decade.
The major gains will come from improved hybrids,
but irrigation, drainage, crop rotations and im-
proved technology management systems will also
make contributions. (This will be discussed in
more detail later under "Production Impacts Of
Technologies by the Year 2000.")

Future production capacity changes may come
from either yield or acreage changes, but yield
increases will probably be the most important.
The roughly five-fold increase in corn production
capacity since 1930 has come mainly from increased
yields. The land inputs used in achieving these
yields have been augmented substantially by irri-
gation, drainage and other technological improve-
ments. Should effective demand warrant doing so,
corn production in the U.S. could be quickly ex-
panded by another 10 million acres or so, meinly
by substituting corn for other crops. Much of
this expansion potential is due to available
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technologies which now provide improved control

of soil moisture and fertility, more widely-
adaptable hybrids (e.g., shorter maturity rates), '
more effective pest control systems, more timely
production operations and reduced labor require-
ments.

Resource Use

This discussion on resource use is limited to
the major resources involved in corn production.

(i) Energy

The nature of energy use in corn production
changed greatly as production practices shifted
from the use of draft animals and labor intensive
production technologies, to the use of highly
mechanized technologies with large inputs of
chemical fertilizers and pesticides. Prior to
this change, corn production used very little
fossil fuel energy. The system drew heavily on
land to produce hay and grain as an energy source
for draft animals, mainly horses. By 1950, horse
and mule numbers had been reduced by 70 percent
from World War I levels, and the substitution of
tractors for draft animals was virtually complete.
The use of chemical fertilizers and pesticides
in farm production, on the other hand, is mainly
a post-World War 1I phenomenon. The energy
output/input ratio has remained fairly constant
since 1945 - energy inputs per acre have risen
in roughly the same proportion as energy outputs
(yields/ac), as is illustrated in Figure XII-1.

Although the energy intensiveness per bushel
of corn does not appear to have increased since
World War II, corn has become more energy inten-
sive on a per acre basis (particularly when pro-
duced with pump-sprinkler irrigation technology).
At present, corn is energy intensive relative to
other field crops. It requires three times more
energy per acre than soybeans (in the Corn Belt),
and twice as much energy per dollar of output
(Johnson, 1981). Thus, increases in real energy
prices will enhance the competitive position of



Figure XII-1. Energy Output/Input Ratio for U.S.
Corn Over Time, 1945-79
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Pimentel (1979); and Pimentel (1980).

soybeans (and some other crops) vis-a-vis corn. .
The major energy intemnsive inputs in dryland corn
production are fertilizers (over 50% of the total)
and grain drving (13%). Irrigated corn is more
energy intensive than dryland production, with the
irrigation process itself being the major user of
energy (at 30% of the total). Where deep well
pumping of water is involved, energy costs for
pumping may be 60 percent of total energy costs
(Wittmus et al., 1975; Jensen and Kruse, 1980).

Dramatic increases in energy prices relative
to those for corn could have severe adverse im-
pacts on the cost structure of corn production.
A critically important criterion for future corn
production technology is that of increased energy
efficiency. Low energy prices have induced
energy~intensive production technologies for corn.
However, the overall energy output/input balance
remains highly favorable (Figure XII-1).3/ In the
future, improved energy efficiencies in irrigation
and corn drying are likely. There are also indi-
cations of a leveling off in the use of agricul-
tural chemicals.

(ii) Land

. The amount of land required to produce one
bushel of corn has fallen rapidly, corresponding
to increases in corn yields (Table XII-1). 1In
1945-49, 0.028 acres of land were required to pro-
duce one bushel of corn. During 1975-79, this
fell by two-thirds to 0.010 ac/bu. Thus, changes
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in technology have resulted in a lower land re-~
quirement for a given amount of corn production.

Table XII-1. Land Requirement to Produce Corn

Total

Corn Acres Acres of Land

Harvested Yield Per Bushel

for Grain of Corn of Corn Grain
Year (m. acres) (bu/ac) Harvested
1945-49 86 36.1 0.028
1955-59 76 48.7 0.021
1965-69 57 78.5 0.013
1975-79 70 95.1 0.010

Source: USDA, Agricultural Statistics, various

years.

As of 1981, the potentital for some major land
augmenting technologies (agricultural chemicals
in general, and nitrogen fertilizer in particular)
appear to have been almost fully exploited. Mech-
anical technologies have made modest contributions
to land augmentation in the past (more effective
tillage, planting and harvesting technologies)
and, can only be expected to make modest (at best)
contributions in the future. Thus, conventional
plant breeding, irrigation and improvements in
technology management procedures appear to be the
major sources of land augmenting technology in
the near term. (Contributions from the emerging
biotechnologies are still some years away.)

(iii) Labor

A century ago (in 1880) corn production re-
quired about 1.8 hours of labor per bushel. Corn
production remained labor intensive throughout
the early decades of the 20th century. Since
World War II, the labor required to produce one
bushel of corn has fallen even more dramatically
than the land requirement (Table XII-2). 1In
1975-{9, labor required was less than 10 percent
of that in 1945-49. A modest decline in labor
input per unit of output is continuing.

Table XII-2. Labor Required to Produce Corn

Labor Requirement

Year {hrs/ac) (hrs/bu)
1945-49 19.2 0.53
1955-59 9.9 0.20
1965-69 5.8 0.07
1975-79 3.6 0.04
Source: USDA, Agricultural Statistics, various

years.



The major labor efficiencies in corm production
resulted from the mechanization of tillage, plant-
ing and harvesting operations, combined with the
extensive use of herbicides for weed control.
Improved labor efficiency, coupled with per acre
yield increases have reduced the labor input in
corn production to less than 5 percent of total
production costs (Table XII-5). Moreover, at the
present level of less than 0.04 hrs/bu, the scope
for further substantial increases in labor effi-
ciency appears remote.

(iv) Capital

Expenditures for corn production - both those for
investments in durable items (e.g., land, machin-
ery and equipment) and those for servicing annual
production inputs (e.g., fertilizer, fuel, seed,
machinery repairs, etc.) - have grown rapidly inm
recent years. The cost of credit required to fi-
nance these expenditures has, along with interest
rates, exploded to much higher levels. Annual
costs of servicing all production inputs (inclu-
ding capital investments) are illustrated in Table
XII-5 for the period 1975-80. Some additional
perspective on capital investments for corn pro-
duction is presented below.

In terms of capital investment costs for corn
production, several items dominate. Foremost is
real estate capital. Field machinery and equip-
ment, along with grain drying and storage facili-
ties, are also expensive investment items. Where
applicable, irrigation and drainage systems are
also of key importance. Table XII-3 presents an
illustrative, and somewhat simplified, perspective
on the per acre and per bushel investment require-
ments for these durable capital items. Actual
per unit investments vary greatly between farms
depending on size of farm, location and technol-
ogy used. One impact of these high capital in-
vestments is to drive the per bushel differential
between costs and revenues to a very low level
(see section on costs later in this chapter).
Another impact is that of limiting entry into com-
mercial corn production to those with substantial
capital or access to capital. For example, the
investment costs of Table XII-3 indicate that 300
acres of corn require a capital investment of $1
million.

(v) Water

With the major expansion in the irrigation of
corn that has taken place, water has become a
critical input on more than 11 million acres of
corn. This acreage is continuing to grow, and
compared to other irrigated field crops, corn is
a heavy user of water. Until recently, water
consumption withdrawals in the U.S. for agricul-
ture (77% of total withdrawals in 1975) dwarfed
all other uses. However, non-agricultural water
use is increasing rapidly, and future competition
between water for corn production and other uses
will be much more intense.

Table XII-3. TIllustrative Investment Costs for
New Durable Capital Used in Corn Production
(1981 Basis)
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Cropland (Corn Belt) $2,000+ $20.00
Field Machinery and
Equipment S 400 $ 4.00
Drying and Storage
Facilities $ 150+ $ 1.50
Irrigation Facilities $  500-$650 $ 5.50
Subsurface Drainage
System $ 300-$500 $ 4.00
Total $3,350+ $35.00
al/

Not all of these investment costs are incurred
by all producers. For example, many, though not
all, Corn Belt farmers invest in drying and stor-
age facilities and in land drainage systems. Few,
however, invest in irrigation systems.

b/ . L .

—'For investment decision purposes, investment per
additional bushel produced is a more relevant
measure than these average investments across

the whole corn enterprise.

Currently, the rapidly declining water table
in the Southern Plains portion of the Ogallala
aquifer constitutes an issue of particular con-
cern. In general, the intertemporal trade-off
in water use is becoming a critical issue in the
application of irrigation technology, since cur-
rent use from some aquifers exceeds their re-
charge capacity. Aside from the Southern Plains
however, most current use of water for corn irri-
gation is not in intense competition with other
present or 'mear future" water uses. This is
partly because corn is not a major crop in the
arid regions of the Mountain or Western States.

(vi) Chemicals

Use of agricultural chemicals increased ten-fold
in the Corn Belt between 1950 and 1979 (USDA,
1981). In recent years, the aggregate use of
both fertilizers and pesticides in corm produc-
tion has levelled off substantially. This level-
ling off is the result of both: (1) a very high
proportion of corn acreage mnow receiving treatment
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(96% of all corn acreage now receives fertilizer
and 98% receives herbicide); and (ii) fertilizer
applications have now reached near optimal levels
from a marginal cost-marginal returns perspective.
One can conclude that the leveling off of fertili-
zer application rates on corn (and consequently

in the yield increase from fertilizer) is probably
a rather permanent phenomenon because, at current-
ly high application rates (125-130 lbs/ac), the
marginal product from additional nitrogen is rela-
tively low (.12 bu/lb of N).

Chemical fertilizer is a land augmenting tech-
nology since it has generated major increases in
per acre yields. While pesticides are land aug-
menting (yield increasing), herbicides also sub-
stantially reduce the labor and mechanical inputs
required for effective weed control. Both ferti-
lizer and pesticides are energy intensive inputs.
It is this characteristic, plus their potential
for environmental pollution, which gives them an
element of vulnerability.

Continued use of herbicides at, or near, cur-
rent levels is probably necessary if soil erosion
is to be contained or reduced via reduced tillage
technologies. Environmental damage from herbi-
cides could be minimized by using less persistent
chemicals. Insecticides are currently used on
corn, particularly for controlling corn root worm.
Use of insecticides can be minimized by reducing
the incidence of corn following corn and by
scouts to monitor insect populations and to opti-
mize the timing of insecticide treatments.

In summary, agricultural chemical technologies
are a key component of current corn production
technology, reducing labor and machinery field
operations substantially. Their continued use is
of critical importance, but improved management
practices have the potential to reduce application
rates, thus also conserving energy and minimizing
environmental damage.

Costs

Obtaining consistent, historical cost of pro-
duction data on corn proved difficult. No U.S.-
wide data were available prior to 1975, but use-
ful historical data for Illinois were obtained
from the Department of Agricultural Economics,
University of Illinois.4/ Even with these data
(Table XII-4), there are problems of comparability
over time. Thus, no strong inferences can be
drawn about trends in the real costs of producing
corn. The data of Table XII-4 do not indicate
any clear trend in real producton costs per bushel
of corn prior to the mid-1970s.5/ During most of
this period, machinery inputs were replacing
labor, and chemical inputs were becoming major
components of the corn production system. In
general, farm labor was being replaced by capital
intensive inputs purchased from the industrial
sectors.6/ Fortunately, yields increased
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Table XII-4. Real Corn Production Costs - Central
Illinois, 1931-80

Period Real Cost ($/bu)d/
1931-32 $2.57
1941-42 $1.61
1951-52 $1.98
1959-60 $1.88
1964-73 $2.01
1974-80 $2.30

a/

The first four figures in this column were ob-
tained by dividing the real costs for the period
by the average yield for six years surrounding
and including that period (to smooth out yield
fluctuations due to weather). The final two
figures were obtained directly from yield and
cost figures for each year within the relevant
period. Real cost is nominal cost deflated by
Prices Paid index (1977=100).

dramatically during the 1950s and 1960s, so that
real costs (per bushel) appeared to change little
during this period. However, during the 1974-80
period, rising land, machinery and energy prices,
coupled with a slowing of yield gains pushed real
costs (per bushel) above the levels of the preced-
ing decades. From the standpoint of the economic
viability of corn production, increasing inter-
sectoral costs (purchases of machinery, energy,
chemicals, etc.) are of greater concern than are
increases in (largely) intrasectoral costs, such
as those associated with the capital costs due

to the restructuring of land ownership.

Cost of production data for the whole U.S. are
available only since 1975 (Table XII-5). Fron
1975-79, total variable costs averaged about $1.05
per bushel. Fixed costs, other than land, were
around 55¢/bu and land (market value) almost
90¢/bu. (Each cost category, however, shows a
significant jump in 1980, due to low yields, as
well as continuing inflation.)

There are only small regional cost differences
between the major corn producing areas. Where
they do exist, they are strongly influenced by
regional yield differences (Lagrone and Krenz,
1980). The greatest cost differences occur
between irrigated and dryland production where
the production cost structure differs substan-
tially (Lagrone and Krenz, 1980). Moreover, indi-
vidual producer costs do vary greatly within all
regions, particularly with respect to the actual
land costs incurred. Those producers with very
high land servicing costs currently have major
cash flow problems.



Table XII-5. U.S. Corn Production Costs Per Bushel, 1975-80.

1975 1976 1977 1978 1979 1980
VARIABLE: ‘
Seed 0.11 0.11 0.12 0.12 0.11 0.16
Fertilizer 0.45 0.39 0.39 0.33 0.34 0.53
Lime 0.01 0.01 0.01 0.01 0.01 0.02
Chemicals®/ 0.14 0.11 0.10 0.13 0.12 0.17
Custom operationsh/ 0.06 0.07 0.06 0.04 0.04 0.05
Labor 0.10 0.12 0.13 0.10 0.11 0.14
Fuel and lubrication 0.07 0.09 0.09 0.08 0.11 0.19
Repairs 0.06 0.08 0.08 0.07 0.09 0.11
Drying 0.04 0.06 0.07 0.06 0.06 0.07
Interest 0.04 0.03 0.03 0.03 0.04 0.07
Total 1.06 1.07 1.09 0.98 1.03 1.51
MACHINERY OWNERSHIP:
Replacement 0.17 0.20 0.21 0.19 0.21 0.28
Interest 0.08 0.09 0.08 0.09 0.13 0.22
Taxes and Insurance 0.02 0.02 0.03 0.03 0.03 0.04
Total 0.27 0.30 0.31 0.31 0.37 0.54
Farm Overhead 0.10 0.11 0.11 0.07 0.07 0.10
Management& 0.17 0.14 0.15 0.14 0.15 0.21
TOTAL, EXCLUDING LAND 1.60 1.62 1.66 1.49 1.62 2.36
TOTAL, INCLUDING LANDQ/ 2.48 2.46 2.54 2.35 2.60 3.82
TOTAL, EXCLUDING LAND,
DEFLATEDE/ 1.80 1.71 1.66 1.37 1.30 1.69
TOTAL, INCLUDING LAND,
DEFLATEDS 2.79 2.59 2.54 2.16 2.08 2.73
YTXELD/PER PLANTED ACRE 85.7 87.1 88.8 100.5 109.6 90.5
al/

Includes herbicides, insecticides and rodenticides not otherwise included under
custom operations.

b/ . . . . .

=" Includes custom application of crop chemicals, the cost of chemicals in some
cases, and custom harvesting and hauling.

c/f

Based on 10% of the above costs.
El--/Weighted current value composite of owned and rented land.

E/Deflated by USDA Prices Paid Index, which in the respective years was 89, 95,
100, 109, 125, and 140.

Source: Committee on Agriculture, Nutrition and Forestry, U.S. Senate (various
years), Costs of Producing Selected Crops in the United States, 1975,
1976, 1977, 1978, 1979. Data for 1980 are unpublished, USDA.

Revenue vs. Costs - There was a negative return in 1931-32, as a
- result of the extremely low corn prices during
The nominal values for costs of producing corn economic depression, as well as the relatively
in Central Illinois were compared with the nominal high costs per bushel (Table XII-4). Aside from
corn price for the corresponding period (1931-80). the 1931-32 period, there has been a steep decline
The difference between nominal prices and costs in the real revenue-cost differential over time.
for each period were then deflated by the CPI, The present low margin between revenue and cost
in order to estimate changes in real net returns per bushel for Central Illinois can be extrapo-
over time. The results of these calculations are lated to the whole U.S., by comparing costs from
shown in Table XII-6. Table XII-5 with the corresponding U.S. corn
prices.
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Table XII-6. Historical Real Net Returns for
Corn - Central Illinois

Real Net Returns

Period (Prices — Costs in S/bu)é/'
1941-42 $3.15

1951-52 $2.61

1959-60 $0.61

"1964-73 $0.61

1974-80 $0.12

a/

1980 dollars (nominal prices - costs, deflated
by CPI).

Thus, new technology has been accompanied
by both (i) increased yields and production vol-
ume, and (ii) lowered profits per unit of output.

Farm Structure

With a decline over time of real net returns
per bushel of corn, total net income of producers
can be maintained only by increasing the size of
the operation. Historical data on the size of
farms growing corn, and on the size of the corn
enterprise, is available from U.S. Census of
Agriculture sources. However, such data averages
all units identified as 'farms," rather than pro-
viding a more useful 'operating unit' definition
of size. An operating unit measure, which is
"acreage weighted" is available from a cost of
production survey (Lagrone and Krenz, 1980).7/

Table XII-7 illustrates the difference in size
of corn enterprise between Census farms and
acreage-weighted operating units for Minnesota,
Iowa, and Illinois in 1978. It is only by utili-
zing modern mechanization technology on these
larger operating units that commercial producers
can keep per unit investment costs to an accept-
able level. Moreover, the corn enterprise typi-
cally represents only about one-third.to two-
thirds of the cropland acres for operating units
(see Table XII-8). Thus much of the machinery
and equipment technology, labor and overhead costs
are spread over enterprises other than corn.

In order to put together operating units of
adequate size, many farmers rent cropland acreage
in addition to that which they own. For example,
the percentage of land rented on the sample of
dryland operating units shown for 1978 (Table
X1I-8) ranged from about one-third in Minnesota
to almost 60 percent in Illinois (Lagrone and
Krenz, 1980). In summary, among the impacts of
technological change in corn production have been
increases in farm operating size, and in the inci-
dence of land renting, in order to increase in-
comes and to spread overhead.
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Table XII~7. Comparison of Corn Enterprise Size
(Census vs. Operating Unit Definitions) for
Three States, 1978

Cornland (acres)
Acreage Weighted

State Census Units Operating Unitsa/b/
Minnesota 91 218
Towa 125 762
I1llinois 140 372

E/Data are from statistical samples ranging from
48-73 farms per state. Sample stratification
sought to provide equal probability of including
each acre of corn. Thus it is an acreage weighted
sample of corn producing units which is depicted
by the data.

E/The corn acreage weighted operating units in
Minnesota and Iowa farms each had 131 acres of
soybeans and the Illinois farm 174 acres.

1978 Census of Agriculture and 1978
survey by Lagrone and Krenz (1980).

Source:

Table XII-8. Operating Unit Sizes of Total
Cropland and Total Cornland, Various States,
1978

Cropland Cornland
(ac)i/ (ac)
Dryland
Illinois 605 372
Indiana 515 326
Iowa 459 262
Missouri 799 294
Ohio 489 230
Michigan 447 233
Minnesota . 505 218
Wisconsin 403 212
Kansas 535 177
Nebraska 556 352
Texas 1,149 382
Irrigated
Colorado 2,403 1,139
Kansas (High Plains) 1,537 455
Nebraska 756 450
Texas (High Plains) 1,979 655

3/Soybeans are the major non-corn field crop in
the Corn Belt, whereas both wheat and sorghum
are the major non-corn irrigated field crops in
the High Plains.

Source: Lagrone and Krenz (1980).



No direct observations on the historical
acreage of corn per acreage weighted operating
unit are available. The Agricultural Census does
give the acreage of corn land per census defined
farm. (Table XII-9 shows data from Iowa which
is used here as an example.)

Table XII-9. Census Data on Amount of Corn Land
Per Farm in Iowa, 1945-78

Corn Land
Year (ac)
1945 56
1954 56
1964 72
1974 112
1978 124

One could assume that these same rates of
change over time apply to the amount of corn land
actually farmed per operating unit. However,
this would result in an underestimate of the real
rate of change, since the proportion of corn land
rented per operating unit is thought to have
risen substantially over time. Consequently,
the historical size change of operating units in
Iowa is probably better represented by the upper
line in Figure XII-2.

Environmental Externalities

Environmental externalities are discussed in
detail within the chapters dealing with specific
technologies and are only highlighted below.

If soil erosion on corn land continues at pre-
sent rates, the long-run yields of corn will be
severely affected, perhaps by 15-30 percent by
the year 2030 (USDA, 1980). Thus, changes in the
technology of producing corn are necessary — and
in fact, are already underway. One-third of cornm
land is presently under reduced tillage and this
proportion is expected to double by 2000. Not
only will this conserve soil but short-term pro-
duction costs will be reduced. Many corn farmers
have, and will continue to adopt reduced tillage
voluntarily. 1In other cases, small economic
incentives may be necessary. On steeper slopes
(especially in Iowa), reduced tillage will have
to be augmented by other forms of erosion control
and stronger economic or legislative inducements
may be necessary.

Nitrate contamination of groundwater is a po-
tential problem which could result from nitrogen
applications to corn and from release of nitrogen
from organic matter. Problems so far have been
of a localized nature. Although this is not to
discount its importance in those areas, it does
mean that local adjustments (deeper wells,
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Figure XII-2. Estimate of Historical Corn Acreage

Per Unit, Iowa, 1945-78.
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Source: Lower line is from Table XII-9. Upper

line estimated by adjusting the lower
line by: (i) a factor representing the
proportion of operating acres rented
(assumed to have risen linearly from 10%
to 50% over the period); (ii) an addi-
tional small modification in order to
bring the 1978 estimate to the level
found in the survey by Lagrone and Krenz.

improved management of water applications, etc.)
may provide solutions. Future real energy price
rises should ensure a more efficient use of ni-
trogen fertilizer and consequently reduce the
problem. Effective monitoring of nitrate levels
would also be beneficial. Based upon present
knowledge, this does not look like an area re-
quiring major public sector intervention, or
major changes in production technology.

Phosphorus, unlike nitrogen, strongly adheres
to soil and is thus not a problem in groundwater.

. It is more likely to be a problem in relation to

eutrophication of lakes. Reductions in soil ero-
sion from reduced tillage are also reducing losses
of soil-borne phosphorus. The general problem of
phosphorus in relation to eutrophication is not

in relation to corn particularly, but to all of
agriculture.

Herbicides used on corn are generally non-per-—
sistent and non-toxic to humans. However, herbi-
cides have been linked with known carcinogenic
compounds and monitoring of herbicides for pos-
sible subtle or obscure effects should be contin-
ued. Tillage is the only viable technological
alternative to herbicides, but tillage on corn
has strong negative consequences in terms of soil
erosion. Heavy reliance on herbicides well



into the future seems likely. A number of fami-
lies of effective herbicides are available, thus
the removal of one or two families of compounds
from the market poses no serious threat to corn
production. A total ban on all herbicides would
reduce yields, however, a total ban seems a remote
possibility.

Insecticides pose a more serious threat to
human health. In addition, insect resistance,
along with the lack of a set of "back-up'" chemi-
cals means that the insecticide technology is
somewhat vulnerable. However, alternative (or at
least partially alternative) control measures are
available - crop rotation, scouting and hybrid
resistance. Overall there seems no strong rea-
son to predict environmental/health problems of
sufficient magnitude to remove corn insecticides
from the market. If this did happen, alternative
control techniques could substitute, with little
overall loss in efficiency. (Indeed, there
appear to be sufficient economic incentives at
present, to diminish insecticides use on corn.)

In addition to the problem of mining ground-
water resources discussed earlier in this chapter,
irrigation of corn contributes in a minor way to
water erosion on some fragile soils. However,

a greater environmental problem will exist via
wind erosion, if and when irrigation is abandoned
on some land due to the depletion of water sup-
plies and/or excessively high energy/corn price
relationships. 1In this regard, public policies
should be directed to the development of appropri-
ate environmental impact studies and to the provi-
sion of appropriate soil protection mechanisms in
connection with new irrigation developments.

Supply Vulnerability

The vulnerability of individual crop production
technologies has been discussed in some detail in
previous chapters. Our purpose in this section
is to discuss briefly the implications of these
vulnerabilities for the aggregate supply of U.S.
produced corn over the period between now and the
year 2000. Though it is not derived from our
technology assessment directly, a very brief dis-
cussion of supply vulnerability due to weather
and climate is included.

In order to place the following discussion of
supply vulnerabilities in perspective, it is im-
portant to keep in mind that aggregate corn
acreage harvested for grain is expected to remain
generally in the 70-80 million acre range. Also,
average annual marginal yield increases of around
1.5 bu/ac/yr can be expected through the 1980s.
This expected increase represents two-thirds
of the average yield increase over the period
from 1954~80. From 1990-2000, significantly
higher yield increases are expected, as some
emerging biotechnologies are commercially applied.
(See second part of this chapter for more
details.)

(i) Weather and Climate

Plant breeding, irrigation, drainage, grain drying
and mechanization technologies have all reduced
the vulnerability of corn production to both
intra-season and inter-season weather fluctuations.
Yet, weather variability continues to have a major
impact on aggregate production mainly via vari-
ance in average annual yields. A recent study
(Research Directorate of the National Defense
University, 1980) reported a standard deviation

in corn yields of 10 bu/ac for a historical base
period when adjusted to 1976-levels of technology.
That study did not account for "price induced"
yield effects, principally via fertilizer and

corn prices. Our own analysis, which used the
results of equation III-1 to do this, resulted

in a standard deviation of about 5 bu/ac over

the past 27 years.8/

With respect to climatic changes (longer-term
changes in weather patterns) there is no strong
consensus regarding what changes are likely or
what their impact on corn yields might be. How-
ever, indications are that, ''to the year 2000 at
least, climate (long-term changes) will probably
be a much weaker determinant of crop yields than
agricul tural technology" (Research Directorate of
the National Defense University, 1980). Moreover,
should systematic climatic changes occur, plant
breeding technology, particularly, can be employed
to minimize the adverse impacts of modest changes
in climate.

(ii) Genetic Resources

There may have been some improvements in increasing
the genetic diversity of corn in the ground in a
given year (Duvick, 1981) and such improvement

may continue as more private sector resources are
devoted to the development of parent inbred lines.
Nevertheless, disease or insect pest attack of

the magnitude of the 1971 corn blight could
reoccur. The prospect of such a problem ewxisting
for a period of more than one to two years appears
remote, since genetic resources in breeding pools
and in gene banks appear to be adequate.

Taking a longer-term view of the situation,
however, it appears that the total world supply
of genetic resources is diminishing. Yet there
will be a continuing demand for new and exotic
germplasm. Present government efforts to
collect, preserve and describe corn germplasm
appear to be inadequate. This poses a threat to
corn supply in the long-term.

(iii) Environmental Externalities

In the short-term, environmental considerations
are not likely to pose any major threats to the
supply of corn.?/ In the long-term, soil erosion
from water runoff could pose a serious threat,
if unchecked. However, voluntary changes in
tillage systems by farmers, assisted by modest
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incentives from government, can greatly reduce
this threat.

Other adverse environmental externalities
associated with current production technologies
(principally nutrient and toxic pollutants) can
probably be controlled at acceptable levels by
improved management and local regulation. Even=-
tual reversion of some irrigated cornland to dry-
land farming upon depletion of local water sup-
plies and/or because of high energy prices will
constitute a problem of significant adverse envi-
ronmental impact when it occurs. But, it will
probably not greatly jeopardize the aggregate
supply of corn.

(iv) Resource Supplies and Prices

0f the important resources used in corn produc-
tion, only the supplies of energy (including agri-
cultural chemicals with their high energy embodi-
ments), and water appear vulnerable to short sup-
plies in the near term.

Corn yields are now less responsive to changes
in nitrogen fertilizer prices compared to the
period from the mid-1950s to 1970 (Menz and
Pardey, 1981). Although the rates of nitrogen
application may change with a change in the
corn/nitrogen price ratio, this will not result
in large corn yield changes. (At the lower ni-
trogen application rates which prevailed during
the 1950s and 1960s, corn yields were much more
responsive to changes in the nitrogen/corn price
ratio.)

Although fuel for field machinery and grain
drying may be in short supply and experience
price rises in the future, the conservation of
fuel in field operations and the use of substi-
tute fuels for grain drying will probably avoid
vulnerability for aggregate corn production. Of
the several intensive energy using technologies,
only deep well irrigation appears seriously
threatened by "high price'" energy. Even in this
case, a combination of energy conservation, adop-
tion of more energy efficient technology and a
shift to shallower well water supplies (princi-
pally in Nebraska) will likely postpone the vul-
nerability of aggregate corn supplies to energy
prices until the year 2000. 1In fact, aggregate
irrigated corn acreage is expected to increase
over the short term. :

In the near term, water resources will limit
corn production below current levels only in the
Southern Plains. This vulnerability to aggregate
corn supplies will be more than offset by expan-
ded water use for irrigating corn in other areas.
Though competition from non-agricultural water
uses is rising rapidly, it does not appear that
this competition will be intense with most water
use for corn irrigation before the year 2000.
This situation could change, however, with an

extended drouth in the Central portion of the
U.s.

(v) Farm Structure

Concern has been expressed regarding the. im-
pact of large farms (particularly corporate farms)
on the vulnerability of supply for farm products.
Although this may well be a legitimate concern in
the long-term, it does not appear to be a source
of short-term vulnerability for aggregate corn
production. Only a small portion (about 5% in
1978) of U.S. corn production was from farms with
annual sales of $500,000 or more (Coffman et al.,
1981).10/

Probably of significant vulnerability is the
current and future financial solvency of some
corn producers who have borrowed heaviliy to in-
vest in durable capital for corn production (land,
machinery, irrigation equipment, drying and stor-
age facilities, etc.) at high prices. However
this financial vulnerability for individual pro-
ducers does not translate into vulnerability for
aggregate corn production. Corn land will likely
continue in production under a high level of tech-
nology even though individual producers experi-
ence financial problems severe enough to create
business insolvency. There is a strong incentive
for remaining producers to absorb any available
cropland.

Production Impacts of Technologies by the Year 2000

In this section, we take a longer-term (year
2000) view of the technologies which are expected
to have significant impacts on production capa-
city. This is done in a ceteris paribus frame-
work, where intercrop price and production rela-
tionships are not evaluated. Moreover, we con-
tinue our assumption that, on average, real corn
prices will continue at current or higher levels
to the year 2000. Since we do not consider
acreage changes, our projection of future tech-
nological impacts is mainly in terms of changes
in per acre yields, subject to informal feasibi-
lity constraints on production costs and permis-
sable environmental impacts.

An initial set of yield projections is made
which reports the "average' future impacts expec-
ted by survey respondents for the emerging bio-
technologies. A set of "adjusted projections"
is then developed which, in our judgment, better
reflects the impacts from these emerging technol-
ogies after taking uncertainty into account.

Yield Impacts to the Year 2000

Impacts of the technologies expected to have
a significant effect on corn yields are presented
in Table XII-10. The figures in this table are
taken directly, or derived from, earlier chapters
of this report. Columns two and three were
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Table XII-10. Yield Impacts of Various
Technologies, 1981-2000

Marginal Annual Yield Increases

(bu/ac/yr)
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1981 1.0 4 .2 1.5
1982 1.0 .3 .2 1.5
1983 1.0 .3 .3 1.5
1984 1.0 .2 .3 -1.5
1985 1.0 .2 .3 1.5
1986 1.0 .2 .3 1.4
1987 1.0 .2 .3 1.4
1988 1.0 .1 .3 1.4
1989 1.0 .1 .3 .2 1.5
1990 1.0 .1 .3 A 1.8
1991 1.0 .1 .2 .7 1.9
1992 1.0 .1 .2 1.1 2.3
1993 1.0 .1 .2 1.6 2.8
1994 1.0 .1 .2 2.1 3.3
1995 1.0 .2 2.6 3.8
1996 1.0 .2 3.1 4.3
1997 1.0 .2 3.4 4.6
1998 1.0 .2 3.7 4.9
1999 1.0 .2 3.9 5.0
2000 1.0 .2 3.9 5.1
Total Increase Over 1980 53.0
2/See text.

~b-/May not add due to rounding.

derived using the coefficients of Equation III-1.
The components of the technology trend variable
are expected to contribute the same one bu/ac/yr
as they have done in the past. These components
are plant breeding, irrigation, drainage and per-
haps some other technologies, such as plant popu-
lation, whose contributions to corn yields have
been strongly correlated with the contribution of
plant breeding.ll/ The yield contribution from
additional nitrogen fertilizer is expected to de-
crease over time.1l2/ However, the expected in~
crease in the 1980s, while extremely small com-
pared -to the decades of the 1950 and 1960s, is
only slightly below its contribution during the
1970s.13/ Columns four and five in Table XII-10
derive directly from the analyses presented in
Chapter XI and X, respectively.

The expected average annual corn yield increase
for the decade of the 1980s (1.5 bu/ac/yr) is sub-
stantially below the average increase from 1954-80

(2.3 bu/ac/yr). However, technology-induced corn
yield increases are expected to be approximately
0.2 bu/ac/yr higher in the 1980s compared to the
1970s, due mainly to new production management
technologies.

The exhaustion of yield gains from other
sources may provide an impetus for the development
of the emerging biotechnologies, which are expected
to begin making a significant contribution to
yield increases around 1990. Mainly as a result
of this, annual yield increases of 4 to 5 bufac/yr
could be expected as the year 2000 approaches,
resulting in a total increase by the year 2000,
of 53 bu/ac from all sources. This estimated in-
crease is double that of the Research Directorate
of the National Defense University (1980). How-
ever, we believe that the estimate of total yield
increase, shown in Table XII-10, is biased upward
since it embodies scientists' opinions about emer-
ging biotechnologies which do not yet exist.l4/

Adjusted Yield Impacts to the Year 2000

The yield impacts of the emerging biotechnolo-
gies are not known with certainty. Indeed, there
was considerable variability in the scientists'
estimates (as indicated in the Appendix to Chapter
X). 1In order to reflect this uncertainty, the
average yield increase estimates derived from the
surveys were adjusted downward by omne~third for
plant growth regulators and cell and tissue cul-
ture. For photosynthetic enhancement, the expec-
ted yield increase was put at iero.lé/ The adjus-
ted contributions from the emerging biotechnolo~-
gies, and the corresponding adjusted total con-
tributions, are shown in Table XII-11l. Under
this adjusted regime, yield gains are estimated
to range around 1.5 bu/ac/yr during the period
1981-90, rising to 3 bu/ac/yr by 2000.

Table XII-11. Adjusted Yield Impacts, 1989-2000

Marginal Annual Yield Increase (bu/ac/yr)

Emerging

Year Biotechnologies Totald/
1989 .1 1.5
1990 .2 1.6
1991 -3 1.5
1992 .5 1.7
1993 .8 2.0
1994 .9 2.1
1995 1.2 2.4
1996 1.4 2.6
1997 1.5 2.7
1998 1.7 2.9
1999 1.7 2.9
2000 1.7 2.9

‘ Total Increase Over 1980 38.5
a/

—'No contributions are expected from the emerging
biotechnologies prior to 1989. Therefore, expec~
ted yield increases prior to 1989 are as indicated
in Table XII-10. Components of the total annual
yield increases, other than emerging biotechnolo-
gies, are as shown in Table XII-10.
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Footnotes

1/The secular demand for feed grains is expec-
ted to be strong, both domestically and interna-
tionally, and the U.S. is expected to be the
major supply source in world trade. Annual export
demand for corn may, however, fluctuate by 10-15
percent. Thus, short run corn prices could de-
cline in both nominal and real terms. Demand is
not expected to change so as to induce major
changes in the price of corn relative to substi-
tute field crops or relative to other livestock
feeds.

Our analyses indicate that the use of many
corn production technologies are not highly sen-
sitive to corn price changes, therefore, the
assumption about the relative demand for corn re-
maining high is probably not a critical one to
the conclusions of this chapter.

2/Relative to yields, corn acreage has remained
fairly stable, ranging between 55-80 million acres
over most of the period since 1945. The advan-
tages inherent in rotating corn with soybeans
should help to stabilize the proportion of corn
land within a range about its present level (73
million acres harvested for grain).

Pasture and other non-cropland exists which,
under a regime of rising real prices for corn,
could be converted to corn production. Much of
this unused potential cropland is outside the
Corn Belt. However, an estimated 5 million acres
of prime farmland not presently used as cropland
exists within the five-state Corn Belt Region
(Larson, 1981). This land has withstood earlier
price incentives for comversion to cropland. On
some acreage, conversion costs are too high to be
profitable. In other cases, the land use objec-
tives of owners and other factors make conversion
unlikely (Lee, 1978; 1981). Thus, it would prob-
ably take high corn prices to induce the conver-
sion of as much as two million acres of non-crop-
land to corn over the next decade.

3/The data (presented in Figure XII-1) must be
reggrded as being approximate only, although a
comparison between Pimentel's figures for 1975
and those of USDA (1977) for 1974 showed a close
correspondence.

Furthermore, these data should not be applied
to specific corn production systems. Energy in-
puts per unit of output vary greatly between pro-
duction systems. Production systems using deep -
well irrigation, for example, are much more energy
intensive than dryland systems (Chapter V).

4/Costs and yields for Central Illinois for
selected years since 1930 (and all years since
1964) were obtained. Total per acre costs were
divided by yields to obtain costs per bushel. In
order to determine what has happened to real costs

over time, it is necessary to further adjust these
nominal historic costs by a deflator. Ideally
this deflator would be a price index relating
specifically to inputs used in corn production.
Such a deflator was not available for the whole
period, but was available from 1965 to the pre-
sent (Houck, 1981). A comparison between the

Houck deflator and the general "Prices Paid" index
from USDA revealed only small differences, however,
and the Prices Paid indexwas deemed adequate as a
deflator for our purposes. This deflator was

used to obtain an estimate of real costs per
bushel-of corn over time.

5/The high cost in 1931-32 was due to low
yields since hybrids were not available, and
higher land prices relative to later periods.

6/Not surprisingly, in the U.S. this was a
period of rapid movement of labor out of produc-
tion agriculture since wage rates in other
economic sectors were well above earnings achiev-
able via employment on small unmechanized farms.

7/In assessing the impacts of production tech-
nology we believe that, of the two measures, an
"acreage weighted" operating unit is the more
appropriate unit of observation. This is true
because it is the unit to which production tech-
nology is actually applied. And, these operating
units tend to gravitate toward a size which:
(i) effectively utilizes a rather complete com—
plement of modern production technology (e.g.,
8-row planting and harvesting equipment, efficient
sizes of tractor and tillage equipment and cost-
effective grain drying technology); (ii) effect-
ively uses a 2-person labor complement, often
available from the family labor supply; and (iii)
effectively exploits most available cost economies
of size (see Chapter VIII).

8/The maximum yield deviation of 15.8 bu/ac
between actual and expected yields (the latter
based upon average weather conditions using equa-

_tion III-1) in 1974 is indicative of the strong

impact which weather has on corn production, even
with modern technology.

9/The cutrent situation with respect to soil
erosion in the U.S., though serious, is not as
bad as represented by some. Mayer (1981), while
warning that the methodology differs somewhat
between the two surveys, compares results of a
survey conducted in 1934 with the 1977 National
Resources Inventory. 'The 1977 survey found 77
percent of cropland with only slight erosion com-
pared to 47 percent in the 1934 survey, 13 percent
with moderate erosion compared with 38 percent
in the 1934 survey and 10 percent with severe
erosion compared to 15 percent in 1934." Moreover,
in order for corn yields to increase as dramati-
cally as they have over the past several decades,
one concludes that soil resources used for corn
production are still in fairly good condition.
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10/Moreover, only 40 percent of U.S. farms
with sales of $500,000 or more were operated by
corporations in 1978. And, these units were con-
centrated in fed cattle, sugarcane, poultry,
canning crops and nursery stock (Coffman et al.,
1981). Thus, corn production is now mainly on
non-corporate farms of moderate size.

11/This correlation is expected to continue in
the future. .

12/In order to derive the estimates in column
2, Table XII-10, it was first necessary to make a
projection of nitrogen application rates through
the year 2000. This was done by extrapolating
from past rates of increase. In addition, a check
was made to see that the projected rates did not
conflict with the long-term pattern of adjustment
towards optimal (profit maximizing) nitrogen
application rates (see Menz and Pardey, 1981).

13/Energy shortages and high prices caused tem-
porary reductions in nitrogen application rates
on corn during 1974-75. As a consequence, the
contribution of additionmal nitrogen to corn yield
increases over the decade 1971-80 was lowered to
a level which may almost be equalled during the
decade of the 1980s.

14/0n the other hand, no allowance has been
made in Table XII-10 for any contribution from
genetic modification at the cellular level. This
technology is expected to be applied to corn prior
to the year 2000, but early applications are not
expected to result in significant yield increases
(Chapter X).

15/A majority of the. survey respondents
expected a zero yield gain from photosynthetic
enhancement by the year 2000 and the average esti-
mate of 7.9 bu/ac was strongly influenced by the
responses of only three people, whose expectations
of yield gains were highly optimistic.
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XITII--EVALUATION OF PAST R&D ON CORN AND A RESEARCH AGENDA FOR THE FUTURE

The discussion in this chapter has three broad
objectives:

(i) to assess briefly the pay-off from past
research and development (R&D) work on corn;

(ii) to present a brief inventory of R&D in-~
vestments currently being made in both the public
and private sectors; and

(iii) to identify some areas of R&D for corn
which appear to have high future priority.

The Pay-off for Past R&D

Most analyses of the returns to agricultural
research in the U.S. has been for aggregate, pub-
lic sector research (Norton and Davis, 1981).
Little analysis has been oriented specifically
towards corn-related research since much agricul-
tural research is not commodity specific. Also,
until recently, available data did not permit an
effective breakdown of research expenditures
along commodity lines even for that research
which was commodity-~specific. Analyses of private
sector R&D are hindered by lack of publicly avail-
able information about expenditures and revenues.
With respect to both public and private R&D for
corn, there is the problem of separating the
funding and effects of research from those of
education and/or market development (the latter
including advertising and promotion by the pri-
vate sector). Finally, not all research needs
or benefits can be identified by market related
measures of costs and benefits.l/ One advantage
of a broad based technology assessment, such as
the one reported here, is to help identify those
non-market related issues.

The initial major R&D effort on corn was the
development of hybrid seed. Griliches (1958), in
a pioneering work, estimated joint private and
public research expenditures for hybrid corn and
related innovations from 1910 to 1955. He then
computed the flow of net social returns (which
began in 1933) from this technology. By 1955,
the annual flow of research expenditures (about
$2.8 million) was dwarfed by the net annual flow
of social returns (about $239 million). He esti-
mated that the average dollar invested in hybrid
corn research in 1955 was earning a return of
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about 700 percent per year and that, up to 1955,
the social rate of return (conservatively com-
puted as an annual internal rate of return on
research) was between 35 and 40 percent.2/ This
high rate of return far exceeded that available
from conventional market investment alternatives.

Other Evaluations of Past Public Sector Research

Bredahl and Peterson (1976) estimated a mar-
ginal annual internal rate of return of 36 per-
cent for public sector research investments made
for cash grains (of which corn is the largest
single crop) by the U.S. State Agricultural Exper-
iment Stations.3/ Their analysis focused on
measuring the pay-off from research expenditures
made in the early 1960s and impacting on produc-
tion in 1969. A similar, subsequent analysis by
Norton (1981) concluded that the marginal internal
rate of return on public research for cash grains
was probably even higher (over 50%) for Experi-
ment Station investments made in the late 1960s
and impacting in 1974. (By the latter period,
production volumes and nominal prices for the
major grains were much higher than in the 1950s
and 1960s.) Sundquist et al. (1981) developed
estimates specifically for corn. They calculated
the annual internal rate of return (for corn re-
search done in the early 1970s and impacting in
1977) to be 100 percent or more.4/

In summary, available evidence indicates that
the social returns to total public sector re-
search for corn and related cash grain crops has
been high and generally well in excess of the
opportunity costs of alternative market options.5/
This conclusion does not automatically indicate
that the combination of past public sector re-
search investments for corn has been optimal.
Some important research areas may have been un-
derfinanced while other research expenditures
may have contributed little to improved corn pro-
duction technology. In any event, the agenda of
research priorities changes’ over time, and con-
tinued efforts must be made to identify topics
of high priority for future research and to en-
sure that they received adequate support.



Private Sector R&D

Past R&D expenditures for corn production by
the private sector have centered on the develop-
ment of marketable inputs. Prior to World War II,
the emphasis was on machinery and equipment (see
Chapter VIII). In recent decades, however, R&D
by private sector chemical and seed companies has
risen sharply.

Although it is virtually impossible to estimate
a specific rate of return for private sector R&D
investments for corn, data presented in Chapter
IIT for Pioneer Hi-Bred International indicated
that R&D expenditures for hybrid seed corn are a
rather small percentage (2.25%) of total sales
revenues. Thus, industry-wide expenditures for
seed corn related R&D (estimated at $26 million
in 1980) probably earn a very high rate of return
from the $1 billion of. annual corn hybrid seed
sales (see Chapter III). Aggregate R&D expendi-
tures of this magnitude appear rational as indivi-
dual seed companies undertake development work in
order to remain competitive in the market place
for their products.

Ruttan (1981) estimates that the agricultural
pesticide industry is the most research-intensive
of the agricultural input industries, spending
about 10 percent of the sales dollar for research.
Comparable percentages are about 3 percent for
the farm machinery industry, and less than 1 per-
cent for the fertilizer industry. Compared to
the public sector, private sector research is con-
centrated in the physical sciences and engineering
(close to two-thirds of all private sector R&D),
reflecting its focus on "marketable" products.
Recently, however, the private sector has also
become heavily involved in R&D activities per-
taining to the emerging biotechnologies (Murray
and Teichner, 1981). And, some of this R&D effort
is focused directly on corn. The prospect of de-
veloping patentable products in this area is ob-
viously spurring such investments.

Current R&D Expenditure Levels

Close to two-thirds of the research in support
of the U.S. food system now comes from the private
sector (Ruttan, 1981). It is about evenly divided
between the production and the marketing-distri-
bution sectors. Public sector research, on the
other hand, is concentrated heavily on the produc-
tion side.6/ In the past 15-20 years agricultural
research expenditures by the private sector have
increased much more rapidly than for the public
sector. In fact, the real (constant dollar) level
of agricultural research expenditures by USDA is
virtually unchanged over the past 15 years. And,
increases in real expenditures by the State Agri-
cultural Experiment Stations have been very modest
indeed (OTA, 1981).

Public Sector Research

In 1979, research expenditures for corn made
by USDA and the State Agricultural Experiment

.

Stations (SAES) totalled more than $33 million
and included over 313 scientific man-years of
human resources (CRIS, 1981). Though this repre-
sents a significant public research investment,
it is less than 0.2 percent of the market value
of corn produced in that year. (Some significant
portion of other basic and applied research, not
specifically targeted on corn also has impacted
on corn production technology. Some other public
agencies also conduct a minor amount of research
for corn.)

Table XIII-1 presents a breakdown of 1979
USDA~SAES research expenditures for field crops
by major research categories. Though these expen-
ditures do not refer specifically to corn, they
do provide some perspective on the current rela-
tive importance of the major public sector re-
search endeavors which impact on corn technology.

. Biological research is of primary importance,

followed by pest management. Soil-plant water
and nutrition and other water related research
also receives considerable research attention.
Though mechanical research still receives some
public sector funding support, most is not aimed
just at saving labor.

Table XIII-1. Selected USDA-SAES Research
Expenditures and Scientific Man Years (SMY)
by Major Research Categories (1979)

Expenditures

Research Category ($m.) SMY
Improved biological
efficiency-field crops 89.9 800
Disease control-field
crops 34.5 338
Pest (insect) control-
field crops 35.2 322
Weed control-field crops 16.3 153
Soil-Plant Water and
Nutrition2 27.4 265
Watershed Protection and
Management2 25.3 224
Conservation in Use of
Waterd. 13.7 135
Drainage and Irrigationél 7.1 68
Mechanization of Field
Crops 7.1 66
a/

Not limited to field crops but includes all
agricultural research applications.

Source: Unpublished data from CRIS (1981)
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Private Sector R&D

Estimates of private sector (industry) expendi-
tures for plant-related research (corn and non-
corn) in 1979 are shown in Table XIII-2. These
estimates, while not breaking out corn related
research specifically (with the exception of our
estimate for corn breeding), do serve to highlight
the three major areas of private sector interest
in plant related R&D: plant breeding; chemical
pesticides; and machinery and equipment.

Table XIII-2. Estimated Private Sector Plant-
Related Research in 1979

Research Expenditures

Category of Research (Sm.)
Plant Breeding 60-155a/
Pesticides 339
Plant Nutrients 3
Farm Equipment 225/

a/

=" Qur previously reported estimate of annual R&D
for hybrid seed corn is $26 million (see Chapter
III).

E/Includes all R&D investments by industry for
farm equipment. No plant/livestock breakdown

is available.

Malstead (1980).

Source:

With the exception of some more basic research
on emerging biotechnologies, a high portion of
private sector R&D expenditure is aimed at pro-
duct development. -

An Agenda for Future R&D

Strong continuing public sector research
efforts on corn appear to be needed.  Ruttan
(1981) concludes that: '"even in corn breeding,
where economic incentives have been strongest
(for private sector R&D), the private sector com-
panies continue to make only limited investments
in the supporting sciences such as genetics, plant
pathology, plant physiology and related areas."
We share this conclusion and believe that similar
statements can be made regarding the importance
of continuing public sector research input in
such areas as pest management, plant nutrition, -
biotechnologies, etc.

Increased labor efficiency coupled with tech~
nology to service larger production units (capable
of generating larger incomes) were for many years
the key forces driving R&D efforts for corn pro-
duction. In more recent decades, the drive for
higher yields has accelerated as market demand
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for corn has increased along with the need of
farmers to cover much higher cash costs.

Looking to the future, further yield increasing
and cost reducing production technology will con-
tinue as a high priority. This conclusion is
supported by data in Chapter XII showing that the
real net returns per bushel of corn have declined
dramatically over time leaving only a narrow
profit differential for even the more efficient
corn producersiZ/ In addition, ecological safety
together with conservation of energy, soil and
water resources will replace additional labor
efficiency as major public sector goals while
private sector R&D will continue to focus mainly
on "marketable products." The listing of high
priority research areas which follows, though
targeted mainly at the public sector, should also
have relevance to private sector R&D.

Technologies for Directly Manipulating
the Corn Plant

Breeding

Currently the single most important source of
corn yield increase over time is conventional
plant breeding. These breeding programs also
provide a cost-effective and ecologically safe
source of much disease and insect resistance.

It would be logical to divide research respon-
sibilities so that the public sector could con-
centrate on more basic research (e.g., the devel-
opment of new breeding methods and procedures),
while the private sector emphasizes research into
marketable products, such as new hybrids. How-
ever, in order to attract research funds, the
public sector is inclined to continue to develop
hybrids as tangible evidence of research output.
Historically, a large proportion of inbred lines
used in hybrid corn production have come from the
public sector. Ruttan (1981) contends that pub-
lic sector breeding programs should continue at
least "until it is possible to evaluate the
effects of plant variety protection on the perfor-
mance of private sector varietal improvement
efforts." Our analysis supports this contention.

Conventional plant breeding is not replaceable
by the emerging biotechnologies examined in this
report. Future R&D gains from breeding-related
biotechnologies will only be possible by their
incorporation within more or less traditional
plant breeding programs. Thus, conventional
plant breeding should receive continuing high
priority for future corn research funding.
Funding the emerging biotechnologies at the ex-
pense of conventional breeding would appear to
be foolhardy, since there is comparatively little
risk associated with yield gains from convention-
al breeding research.



Advances in basic sciences related to tissue
culture and genetic engineering are a pre-requi-
site to these techniques being routinely utilized
in commercial corn breeding programs. Such ad-
vances will necessarily come mainly from publicly
funded research, because-private institutions
avoid basic research unless they can capture sig-
nificant benefits, which they normally cannot do.
Because of the rate at which these emerging bio-
technologies have developed in recent years there
is an excess demand for qualified research per-
sonnel. Thus, research progress in the public
sector will be slowed unless qualified scientists
can be retained in public sector employment via
adequate financial and other incentives.

In Chapter X, plant breeding for photosynthetic
enhancement was estimated to provide an average
yield increase of 8 bu/ac by the year 2000. How-
ever, since most scientists surveyed expected a
zero yield gain from this source, we concluded
that the 8 bu/ac estimate is probably too high
(see second part of Chapter XII). We believe
that a more realistic expectation is in the 0-5
bu/ac range, which is probably insufficient to
justify very high levels of research funding.

Systematic collection, classification and pre-
servation of existing germplasm is a high priority
item for public¢ sector R&D related to breeding.
The potential cost of losing germplasm is too
great to incur, when it can be avoided at modest
public sector expenditure.

Physiology

Plant growth regulators: Sufficient funds
appear to be available for the applied testing of
available compounds by agricultural chemical com-
panies. What is lacking is the basic knowledge
of plant growth/physiological processes which will
allow guided, beneficial intervention in those
processes via growth regulators. Increased public
investment in understanding the relevant aspects
of plant growth/physiology has a potentially high
payoff.

Biological Nitrogen Fixation (in corn): Total
or partial nitrogen self-sufficiency in corn
offers an appealing ecological approach to sup-
plying nitrogen for corn production. Scientists
believe that modest gains in this area can be
made by the year 2000, but, at present, it is
unclear which approach towards nitrogen self-
sufficiency in corn will be most successful. None
of the major potential approaches can yet be dis-
carded. Again, publicly funded basic research is
necessary to advance this technology. When con-
sidering research funding, global implications
are relevant. A strong case for research funding
for BNF can be made on development assistance
grounds alone.

Interactions

Significant interactions are likely to occur witl
with basic research conducted in the above areas.
Research developments in one technology may find
application, or may speed developments, in rela-
tion to other technologies, or other crops.

Technologies for Manipulating the Environment
in Which Corn is Grown

Our assessment has indicated that improved
technology management procedures can contribute
significantly to future corn yield gains and to
improved resource conservation. Effective R&D
is needed to improve both: (i) the information
available for technology management (including
biological, physical, and economic relationships);
and (ii) the systems for its delivery and imple-
mentation (e.g., computer software, electronic
monitoring and control systems, improved scouting
techniques, etc.).

Soil erosion and soil nutrient pollution are
both contemporary environmental problems which
are potentially solvable by modifying existing
management practices. Research aimed at promoting
the use of reduced tillage for corn has a payoff
both for farmers (in terms of reduced production
costs) and for society in general (in terms of
reduced soil erosion). The main difficulty with
the implementation of reduced tillage is in terms
of weed control.8/

The reduced tillage system requires adaptation
to specific local needs and conditions (topography,
weeds, mulch cover, etc.). Farmers will do the
adapting .themselves in many instances, but a line
of highly flexible reduced tillage machinery will
be a key ingredient in the spread of reduced til-
lage systems for corn.

Formulation of constructive policies by the
public and by farmers towards soil erosion control
requires information on soil loss tolerance values
(the rate of soil loss which can be endured with-
out decreasing yields). While such values are
published for all important U.S. soils, consider-
able uncertainty remains regarding their accuracy. -’
The consequences of these values being inaccurate
could be severe. More long-term research into
gauging soil loss tolerance values (and to measure
the long-run impacts of soil erosion on corn
yields) is of high priority.

Since much of the nitrogen fertilizer applied
to corn is not utilized by the corn plant, in-
creasing the efficiency of fertilizer use by corn
would have the same general consequence as using
reduced tillage: a decrease in both production
costs and environmental pollution. Additional
research on accurate measurement of plant nutri-
tional requirements, the process of nutrient
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uptake by the plant and into methods of fertilizer
application (including timing and form of applica-
tion) can lead to this increased efficiency.

Rotating corn with legumes offers a potential
alternative source of nitrogen, but one which
cannct compete economically with inorganic ferti-
lizers at present. Recearch into increasing the
nitrogen contribution of rotations with corn
should be increased.9/

Chemical pesticides are used quite heavily on
corn, and chemical companies clearly have a vested
interest in promoting the use of their products,
through research or other means. Thus, the infor-
mation base for pest control methods which use
reduced levels of chemical inputs will have to be
provided by the public sector; this will include
information on insect physiology and pathology
and on the dynamics of pest populations.

Corn has a high water requirement. Therefore,
research needs to center on conserving water while
maintaining or increasing yields. One need is
for a better basic understanding of plant-water-
soil relationships. A second need is to develop
applied technology (irrigation systems, tillage
systems, moisture monitoring and control systems,
etc.) to utilize available water resources as
efficiently as possible.l0/

Finally, nitrogen fertilizer, artificial grain
drying and irrigation are the three energy-inten-
sive technologies now used in commercial corn pro-
duction. Creative research attention to conserv-
ing liquid fuel in these technologies is crucial
both for corn to remain a cost-effective crop and
for it to remain competitive with less energy
intensive crops (e.g., soybeans).

Footnotes

1/Among those costs and benefits most commonly
cited as being inadequately measured by market
forces are those of environmental externalities,
intertemporal trade-offs in use of resources,
basic social values, and public goods generally.

2/The internal rate of return is computed as
being that annual interest rate which, if charged
to research investments, would just equate the
cost of these investments with the discounted
value of the benefits accruing from the research.
Griliches warned, as have others, that any rates
of ‘return which can be calculated for research
are rough and should be regarded only as approxi-
mations. Most analysts, subsequent to Griliches,
have found it difficult to determine research in-
vestments by the private sector and have estimated
returns to public sector research expenditures and
then weighted the returns downward to adjust for
the omitted private sector expenditures.
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3/This marginal rate of return is appropriate
for evaluating the earnings of incremental expen-
ditures for research. It is probably an underes-

timation of the average rate of return accruing

to such research.

4/Data unavailability somewhat reduced the
reliability of estimated returns for corn research
alone. This high rate of return, as in the Norton
study, is attributable partly to the higher pro-
duction levels and nominal prices existing for
corn during the 1970s. However, without effective
yield increasing (and cost reducing) research,
the production volume generating these high bene-
fit rates could not have been achieved.

5/Whether or not there have been alternative
pubTic sector investment options with comparable
rates of return is an unanswered question, since
extensive evaluation of such alternatives has
not been conducted.

é/An excellent discussion of both the public
and private sector roles in agricultural research
is presented in Vernon Ruttan's book, Agricultural
Research Policy, forthcoming from the University

of ‘Minnesota Press.

7/Earlier in our assessment we indicated that
the major potential yield gains from fertilizer
technology and the major potential productivity

"gains from labor saving mechanization may have

already been exploited (see Chapters IV, VIII,
and XII particularly). Thus, new sources of
yield and productivity gains for corn must come
mainly from technologies other than these.

§/Two approaches to weed control worthy of
research attention are: (i) designing machinery
to temporarily remove mulch material from the
ground as herbicides are being applied; and (ii)
using chemicals, which naturally occur in cover
crops or mulches, as weed control agents. This
technology is in the exploratory stage only, but
the possibility which it offers for weed control
without either tillage or manufactured chemicals
makes it worthy of research attention.

9/The corn yield benefit resulting from rota-
tions is well-established. However, the reasons
for the yield increase are not clear (and cannot
be attributed to a simple "fertilizer'" effect).
Research should be aimed (i) at understanding
the yield increasing mechanism, and (ii) pro-
moting the fertilizer contribution of legumes in
rotation with corn.

10/Institutional reforms may be needed to deal
effectively with some problems of water mining
and environmental damage. But, these are not so
much future research agenda items as they are
items of basic value conflicts between societal
groups.
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