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Foreword

Variability in foodgrain yields and production has entered into the food
policy agenda in the wake of the green revolution, but debate and decision
making have been stifled for lack of a systematically gathered body of co-
gent evidence.

Research by the International Food Policy Research Institute (IFPRI)
on countries and crops shows that, in most cases, increases in yield vari-
ability and, more important, a loss in offsetting patterns of variation (in-
creased correlations) in crop yields between regions are the predominant
sources of the increase in production variability. There has been a ten-
dency by some researchers to attribute this increased yield variability to
improved seed- and fertilizer-based technologies. Some researchers have
also argued that plant breeders should focus less on maximizing average
yields and more on reducing yield sensitivity to environmental stress. Such
recommendations may prove costly for future growth in foodgrain produc-
tion, and they cannot be warranted before more thorough and quantitative
studies of the sources of increased variability have been undertaken.

In view of the importance of this issue to national breeding programs
and to the international agricultural research centers, the Deutsche Stif-
tung fur Internationale Entwicklung (DSE) and IFPRI convened an inter-
disciplinary workshop for an intensive four-day discussion of a broad
range of issues associated with increasing yield variability. There were
about 60 participants, including biologists, social scientists, and policy-
makers, with particularly strong representation from the centers of the
Consultative Group on International Agricultural Research (CGIAR).

Workshop participants discussed the relationship between changes in
yield variability and yield correlations and such causal factors as changes
in agricultural technology, weather, irrigation, input availability, and re-
lated variables. They also discussed the consequences of increasing yield
variability, including its effect on different types of farmers and on poor
urban and rural consumers. Participants were asked to make specific rec-

xvu



xviii Foreword

ommendations for agricultural research policy in the fields of plant breed-
ing, farming systems, and management of irrigation, fertilizers, and pesti-
cides, and to address the need for changes in national and international
agricultural policies. (Summary Proceedings of a Workshop on Cereal
Yield Variability, edited by Peter B. R. Hazell, was published by IFPRI
and DSE in 1986.)

Selected papers from the workshop plus papers commissioned to fill
gaps in coverage of issues constitute this volume. It is our hope that this
collection of papers will stimulate debate and further research on the im-
portant topic of yield variability and that it will lead to improved policies
and agricultural research priorities for coping with yield risks in the future.

JOHN W. MELLOR
ERHARD KRUSKEN
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1 Introduction

JOCK R. ANDERSON AND PETER B. R. HAZELL

Many countries have achieved impressive rates of growth in national food-
grain production in recent years. Much of this growth can be attributed to
new technologies, especially improved varieties, and the increased use of
irrigation, fertilizers, and pesticides. These increases in production have
provided a lifeline for many developing countries and prevented the mass
starvation predicted by some observers in the mid-1960s.

As agricultural output has grown, however, so has its variability, and
this presents other problems and concerns that need to be addressed by the
agricultural research and policymaking community. Prominent among
these concerns are:

a. increased income risk, which may make new technologies less attrac-
tive to farmers and hence slow agricultural growth in developing
countries;

b. increased instability in national and world food supplies, which may
act to destabilize domestic prices, national income, and the food con-
sumption of the poor, especially in poor agrarian countries;

c. increased variability in domestic production, which may add to the
difficulties and cost of price support and stabilization schemes in
many industrial countries.

There has been a tendency by some researchers to attribute this in-
creased variability to the improved crop varieties underlying the new tech-
nologies (e.g., Mehra 1981, Barker et al. 1981, and Griffin 1988). Some
researchers have also argued that plant breeders should focus less on maxi-
mizing average yields and more on reducing yield sensitivity to environ-
mental stress. Such recommendations may prove costly for future growth
in foodgrain production, and they cannot be warranted before more thor-
ough and quantitative studies have been undertaken of the sources of in-
creased variability or of alternative ways of redressing the problem.
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In view of the importance of these issues to policymakers, to national
breeding programs, and to the international agricultural research centers,
this book attempts to bring together a significant body of empirical evi-
dence on production variability, drawing on work in several disciplines,
including plant breeding, agronomy, and economics. Chapters review
available evidence on patterns of variability in cereal production and how
these patterns have changed in recent years. The biological, climatic, and
economic factors underlying these changes are discussed and implications
sought for both agricultural research and policy.

To make the task more manageable, the scope of the material has
been limited in two ways: First, there is a focus on yield risks. These are the
most important source of increase in the variability of world food produc-
tion (see ch. 2). Yield risks also lead to much of the variability in domestic
prices in many countries, and they are often the predominant source of risk
in rainfed agriculture. Second, attention is confined to cereals. These are
the predominant foodcrops for most of the world's poor. They are also the
crops that are most directly linked to recent advances in high-yielding
varieties.

Structure of the Book

The book has four parts. The first examines patterns of yield variabil-
ity for the world and for selected countries and how these patterns have
changed in recent decades. While the chapters in this section are largely
descriptive, they do suggest some important hypotheses about causal fac-
tors behind changing patterns of variability. Part II explores the relation-
ship between plant breeding and yield variability. It includes empirical
evaluations of the stability of many modern cereal varieties in comparison
with their more traditional counterparts. Part III reviews the relationships
between cultural practices, particularly the use of key inputs, and yield
variability. The final part discusses the conditions under which increasing
yield variability may be a problem for farmers, poor consumers, and gov-
ernments; the consequences for these interest groups; and reviews the im-
plications for agricultural policy and agricultural research priorities.

Part I. Evidence on Patterns of Changing Yield Variability

In chapter 2, Hazell introduces a variance decomposition procedure
and examines the evidence for changing patterns of variability in cereal
production for the world (excluding China because of data difficulties) and
for the 34 most important cereal-producing countries. While the results
vary by crop and country, it seems clear that there has been a general pat-
tern of increase in the variability of total cereal production since the early
1970s. Hazell finds that this increase is predominantly due to increases in
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the variances and covariances of yield. This finding justifies the focus of
this book on yield variability in that it is the major variable of interest in
comprehending production variability. Perhaps the most important con-
tribution of chapter 2 is the identification of yield covariances, and partic-
ularly increases in yield correlations between countries and crops, as a ma-
jor source of increase in the variability of world cereal production. It is,
therefore, as important to understand the causal factors underlying these
increases in correlation as it is to understand those underlying changes in
yield variances within crops and countries.

Additional insights into changing patterns of yield variability can be
obtained by examining individual countries in more depth. This has the
added advantage of allowing the analysis to be carried out at a more disag-
gregated regional level. Chapters 3 and 4 are devoted to analysis of chang-
ing patterns of variability in cereal production in the People's Republic of
China and the Soviet Union. These countries were chosen because of their
great importance in world cereal production, and because results for the
other two major cereal-producing countries, that is, India and the United
States, have been presented elsewhere (Hazell 1982,1984). A similar anal-
ysis is undertaken for Syria in chapter 5. Syria is one of the riskiest cereal-
producing countries in the world and is also one where public policy may
be a most important factor underlying recent changes in variability.

In chapter 6, Walker reports an analysis of changing patterns of vari-
ability in sorghum and pearl millet production in the semi-arid tropical
areas of India where these grains are major staple foods. His analysis at a
district level provides additional evidence for the importance of increasing
interregional yield correlations. Chapters 7 and 8 are devoted to changing
patterns of variability in cereal production in the United Kingdom. Austin
and Arnold (chapter 7) examine data on wheat yields for several centuries,
whereas Webster and Williams (chapter 8) analyze variability in wheat and
barley yields at the individual farm level over 21 recent years. Finally, in
chapter 9, Fischbeck examines yield data for winter wheat and spring bar-
ley in Bavaria since 1950. During this period average yields more than dou-
bled, and there is an excellent data base for examining the associated
changes in variability.

In several of these chapters the authors use time-series data and vari-
ance decomposition methods to attempt to identify changing patterns in
cereal yield variability. While the authors are able to identify the important
components of change in yield variability and suggest some important hy-
potheses about why these changes may be occurring, they are unable to
identify cause and effect relationships. This is an important deficiency be-
cause, without such an understanding, it is difficult to establish what kinds
of interventions will be most appropriate and effective. The task of identi-
fying causal relationships is taken up in parts II and HI. However, before
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over-viewing these, it is useful to introduce a conceptual scheme of sources
of crop yield variability and in this way indicate how the chapters in these
parts can be related.

A Conceptual Scheme of Sources of Crop Yield Variability

The variability observed in cereal yield results from the interaction of
many factors—some emerging from the physical environment, such as
those related to climate; some from the economic and political environ-
ment, such as prices and access to inputs; some from the intervention of
farm decision makers themselves, such as choice of levels of factors of pro-
duction (e.g., fertilizers, pesticides) and of other aspects of technique
(e.g., varieties, mechanization). While any simple conceptualization
surely cannot do justice to the complexity of such matters, an attempt is
made here to sketch a framework into which much of the material in this
book can be integrated. The treatment follows that of Byerlee and Ander-
son (1969) and Anderson, Dillon and Hardaker (1977, p. 174).

For brevity, symbols are introduced for prices (P), per hectare mea-
sure of yield (Y), fertilizer (F), irrigation (/), variety or cultivar (V), soil
nutrients (5), rainfall (R), other stochastic climate variables (C), mechani-
zation (M), and other controlled inputs such as pesticides (Z). In an indus-
trial economy, some factors can reasonably be regarded as totally control-
lable (V, F, M, Z, and possibly/) and not, in themselves, as sources of risk
or unpredictable variability. Over time, however, especially in response to
changing P, decision makers may choose different levels of such controlla-
ble inputs so that consequent yields will vary and will show up as time-
series variability that, in fact, is not risk per se to the extent that it is pre-
dictable and controlled.

The defined variables can be combined in a functional relationship in
which the productive factors can be ordered from the most to the least
predictable/controllable. This speculative exercise is attempted for the
context of many developing countries where access to fertilizer is often un-
predictable from season to season, desired quantities frequently cannot be
acquired, and irrigation water supplies are highly unreliable, either from
storage or via discontinuous supplies of electricity or fuel for Dumps:

Y=f(V,M,F,Z,I\S,P,C,R). (1.1)

The first five variables are technological variables more or less under
the control of farmers, and the next four variables are environmental and
essentially uncontrollable from the farmer's point of view. Part II of the
book deals primarily with the first variable, V, while part III deals primar-
ily with F, Z, and /.

There are important interactions among most of the explanatory vari-
ables so that much important complexity is assumed away if any of them
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are examined singly, as is done at several points in this volume. The diffi-
culty is that attempts to grapple with several or all factors simultaneously
falter on impracticalities and cognitive dissonance, if not contemporary
analytical impossibility. Either exceptionally rich data sets that may admit
detailed econometric investigation using methods that have been sug-
gested by Just and Pope (1978) and Antle (1983c), or exceptionally detailed
bioeconomic simulation models (Dent and Anderson 1971, Dent and
Blackie 1979), would be required for such an ambitious task.

It is plausible that multifactorial investigation of some of the factors
may provide greater insight than presently is readily available to some of
the interactive effects of several variables. There is mounting evidence on
the pervasive interactions between V (Simmonds 1962, 1981) and other
factors such as fertilizer (F) (Roumasset et al., ch. 17), pesticides (Z)
(Carlson, ch. 19; Hanus and Schoop, ch. 21), irrigation (/) (Pandey, ch.
18), soil nutrients (S) (Hanus and Schoop, ch. 21), stochastic climatic vari-
ables (C) (Coffman and Hargrove, ch. 11; Pfeiffer and Braun, ch. 13), and
rainfall (R) (e.g., Thompson, 1975; Parry and Carter 1985; Walker, ch. 6;
Duvick, ch. 12; Pham et al., ch. 15; Witcombe, ch. 16; French and
Headley, ch. 22). In the considerable relevant literature, and especially in
part II, such effects are described as genotype-environment (GE)
interactions.

Part II. Plant Breeding and Yield Variability

While plant breeders are primarily interested in maximizing yield re-
sponsiveness to environment, they have for some years also been concerned
with the stability of the genotypes that they select. In chapter 10, Arnold
and Austin provide an overview of the methods that plant breeders use in
selecting stable and adaptable varieties. They also discuss the limitations
of commonly used methods and make some suggestions for improvements
in the future.

There are numerous characteristics of a plant that determine its sta-
bility properties. These aspects are examined in detail by Coffman and
Hargrove in chapter 11 for the case of rice. Studies of this kind are useful
in identifying those agronomic features of plants that need to be empha-
sized by breeders if stability is to be enhanced. The fact that some charac-
teristics that are favorable for yield responsiveness are also unfavorable for
stability suggests that there may be real trade-offs between breeding for
higher average yield and breeding for stability.

One issue raised by Coffman and Hargrove is that the widespread
adoption of a few rice varieties throughout much of Asia has narrowed the
genetic diversity of cultivated varieties. Most popular semidwarf rice vari-
eties have similar cytoplasm, and virtually all have the same dwarfing
genes. The common ancestry of many modern rice varieties does not neces-
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sarily imply that they increase production variability, but their common
susceptibility to the same kinds of pest and weather stresses may mean that
yields will tend to be more covariate across regions. Duvick addresses this
same issue in chapter 12 for maize yields in the U.S. Corn Belt. He con-
cludes though that observed increases in interregional maize yields in the
United States are probably due more to changing weather patterns and
more homogenous cultural practices than they are to narrowing of the ge-
netic base.

Experimental data from varietal trials in numerous (mainly develop-
ing) countries are analyzed in chapters 13 through 16 to test the stability of
modern cereal varieties. These chapters illustrate the common methods
used by breeders for screening for stability and the superiority of modern
varieties of wheat (chapters 13 and 14), maize (chapter 15), and pearl
millet (chapter 16). The results demonstrate that high-yielding varieties
typically have at least the same yield stability/adaptability as local vari-
eties, but on a higher yield plateau. They are also more responsive to favor-
able environments and higher levels of inputs. There is also evidence that
the modern varieties yield at least as well as traditional varieties in poor
environments, although the range of environments tested may not be suffi-
ciently wide to encompass the farming conditions of some of the most mar-
ginal farmers in the world.

Part III. Input Management and Yield Variability

The management of other factors of production can be at least as im-
portant as genotype in determining the variability of yields in farmers'
fields, particularly when the potentially large interactions between geno-
type and environment, or in this case the farmer-manipulated environ-
ment, are allowed for. Chapters 17 through 19 provide reviews of the litera-
ture on the relationship between yield variability and the use of fertilizer
(chapter 17), irrigation (chapter 18), and pesticides (chapter 19). These
reviews suggest that the proper management of these inputs can have a
stabilizing effect on yield, and particularly so for modern varieties.

The remaining chapters in part III address some of the joint effects of
input management and shed some light on some of the interaction effects.
In chapter 20, Flinn and Garrity discuss the relationships between nitro-
gen use, pesticide use, and agronomic practice in contributing to yield sta-
bility for rice in East Asia. Hanus and Schoop describe the relationship
between fertilizer and fungicide use on barley in West Germany in chapter
21. In chapter 22, French and Headley use regression analysis to analyze
causal factors behind changing yield variability and interregional yield cor-
relations for maize in the United States. They are able to separate the ef-
fects of weather variables and technology factors and in this way challenge
some of Hazell's (1984a) conclusions about change in correlation effects.
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Part IV. Impacts of Yield Variability and Implications for Policy

Parts I, II, and III are largely concerned with whether yield variability
and yield correlations are increasing and, if so, why. In the remaining part
the question of whether increasing yield variability is important for deci-
sion makers, particularly for farmers and poor consumers, is addressed.

Measured from the farmers' point of view, high or increasing levels of
yield variability need not be a problem. There are several reasons for this.
First, if farmers were able successfully to anticipate yield outcomes each
year, and thereby make appropriate adjustments to their resource alloca-
tion decisions in order to maximize returns each year, yield variability
would not necessarily involve any economic cost. It is only when yield
changes cannot be perfectly anticipated at the time of making resource
allocative decisions that the possibility of resource misallocation and eco-
nomic loss arises. This begs the question of how accurately farmers and
others can forecast yield variations from year to year. This subject is taken
up in chapter 23 by Bindlish, Barker, and Mount. Using district-level data
from India, they explicitly model the expectations behavior of rice farmers
and then calculate production risks over time as the difference between
actual yield outcome and expected yield each year.

Second, from a decision-making point of view, measures of yield dis-
persion in themselves do not indicate much about riskiness except under
rather extreme probability distributional assumptions, such as normality.
For more general risk analysis it is necessary to employ more general con-
cepts of stochastic efficiency, preferably using the economic returns from
the crop rather than simply yield. Such an analysis is developed and illus-
trated in chapter 24 by Anderson, Findlay, and Wan for an Australian
wheat farm.

Third, yield variability may not be important for farmers because
yield risks are only some of many faced by farmers. For example, even for a
single crop, yield variations could be compensated by price variations, pro-
viding the latter move in the opposite direction. Further, total household
income usually comprises the returns from several crops and livestock ac-
tivities, most of which are not perfectly correlated, as well as nonfarm
sources of income, such as off-farm earnings. In chapter 25, Walker exam-
ines conditions for Indian farmers in the semi-arid tropics under which
reduced yield risk for a major cereal crop might have a stabilizing effect on
total family income.

Significant yield risk could have an important bearing on farmers' de-
cision to adopt new technology. To the extent that they also destabilize
national food supplies and prices, yield risks may also be detrimental to
poor consumers. High production years for major cereals should, in princi-
ple, be good for poor consumers. They should gain from more plentiful
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food supplies, from lower prices, and perhaps from increased agricultural
employment. The opposite might be expected in low production years.
However, since consumers typically purchase a number of different food-
stuffs, shortages or high prices for one may be offset by substituting other
foods of which supplies are more plentiful or prices are lower. There is a
surprising lack of evidence on the relationship between the variability of
individual food supplies and the variability of the income and nutritional
intake of the poor. Sahn and von Braun (chapter 26) muster much of the
evidence available on this issue.

The book concludes with a synthesis of the issues in chapter 27, in
which the editors attempt to summarize the main findings and draw impli-
cations for changes in agricultural research priorities and for agricultural
policy. A particularly important consideration is the cost-effectiveness of
different approaches. Should, for example, plant breeders be encouraged
to give greater emphasis to crop stability rather than increased yield re-
sponsiveness if this would lead to a significant loss in the growth of yield
over time? It may be more cost-effective to pursue alternative approaches
to the problem, such as improved agronomic practices, or policy interven-
tions that mitigate the consequences of yield variability.

Measures of Yield Variability

In interdisciplinary studies of this kind, difficulties can easily arise
when different concepts and approaches are encountered in addressing a
common problem. This problem is particularly acute when confronted by
the very different concepts of yield variability held by plant breeders and
economists. These differences do not invalidate the approach of either dis-
cipline, but rather they reflect differences in the clientele that breeders and
economists seek to assist, and differences in the sources of variability that
exist in yield data measured at different levels of aggregation.

Plant breeders are primarily concerned with developing higher yield-
ing varieties that also provide acceptable levels of risk to farmers. As such,
they tend to focus on reducing "downside" yield risks and on selecting va-
rieties that will perform well for farmers under diverse conditions. Their
analyses are based on yield data from experimental plots or farmer fields,
and, because most stability tests on specific genotypes are typically carried
out for only two or three years, there is a strong presumption that stability
across different locations (or more correctly, "adaptability") is a good
proxy for "stability" over time at specific locations. The evidence for this is
mixed; whereas supportive evidence is offered in chapters 16 and 20, con-
trary evidence is to be found in Watson and Anderson (1977), and Evenson
et al. (1979).

Economists tend to be more concerned with national food problems
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and, at this level of analysis, both high and low yields can present prob-
lems. Low national yields may result in food shortages, high food prices
(especially for the poor), and balance of payments problems, whereas high
yields may result in unacceptably low prices for farmers and excessive food
stocks, perhaps publicly owned. Both upside and downside risks can,
therefore, seem significant to economists. In addition, they often work
with regional or national yield data that embody more diverse sources in
their variability. The latter include covariance relations between more mi-
crolevel units of observation (e.g., fields or farms) which are usually ig-
nored by plant breeders (ch. 2). A major limitation of using aggregate yield
data is that it is much more difficult to isolate the impact of improved tech-
nologies (especially improved varieties) on yield variability.

There are usually differences in the types of yield distributions ob-
served at the farm and national levels. For example, experimental plot and
farm yields are often skewed (Day 1965, Anderson 1973), whereas national
yields tend to be more symmetric or even normal. This is to be expected
since the latter are a weighted sum of many individual farm yields, and
many of these are only weakly correlated.

When yield distributions are symmetric, measures of variability that
focus only on downside risks often give results similar to those based on
general measures of dispersion. The variance and the coefficient of varia-
tion (cv) of yields are then satisfactory measures of variability for a wide
range of purposes. If yield distributions are skewed, however, other mea-
sures of variability, such as the semi-variance or, indeed, part or all of the
cumulative distribution function itself may be more relevant.

Several measures of variability are used in this volume, reflecting the
purpose and preferences of individual authors. All authors choose to rep-
resent central tendency by the arithmetic mean (m). Dispersion is usually
measured by the variance (var) or the standard deviation (sd), in most
cases after trends have been removed. Procedures for decomposing vari-
ances of aggregate production into their component parts are introduced
in chapter 2. Many authors work with the standardized (or dimensionless)
coefficient of variation (cv) defined as cv = sd/m.

The sampling distribution for the cv is complex but tests are made in
this volume by appeal to normality in the parent population and estimation
of its variance (Kendall and Stewart 1977) as

var(cv) = c*(l + 2c2)/(2n),

where c is the coefficient of variation in the parent population and n is the
sample size.

Presuming that some attempt at testing for statistical significance is
better than none, given the potentially controversial interpretation of
changing variability, the editors have intruded significance tests (usually
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"two tailed" at the conventional, albeit arbitrary, 5 percent level) for many
of the variances and cvs reported by several authors. Tests for changes in
variances involve standard two-tailed F ratio tests. Tests for cvs involve a
comparison of a cv for one period, cvj based on n i observations, with that
for a second, CV2 and «2. The ad hoc procedure is adopted of assuming
(a) that the "parent" population cv is approximated by cvi, and (b) that
the estimates of the cvs are statistically independent, so that a standard
error of the difference between cvs is given by

D = c{[(l + 2c2)/2](l/«i + 1/W2)}0'5,

and the approximately standard normal test statistic by

z = (cv2 — cv^/D.
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2 Changing Patterns of Variability
in World Cereal Production

PETER B. R. HAZELL

Total cereal production for the world (excluding China for data reasons)
grew at an average yearly rate of 2.7 percent between 1960/61 and
1982/83. The average yield during this period grew by 2.0 percent per
year, and the total gross cropped area allocated to cereals by 0.7 percent
per year.

As figure 2.1 shows, this growth in aggregate production has been
accompanied by a seemingly widening band of variability with annual
downswings of more than 50 Mt. (The unit here is for million metric tons,
lOH; t is used throughout this volume to designate metric tons.) An en-
couraging feature is that successive trough low points in production are
monotonically increasing over time.

The calculation of 10-year moving averages for the mean and, after
linear detrending, the standard deviation and coefficient of variation (cv)
of production resulted in the data shown in table 2.1.

Absolute variability around trend has increased substantially and sig-
nificantly. In fact, it has increased faster than average production as
shown by the increase in the cv which, although seemingly substantial, is
not significant in a statistical sense (comparing successive decades). Note
that cv measured in this way peaked in the decade ending in the early
1980s, with some recent gain in stability after the turbulent 1970s.

An increasing cv means that the probability of a major shortfall, say
5 percent, below trend changes in a similar manner (table 2.1).1 This is
moderated by a change (again not statistically significant) from negative to

1. Let detrended production in year t be denoted by j2, = Q + e, where Q is the period
mean and e, is the deviation from the mean that year. Then the probability of a shortfall of_5
percent or more below trend is derived tromPr{Q + e, £ 0.95 Q] = Pr{e,/oe £ -0.05 Q/
a,} where a, is the standard deviation of e,. Assuming e, is approximately normally distrib-
uted, the desired probability can be obtained from tables of the cumulative standard normal
distribution.

13
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FIGURE 2.1 World cereal production, 1960/61-1982/83
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positive skewness (table 2.1). This shift implies that there is now less risk of
extreme catastrophe at the global level, but more frequent falling below
trend production.

Changes in World Cereal Production

To examine these changes more fully it is instructive to compare vari-
ability for important producing countries in two periods. U.S. Department
of Agriculture (USDA) data by country and crop (area and yield) were as-
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TABLE 2.1 Variability of world cereal production around linear trend:
1960/61-1982/83

Average Standard
Production Deviation Probability of a

(million (million Coefficient 5 Percent Shortfall
Period metric tons) metric tons) of Variation Skewness below Trend

Decade
Beginning
1960/61
1961/62
1962/63
1963/64
1964/65
1965/66
1966/67
1967/68
1968/69
1969/70
1970/71
1971/72
1972/73
1973/74

819
837
867
890
923
946
972

1,001
1,026
1,057
1,081
1,108
1,132
1,159

24.3
20.7
22.4
24.1
26.8
31.2
32.5
34.3
34.4
40.0
40.0
40.1
39.5
38.5

0.030
0.025
0.026
0.027
0.030
0.034
0.034
0.035
0.035
0.037
0.037
0.036
0.035
0.033

-0.31
-0.39
-0.64
-0.21
-0.32
-0.32
-0.39
-0.47
-0.27
0.05
0.34
0.37
0.46
0.37

4.65
2.17
2.62
3.22
4.18
6.55
6.68
7.21
6.81
9.01
8.85
8.38
7.64
6.68

Note: Does not include China.

sembled for years 1960/61 to 1982/83 and split into two periods: 1960/61
to 1970/71 and 1971/72 to 1982/83. This split

a. corresponds to speculated changes in yield variability that are possibly
associated with the green revolution, usually regarded as occurring
around 1970 in many developing countries;

b. corresponds broadly with the dramatic increase in price variability in
the early 1970s;

c. more pragmatically, gives roughly equal sample sizes.

Data for each of the 34 more important cereal-producing countries
were processed individually, and all other countries (excluding China)
were pooled into a "rest of the world" category. The area and yield of each
crop in each country were detrended separately, and production derived as
the product of detrended area and detrended yield. Quadratic trends were
used together with a generalized least squares estimating technique (Ha-
zell 1984).

Table 2.2 summarizes the results by crop at the global level. Average
production of total cereals increased by 37 percent between periods, and
the cv increased by 21 percent—from 0.028 to 0.034. This increase is not
significant at the 5 percent significance level.



TABLE 2.2 Changes in the mean and variability of world cereal production: 1960/61-1970/71 to 1971/72-1982/83

Average Production

Crop

Wheat
Maize
Rice
Barley
Millets
Sorghums
Oats
Other cereals
Total cereals

Fire*

Period Period
(million metric tons)

253
210
120
95
20
40
49
41

829

353
317
155
150
21
53
48
35

1,134

Coefficient of Variation

Change
(percent)

39.3
51.0
29.2
58.5
8.2

32.7
-2.9

-14.9
36.7

First
Period

0.054
0.033
0.039
0.048
0.079
0.052
0.113
0.046
0.028

Second
Period

0.048
0.044
0.038
0.075
0.077
0.057
0.054
0.093
0.034

Change
(percent)

-11.5
34.0

-4.3
55.9

-3.2
9.2

-52.6
103.7*
21.2

Production

1.52
4.08*
1.52
6.18*
1.10
2.10
0.21*
2.94
2.75

Area
Sown

0.34
1.65
2.45
3.13
2.17
0.78
0.07*
0.36
2.18

Yield

1.64
4.17*
0.88
3.28
0.67
2.32
4.42*
3.61*
2.73

Note: Does not include China.
*An asterisk denotes that the cv/variance in the second period is significantly different from that of the first period at the 5 percent level (two-tailed
test).



Variability in World Cereal Production 1 7

Table 2.2 also shows important differences by crop. The cv for wheat
and rice has diminished, notwithstanding these crops being the flag bear-
ers of the green revolution. But the cv for coarse grains (maize, barley, and
sorghum) has increased. The F ratios indicate the importance of increased
yield variability rather than of variability in sown area.

Table 2.3 shows results for total cereals by major countries. The cv of
production has increased in 14 and diminished in 20 countries. The results
by crop within countries are also diverse but often feature high absolute
levels of variability (Hazell 1985a). There is little observable relationship
between a country's performance in increasing cereal production and the
changes in production variability. The correlation across countries be-
tween the percentage change in average production and the change in the
coefficient of variation is —0.15, which is not significantly different from
zero at the 5 percent level.

Table 2.4 summarizes the changes in the mean and cv of yields of
major cereals by country. In the following counts of trends in pairs of cvs in
table 2.4, "total cereals" is regarded as another "crop," but the "rest of
the world" is not regarded as another country. Inspection of the pairs re-
veals no clear pattern within crops, there being about equal numbers of
increases and decreases in cv for each (except wheat and maize, if signifi-
cance is ignored), or within countries (except the United States where all
crops are more variable and Pakistan where all are less variable)— table
2.5. The situation seems similarly unclear with respect to such variables as
size of country, the importance of a country as a producer of the particular
cereal, and the rate of technological progress.

A Decomposition of the Components of Change

Method of Analysis

To analyze the components of change in the mean and variance of
world cereal production, a variance decomposition procedure is used (Ha-
zell 1982). Let Q denote production, A the area sown, and Y yields. Also,
letting subscripts i and j denote crops, and h and k denote countries, total
cereal production for the world is Q = ZhZjAhjYhj. Average production is

(2.1)

and the variance of production is

V(Q) = E E E E covU«y«, AVYV). (2.2)
h k i j



TABLE 2.3 Changes in the mean and variability of total cereal production by major countries: 1960/61-1970/71 to 1971/72-1982/83

Average Production

Country

United States
U.S.S.R.
India
France
Canada
Brazil
Argentina
Germany, F.R.
Indonesia
Turkey
Australia
Romania
United Kingdom
Italy
Mexico
Yugoslavia
Spain

First Second
Period Period
(million metric tons)

182.0
138.4
74.8
27.5
30.0
16.5
17.2
16.0
13.5
12.9
12.6
11.6
12.4
14.2
10.5
11.4
9.3

265.0
181.0
104.0
41.0
40.0
26.1
23.8
22.2
20.3
18.4
17.4
17.4
16.8
16.7
15.6
15.0
13.7

Change
(percent)

45.6
30.7
39.1
49.6
33.5
58.5
38.3
38.6
51.1
42.0
38.2
49.6
34.7
17.3
48.5
32.2
47.2

Coefficient of Variation
of Production

First
Period

0.068
0.122
0.077
0.060
0.170
0.051
0.118
0.091
0.061
0.071
0.195
0.109
0.087
0.034
0.070
0.100
0.081

Second
Period

0.066
0.143
0.054
0.092
0.107
0.089
0.140
0.060
0.052
0.097
0.232
0.099
0.083
0.057
0.111
0.052
0.137

Change
(percent)

-2.8
17.3

-29.2
52.9

-37.6
70.9*
19.0

-34.7
-15.4

37.5
18.5

-9.2
-4.5
65.1*
57.9*

-48.1
71.3*

Production

1.97
2.35
0.97
5.26*
0.69
7.25*
2.72
0.82
1.62
3.80*
2.66
1.83
1.66
3.72*
5.58*
0.47
6.37*

F Ratios

Area
Sown

1.24
1.28
0.65
1.58
0.22*
4.30*
1.04
3.24
0.74
3.98*
1.65
0.80
0.33
5.50*
3.99*
0.74
0.68

Yield

8.23*
1.69
0.92
4.30*
0.44
2.47
2.12
0.59
2.89
3.45
1.67
2.17
1.77
0.66
3.40
0.57
7.73*



Thailand
Pakistan
Poland
Bangladesh
Hungary
South Africa
lapan
Czechoslovakia
Nigeria
Bulgaria
Vietnam
German D.R.
Philippines
Iran
Burma
South Korea
Egypt
Rest of world
(excluding China)
Total world
(excluding China)

8.6
7.7
8.4

10.5
7.3
7.5

14.6
6.1
7.8
5.4
6.0
4.6
4.3
5.0
4.9
5.3
5.7

98.5

829.2

13.3
13.2
13.1
12.9
12.1
12.0
11.3
9.7
8.5
7.7
7.3
7.1
7.0
6.5
6.5
6.2
7.1

117.7

1133.9

54.9
71.9
56.9
22.0
65.0
60.0

-21.8
56.5
9.0

41.9
21.9
55.2
63.1
31.3
32.6
18.3
22.8

19.6

36.7

0.078
0.102
0.092
0.072
0.101
0.204
0.060
0.117
0.117
0.103
0.089
0.113
0.055
0.083
0.099
0.060
0.050

0.032

0.028

0.084
0.032
0.093
0.050
0.061
0.197
0.093
0.075
0.051
0.075
0.056
0.064
0.054
0.092
0.077
0.108
0.027

0.028

0.034

7.4
-69.2

1.0
-30.2
-40.0
-3.3
54.9

-35.7
-56.7
-27.3
-37.8
-43.3
-1.5
11.4

-22.3
80.4*

-46.1

-12.2

21.2

2.76
0.28
2.52
0.72
0.98
2.40
1.45
1.01
0.22*
1.05
0.58
0.78
2.56
2.15
1.06
4.62*
0.44

1.10

2.75

3.00
0.44
0.12*
0.20*
0.35
2.63
4.27*
0.07*
0.16*
3.55*
1.26
1.18
6.87*
1.00
0.45
0.96
0.23*

0.47

2.18

2.01
0.27*
4.00*
1.05
1.39
1.99
1.58
1.62
0.14*
0.72
0.41
0.65
0.77
3.88*
1.77
7.76*
0.37

0.75

2.73

*An asterisk denotes that the cv/variance in the second period is significantly different from that of the first period at the 5 percent level (two-tailed
test).
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TABLE 2.4 Mean yields and coefficients of variation by crop and country:
1960/61-1970/71 and 1971/72-1982/83

Wheat

Country

United States
First period
Second period

U.S.S.R.
First period
Second period

India
First period
Second period

Canada
First period
Second period

France
First period
Second period

Indonesia
First period
Second period

Brazil
First period
Second period

Argentina
First period
Second period

Mexico
First period
Second period

Turkey
First period
Second period

Australia
First period
Second period

Thailand
First period
Second period

Germany, F.R.
First period
Second period

Bangladesh
First period
Second period

Mean
(t/ha)

1.80
2.16

1.14
1.52

0.92
1.42

1.50
1.84

3.11
4.52

—
—

0.77
0.86

1.34
1.55

2.23
3.32

0.96
1.39

1.23
1.24

——

3.59
4.70

0.73
1.49

cv

0.048
0.067

0.162
0.137

0.106
0.059

0.178
0.097

0.079
0.086

—
—

0.168
0.252

0.185
0.087

0.074
0.105

0.074
0.103

0.158
0.216

—
—

0.091
0.057

0.152
0.086

Maize

Mean
(t/ha)

4.44
5.96

2.45
3.00

1.02
1.05

4.81
5.33

3.84
5.00

0.96
1.25

1.33
1.56

1.99
2.89

1.01
1.17

1.42
2.03

2.16
2.82

2.11
2.05

4.01
5.58

—
—

cv

0.066
0.096

0.109
0.113

0.084
0.078

0.078
0.077

0.193
0.105

0.050
0.042

0.047
0.084*

0.090
0.149*

0.082
0.113

0.086
0.067

0.099
0.087

0.110
0.174

0.077
0.088

—
—

Rice

Mean
(t/ha)

3.32
3.68

1.81
2.54

1.01
1.19

——

2.61
2.21

1.43
1.95

1.02
0.96

2.38
2.26

1.60
1.97

2.44
2.81

4.80
4.27

1.09
1.18

—
—

1.12
1.23

cv

0.031
0.064*

0.041
0.038

0.080
0.079

——

0.117
0.191*

0.025
0.028

0.069
0.052

0.050
0.074

0.066
0.075

0.097
0.065

0.102
0.109

0.072
0.067

—
—

0.042
0.040
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Barley

Mean
(t/ha)

2.06
2.51

1.30
1.54

0.89
1.07

1.82
2.32

2.94
3.78

—

0.86
1.14

1.15
1.32

0.86
1.29

1.22
1.71

1.15
1.19

—

3.24
4.13

0.56
0.61

cv

0.050
0.086*

0.147
0.177

0.089
0.090

0.121
0.072

0.086
0.085

—

0.134
0.190

0.165
0.128

0.058
0.197*

0.090
0.098

0.156
0.198

—

0.106
0.042*

0.094
0.058

Millet

Mean
(t/ha)

—

0.80
0.79

0.43
0.51

—

1.32
2.08

—

—

1.13
1.19

—

1.28
1.39

0.97
0.94

—

—

0.73
0.77

cv

=
0.189
0.341*

0.137
0.108

—

—

—

—

0.094
0.109

—

0.059
0.127*

0.170
0.161

—

—

0.060
0.071

Sorghum

Mean
(t/ha)

3.01
3.45

—

0.50
0.63

—

2.82
4.14

—

2.14

1.95
2.79

2.31
2.60

—

1.58
1.92

1.53
1.41

—

—

cv

0.065
0.120*

—

0.083
0.104

—

0.131
0.107

—

0.108

0.148
0.124

0.097
0.155*

—

0.192
0.124

0.373

—

—

Total Cereals

Mean
(t/ha)

2.91
3.81

1.20
1.52

0.78
1.02

1.69
2.14

3.04
4.28

1.30
1.79

1.20
1.30

1.56
2.09

1.19
1.50

1.06
1.50

1.20
1.27

1.17
1.29

3.23
4.19

1.11
1.24

cv

0.040
0.088*

0.132
0.134

0.062
0.046

0.141
0.073

0.056
0.082

0.021
0.025

0.046
0.067

0.086
0.094

0.055
0.081

0.069
0.091

0.152
0.185

0.064
0.081

0.088
0.052

0.043
0.039
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TABLE 2.4 Continued

Wheat

Country

Poland
First period
Second period

Romania
First period
Second period

United Kingdom
First period
Second period

Italy
First period
Second period

Pakistan
First period
Second period

South Africa
First period
Second period

Yugoslavia
First period
Second period

Burma
First period
Second period

Japan
First period
Second period

Vietnam
First period
Second period

Hungary
First period
Second period

Spain
First period
Second period

Philippines
First period
Second period

Nigeria
First period
Second period

Czechoslovakia
First period
Second period

Mean
(t/ha)

2.10
2.88

1.54
2.49

3.95
4.96

2.09
2.58

0.90
1.39

0.65
1.01

2.04
3.10

0.49
0.76

2.47
2.84

——

2.09
3.76

1.11
1.57

—
—

——

2.62
3.87

cv

0.051
0.091*

0.169
0.105

0.078
0.075

0.065
0.051

0.098
0.041

0.176
0.119

0.118
0.091

0.249
0.083*

0.196
0.105

——

0.125
0.106

0.106
0.150

—
—

——

0.077
0.091

Maize

Mean
(t/ha)

2.50
3.75

1.96
3.08

—
2.17

3.66
6.19

1.06
1.23

1.38
2.09

2.62
3.87

0.49
0.83

2.62
2.75

1.10
1.14

2.89
4.76

2.68
4.26

0.70
0.88

0.90
0.85

2.91
3.91

cv

0.206
0.186

0.091
0.098

—

—

0.085
0.028*

0.082
0.031*

0.241
0.219

0.111
0.058

0.325
0.100*

0.063
0.057

—
0.065

0.084
0.067

0.189
0.062*

0.043
0.035

0.148
0.035*

0.146
0.192

Rice

Mean
(t/ha)

—
—

1.78
1.53

—
—

3.44
3.62

1.08
1.57

—

—

2.39
2.62

1.03
1.32

3.69
4.12

1.26
1.33

1.20
1.25

3.95
4.22

0.88
1.22

1.20
1.26

—
—

cv

—
—

0.156
0.177

—
—

0.098
0.127

0.119
0.039*

—
—

0.107
0.114

0.066
0.075

0.040
0.057

0.080
0.056

—
—

0.043
0.038

0.078
0.048

0.085
0.040

—
—
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Barley

Mean
(t/ha)

2.09
2.81

1.81
2.73

3.52
4.10

1.44
2.54

0.61
0.69

0.57
0.89

1.54
2.13

—

2.69
2.99

—

1.99
3.10

1.48
1.88

—

—
2.53
3.52

cv

0.085
0.074

0.100
0.103

0.059
0.061

0.067
0.071

0.076
0.036

0.248
0.228

0.107
0.092

—

0.177
0.084

—

0.110
0.110

0.102
0.168*

—

—

0.121
0.076

Millet

Mean
(t/ha)

0.96
0.91

—

—

—

0.45
0.49

—

—

0.71
0.53

1.63
0.95

—

—

—

—

0.61
0.60

—

cv

0.064
0.146*

—

—

—

0.059
0.048

—

—
0.349
0.475

0.091

—

—

—

—

0.175
0.059*

—

Sorghum

Mean
(t/ha)

—

1.41

—

3.39
4.37

0.52
0.59

0.89
1.86

2.59
2.28

—

—

—

—

2.30
4.39

—

0.75
0.62

—

cv

—

—

—

0.096

0.070
0.054

0.229
0.269

0.081
0.105

—

—

—

—

0.222
0.114

—

0.087
0.043

—

Total Cereals

Mean
(t/ha)

1.97
2.68

1.74
2.79

3.55
4.39

2.33
3.25

0.87
1.31

1.08
1.66

2.23
3.34

1.00
1.28

3.42
4.01

1.26
1.32

2.31
4.04

1.29
1.87

0.81
1.05

0.71
0.66

2.45
3.60

cv

0.062
0.092

0.087
0.080

0.061
0.066

0.039
0.023

0.086
0.030*

0.198
0.182

0.094
0.047

0.064
0.066

0.054
0.058

0.082
0.050

0.072
0.048

0.069
0.132*

0.059
0.040

0.093
0.038*

0.084
0.073
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TABLE 2.4 Continued

Wheat

Country

German D.R.
First period
Second period

Iran
First period
Second period

Bulgaria
First period
Second period

South Korea
First period
Second period

Egypt
First period
Second period

Rest of world
(excluding China)

First period
Second period

Total world
(excluding China)

First period
Second period

Mean
(t/ha)

3.39
4.19

0.84
0.99

2.25
3.67

2.11
2.53

2.58
3.30

1.09
1.32

1.35
1.78

cv

0.095
0.060

0.055
0.054

0.152
0.064

0.080
0.156*

0.102
0.043

0.063
0.048

0.050
0.049

Maize

Mean
(t/ha)

2.03
3.19

1.09
1.33

3.04
4.05

0.97
2.87

3.14
3.77

1.15
1.34

2.27
3.02

cv

—
—

0.090
0.146*

0.135
0.111

0.121
0.175

0.140
0.035*

0.042
0.034

0.030
0.046

Rice

Mean
(t/ha)

—
—

2.22
2.46

2.16
2.39

3.03
3.95

3.46
3.64

1.22
1.47

1.25
1.46

cv

—
—

0.099
0.092

0.151
0.148

0.080
0.126

0.058
0.038

0.032
0.010

0.033
0.026

Note: The first period is from 1960/61 to 1970/71; the second period is from 1971/72 to
1982/83.
*An asterisk denotes that the cv in the second period is significantly different from that of the
first period at the 5 percent level (two-tailed test).

The variance can be expanded as

V(Q) = £ E V(AkjYhj) + £ E E cov WwK«, 4A;1%) (2.3)

(sum of individual (sum of intercrop covariances
crop variances within within countries)
countries)

E _£ E cav(AvYv, A^j) + E E E. E cov(AhiYhi,
k n^k k i^j j

(sum of intercountry (sum of covariances between
covariances within crops) different crops in different

countries).
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Barley

Mean
(t/ha)

3.05
3.88

0.70
0.74

2.23
3.19

1.84
2.32

2.40
2.80

1.44
1.78

1.63
1.97

cv

0.150
0.078

0.044
0.131*

0.121
0.075

0.142
0.158

0.206
0.053*

0.045
0.068

0.043
0.064

Millet

Mean
(t/ha) cv

— —

— —

0.95 -
1.00 -

0.81 0.121
1.18 0.132

— —

0.60 0.044
0.56 0.062

0.53 0.073
0.56 0.058

Sorghum

Mean
(t/ha) cv

— —

— —

— —

— —

3.76 0.018
3.89 0.046*

0.75 0.034
0.82 0.032

1.01 0.040
1.27 0.046

Total Cereals

Mean
(t/ha)

3.03
3.92

0.87
1.01

2.37
3.60

2.43
3.42

3.07
3.60

1.20
1.36

1.45
1.85

cv

0.105
0.065

0.036
0.061*

0.103
0.057

0.056
0.110*

0.045
0.023

0.032
0.025

0.026
0.034

Each of the component terms can be expanded as follows:

E(AhjYhj) = A^ + cov(AhJYhj), (2.4)

and, following Bohrnstedt and Goldberger (1969),

yw, A^Yy) = AMAy cov(yw, YJ + AMYkj cov(yA,, AkJ) (2.5)

+ YhtAkj co\(Ahi, Yy) + YuYkj cov(AM,

- cov(Ahi, YM)cov(AkJ, Yv) + R,

where A and Y denote mean area and yield, and R is a residual term con-
sisting of higher order cross moments.
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TABLE 2.5 Summary of trends in coefficients of variation between periods reported
in Table 2.4

Increases Decreases

Crop

Wheat
Maize
Rice
Barley
Millet
Sorghum
Total cereals

Number
Measured

9
11
12
13
6
6

17

Number
Significant"

2
3
2
4
3
3
4

Number
Measured

20
19
14
13
4
7

17

Number
Significant"

1
6
1
2
1
0
2

"A significant change at the 5 percent level using the procedure described in chapter 1.

The decomposition analysis partitions the changes in V(Q) and E(Q)
between the first and second periods into constituent parts. This involves
decomposing the changes in each of the terms in equations (2.1) and (2.3)
with the aid of equations (2.4) and (2.5), and then summing the changes in
different components over countries and crops. For a full exposition of this
method, see Hazell (1982).

Using equation (2.4), but dropping crop and country subscripts for
simplicity, average production in the second period is

E(Q2) = A2Y2 + cov(A2, Y2). (2.6)

Each variable in the second period can be expressed as its counterpart
in the first plus the change in the variable between the two. Equation (2.6),
therefore, can be written as

E(Qi) = (A! + AA)(?, + AY) + cov(A}, Kj) + A cov(A, Y). (2.7)

The change in average production is then obtained from

AE(Q) = E(Q2) - E(Qt) = AiAY + Y^A + A/4AF + A cov(A, Y).

(2.8)

There are four sources of change in AE(Q). Two parts, At&Y and
Yi&A, arise from changes in the mean yield and the mean area. These
"pure" effects arise even in the absence of other sources of change. The
term A/4AJP is an "interaction" effect, and A cov(A, Y) arises from
changes in the covariability of areas and yields.

The change in the variance of production can be decomposed in an
analogous way. Using equation (2.5), the change in each of the production
variance and covariance terms can be decomposed as in table 2.6. The first
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TABLE 2.6 Components of change in production covariances

Source of Change Components of Change

Change in mean yields

Change in mean areas

Change in yield variances
and covariances

Change in area variances
and covariances

Change in area-yield
covariances

Interaction between
changes in mean yields
and mean areas

Interaction between
changes in mean areas
and yield variances

Interaction between
changes in mean yields
and area variances

Interactions between
changes in mean areas
and yields and changes
in area-yield
covariances

Change in residual

i,, Y,,)

_
, + AX/AX,-] Cov(y,(> yv)

, Y,)

YJ ~ [Cov(A,,,
y,,) + ACovW/, y,)]ACov(Ay, Yj) - Cov(A{j, Ytj)
ACovW/, y,)

+ Ay/Alcove/*,,, yu)

, + AX/ AX,-] ACov(y/,J +

ACov(y,, x,) +
lJ ACov(X,-, Yj)

ACov(A, YI, Aj Yj) — sum of the other components

[y,,

five sources of change are "pure" effects, the next four are interaction ef-
fects that occur because of simultaneous changes in all the constituent
parts, and the final term is a higher order term that is typically small, is of
little importance, and has no ready interpretation.

Components of Change in World Cereal Production

Table 2.7 shows the results from decomposing the changes in average
cereal production for the world. Increases in mean yields account for about
70 percent of the increase in total cereal production, and area expansion
accounts for about 20 percent. Yield improvements are even more impor-
tant in expanding the production of wheat. They are also more important
than area expansion in increasing the production of maize, rice, and mil-
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TABLE 2.7 Disaggregation of the components of change in the average of world cereal production:
1960/61-1970/71 to 1971/72-1982/83 (percent)

Components
of Change

Change in mean
yields

Change in mean
areas

Change in area-yield
covariances

Change in interaction
term

Contribution of
crop to change in
mean production of
total cereals

Wheat

80.93

14.94

0.19

3.95

32.65

Maize

64.21

28.61

0.09

7.08

35.18

Rice

60.62

33.64

-0.02

5.77

11.50

Barley

39.52

49.11

0.45

10.93

18.28

Millet

63.64

44.76

2.96

-11.36

0.55

Sorghum

45.63

44.42

0.20

9.76

4.34

Oats

-528.08

534.84

15.21

78.05

-0.47

Other
Cereals

-179.99

220.53

-1.08

60.54

-2.03

Total
Cereals

72.40

22.36

0.14

5.10

100.00

Note: Does not include China.
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lets. Area increases, however, are more important in expanding barley
production.

Table 2.8 shows the results from the decomposition of the change in
the variance of world cereal production. The rows in these tables corre-
spond to the four groups of production variances and covariances deline-
ated in equation (2.3). The columns correspond to the 10 sources of change
defined (table 2.6) for a production variance and covariance, though the
four types of interaction terms have been added together. All entries in the
table are expressed as a percentage of the change in the variance of total
cereal production, hence both the rows and the columns sum to 100
percent.

The row sums in table 2.8 show that 35 percent of the increase in the
variance of world cereal production is attributable to increases in the pro-
duction variances of individual crops within countries. Wheat, maize, and
barley account for nearly all of this 35 percent increase. The remaining 65
percent of the increase in the variance of world cereal production is due to
increases in production covariances. Of these, the important ones are be-
tween different crops within and between countries. Changes in intercoun-
try covariances within crops turn out to be a relatively minor component of
the total variance increase (only 5 percent).

The column sums in table 2.8 show that 96 percent of the increase in
the variance of world cereal production is directly attributable to changes
in the variances and covariances of crop yields. Changes in yield variances
within countries account for one-quarter of this increase, and most of this
is attributable to increased yield variances for wheat and maize.

For most of the individual crops, increased yield variances account for
the lion's share of the contribution to the variance of total cereal produc-
tion. For example, when summed over countries, the increased production
variances for wheat account for 7.61 percent of the increase in the variance
of total cereal production. Of this, 100(5.27/7.61) = 69 percent is due to
increased yield variances. Similarly, the yield variance shares for other
crops are: maize 124 percent, rice 36 percent, millets 57 percent, sorghum
77 percent, and total cereals 77 percent.

Changes in yield covariances seem to be more important than changes
in yield variances for the variability of world cereal production. However,
part of the increase in the yield covariances is itself a direct consequence of
increased yield variances. Part of it may also be due to changing correla-
tions between crops and countries. To separate these effects, it is useful to
pursue the decomposition one step further.

Using the same kind of decomposition procedure, the change in a
yield covariance between two periods can be decomposed into three terms
(Hazell 1982). These are, respectively, the changes in the yield variances
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o TABLE 2.8 Disaggregation of the components of change in the variance of world cereal production:

1960/61-1970/71 to 1971/72-1982/83 (percent)

Source of Change

Variance
Component

Crop variances
Wheat
Maize
Rice
Barley
Millet
Sorghum
Oats
Other

Sum crop variances
within countries

Intercrop covariances
within countries

Intercountry covariances
within crops

Covariances between
different crops in
different countries

Column sums

Change
in Mean
Yields

2.06
6.67
0.11
0.43
0.01
0.19
0.83
0.14

10.44

0.97

0.09

2.75
14.24

Change
in Mean
Areas

-2.38
1.94
0.25
2.30

-0.01
0.07
0.27

-0.15

2.28

4.48

1.61

0.85
9.22

Change
in Yield

Variances
and

Covariances

5.27
17.16
0.45
1.87
0.04
0.57
0.11
0.93

26.40

36.68

11.49

21.36
95.93

Change
in Area

Variances
and

Covariances

-0.57
-6.15

0.12
0.86
0.01

-0.23
-1.25
-0.14

-7.36

-0.94

-3.61

19.13
7.22

Change in
Area- Yield
Covariances

3.57
-5.01

0.16
1.37
0.06
0.12

-0.54
0.29

0.01

-9.38

-4.40

-28.51
-42.28

Change in
Interaction

Terms

-0.49
-1.54

0.13
4.67

-0.02
0.07

-1.06
-0.77

0.99

1.89

-0.98

6.43
8.33

Change
in

Residual

0.15
0.73
0.05
0.96
0.00

-0.05
-0.19

0.06

1.70

1.65

0.49

3.55
7.40

Row
Sums

7.61
13.80

1.26
12.46
0.07
0.74

-1.85
0.36

34.45

35.35

4.70

25.50
100.00

Note: Does not include China.
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alone, autonomous changes in the yield correlations, and the interaction
between these two terms.

Application of this decomposition procedure shows that, for the world
as defined, only 4 percent of the 69.5 percent increase in the variance of
total cereal production arising from changes in yield covariances is directly
attributable to changes in yield variances. Some 56 percent of the increase
is attributable to changes in yield correlations alone, and the remaining 40
percent is due to interaction effects. Of the correlation increases, the pre-
dominant ones are between the yields of the same or different crops in dif-
ferent countries. Increases in the intercrop yield covariances within coun-
tries are nearly all attributable to increased yield variances.

Other results in table 2.8 show that changes in area-yield covariances
had an important stabilizing effect on world cereal production; they re-
duced the variance of total cereal production by 42 percent. A further de-
composition of these covariance terms showed that virtually all of this re-
duction can be attributed to a decline in area-yield correlations. Of the
various area-yield correlations, the most important declines are between
the crop yields in one country and the sown areas of the same or different
crops in other countries.

Discussion

Three major components of the change in the variability of world ce-
real production since the 1960s have been identified. These are increased
yield variances; an increase in correlations between the yields of different
crops and countries; and a decline in area-yield correlations, particularly
between the crop yields in one country and the sown areas of the same or
different crops in other countries. Why have these changes occurred? Ad-
ditional insights are to be found elsewhere in this book, but a number of
hypotheses can be offered here.

Some researchers (e.g., Mehra 1981) have argued that the high-yield-
ing varieties (HYVs) associated with the green revolution are more risky,
hence their introduction since the late 1960s is an important source of in-
creasing variability in farm and national yields. Several authors in this vol-
ume suggest, however, that, while high-yielding varieties (HYVs) typically
lead to higher yield variances, their cvs are not generally larger than those
of alternative varieties when grown under trial conditions; in many cases,
HYVs have smaller cvs.

HYVs are selected to be more responsive to good growing condi-
tions—indeed, this is largely how yield increases are obtained. This im-
plies, however, that yields will fluctuate more if the use of inputs varies.
Input variation may have increased with increases in price variability since
the early 1970s, and with the difficulties of reliably supplying inputs in
developing countries to meet the growing demands of the green revolution
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(Jain, Dagg, and Taylor 1986). Input variation thus leads to behaviorally
induced variability in yields, and the phenomenon is perhaps an inevitable
consequence of the modernization of agriculture.

Weather patterns may have become more variable since the 1960s,
although there is little evidence for this (Carter and Parry 1986). If any-
thing, weather in some areas may have become more stable, at least in the
U.S. Corn Belt (French and Headley, ch. 22). National yields may also
have become more variable because increases in the areas cropped have
pushed some cereals into more marginal land (e.g., barley in Syria,
Nguyen, ch. 5). Other sources of increased variability include changes in
policy and land reform (e.g., Tarrant, ch. 4; Nguyen, ch. 5).

Yields have become more correlated across regions within some coun-
tries (e.g., Hazell 1984; Anderson et al. 1988; Walker, ch. 6) and this may
have contributed to increasing the variability of national yields. Possible
causes of this phenomenon, as well as of the increase in yield correlations
between countries, are still speculative but include:

a. the potentially narrowing genetic base—or is it the "too few" vari-
eties problem? Whatever, there does seem to be more susceptibil-
ity to the same weather and pest stresses (Coffman and Hargrove,
ch. 11);

b. varieties that are screened for stability across sites are likely to be
more highly correlated across sites too;

c. more homogeneous cultural practices (Duvick, ch. 12);
d. yield variability induced by input variations is also likely to be

more covariate (e.g., fertilizer application is adjusted similarly by
farmers facing the same price movements). This problem is com-
pounded by the green revolution, which has resulted in more
farmers becoming more dependent on fertilizers, and other mod-
ern inputs.

e. irregularities in input supplies are likely to have covariate effects
on yields, for example, electricity blackouts in India worsened just
when more farmers had become dependent on electric pumps for
irrigation (Hazell 1982);

f. an increase in irrigated area. Although irrigation may be effective
in reducing yield variability within fields, it may, by reducing some
dispersed climatic influences on yields, lead to more synchronized
patterns of variability across locations (Pandey, ch. 18);

g. more covariate patterns of rainfall and climatic variation (Walker,
ch. 6; French and Headley, ch. 22).

The tendency for correlations between crop yields to increase may well
be a price-related phenomenon. This is suggested by examining the change
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in correlations among world prices since the early 1970s after detrending
(Hazell 1985a).

Maize Wheat

Wheat 1961-71 0.30
1974-81 0.89

Rice 1961-71 -0.62 -0.13
1974-81 0.78 0.82

The dramatically increased correlations presumably reflect the pro-
gressive development of international markets in terms of numbers of trad-
ers, growth in net transfers from the industrial to the developing world, the
increasing role of China in foodgrain arbitrage, and perhaps the greater
substitutability of grains as greater quantities of foodgrains become feed-
grains, to mention just a few possibilities. Whatever the true explanation,
to the extent that producers of cereals are price responsive in yields (Guise
1969, Houck and Gallagher 1976), more correlated prices for grains will
predispose more correlated crop yields.

Conclusions

World cereal production (excluding China) grew at an average yearly
rate of 2.7 percent between 1960/61 and 1982/83, largely as a result of
improved yields. This growth has been accompanied by a more than pro-
portional increase in the standard deviation of production. The coefficient
of variation of production around trend was 0,028 during the period 1960/
61 to 1970/71. It increased to 0.034 over 1971/72 to 1982/83.

Increases in yield variances and a simultaneous loss in offsetting pat-
terns of variation in yields between crops and countries are the overwhelm-
ing sources of the increase in production variability. Although more re-
search is required before firm conclusions can be drawn about the cause of
these changes, the increased use of improved varieties and fertilizer-inten-
sive technologies since the 1960s may have been an important factor. How-
ever, this is less likely to be because of any higher sensitivity of new technol-
ogies to environmental stress, than because these technologies use
purchased inputs and hence lead to more variable and synchronized pat-
terns of input use across crops and regions in response to changing prices.
This effect has been amplified by the sharp increase in the variability of
world cereal prices since the early 1970s, and particularly by the increase in
price correlations between crops.

Continued high levels of variability in world cereal prices seem likely.
The United States is unlikely to return to its stockpiling policies of earlier
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years, and cereal imports by the Soviet Union remain unpredictable.
World prices will also be affected by the levels of production variability
now established. These factors, together with a continuing trend towards
more input-intensive technologies, suggest that world cereal production is
also likely to remain quite variable in the years ahead.



3 Changing Patterns of Variability in
Chinese Cereal Production

BRUCE STONE AND TONG ZHONG

In 1984 the People's Republic of China produced 20 percent of the world's
cereal and 42 percent of the developing countries' cereal output. It was the
world's largest producer of both wheat and rice; the second largest pro-
ducer of maize, sorghum, and millet; and a major producer of other cere-
als (State Statistical Bureau [SSB] 1985b, p. II; He Gang et al. 1984, pp.
85-90; FAO 1985, pp. 107-22). China is also becoming an important,
though variable, trading nation in world cereal markets. The People's Re-
public was a net exporter of more than 2 million metric tons (Mt) of cereals
in 1985 (General Administration of Customs of the PRC 1986, pp. 20, 28),
following net imports averaging more than 10 million metric tons during
the 1977-84 period. While the major trend shifts in China's cereal produc-
tion and international trade performance have been more or less predicta-
ble (e.g., Eckstein 1966, Stone 1980, Stone 1985, 1986b), changes in typi-
cal year-to-year variations are much less so. Both are inevitably important
for the rest of the world because the absolute magnitudes are so large. The
more fundamental of these changes, production variability, is the focus of
this paper.

Figure 3.1 plots coefficients of variation (cvs) of production, area, and
yield for wheat, rice, maize, and total foodgrains for consecutive five-year
periods against the midpoints of these periods. Two general conclusions
can be drawn about these trends in cvs: (a) the coefficients for area have, if
anything, been falling during the 28-year period analyzed, although
slightly rising cvs during the past decade cannot be ruled out; (b) there is
little evidence of single 28-year trends for the production and yield cvs,
although the late 1950s and early 1960s were considerably less stable than
recent periods for all crops, as well as for total foodgrains.

In seeking to understand the sources of variability in Chinese cereal
production, it may be most useful to generate hypotheses regarding the
relatively anomalous periods of higher cvs for particular crops, and then
look at the structure of variability changes to the extent that the quality of

35
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FIGURE 3.1a Coefficients of variation for sown area of foodgrains in China,
1954-1982
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NOTE: Each data point represents a coefficient of variation, expressed as a proportion, of a
five-year data period, plotted against the midpoint of that data period. Paddy rice, wheat,
and corn comprised a 53-72 percent rising share of "total foodgrain" sown area during the
1952-82 period and a 63-83 percent rising share of production of "total foodgrains," which
also include sorghum, millet, root and tuber crops (at one-fifth fresh weight), soybeans, and
pulses.

disaggregated Chinese data may justify attempting a variance decomposi-
tion exercise.

Hypotheses Regarding Abnormally High Coefficients of Variation for
Particular Crops and Periods

The outstanding subperiod to explain is undoubtedly the late 1950s
and early 1960s. At the time, Chinese reports blamed the poor and erratic
performance on consecutive years of catastrophic weather. But the period
of greater sown area variability appears to predate those for production
and yield, and Western observers have emphasized the dislocating policies
of the Great Leap Forward period. Recent Chinese analysts have also em-
phasized policy-induced disaster (Kueh 1984, p. 80), as have Lardy (1983)
and Walker (1984).

During this period, the State Statistical Bureau was disbanded and
reporting units came under considerable pressure to report policy sue-
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FIGURE 3.1b Coefficients of variation for yields of foodgrains in China, 1954-1982
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FIGURE 3.1c Coefficients of variation for production of foodgrains in China,
1954-1982
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cesses. One of the destabilizing results of this development was that, with
grossly exaggerated reports of grain production growth in 1958, the area
sown with nongrain crops in 1959 was increased at the expense of grain. By
the time the true grain production level was understood in April 1959, it
was too late (Li 1962, Chao 1970, Walker 1984). To make matters worse,
1959 yields were low, due to poor weather. Catastrophic weather in 1960
and the political and administrative chaos precipitated by famine had dev-
astating effects on subsequent production.

In contrast to the period from the late 1950s to the early 1960s for
which major increases in cv were common to production, area, and yield
for each crop, major cv increases since the mid-1960s were confined to pro-
duction and yield. The declining trend in the cvs for areas sown to grain, as
well as for each grain crop individually, may be ascribed to increasing ad-
ministrative control over sown area in China.

The area cvs tended to increase after the mid-1970s, with increasing
decentralization of production decisions to individual farm families. Yet
the relative weakness of this increase is a testament to the inertia present in
areas operating through agricultural administration and perhaps em-
bedded in farmers' own decision-making processes. Though the decontrol
is genuine in principle, substantial sown area planning efforts continue in
many regions.

Significant cv increases in production and area since the mid-1960s
are confined to particular crops, unlike the initial period of instability. The
marked increase in maize yield cvs during the 1960s and early 1970s is
difficult to investigate due to lack of data. The pattern is not easily explain-
able by weather or rapid expansion into risk-prone farm areas. Most Chi-
nese maize is subject to damage from frost, drought, heat, and waterlog-
ging, and planting is concentrated in particularly risky regions (e.g., North
and Northeast China). But wheat has also been grown in very risk-prone
areas, and irrigation of wheat did not accelerate until the 1970s, when its
rising cv path paradoxically crossed the declining path for maize. Given
the scanty data available, the following hypothesis may explain maize
yields and yield cvs.

Maize yield cvs increased rapidly in the 1950s, due to rapid growth in
sown area concentrated in the Northeast provinces of Liaoning, Jilin, and
Heilongjiang, and the adjacent north China provinces of Hebei and Shan-
dong. Maize areas in these regions are highly risk-prone (Stone et al.
1985), and weather patterns are highly correlated, further accentuating
the increase in cvs.

The anomaly then becomes not the higher maize cvs of the late 1960s,
but the sharp decline in cvs during the 1962-64 period to values below
those of the 1950s. There is some statistical evidence that maize area was
cut back sharply in 1962 (Zhongguo Kexueyuan 1980) in response to a
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maize disease epidemic in 1961 (Wiens 1978, p. 677). While maize area
recovered somewhat in 1963, it remained quite constant during 1963-65,
well below the aggregate levels of the middle and late 1950s (Zhongguo
Guojia Tongjiju 1984b). Weather, according to Kueh's (1984,1986) analy-
ses, remained relatively favorable throughout this period and featured sim-
ilar and low aggregate estimates of gross crop damage. Subsequently, as
maize area recovered in the Northeast, yield variability increased. The year
1966, in particular, was reported as one of especially widespread maize
disease (Wiens 1978), while throughout the late 1960s the increased
weather variability and highly correlated weather patterns of the expansion
region would contribute to higher cvs.

Disease-resistant hybrids covered 40 percent of maize area by 1973
(Wiens 1978, p. 677) and 60 percent by 1978 (Stone 1980, p. 158). With
their success, maize area surpassed the 1950s peak years for the first time
in 1974 and exceeded wheat area in a few years at the turn of the decade.
Although irrigation of maize is increasing, most maize remains rainfed
and the drop in cvs cannot be primarily ascribed to irrigation. It may be
associated with the lower disease susceptibility of the single-cross hybrids
and rapid expansion into regions for which weather patterns are not corre-
lated with those of the Northeast and the northeastern North China Plain.

Rapid dissemination of semidwarf wheat varieties and rapid area ex-
pansion in highly correlated areas may also explain the increase in wheat
cvs in the mid-1970s and early 1980s. The principal growth region in the
1960s was North China, characterized by highly correlated internal
weather patterns and increased irrigation of winter wheat. In fact, irriga-
tion provision was often a requisite condition for winter wheat introduction
in the North.

More irrigated wheat, however, did not necessarily provide greater
stability against drought, the predominant yield risk in the region. Irriga-
tion facilities may have proved unreliable, in some years providing much
higher yields and in others no change from the "unirrigated" state. This
could be particularly destabilizing in the aggregate if unreliabilities and
weather patterns were highly correlated. For surface irrigation there is
considerable evidence that this is so. When winter wheat in North China
requires irrigation, no rain usually means no river flow (Stone 1983 and
Chinese papers in the same collection). The Yellow River remains the
major exception, but its water has been difficult to use due to its high silt
content. The years 1976, 1977, and 1978 all had poor weather with the
principal disaster areas being within North China, and the principal disas-
ter being drought.

Since a large portion of North China irrigation development has been
tubewell construction during the late 1960s and 1970s, correlated yield
failures may be due to a major administrative failure to deliver key requi-
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site inputs. This could indeed have happened during the chaotic period
associated with the Gang of Four successional struggle. For example, there
is some evidence that agricultural users were among those most heavily
penalized during the 1978 electrical shortage within the North and North-
east power grids (Stone 1980), but the availability of detailed information
is low.

Why have foodgrain production cvs not fallen during the past four
decades? If the data midpoints in figure 3.1 corresponding to the Great
Leap Forward (1958-59) policies and the catastrophic weather (1960-61)
are taken as an exceptional period of instability, then study must focus on
the periods represented by the midpoints of 1954-56 and 1964-83, which,
in turn, provide no clear evidence of long-term decline in cvs. Yet China's
reduction of weather-related agricultural risk for thousands of localities is
well known. Irrigated area increased from 16 to 45 million hectares (ha)
(around 45 percent of cultivated area) and its reliability vastly improved.
Flood control efforts have achieved considerable success. Modern varieties
combining improved maximum yields with locality-specific weather and
disease tolerances have been developed, along with considerable breeding
for earlier maturing varieties. The resulting aggregate multiple cropping
index increased from 1.2 to 1.5, thereby reducing the annual aggregate
production risk associated with very bad weather in any one season.

Consequently "high and stable yield" areas now comprise one-third of
cultivated area, around one-half of sown area, and account for not less
than three-quarters of national grain production. Why then have produc-
tion cvs not declined since the 1950s? The succeeding sections will try to
answer this question and to clarify the issues relating to the increases in
wheat production cvs since the early 1970s.

The Variance Decomposition Exercise:
The Data, Implications of Selected Data Periods, and Detrending

To better examine structural change in production variance across
different periods for China, the variance decomposition method of chapter
2 has been employed. To identify the important components of the change
in aggregate production variance, however, the selection of data period has
been severely constrained by the availability and quality of provincial and
crop data.

From original source material compiled in provincial statistical col-
lections, including Chen (1967), Social Science Research Council (1969),
CIA (1969), and Wiens (1980), an analysis of additional disaggregated
provincial data by Walker (1984) and IFPRI has culminated in disaggre-
gated series for 1952-57 of quality sufficient to attempt an initial variance
decomposition study. Data reported by PRC provincial authorities prior to
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1952 and for 1958-61 are unreliable, while full reliability and complete-
ness of data even for 1962-78 present problems (Wiens 1980, Stone 1983,
1984a).

The data for the study are, therefore, constrained yet were the only
disaggregated data available of sufficient quality and continuity for a vari-
ance decomposition during the People's Republic period, 1952-57 and
1979-83. Even within these temporal limitations, data for a number of
crops and provinces had to be excluded due to insufficiently independent
estimates for consecutive years or other problems of reliability. The final
data cover only wheat (for 21 of 26 provinces), rice (for 18 provinces) and
"other foodcrops" as a group (consisting of all other cereals, plus soy-
beans, other miscellaneous leguminous crops, and sweet and white pota-
toes). It was possible to include, however, almost all the important wheat-
and rice-producing provinces.

While chosen solely on the basis of data availability, continuity, and
reliability, the two periods are fully appropriate for a comparison of pre-
and post-green revolution patterns. Seed selection and strain improvement
along with organic fertilization had been traditional in Chinese agricul-
ture. However, manufactured fertilizer application was not widespread in
China until the late 1960s (Dalrymple 1978, p. 41; Stone 1980, pp. 122,
155-71; Stone 1986a,b).

Semidwarf rice varieties were first developed in Chinese research insti-
tutions during 1956-59 (Wiens 1978, p. 676; Dalrymple 1978, p. 78;
IRRI/CAAS 1980, p. 9) and high-yielding hybrid rice, a fully Chinese
technical innovation, was first grown by farmers in 1975 (Wiens 1978,
p. 679; IRRI/CAAS 1980, p. 10). Semidwarf wheat varieties from Chi-
nese-Mexican crosses were initially planted on farmers' fields in 1973
(Dalrymple 1978, p. 41; Stavis 1978, pp. 638, 645; Wiens 1978, p. 677),
although imported fertilizer-responsive varieties were used on farms as
early as 1957, and Chinese research institutions and breeding stations were
releasing their own varieties by 1960 (Stone et al. 1985). Double-cross hy-
brid maize was released around 1958-59 and occupied a large share of
maize area in the mid-1960s but proved susceptible to disease over large
areas in 1961 and 1966 (Wiens 1978, p. 677). New single-cross maize hy-
brids were developed and released in the late 1960s and recovered to 40
percent of maize area by 1973 (Wiens 1978, p. 677) and 60 per cent by 1978
(Stone 1980, p. 158).

By 1977, high-yielding dwarf rice varieties were sown on around 80
percent of China's rice area (Wiens 1978, p. 677) and in 1985 the propor-
tion was around 95 percent (Dalrymple 1986a). On-farm use of hybrid rice
expanded quickly from its introduction in 1975 to 20.4 percent of rice area
in 1983 (Stone 1984b, table 1). If semidwarf wheat can be construed to
include all varieties under 105 cm at maturity, semidwarfs exceed 70 per-
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FIGURE 3.2 Fertilizer nutrient application per sown hectare in China, 1983
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SOURCE: Stone (1986a, 460).

cent of Chinese wheat area. If the standard is 100 cm, the proportion is
around 55 percent. If a standard of 85 cm is employed, the proportion is
much smaller, but grew rapidly from 10 percent in 1980 to more than 30
percent in 1983 (Stone et al. 1985, Dalrymple 1986b).

Application of manufactured fertilizers averaged 0.6 kg/ha in 1952
and 2.4 kg/ha in 1957. From 1979 through 1983, average application grew
from 73 to 115 kg/ha to exceed average rates in most other nations (Stone
1986a; Zhongguo Guojia Tongjiju 1984b, p. 137; FAO 1984, pp. 44-55).
Such fertilizer is the principal purchased input in most Chinese provinces
(figure 3.2). All in all it is clear that the period 1952-57 predates the green
revolution in China and that, by 1979-83, the technical transformation of
Chinese agriculture was already considerably advanced. The second pe-
riod also falls within the peculiar years of higher wheat production cvs,
while the first period considerably precedes them.

The data period ends prior to the formation throughout most of China
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of the people's communes and the radical policy initiatives of the Great
Leap Forward (1958-59), as well as the unusually severe natural disasters
which caused or seriously accentuated the famine of 1960-61. However,
this first period spans the formation of agricultural cooperatives (1952-
56), the establishment of a state grain market (1953), and the imposition of
fixed quotas of grain to be delivered from each unit of farmland (1955)
(Chao 1970, pp. 44-68; Stone 1980, pp. 147-8). It also spans a period of
some instability in purchase prices for cereals, although the cash costs for
inputs were consistently minor throughout the 1950s (Stone 1980, 1984c).

The second period postdates major rural organizational reforms, a
three-tiered structure for grain prices including free-market cereals prices,
and significant procurement pricing changes after the Cultural Revolution
(Stone 1980, pp. 147-53). And while farm price and market structures re-
mained reasonably constant during 1979-83, rapid growth in yields be-
cause of greater fertilizer availability allowed average and especially mar-
ginal prices that many farmers faced, as well as the degree with which they
interacted with private versus public markets, to change considerably dur-
ing the period. Thus while 1952-57 and 1979-83 (or even 1979-84) are
periods of greater internal consistency than surrounding periods, such
continuity is imperfect in both cases.

Detrending required to complete the variability comparisons and the
variance decomposition exercise posed a problem, because of the lengthy
period separating the two internally contiguous data sets. Due to major
structural changes in Chinese agriculture during the 1960s and 1970s
(Stone 1980), the factors governing trend increase in yields during the two
data periods were thoroughly dissimilar. Yet the periods are so short that
separate linear trends could jeopardize the results through loss of the extra
degree of freedom. A single quadratic trend was, therefore, estimated for
total foodcrops and for each crop (production, area, and yield) for the en-
tire 1952-83 period.

Changes in Means and Variability

Table 3.1 summarizes the changes in Chinese foodgrain production
between the two periods in the included provinces. Average foodgrain pro-
duction increased from 166 to 317 million metric tons, or by 90 percent.
This accords quite well with the increase for all provinces between the two
periods: from an average of 173 (1952-57) to 344 million metric tons
(1979-83) or by 98 percent (Stone 1984a, p. 605; Zhongguo Guojia Tong-
jiju 1984c, p. 145). Paddy rice production for the group of included prov-
inces increased from 67 to 131 million metric tons, or 96 percent between
periods (from 76 to 152 Mt, or 99 percent for all provinces). Wheat pro-



TABLE 3.1 Changes in the mean and variability of national foodcrop production, area, and
yield in the People's Republic of China

Means Coefficient of Variation

Crop

Production
Total grains

Rice
Wheat
Other crops

Area
Total grains

Rice
Wheat
Other crops

Yield
Total grains

Rice
Wheat
Other crops

I II
Change

(percent) I II
Change

(percent) F Ratio
No. of

Provinces

(Mt)
166
67
21
79

317
131
63

123

90.5
95.6

199.3
56.6

0.022
0.050
0.062
0.022

0.085*
0.063
0.137*
0.063*

286.4
26.0

121.0
186.4

56.35*
6.12

44.02*
19.51*

8/11/21
6/7/18
7/12/21
4/6/21

(million ha)
123
27
26
71

109
30
28
52

-11.6
9.7
7.8

-26.6

0.007
0.050
0.024
0.011

0.031
0.005*
0.020
0.041*

342.9
-90.0
-16.7
272.7

16.01*
0.01*
0.79
8.13

2/5/21
2/2/18
3/3/21
1/4/21

(t/ha)
1.35
2.52
0.82
1.11

2.91
4.49
2.27
2.37

115.6
78.2

176.8
113.7

0.020
0.026
0.050
0.025

0.056*
0.061*
0.120*
0.037

180.0
134.6
140.0
48.0

35.17*
17.14*
45.35*
10.46*

6/15/21
5/5/18
11/17/21
3/7/21

Note: I = First Period: 1952-57, II = Second Period: 1979-83. Asterisks on the F ratios indicate statistically
significant homogeneity of variance tests and asterisks on the second period cvs denote that the cv in the second
period is significantly different from that of the first, both at least at the 5 percent level. Although these are de-
scribed as "national" results, they are based on sums of data for only the provinces included in the study (see text).
The three numbers in the final column on the right indicate the number of provinces for which the F tests for
homogeneity of variance over the two periods indicated apparently significant differences between the two periods
at the 1 and 5 percent levels, and the total number of included provinces, respectively.
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duction for included provinces increased 199 percent, from an average of
21 to 63 million metric tons (from 22 to 65 Mt, or by 200 percent, for all
provinces).

Among remaining cereal crops, the outstanding contributor to food-
grain production growth was maize, which increased throughout China
from a mean of 19 million metric tons in the first period to 62 million met-
ric tons in the second period, or by 223 percent (Zhongguo Guojia Tongjiju
1984c, p. 145). Maize represented a rapidly increasing proportion of
"other foodcrops" in China (23 percent in the first period and 49 percent
in the second period). Together, rice, wheat, and maize increased their
share of total Chinese food crop production (Chinese definition) from 68 to
81 percent. Production of "other foodcrops" (including maize) among in-
cluded provinces increased from 79 to 123 million metric tons.

All of the increase in national foodgrain production is attributable to
changes in average yields, which increased 116 percent to 2.9 tons per hect-
are among included provinces, while area declined by 12 percent. But this
increase in average total grain yields was partly due to a shift in composi-
tion of grain sown area, with wheat and rice area among included prov-
inces rising by 8 and 10 percent, respectively, while those of other food-
crops declined by 27 percent. Among other foodcrops, however, area sown
with maize, the most widely planted "other" crop, increased throughout
China by 36 percent, implying a very sharp decline in area sown with
millet, sorghum, barley, soybeans, potato crops, and other minor grains
and bean crops (Zhongguo Guojia Tongjiju 1984b, p. 138). Among these
latter crop categories, only white potatoes increased in area (Stone 1984a,
p. 628).

Although part of the total grain production growth was attributable to
changes in crop composition, it was dominated by increasing yields.
Among included provinces, average yields increased from 0.8 to 2.3 tons
per hectare (177 percent) for wheat, from 2.5 to 4.5 tons per hectare for
paddy (78 percent) and from 1.1 to 2.4 tons per hectare (114 percent) for
other foodcrops. Among other foodcrops, final average yields and their
rates of growth differed considerably, although all registered gains. For all
of China the leaders in growth between the two periods were maize, sor-
ghum, and potato crops, for which yields increased by 139, 129, and 84
percent to second period averages of 3.2, 2.6, and (at V4 weight) 3.5 tons
per hectare, respectively. In contrast, millet and soybean yields increased
by 48 and 42 percent to 1.6 and 1.1 tons per hectare. Yields for barley and
other minor grains and bean crops also grew slowly from very low base
levels (Stone 1984a, p. 608, 1984b; Zhongguo Guojia Tongjiju 1984b,
p. 47).

The coefficient of variation of total grain production increased 286
percent among included provinces, which was statistically significant at
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TABLE 3.2 Analysis of the components of change in mean foodgrain production
in China, 1952-1957 to 1979-1983 (percent)

Crop

Rice
Wheat
Other crops
Total foodcrops

"Pure"
Changes
in Yields

81
95

205
122

"Pure"
Changes
in Area

10.3
6.5

-45.0
-7.1

Changes in
Area-Yield
Covariances

0.08
-0.05

0.53
0.18

Interaction
between Mean

Yields and
Mean Areas

9
-1

-61
-15

the 5 percent level or better. This significance result was echoed individu-
ally for wheat and "other crops" (for which the cvs increased by 121 and
186 percent, respectively) but not for rice. The cv for total grain area grew
343 percent, with the increase again significant but from a very small cv to
another small cv. Wheat and rice actually registered nominal declines in
area variability. The cv for yield increased by 135 percent for rice, 140 per-
cent for wheat, 48 percent for "other crops" and 180 percent for total food-
grains, each (except for "other crops") proving to be a statistically signifi-
cant increase.

Results from the Mean and Variance Decomposition Procedures

Applying Hazell's decomposition method to the change in average
foodgrain production between the 1952-57 and 1979-83 periods, changes
in yields are confirmed to be the most important component (table 3.2).
For total foodcrops, changes in yields accounted for 122 percent of the
mean production change between periods, while loss of area reduced the
production impact of increasing yields by 7 percent, and interaction be-
tween mean yields and mean areas, by 15 percent. This last figure indi-
cates that, where area increased (decreased), average yields decreased (in-
creased). Reduction of foodcrop-sown area primarily involves low-yielding
lands, despite well-publicized administrative complaints that considerable
areas of high-yielding land have been lost to irrigation structures, roads,
and buildings. Hence, where area increased (especially in the major recla-
mation provinces of Heilongjiang and Inner Mongolia) average yield
tended to decline due to low productivity on the newly reclaimed land.

The area-yield interaction effect was very weakly negative for wheat (1
percent) and actually positive for rice (9 percent). In provinces where rice
yields were rising, a particular effort was probably made to increase rice
area, an influence related to the primacy of the fine-grains procurement
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issue in central policy and planning (Stone 1984c, Walker 1984). Wheat's
weakly negative area-yield interactive effect could be considered a balance
between a similar (positively correlated) effort for wheat and the (nega-
tively correlated) expansion of wheat onto relatively unsuitable lands.
"Pure" yield changes accounted for 81 percent of the change in the mean
aggregate rice production level between periods (and 95 percent for
wheat), while ("pure") increased rice area accounted for 10 percent of the
aggregate rice production level change (and less than 7 percent for wheat).

Table 3.3 itemizes the contribution of various components of the in-
crease in the variance of total foodgrain production between the two pe-
riods. Increases in interprovincial covariances account for 91.4 percent of
the production variance increase for total foodcrops (table 3.3), 87.8 per-
cent for rice (table 3.4), 84.6 percent for wheat (table 3.5) and 72.6 percent
for "other foodcrops" (table 3.6). This is consistent with results obtained
for India (Hazell 1982, 1984), the United States (Hazell 1984), the
U.S.S.R. (Nguyen 1985, table 4), Syria (Nguyen, ch. 5), and Australia
(Anderson et al. 1988), though the effect appears strongest for China.

Unlike the United States and India, but like the Soviet Union, the
Chinese cross covariance contribution (between different crops in different
provinces) exceeds the within-crop covariance effect among provinces.
This may represent a characteristic feature of central planning where
state-supplied inputs are allocated for specific crops in provinces where
authorities aspire to purchase marketable surpluses. The state may also
contribute to this peculiar pattern of interprovincial correlation through
fixed quotas for specific grains in each province to facilitate exports,
through pricing policies which have provided much higher marginal re-
turns to grain deliveries above assigned quotas, and by allocating fertil-
izers in exchange for desired commodities (Stone 1980, 1984b, 1986b).

The changes in provincial crop production variances account for only
6.1 percent of the change in the variance of total foodgrain production (1.5
percent from rice, 2.4 percent from wheat, and 2.2 percent from other
crops). This is a particularly small proportion compared with that found in
other country studies. Also striking is the especially small contribution of
intercrop covariances within provinces (2.5 percent), perhaps because in-
tercrop covariances were already high in the first period.

The interaction effect between mean area levels and yield variances
and covariances, and the interaction effect between mean yield levels and
area variances and covariances are offsetting and particularly important
for rice (see table 3.4). The positive value for the first of these interaction
terms is not surprising. As area increases (onto less suitable and more
poorly serviced lands) the variability of yields tends to increase. This inter-
action effect is particularly strong but negative for "other crops" (table
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TABLE 3.3 Analysis of the components of change in the variance of total grain
production in China, 1952-1957 to 1979-1983 (percent)

Crop
Variance

Rice
Wheat
Other

Changes
in Mean
Yields

1.4
0.5
0.8

Changes
in Mean

Areas

0.2
-0.0
-0.4

Changes
in Yield

Variances
and

Covariances

1.6
1.9
3.5

Changes
in Area

Variances
and

Covariances

-0.8
-0.0
-0.1

Changes
in

Area-
Yield

Covariances

0.2
0.0
0.5

Total variances
within provinces 2.6 -0.2 7.0 -0.9 0.8

Intercrop
covariances within
provinces 0.6 -0.0 1.1 -0.2 0.4

Interprovince
covariances within
crops 5.8 0.3 23.8 -1.8 1.9

Covariances between
different crops
in different
provinces

Column sums
5.9

14.9
-0.4
-0.3

33.8
65.7

-1.1
-4.1

9.8
12.9

3.6). This may indicate that land going out of "other crop" production was
relatively good land which left the remaining production of "other crops"
in a more unstable state on average.

The interaction term between mean yields and area variances and co-
variances is negative for the aggregated provinces in each crop category
and may also reflect central planning effects. The impact is especially
strong for rice. In provinces exhibiting rising yields, successful efforts were
made to stabilize area to help guarantee procurement despite relatively low
prices for rice (Stone 1984b). Conversely, in areas where effective control
was achieved, state authorities focused current inputs and infrastructural
investments, thereby raising yields. In any event, several items in the de-
composition suggest relative success in crop area stabilization between the
1950s and 1979-84.

The most important result of the variance decomposition is the partic-
ular dominance of the interregional covariances, especially among yields.
This is very likely the reason that the cvs for yield and production of total
foodgrains, as well as of the individual grains, do not appear to have de-
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Change in Interaction Terms between

Mean
Yields
and

Mean
Areas

0.0
-0.0

0.2

Mean Areas
and Yield
Variances

and
Covariances

0.1
0.1

-1.8

Mean Yields
and Area
Variances

and
Covariances

-1.4
-0.1
-1.0

Mean Yields,
Mean Areas,

and
Area-Yield
Covariances

0.2
0.0
0.3

Changes
in

Residual

0.1
0.0
0.1

Total
Contribution
to Change
in Variance

of Production
in China

1.5
2.4
2.2

0.2

-0.0

-1.6

0.3

-2.5

-0.0

0.5

0.4

0.3

0.0

6.1

2.5

0.1 0.5 -4.3 2.9 0.8 30.0

-0.3
-0.0

1.7
0.9

-2.2
-9.0

12.2
15.9

2.0
3.0

61.4
100.0

clined during more than three decades (figure 3.1). The most plausible
explanation for this increase in interprovincial covariances is that Chinese
farmers are now much more responsive to central policy and to national
market influences in general.

Issues relating to the genetic base for high-yielding crop varieties con-
stitute an input hypothesis related to the central policy theme. It has been
suggested for the United States and for theU.S.S.R. (Hazell 1984, Nguyen
1985) that many regionally adapted varieties of a crop were replaced by a
very few higher yielding varieties sown broadly across regions, and that this
development may have contributed to increased interregional correlations
in yield and hence to increased aggregate variance. Comparing the 1960s
in China (a period of particular national production variability but poor
provincial data) with the 1950s, the proportions of wheat, rice, and maize
area planted with just a few closely related varieties increased dramati-
cally. Since the 1960s, however, more regionally adapted high-yielding va-
rieties have proliferated, somewhat reducing the area sown with any single
variety. Difficulties associated with central authorities promoting overly
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TABLE 3.4 Analysis of the components of change in the variance of rice production
by province in China, 1952-1957 to 1979-1983 (percent)

Province

Hebei, Beijing
Tianjin

Nei Monggol
Liaoning
Jilin
Heilongjiang
Jiangsu and

Shanghai
Anhui
liangxi
Shandong
Henan
Hubei
Hunan
Guangxi
Guangdong
Sichuan
Guizhou
Yunnan
Shaanxi
Interprovince

covariances
All provinces

Changes
in Mean
Yields

270.7
-101.7
-333.3
-212.6

14.8

4.6
529.9

20.1
6.1
8.9

45.8
26.7

156.0
3.8

-1,443.6
17.0
0.2
0.9

41.8
47.7

Changes
in Mean

Areas

0.7
-4.6

-90.9
-33.1

3.8

5.3
1.3

11.2
8.6

-0.1
38.2
22.2
4.6

-0.2
18.1

-0.8
0.1
0.7

3.0
4.1

Changes
in Yield

Variances
and

Covariances

-47.4
19.1
15.6
9.5

40.4

48.0
318.5

71.7
0.3

43.7
64.9
17.2
78.1

114.4
-878.0

145.8
29.7
86.5

83.6
86.9

Changes
in Area

Variances
and

Covariances

-126.8
164.1
36.8
67.0
38.3

-5.3
-265.4

-8.8
19.4
2.7

-14.2
-19.2
-61.5
-0.8

1,040.1
-20.6

9.5
-0.1

-18.3
-22.3

Changes
in

Area-
Yield

Covariances

173.9
-70.3

37.5
31.4

-29.7

10.7
6.4

-1.5
-8.5
21.5

-37.8
38.6
37.4
9.6

-275.4
-5.7
35.7

-11.8

9.3
10.1

rapid and intensive adoption of specific high-yielding varieties have been
documented for maize in the 1960s (Wiens 1978, p. 677; Stone 1980, pp.
157-8), and for hybrid rice in the late 1970s and early 1980s (Stone 1984c).
But it may be more valuable to focus attention on wheat, for which the
yield and production cvs increased most notably between 1952-57 and
1975-84.

During the late 1970s and early 1980s, nine varieties accounted for
14.5 million hectares (one-half of national wheat sown area) in a few of the
major wheat-growing zones; and a number of these varieties have closely
related genealogies (Stone et al. 1985). But although the numbers of vari-
eties were considerably fewer than during the 1950s, they had been bred
with greater experience and attention to disaster risks than those of the
1960s.
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Change in Interaction Terms between

Mean
Yields
and

Mean
Areas

-99.7
-4.0

-65.5
-13.5
-2.2

-3.3
-0.2
-0.2

2.5
0.5
7.3

-5.1
-6.7

0.2
-22.4
-0.1
-0.0

0.1

0.2
0.2

Mean Areas
and Yield
Variances

and
Covariances

-80.8
-6.3
43.8
10.3
16.6

35.7
4.2

29.2
17.2

-11.3
54.4
10.3
29.8

-31.7
216.0
-18.1

4.6
27.8

16.1
15.1

Mean Yields
and Area
Variances

and
Covariances

-396.8
1,213.8

263.1
181.1
19.0

-12.5
-558.5

. -20.7
186.5
11.5

-22.8
-43.4

-192.1
-2.9

1,608.9
-14.8

6.6
0.0

-41.4
-48.0

Mean Yields,
Mean Areas,

and
Area-Yield
Covariances

384.9
-5.6
175.4
56.8

-13.1

15.3
4.9

-1.7
-135.2

20.8
-45.0

49.6
51.9
7.8

-106.1
-1.3
14.3

-5.0

3.6
4.1

Changes
in

Residual

21.4
-14.4

17.6
3.1

12.2

1.4
58.9

0.7
3.2
1.7
9.2
3.1
2.5

-0.2
-57.7
-1.4
-0.8

0.8

2.6
3.0

TotalI ULU1

Contribution
to Change
in Variance

of Production
in China

0.0
0.0

-0.1
-0.1

0.0

3.5
0.5
0.4
0.0
0.2
2.0
1.7
0.5
2.9

-0.4
0.2
0.7
0.0

87.8
100.0

Examining table 3.7, it is immediately clear that a much greater num-
ber of provincial yield (and even production) variances tested as nonho-
mogenous between the periods in the case of wheat than for rice and for
"other crops." Of those testing nonhomogenous, only two recorded de-
clines in variance (neither significant at the 1 percent level): for yields, only
Anhui and Jiangsu; for production, only Anhui and Yunnan. Contrasting
sharply with the results for rice and for "other crops," all of the largest five
wheat producers exhibited significant increases in production variability.

Among the next nine provinces of intermediate importance for wheat
(each with 1.2 to 7.3 percent of national production), production variabil-
ity increases were not significant at the 5 percent level only for Xinjiang,
Shanxi and Anhui. Some 81.5 percent of Xinjiang's farmland and virtually
all Xinjiang wheat are irrigated, by far the highest proportion in China
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TABLE 3.5 Analysis of the components of change in the variance of wheat
production by province in China, 1952-1957 to 1979-1983 (percent)

Province

Hebei, Beijing
Tianjin

Shanxi
Nei Monggol
Liaoning
Jilin
Heilongjiang
Jiangsu and

Shanghai
Anhui
liangxi
Shandong
Henan
Hubei
Hunan
Guangxi
Guangdong
Sichuan
Guizhou
Yunnan
Shaanxi
Gansu
Xinjiang
Interprovince

covariances
All provinces

Changes
in Mean
Yields

6.0
41.5
2.7

-2,843.2
5.5

11.0

30.8
63.0
10.8
2.8

78.2
22.6

107.3
-727.2

101.6
0.1
2.5
8.1

-1.5
9.0

-1.2

4.8
7.0

Changes
in Mean

Areas

0.8
-9.8
17.7

-4.7
9.5
5.5

-1.5
-12.0
-4.2
-0.8
-3.4

1.5
-1.8

-31.6
-4.0

1.4
262.4
22.6
0.2
1.7

283.9

0.5
0.4

Changes
in Yield

Variances
and

Covariances

49.5
161.5
34.7

-342.8
-6.7
14.7

60.9
186.6
156.0
94.5

142.3
48.7
74.2

-41.0
276.7
28.0

-101.7
70.5
75.2
74.3
84.3

68.1
69.8

Changes
in Area

Variances
and

Covariances

-0.7
-5.1
-0.0
152.0
16.8
4.4

5.9
-2.4
-4.3

0.1
-5.2
-4.0

-16.2
167.6
39.8
0.2

49.2
122.8

0.8
-1.5
139.6

-0.2
-0.2

Changes
in

Area-
Yield

Covariances

3.1
-0.5

-12.5
-29.2
-2.6
-1.5

-23.9
1.3

-12.9
8.0

-2.9
7.6

11.9
-51.7

-185.9
0.1

118.6
-161.3

12.0
1.3

-276.9

2.7
2.4

(Stone et al. 1985). The performance of Shanxi and Anhui may be related
to the unusually high cv in the first period for both provinces (25 percent),
coupled with relatively large wheat area reductions (21 and 26 percent),
augmented by irrigation expansion.

But from table 3.5 it is clear that it is not the individual provincial
changes in production variance, but the increased interprovincial covari-
ances that account for most (85 percent) of the increased aggregate wheat
production variance.
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Change in Interaction Terms between
T_J.-I

Mean
Yields
and

Mean
Areas

-0.4
-3.0

1.1
-52.5

0.1
-0.6

1.4
-3.0
-0.6

0.0
-2.7
-2.4

0.3
-63.5

0.1
-0.8

-43.7
-0.1
-0.0

0.5
-5.6

0.5
0.3

Mean Areas
and Yield
Variances

and
Covariances

34.9
-61,5

75.2
312.8
-8.7
65.2

-19.3
-84.5
-37.5
-22.6
-41.4

31.9
-16.2

39.3
-70.0

71.5
-422.6

253.8
1.1

16.1
274.1

10.0
8.9

Mean Yields
and Area
Variances

and
Covariances

-4.9
-26.0
-0.1

2,915.6
85.7
15.3

106.8
-49.6
-5.5

0.7
-59.9
-19.9
-65.7
774.2
142.2

0.9
29.3

145.2
1.9

-3.7
90.2

-3.5
-3.3

Mean Yields,
Mean Areas,

and
Area-Yield
Covariances

8.3
-0.5

-19.3
-9.6
-7.1
-5.8

-61.5
3.1

-4.1
14.3

-5.9
16.2
11.8
25.9

-145.2
0.3

211.1
-339.8

10.3
1.4

-453.0

17.5
15.0

Changes
in

Residual

3.5
3.5
0.4
1.7
7.4

-8.3

0.4
-2.4

2.4
3.1
0.9

-2.2
-5.5

8.0
-55.4
-1.7
-5.1

-21.8
0.1
1.1

-35.6

-0.4
-0.2

x viai

Contribution
to Change
in Variance

of Production
in China

4.3
0.3
0.1
0.0
0.0
0.7

1.2
0.5
0.0
3.7
2.1
0.2
0.0
0.0
0.0
1.2
0.0
0.0
0.9
0.4
0.0

84.6
100.0

Hypotheses Explaining Increased Interprovincial Correlations and Yield
Variability

In table 3.8, detrended pairwise yield correlations for the 1979-83 pe-
riod have been calculated for only those provinces contributing more than
1 percent to the increase in the variance of national wheat production.
These provinces also happen to be the five largest wheat producers and five
provinces within which wheat production increased most between the two
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TABLE 3.6 Analysis of the components of change in the variance of other crop
production by province in China, 1952-1957 to 1979-1983 (percent)

Province

Hebei, Beijing
Tianjin

Shanxi
Net Monggol
Liaoning
Jilin
Heilongjiang
Jiangsu and

Shanghai
Anhui
liangxi
Shandong
Henan
Hubei
Hunan
Guangxi
Guangdong
Sichuan
Guizhou
Yunnan
Shaanxi
Gansu
Xinjiang
Interprovince

covariances
All provinces

Changes
in Mean
Yields

-43.0
54.2

-36.8
-0.2

0.2
6.6

36,841.2
13.1

-167.5
142.2

1.4
-101.0

-6.1
-255.1

8.1
-164.1

537.7
68.7
23.0
14.6
59.0

11.5
18.6

Changes
in Mean

Areas

85.2
-5.3
68.1

-1.9
-1.1
-1.4

366.0
-53.6

76.2
202.2
-3.4
66.2

-40.1
36.9

-6.2
9.8

-0.6
17.7

-1.5
-96.0

83.7

-1.7
-6.3

Changes
in Yield

Variances
and

Covariances

71.4
172.0

15.3
122.5
122.4
102.1

16,885.2
102.7
170.8

-247.4
185.0
-4.2

-83.6
-88.7

3.6
99.8

227.1
31.6

103.8
186.5
502.7

98.0
115.9

Changes
in Area

Variances
and

Covariances

18.0
-15.0

10.8
1.2
0.1

-5.0

-4,178.4
10.7
99.8
14.3
3.2

34.7
34.8

115.2
35.0
69.3

-205.8
-101.1
-16.3

14.6
769.9

3.1
0.4

Changes
in

Area-
Yield

Covariances

-40.4
9.8
7.0

16.8
11.4
4.7

2,758.7
50.0

-107.4
-108.1

4.4
7.8

16.6
-11.4

21.2
-65.3

33.9
117.3
35.2
97.8

-1,215.4

9.8
13.6

periods. Although there was a decrease in wheat yield cv between the two
periods for Jiangsu (and increases for each of the other provinces), the ac-
tual yields among all these provinces are highly correlated in the 1979-83
period. This includes some of the most distant pairs of provinces such as
Jiangsu and Sichuan, and Hebei and Sichuan, for which reliability of the
correlation appears quite high. In fact, the least correlated and least reli-
able correlation is for the adjacent provinces of Jiangsu and Shandong.
Although some of these provinces have highly correlated weather patterns,
this relationship does not include all of those with highly correlated yields
during the period. Two important conclusions may be drawn from exami-
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Change in Interaction Terms between

Mean
Yields
and

Mean
Areas

-11.0
3.1
4.0
0.2
0.3
0.0

6,253.7
-1.7

-42.3
-96.8

1.3
7.8
8.2

-0.8
-0.4
-6.2

0.0
-9.1

4.0
1.0

-44.4

0.5
2.6

Mean Areas
and Yield
Variances

and
Covariances

-27.5
-59.5
-6.0

-62.6
-48.2
-4.7

-12,274.5
-73.4

-120.3
164.5

-116.2
2.9

43.5
33.3

-2.3
-14.0
-3.1
10.6

-21.5
-123.8

460.4

-45.1
-55.4

Mean Yields
and Area
Variances

and
Covariances

86.2
-70.2

16.7
6.0
0.4

-5.5

-48,564.7
33.1

258.2
84.3
14.6
79.9

111.4
255.5
44.7

226.4
-531.1
-126.3
-56.8

9.9
601.3

11.7
-3.7

Mean Yields,
Mean Areas,

and
Area-Yield
Covariances

-35.8
9.1
1.7

12.2
8.6
2.0

2,346.7
4.0

-3.1
-56.0

1.9
0.2
6.9

-4.8
-2.2

-59.7
29.8
85.9
31.1

-24.4
-1,014.3

2.7
5.8

Changes
in

Residual

-3.0
1.9

19.4
5.8
5.8
1.0

-333.7
15.1

-64.3
0.7
7.8
5.7
8.4

19.9
-1.3

4.0
12.0
4.6

-0.8
19.8

-103.0

9.4
8.6

TVitalluiai
Contribution
to Change
in Variance

of Production
in China

-1.1
0.6

-0.4
4.9

10.7
3.5

0.0
1.7

-0.1
-0.7

8.2
-0.6

0.3
-0.1

0.4
-0.9

0.0
0.1
0.8
0.2
0.0

72.6
100.0

nation of tables 3.5 and 3.8: (a) Those provinces that are individually con-
tributing the most to increased wheat production variance are not only
China's largest wheat producers, but exhibit highly correlated wheat yields
in the second period, and so are apt to be major contributors to the in-
creased interprovincial yield correlations that are the predominant factor
associated with increased wheat production variability; (b) While corre-
lated weather patterns and the similar response of similar varieties may
explain some of the yield correlation among these major wheat-growing
provinces in the 1979-83 period, these factors certainly do not explain all
of the yield correlation, nor is there convincing evidence to suggest that



TABLE 3.7 Provinces exhibiting variance changes between 1952-1957 and 1979-1983

Production

Province

National
Hebei, Beijing,

Tianjin
Shanxi
Nei Monggol
Liaoning
Jilin
Heilongjiang
Jiangsu, Shanghai
Anhui
Jiangxi
Shandong
Henan
Hubei
Hunan
Guangxi
Guangdong
Sichuan
Guizhou
Yunnan
Shanxi
Gansu
Xinjiang

Total
Grains Rice

** *

*
n.a.

**
**
*
** **
*

** **
**

*

** **

**
** **

**
n.a.

** n.a.

Total
Wheat Other Grains

** ** **

**
*

*
** **

** **
**
**

**
* ** **
**

*

*
**

*
* **
*

Area

Total
Rice Wheat Other Grains

* **

*
n.a. *

** **
** **

**
*

**
**
*

*
*

* **
*
**

** ** *
*

n.a. *
n.a. *

Yield

Rice Wheat

** **

**
n.a. *

*
**

**
*
*
**
**

** **
**
*

** **
**

**
** **
** *

n.a. **
n.a.

Other

**

*

**
**

**

*

**

Note: **, * indicate statistically significant F ratios (one-tailed tests) at 1 and 5 percent confidence levels, respec-
tively, n.a. = not available.
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TABLE 3.8 Wheat yield correlation coefficients among five major producing
provinces, 1979-1983

Province Jiangsu Shandong Henan Sichuan

Hebei (plus Beijing and Tianjin) 0.71
0.11

liangsu (plus Shanghai)

Shandong

Henan

0.96
0.00
0.48
0.33

0.92
0.00
0.65
0.16
0.88
0.02

0.80
0.05
0.79
0.06
0.66
0.15
0.61
0.19

Note: The upper number represents the correlation; the lower number the percent level of
"significance."

they would explain most of the increased correlation between the two
periods.

What, then, could be the cause of increased wheat yield correlation
among major wheat growing provinces, to the extent that it is not due to
weather and similarity among the varieties sown over broad areas? Among
the input-related hypotheses, the high correlation among distant provinces
such as Sichuan and Hebei would argue against linked irrigation or re-
gional power grid allocation being the dominant cause, although these
again cannot be ruled out within the North China provinces. Little is
known about difficulties with the seed distribution system, but some docu-
mentation related to manufactured fertilizer use is available.

The particularly rapid rate of growth of fertilizer use has elsewhere
been established as a principal contributory factor to increased foodgrain
yields since the 1960s and especially since the mid-1970s. Among food-
grains, wheat has been a high priority crop upon which yield-increasing
attention has been focused (Stone 1984b, 1986a). Wheat yields grew most
rapidly in these major wheat producing provinces but failed to reach the
1979 level in 1980 and 1981, resuming rapid growth in 1982 and 1984.
While 1980 was a poor weather year for China's main wheat producers,
1981 was not (Kueh 1984). When the state budget collapsed between 1980
and 1981 under the weight of unmanageable food subsidies and overex-
pansion of capital construction (Stone 1984b, 1985), one of several adjust-
ment measures (also aimed at alleviating foreign exchange difficulties) was
curtailment of imports, including fertilizers. Thus, imports of fertilizers,
though growing rapidly over the period, fell in 1981.

This decline began in late 1980, in time to affect the winter wheat
crop. Between October 1980 and January 1981, monthly procurement and
sales of manufactured fertilizer (both imported and domestically pro-
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duced) by the central marketing organization were consistently 4 to 19 per-
cent below corresponding data for the previous year (Zhongguo Guojia
Tongjiju 1984a, pp. 312-13). Imports constituted 14-19 percent of total
Chinese application during the period, but considerably more for these in-
tensive user provinces (figure 3.2), and applications of imported fertilizers
were concentrated on cotton and wheat. The variability in wheat yields of
the major producing provinces and the high correlations among their
yields since 1979 may indeed be at least partly related to irregularities in
the institutional behavior affecting fertilizer supply and purchase.
Whether such difficulties were also contributory to the high cvs for the
remainder of the 1974-83 period (1974-78) is difficult to verify, but 1974-
76 was a foreign exchange conservation period when imports were reduced
somewhat, while 1977 and 1978 were the worst weather years in wheat-
growing regions since 1960-61.

Conclusions

Although the coefficient of variation for sown area of wheat, rice,
maize, "other crops," and total foodgrains showed some trend decline over
the entire three and one-half decade period due to increasing administra-
tive planning and control over sown area, the coefficients of variation for
yield and production showed considerable variability and no long-term
dominant trend, despite the measured increase between the 1952-57 and
1979-83 terminal periods. Between these two periods there were three
main subperiods of higher variability: the late 1950s and early 1960s for all
crops, 1966-73 for maize, and 1974-82 for wheat. Policy and administra-
tion seem to have been important causes of variability. Weather was highly
contributory in the first period and partially so in others. But aggressive
state-conducted area expansion efforts for wheat and maize in risk-prone
areas for which weather patterns were highly correlated must be consid-
ered as both weather and policy related. The proliferation of disease-sus-
ceptible maize hybrids may also have been contributory, but any major
problem appears to have been resolved before the mid-1970s. For wheat,
there may have been a similar phenomenon related to the rapid prolifera-
tion of semidwarf wheat varieties beginning around 1973, but increasing
concentration of production in areas with correlated patterns of weather
and irrigation water availability and variability associated with centralized
control of inputs, especially fertilizers, appear more important.

All in all, the lack of trend decline in production and yield cvs (despite
area stabilization, multiple cropping increases, and substantial risk-re-
ducing capital construction efforts and technology adoption) is predomi-
nantly related to increased yield correlations among provinces. Between
the two terminal periods for which variance decomposition exercises were
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conducted, the proportions of increased foodgrain production variance ex-
plained by increase in interprovincial covariances were high: 88 percent for
rice, 85 percent for wheat, 73 percent for other food crops, and 91 percent
for all food crops taken together. Hypotheses for explaining this phenome-
non include increased provincial responsiveness to central policy, in-
creased market involvement, and especially the interaction of centralized
policy with supply of the agricultural inputs now critical to yield levels,
particularly manufactured fertilizers.



An Analysis of Variability in
Soviet Grain Production

JOHN R. TARRANT

One of the most dramatic changes in the grain markets since 1970 has
been the rise in importance of the U.S.S.R. as one of the world's largest
importers (Tarrant 1984b). Apart from a brief period in the mid-1960s, the
U.S.S.R. was a net exporter of grain until 1972 when a fundamental policy
switch led to rapidly rising imports. This policy change was linked to other
policies to increase consumer expenditure. Incomes, especially of urban
Russians, had been rising (Laird 1982), but Soviet production of consumer
goods had not been able to meet the rising demand. One important area
where production had not kept pace with demand was in meat and other
livestock products. The policy reaction to poor grain harvests had been to
use livestock herds as a grain buffer by slaughtering in times of feed short-
age and building up herds when grain was available. Following the intro-
duction of the Five Year Plan in 1971 (Barbakov 1972) livestock numbers
were planned to increase at a much faster rate than had previously proved
possible. If livestock herds were not to be slaughtered in times of poor har-
vest, the only alternative was substantial grain imports. Protecting and
building up livestock numbers meant that, although the grain harvest in
1972 was not far below trend, imports were necessary, and they have con-
tinued to rise (figure 4.1).

Total grain imports reached about 55 million metric tons (Mt) in
1984/85. This is estimated to be at or even above the port handling capac-
ity of the U.S.S.R. without serious disruption to other forms of trade (Tar-
rant 1981). Although this capacity is expected to increase, the future level
of Soviet imports is far from clear. One might expect them to remain at or
close to the recent maximum until production of domestic grain (and other

The author gratefully acknowledges generous financial assistance for the research leading to
this paper from the Economic and Social Science Research Council of the U.K. and from the
International Food Policy Research Institute, Washington, D.C. Comments from the editors
and others have been most helpful, but the responsibility for the opinions expressed remains
with the author.
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FIGURE 4.1 Cereal production in the Soviet Union and net cereal imports

Net imports
(million metric tons)

Production
(million metric tons)

- 128

- 114

100
1955 82 85

SOURCES: FAO trade yearbooks and compiled from various U.S.S.R. sources by the Foreign
Agriculture Service of USDA.

fodder crops) increases sufficiently to ensure that large livestock herds can
be fed from domestic resources. If, however, domestic feed production
does increase, there will be a falloff in import demand. Current world
prices for grains are low despite the record level of Soviet demand. The
price effects of removing a substantial part of this demand would be con-
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siderable. It is, therefore, vital to understand the factors in Soviet agricul-
ture that might bring about such a change.

Soviet grain production is characterized by great variability—a fact
that has been noted by many authors (Laird 1982, Kogan 1983). Variabil-
ity is also increasing in both space and time. The five years until 1985/86
were characterized by poor harvests and this has encouraged the buildup
of imports. If the pattern of increasing variability continues, the market
might well expect substantial falls in Soviet import demand associated
with those years when harvests are good. The magnitude of the variability
is much greater than imports (figure 4.1), hence a relatively small upturn
in Soviet production, especially if it continued for more than one year,
could more or less eliminate the need for imports.

This level of production variability is closely and linearly associated
with variability in yields and has little to do with the area planted, which
has been falling marginally since the expansion in the 1950s into the
"newlands" of Kazakhstan and western Siberia (Nguyen 1985, Tarrant
1984a).' This chapter will concentrate on production rather than yield be-
cause there are generally more data on production, and it is grain produc-
tion which determines food consumption and trade. Aggregated cereal
production will be used due to the availability of data, rather than the pro-
duction of separate cereal crops. The study will be mostly confined to the
Russian Soviet Federated Socialist Republic (RSFSR), Belorussia, Molda-
via, Ukraine, and Kazakhstan. These regions account for approximately
90 percent of Soviet cereal production.

There are many problems with using such Soviet data. The time series
are short and there are gaps in the data runs—gaps which are not consis-
tent throughout the U.S.S.R. Very little agricultural information is avail-
able after 1975 at an aggregate or local level. The data which are published
have to be interpreted with caution. The crop area recorded is that planted
not that harvested. In severe conditions the crop planted may be ploughed
in and another planted—this is especially true in those areas where winter
wheat may not survive the winter dormancy period and may be replaced by
spring wheat. Yields have been recorded in many different ways in the
U.S.S.R. In the early years biological yields were used (Hedlund 1984).
Samples were taken of the growing crop and yield estimates were made on
this basis. These produced considerable overestimates of true yields, espe-
cially in years of poor harvesting weather conditions. Currently the Soviets
use "bunker yields"—that is, yields taken into the combines (Severin

1. A linear regression of production (Q), measured in millions of metric tons, against
yield (10, measured in metric tons per hectare, gives

Q = -2.85 + 126.5 Y

with a coefficient of determination (fl2) of 0.977.
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1984). Excessive moisture and often a severe shortage of vehicles to deliver
the grain to elevators mean that the use of bunker yields probably overesti-
mates yields and production by at least 10 percent over methods used in
the United States and Europe (Hedlund 1984). Despite the difficulties, So-
viet data do show a high degree of internal consistency, and it seems un-
likely that the variations in overall production figures are seriously
unreliable.

The production variability in the U.S.S.R. has both spatial and tem-
poral elements interlinked. A marked feature is a two-year cycle where
good harvests are almost invariably followed by poorer ones (Kogan
1981 a). Good production in one year tends to deplete soil nutrients and
moisture so that production is reduced the following year. This situation is
aggravated where production is close to the dry margin for grain cultiva-
tion and where supplies of fertilizer are not reliable. Both these examples
relate to the majority of Soviet grain lands and thus a marked two-year
cycle is not unexpected. One of the most striking features over the past five
years has been that the two-year cycle has been replaced by a run of poor
harvests.

Another notable feature of Soviet production is that it is spread over
at least three contrasting production regions. Most cereals are produced in
the chernozem soil belt which can be divided into the dry east and the
moist west. Increasingly important is the nonchernozem production area
to the northwest of the country. There is little doubt that the bulk of the
annual variability in production, superimposed on the two-year cycle,
results from climatic conditions (Tarrant 1984a, Meshcherskaya 1983,
Kogan 1981a,b) and that climatic conditions will often not be the same
over these different production regions. A poor harvest in one area may be
compensated by a good one elsewhere. This will be referred to here as the
regional compensation effect (RCE). Once established, such regional con-
trasts will tend to be perpetuated in most years by the two-year production
cycle. Exceptionally poor (or good) national harvests will be produced
when all the major producing regions (and different cereal crops) move
synchronously and there are no regional compensation effects.

Spatial Variability

If increased production is accompanied by no other significant
changes, absolute spatial variability of production will rise through time—
with fluctuations about a trend line (figure 4.2a)—as it will be directly de-
pendent on production levels. Relative spatial variability will, therefore, be
constant through time. There is an extensive literature in ecology concern-
ing the relationship between mean population size and variability (Taylor,
Woiwod and Perry 1978, Anderson, Turner and Taylor 1979, Taylor and



FIGURE 4.2 Spatial variability in Soviet cereal production

Spatial variability / production

Spatial variability

Spatial variability

SOURCES: Narodnoye Gospodarsvo Ukrainskoi: Ukraine 1957, 1969, 1971, 1972, 1983.
Narodnoye Khozyaistvo Ukrainskoi: Ukraine all other years. Narodnoye Khozyaistvo Ka-
zakhstanskoi: Kazakhstan all years. RSFSR v. Tsyfrakh: RSFSR 1966. Narodnoye Kho-
zyaistvo RSFSR: RSFSR all other years. Narodnoye Khozyaistvo Byelorusskoi: Belorussia all
years.

NOTES: (a) The expected relationships between spatial variability, production, and time,
(b) The spatial variability of cereal production within regions of the U.S.S.R. The standard
deviation of cereal production in all oblasts of each region is plotted for each year for which
there are data. The data for Kazakhstan, although following similar patterns, have been
removed for clarity, (c) The spatial variability of cereal production related to average produc-
tion levels within the U.S.S.R. For each year's data, the mean and standard deviation of
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Woiwod 1980). Linear relationships have been established for a wide vari-
ety of species of plants and animals.

Evidence from the U.S.S.R. fits this general model well. The first test
applied was to take the concept of the mean correlation field, as used by
hydrologists to describe spatial patterns of precipitation within river catch-
ments (Ward 1967, Hendrick and Comer 1970). When applied to patterns
of Soviet grain production the mean correlation field is the correlation be-
tween the production of each oblast (political subdivision of a republic in
the U.S.S.R.) and all others over a period of time. Dividing the data set
into two time periods (table 4.1) shows that, in three regions, oblasts are
decreasing similarly over time. Spatial variability increases over time in
response to increased production (figure 4.2b). The rate of increase is a
reflection of the inherent variability within the regions analyzed (figure
4.2c). The RSFSR includes a large area in the central U.S.S.R., stretching
from the far north to the Caucasus. Belorussia, on the other hand, is a
small region on the border of Poland, which has more uniform conditions.
In all cases the increase in variability is linear with production and (figure
4.2d) confirms that variability is increasing in proportion with overall pro-
duction. Variability between regions is examined below.

Annual Variability

As with spatial variability, if stochastic processes alone were operat-
ing, one would expect year-to-year variability in production to increase in
proportion to increases in total production (figure 4.3a). Indexing the pro-
duction to 1960 (figure 4.3b) facilitates a comparison of both the relative
growth rates of production in the regions and the year-to-year variability.
During the period 1960 to 1975, production data are available for the 104
oblasts in these four regions. The mean production of each oblast over this
period is plotted with the mean deviation from its production trend. Al-
though there is a considerable scatter (figure 4.3c), 74 percent of the vari-
ance in the mean deviation from trend can be explained by changes in
mean production.

A comparison of absolute and relative annual variability through time
is made difficult by the short and broken data runs. An attempt is made in

production of all oblasts are plotted. The regular increase in spatial variability is clear as is
the different rate of increase depending on the inherent variability within the regions, (d)
Spatial variability of cereal production relative to production through time. Although abso-
lute spatial variability is clearly increasing (see b), it is increasing at no faster a rate than is
production. In the RSFSR, the Ukraine, and Belorussia relative spatial variability may be
falling slightly.
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TABLE 4.1 Spatial variability in cereal production within Soviet regions

Region

RSFSR
Belorussia
Ukraine
Kazakhstan

Whole

0.38
0.93
0.66
0.54

Time Period*

Early

0.16
0.95
0.56
0.52

Late

0.18
0.83
0.49
0.41

Sources: See figure 4.2.
Note: The table indicates the mean correlation of every oblast with every other over all years,
an early period, and a late period. The magnitude of the correlation coefficients reflects the
degree of internal diversity within the region. Data limitations require the use of different
time periods in each region.
• Early Late
RSFSR 1940, 1953, 1959, 1960-65 1966-73
Belorussia 1960, 1965-81 1972-79
Ukraine 1940, 1960, 1965-69 1970-75
Kazakhstan 1940, 1950, 1953, 1955, 1958-61, 1965 1966-71, 1975, 1976, 1980, 1981

TABLE 4.2 Annual variability in Soviet cereal production through time

n-l)b

Region Early Middle' Late" Early Middle0 Late"

RSFSR
Belorussia
Ukraine
Kazakhstan

189.8
29.7

200.8
161.5

262.3
44.9

319.8
170.7

241.0
57.0

315.2
184.9

1.01
1.09
1.15
1.28

1.01
1.06
1.08
0.91

1.13
1.05
1.06
1.19

Sources: See figure 4.2.
Note: The three time periods are not continuous but have been arranged with overlaps to give
an equal number of years in each time category.
"Average deviation from trend X103 metric tons for all oblasts in the region.
""Average relative deviation from trend for all oblasts in region.
' Early Middle Late
RSFSR 1940-1965 1962-1971 1966-1975
Belorussia 1960-1971 1968-1975 1972-1979
Ukraine 1940-1968 1966-1972 1969-1975
Kazakhstan 1940-1965 1958-1971 1966-1981

table 4.2. Each run of data for each region is broken into three time pe-
riods. These periods are not the same for each region because of differ-
ences in the regional data availability. The periods overlap to ensure that
there are at least seven years in each period. The selection of the time divi-
sions is made simply to ensure equal numbers of years in each case. Abso-
lute variability increases in each region, although showing a slight drop in
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FIGURE 4.3 Annual variability in Soviet cereal production

(a)

Time Production Time

S(y - 5>V« - 1 x 103 metric tons
2,000

Production index 1960 = 100

1,200 2,400 3,600 4,800 6,000
Mean production x 103 metric tons

SOURCES: See figure 4.2.

NOTES: (a) The expected relationships between annual variability, production, and time, (b)
U.S.S.R. regional cereal production (indexed to 1960), 1940-80. (c) Annual variability in
cereal production related to mean production. Mean production for each oblast compared
with its mean deviation from its trend. For each oblast the production trend through time is
established using available data. The average deviation from this trend (ignoring the sign) is
plotted with mean production for the same time period. The trends and mean production
levels are established for 1960, 65, 66, 67, 68, 70, 71, 75.

the RSFSR and Ukraine between the middle and late period. As expected
these increases are greatest where the production trend is steepest (figure
4.3b). Relative mean annual variability is shown by the second part of ta-
ble 4.2 where the difference between the actual and predicted (trend) val-
ues of production are divided by the mean production for that period. Rel-
ative variability shows much smaller changes and indeed slight declines in
three of the four regions. The statistical reliability of this analysis is not
high because of the data problems and limited numbers of observations,
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FIGURE 4.4 Diverging trends in Soviet regional cereal production

Cereal yield
Metric tons per hectare
4

(a)

Kazakhstan East Siberia

0
1955 57 59 61 63 65 67 69 71 73 75 77 79

<300 V 300-600

• Not significantly different from zero

SOURCES : (a) Compiled from various Soviet sources by the Foreign Agriculture Service of the
United States Department of Agriculture, (b) See figure 4.2.

NOTES: (a) Trends in cereal yields for a selection of Soviet economic regions, (b) The slopes
(/3 coefficients) of the regression lines of cereal production through time for each oblast. The
trends were established for the eight years as in figure 4.3 for which there are data for all
oblasts. Over the majority of the country the slopes are not significantly different from zero
(partly as a result of the small number of degrees of freedom). The contrast between the
generally rapidly growing areas of the west and the stagnating east is striking.
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but the results do fit closely to the relationships hypothesized in figure
4.3a.

Increases in spatial and temporal variability in the main Soviet grain
production regions are no larger, and in some cases slightly smaller, than
would be expected as a result of the increased levels of production. The
situation and estimates for the future are complicated, however, by the
effects of production conditions and rates of change in different produc-
tion regions. It is necessary to look at variability between regions.

Variability between Regions

Changes through time in the production of different regions result
from a combination of diverging trends in production and variability about
those trends. Figure 4.4a shows differing trends of cereal yields for some
economic regions in the U.S.S.R. Clearly, the rates of growth in cereal
yields are very different and this will be the major determinant of produc-
tion. The further east the slower the rates of growth. Figure 4.4b shows the
slope values for the trend lines of production of each of the 104 oblasts in
the regions under study1. Over a large part of the country the slopes of lin-
ear trends are not significantly different from zero. In much of the western
producing areas the rates in growth of production are considerable—al-
though even here there are a number of oblasts that show little or no
growth. These data, however, show a marked difference in the trends of
production between the east and the west. Further evidence of this is pro-
vided by table 4.3

The establishment of trends in production data is complicated by the
selection of appropriate start and finish dates. This becomes a major prob-
lem when the data run is short and when it includes some extreme years.
Seven years of data (eliminating 1975 which was such a universally poor
year that it would unrealistically reduce the production trends for such a

TABLE 4.3 Cereal production trends in Soviet regions

Region

RSFSR
Belorussia
Ukraine
Kazakhstan

R1

0.58
0.69
0.72
0.08

Annual
Increment

(X103 metric tons)

3250
235

1323
438

Annual Increment
as Percent of 1960

Production

4.6
10.6
6.1
2.3

Source: See figure 4.3.
Note: Trends calculated for seven of the eight years for which data are available for all oblasts
in all regions.
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FIGURE 4.5 Spatial contrasts in Soviet production

1965 1966

1968 1975

• >2 standard deviations below mean O >2 standard deviations above mean

• 1 to 2 standard deviations below mean O I to 2 standard deviations above mean

• 0 to 1 standard deviations below mean o 0 to 1 standard deviations above mean

SOURCES: See figure 4.2.

NOTES: Oblast deviations from trend for selected years. Deviations were measured even if the
trend established for that oblast was not significantly different from zero. In such circum-
stances the deviations are essentially the same as deviations from the mean production over
this time period.

short data run) show very different annual increments of production in the
four regions, ranging from about 10 percent of 1960 production in the fast-
growing western area of Belorussia to just over 2 percent per year in the
slower growing Kazakhstan. As annual variability is related to overall pro-
duction levels, so the effects of diverging trends will be accentuated by di-
verging variability about these trends.

Regional Compensation Effects

Overall production variability in the U.S.S.R. will be greatly reduced
if, in one year, poor production in one area is compensated for by good
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production in another. An examination of the spatial pattern of each ob-
last's deviation from its trend shows that in 1966, for example (figure 4.5),
conditions in the nonchernozem area of the northwest of the country were
poor, and that production was well below trend—for many oblasts two or
even three standard deviations below. At the same time, however, much of
the rest of the country had production well above trend, especially in Ka-
zakhstan and the southern RSFSR. In 1975 almost all oblasts were below
trend—a fact which produced the disastrous overall production level for
the U.S.S.R. that year (figure 4.1).

The main causes of these regional contrasts are climatic. There have
been many studies of the interaction of climate and crop production in the
U.S.S.R. (Desai 1981, Kogan 1981a,b, Berentsen 1982, Kogan 1983,
Meshcherskaya 1983, Tarrant 1984a). Most have been based on some
form of multiple regression analysis where a number of weather variables
are regarded as the independent variables producing variations in the de-
pendent variable, either production or yield. Such models have shown a
high degree of statistical explanation of the annual variability in cereal
production. Unfortunately, it is difficult to test these models outside the
range of the data used to calibrate them. Soviet sources of agricultural
data have been very limited recently and such models have had to be tested
against Soviet production estimates derived from U.S. Department of Ag-
riculture (USDA) and Food and Agriculture Organization (FAO) sources.
These estimates are themselves based, at least partly, on the weather con-
ditions during the growing season in the U.S.S.R., thus ensuring a reason-
able fit of the regression models.

It is well known that plant growth, and therefore final production of
grain, will be radically affected by weather conditions at critical times dur-
ing the growing season (Mostek and Walsh 1981). This produces two com-
plications. The first is that very detailed climatic analysis becomes neces-
sary—using daily weather records if possible. This is difficult for a large
area with many weather stations, and daily weather data for many Soviet
stations have only recently become available in the West. The other com-
plication is that the critical time or times will not be the same from one year
to the next and from one area to another, which makes a time series analy-
sis very challenging. Using very generalized data, this chapter presents just
one illustration of the role of climatic variability.

Figures 4.6 and 4.7 show, for those weather stations reporting data
over the period from 1951 to 1984, deviation of the mean spring and sum-
mer temperatures and the total spring and summer precipitation in 1965
and 1975 from their 35-year means. As most of the south and east of the
Soviet grain growing area is in water deficit (Kelly et al. 1983), the combi-
nation of cool wet conditions would be expected to produce relatively good
production, and conversely, hot dry conditions to produce poor produc-
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FIGURE 4.6 Climatic factors in variability of Soviet cereal production, 1965

1 2

3 4
B >2 standard deviations below mean O >2 standard deviations above mean

• 1 to 2 standard deviations below mean O 1 to 2 standard deviations above mean

0 to 1 standard deviations below mean o 0 to 1 standard deviations above mean

SOURCES: World weather records, U.S. Department of Commerce and Monthly Climatic
Data for the World, NOAA, United States.

NOTES: (1) Precipitation in spring; (2) Temperature in spring; (3) Precipitation in summer;
(4) Temperature in summer. Summer is defined as the months of June, July, and August and
Spring as March, April, and May. For most of the weather stations the mean weather vari-
ables were established over the period 1951-83. Not all stations reported data for all months
in all years, thus there is not an equal number of stations on all maps. In all cases weather
variables showed no significant trends so are expressed as deviations from the mean.

tion. In 1965, when production in the west was above trend and production
in the east below trend (figure 4.5) the spring and summer were generally
cooler than average in the west, and hotter than average in the east. Pre-
cipitation distribution, although more spatially variable in the summer,
generally reinforces this picture. In 1975 the very poor year for cereal pro-
duction resulted from a very hot and dry spring and summer over most
grain-growing areas (figure 4.7).
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FIGURE 4.7 Climatic factors in the variability of Soviet cereal production, 1975

1 2

SOURCES AND DETAILS: See figure 4.6.
NOTES: (1) Precipitation in spring; (2) Temperature in spring; (3) Precipitation in summer;
(4) Temperature in summer.

The Role of Regional Compensation Effects

In years when regional compensation effects do not work, there will be
marked "blips," either upward or downward, from trend. These blips will
tend to grow in size as production rises and variability increases. As there
is a marked two-year cycle in Soviet production, once regional compensa-
tion is established, it will tend to continue in most years even if not specifi-
cally reinforced by contrasting climatic conditions. Comparing yields in
Belorussia and Kazakhstan, for example, shows compensating yield
changes in most years (figure 4.8a). Compensation is not confined to those
years when production in one region goes up and in another, down. Winter
wheat is mainly confined to the western parts of the cereal belt, while
spring wheat is grown everywhere but concentrated in the east. The annual
changes in production of wheat always lie somewhere between annual
movements of winter and spring wheat (figure 4.8b). Years when winter
and spring wheat production change in the same direction by a similar
percentage are rare. In 12 of the years illustrated, winter wheat had the
highest annual increase in production, and in 13 years, spring wheat pro-



74 Evidence on Patterns of Changing Yield Variability

FIGURE 4.8 Regional compensation effects in the Soviet Union
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SOURCES: a. see figure 4.4a; b. see figure 4.1.

NOTES: (a) Cereal yields in Belorussia and Kazakhstan. Marked regional compensation can
be seen, especially in 1965, 1971, and 1972. Even in the recent years with poor harvests the
compensation has continued, (b) Percentage change in winter and spring wheat production
over the previous year. The percentage change in total wheat production is usually between
the two extremes of the winter and spring wheat (only the wheat crop with the fastest rate of
growth is labeled). The compensation effect is not confined to years when one wheat crop
increases and the other decreases.
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duction grew fastest. As winter and spring wheat have different planting
seasons, it is possible to induce these compensation effects by additional
planting of the spring wheat crop if the winter wheat fails during the winter
or early spring. The compensation effect between the two wheats is not
entirely human induced, however, and the movements are often in the
other direction.

Evidence has been presented (Nguyen 1985) that the regional com-
pensation effects have reduced as intercrop and interregion yield correla-
tions have increased. It is suggested that this is partly because of the intro-
duction of common technologies throughout the Soviet Union and a policy
of "sharing the shortage" of necessary inputs. This conflicts with Kogan's
view (1983) of the very unequal allocation of inputs to agriculture. Figure
4.8b shows that the annual percentage change in winter and spring wheat
production may have been unusually small recently (although representing
a large volume of production) but, within that reduced variability, com-
pensation between winter and spring wheat appears to be of continued
importance.

Of greater significance is that regional compensation effects are
eroded by strongly diverging trends in the cereal production in the western
and eastern regions. As faster growing regions have increasing annual vari-
ability, and regions that are not growing have little change in their annual
variability, total production soon fluctuates almost as greatly as produc-
tion in the region with the steepest production trend, even with a complete
coincidence between upturns in one region and downturns in the other. If
production levels in regions with contrasting growing conditions are grow-
ing in parallel then the damping effect will remain constant. There is every
reason to expect, therefore, that unless the trend of production in Kazakh-
stan and western Siberia improves, the production differences between
east and west will increase and the annual variability in total Soviet pro-
duction will grow faster than would be expected from the growth in total
Soviet production alone.

Policy Implications

If livestock herds are not to be adjusted to the size of the cereal and
other feedcrop harvest, annual variability becomes a determinant of the
size of the import requirement, the size of the necessary buffer stock, or
both of these. Marginal production conditions over much of the grain-
growing area of the Soviet Union ensures that there is great annual fluctua-
tion in yields and harvests—fluctuations that are probably relatively
greater than in any other major cereal-producing country. As production
increases, so will this annual variability, thereby increasing the uncertain-
ties of the size of the Soviet import demand. These uncertainties will be
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accentuated by the diminishing importance of regional compensation ef-
fects if current trends continue. As imports are already close to port-han-
dling capacity and there are obvious practical and financial limits to the
size of security stocks, future shocks to the world cereal market are likely
to follow a sharply reduced Soviet import need following a coincident up-
ward movement in harvests in all Soviet grain-producing regions.

The Soviet Union obviously has a need to increase overall production
and thereby to increase meat production. Meat consumption is still very
low (Markish 1982, Hedlund 1984), and poor cereal harvests led to a
downturn in cattle numbers and milk production in the late 1970s and
early 1980s in spite of high levels of grain imports, and in sharp contrast to
the demands of economic plans (USDA 1983c, 1984a, Tarrant 1984b). Al-
though grain production may have recovered in 1985 (USDA 1984a), it will
still be below the trend established from 1960 to 1980. Equally important,
however, is that production increases should be achieved with the mini-
mum increase in the annual variability that is already too great to be easily
absorbed through the use of buffer stocks. Policies that are directed to
stability are at least as essential as those directed at increased production.
There are two regions where there is potential for rapid increases in pro-
duction. The first of these is the nonblack earth region of the northwest—
where increased production can be associated with land drainage and soil
improvements (Rostankowski 1980). Unfortunately, much of this region
has already shown very rapid improvements (figure 4.4) and a policy to
accelerate the production trend even further, although it would certainly
increase overall production, would also accelerate the end of effective re-
gional compensation effects and sharply increase the annual variability of
total Soviet production. The second region where there remains potential
to increase production is in the dry east. Here new irrigation investment
and more effective use of existing facilities would provide the increase
(Micklin 1978). This increased production may bring with it increased
variability. Provided that the variability moves, at least in most years, in a
less extreme manner than in the west, it will represent a positive benefit.
As production increases, so upturns in eastern harvests can compensate
more fully for poor western harvests and vice versa. This provides the
strongest case for the Soviet plans to divert rivers southward to the Aral
Sea and lower Volga, and other less grandiose irrigation investments
(Kelly, et al. 1983, Micklin 1983, Pryde 1983).

Conclusions

Absolute spatial and annual variability in Soviet grain production will
continue to rise from already high levels. Absolute variability is higher
than can be economically and practically catered to by buffer stocks, and
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imports are possibly near their maximum. Additional downward variabil-
ity in production will have to be accommodated largely through further
reduced consumption. The Polish food riots in the 1970s showed the Soviet
government how dangerous such policies can be. If production varies
sharply above trend, western exporting countries can expect an abrupt re-
duction in imports (USDA 1984a). Soviet import demands can be expected
to be much more variable in the future with a great potential for market
disruption (Kogan 1983).

Provided concerns over environmental damage can be overcome,
there is likely to be continued pressure for river diversion schemes. Other
policy and research efforts in agriculture are apt to be continued with in-
creased urgency. These include the development of new techniques of fod-
der production as well as land improvement projects in the northwest. It is
unlikely that further newlands remain to be developed—unless there is
widespread increase in irrigation, which might come from the river diver-
sion schemes.

There is no evidence that increased uniformity in the application of
agricultural technology has led to significantly reduced spatial variation in
production and, therefore, to increased annual variations. Access to agri-
cultural technology is far from uniform and, together with the range of
climatic conditions throughout the country, that ensures continued spatial
variability.

Future changes in relative annual variability will be dependent on
changes in relative spatial variability, itself dependent on changes in (a)
scatter about trends in the different production regions, (b) the divergence
of trends in different production regions, and (c) the compensation effects
of deviations from trends within different production regions. There is no
evidence for increased relative scatter about trends, but the trends them-
selves are sharply diverging. Therefore, although the compensation re-
mains at present, its effectiveness is rapidly being reduced.

Diverging production trends will increase annual total harvest fluctu-
ations relatively and absolutely, unless adoption of technology throughout
the country can reduce the divergence of production trends, and thereby
reduce spatial variability, maintain the effectiveness of regional compensa-
tion effects, and reduce annual variability. Of various possible scenarios,
the most probable is that diverging trends in production between east and
west will reduce regional compensation effects and produce greater than
expected increases in annual variability.



5 Agricultural Planning Policy and Variability in
Syrian Cereal Production

HUNG NGUYEN

Few countries experience such an extraordinarily high degree of variability
in national cereal production as Syria. In 1986, for example, national bar-
ley production was only 15 percent of the previous year's production
(Bakour 1984, p. 8). Such fluctuations are a long-standing phenomenon
and originate largely from Syria's highly variable rainfall. There is evi-
dence that the variability of national cereal production has increased in
recent years, and this may be related to change in technology and agricul-
tural policy.

This chapter examines recent changes in the patterns of variability in
Syrian cereal production. Variance decomposition is used to identify the
importance of various contributing factors to the increase in variability.

Background

Because of Syria's dry climate only about 3.4 million hectares are un-
der cultivation while 2.5 million hectares of cultivable land are left fallow
(Mukhitdinov 1974, p. 61). In areas receiving less than 250 millimeters
(mm) of rainfall annually (which is the case for 60 percent of cultivable
land), a two-year crop rotation system is adopted—the first year under
grain, the second fallow. In areas receiving 400 to 600 millimeters annually
(about 10 percent of cultivable land), a three-year crop rotation system is
the common practice—the first year under wheat, the second under bar-
ley, and the third fallow. Rainfall occurs primarily during the winter, and
the planting of winter crops depends crucially on the level of rainfall in
November. El-Sherbini (1979, p. 145) has shown that the correlation be-
tween early and total rainfall is highly significant for every province of
Syria. There has been a large increase in the area of irrigated wheat since
the early 1970s and in the adoption of high-yielding Mexican wheat vari-
eties. Barley remains an essentially rainfed crop. These two crops provide
an interesting contrast for the study of production variability. Oats, maize,
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millet, and rice are excluded from this study as the time series for these
crops are incomplete, and wheat and barley account for more than 97 per-
cent of total cereal production in Syria. Data on areas, yields, and produc-
tion for wheat and barley are available from 1950 to 1981. Data from 1950
to 1975 were provided by Nabil Khaldi, who collected them from original
Arabic sources at the Ministry of Agriculture and Agrarian Reform. Data
from 1976 to 1981 were taken from the Annual Agricultural Statistical Ab-
stracts published by the Ministry of Agriculture and Agrarian Reform.

To take into account the various administrative reorganizations since
1960, the data are organized into nine units based on pre-1960 provincial
boundaries. These provinces are: Damascus, Horns, Kama (currently
Kama and Ghab), Latakia (currently Latakia and Tartous), Aleppo (cur-
rently Aleppo and Idleb), Hasakah, Euphrates (currently Raqqa and Deir-
ez-Zor), Sweida, and Hauran (currently Dara). Apart from the coastal
provinces of Latakia and Tartous, the rest of Syria is subject to a regime of
low to intermediate rainfall. The driest areas are located in the northeast-
ern provinces of Hasakah, Deir-ez-Zor, and Raqqa, along the Euphrates
River and its tributaries, where most of the irrigated areas are also concen-
trated. The province of Quneitra was excluded from the analysis because it
is small and unimportant in terms of cereal production and lies near the
turbulent border with Israel.

The choice of time periods to be included in the analysis is very impor-
tant as it can distort the results if not done carefully. Here a threefold par-
tition of the 1950-81 period is adopted: nonland reform (1950-57 and
1962-64), land reform (1958-61 and 1965-70), and post-land reform
(1971-81). This partition is based on the socioeconomic and political
changes of the 1950-81 period. The prereform period from 1950 to 1957
was essentially a laissez-faire period. Land reform was launched in earnest
during the union with Nasser's Egypt from 1958 and 1961, which witnessed
a sharp drop in production resulting from droughts and from a large de-
crease in areas planted. While it could be expected that the irrigated areas
would expand to take advantage of drought conditions during the land
reform period, these areas also decreased precipitously, probably because
of expropriations and disinvestment. A new regime in 1961 broke up the
union with Egypt and ceased to enforce the land reform measures. Eco-
nomic policies reverted to "business as usual." Land reform and socializa-
tion of agriculture were restarted in 1965, with the advent of a new social-
ist-oriented regime, and a relatively large cooperative sector was in place
by 1970. While important features of the agricultural policy of the 1960s
remained, particularly those related to price policies and grain procure-
ment, the Asad period after 1971 was relatively stable in terms of changes
in local institutional arrangements. The cooperative production sector, in
particular, was gradually disbanded and became insignificant by the 1980s
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TABLE 5.1 The mean and coefficient of variation of areas, yield, and production of
cereals in Syria during the nonreform, land-reform, and post-land-reform periods

Nonreform
Period

(1950-57 and
1962-64)

Land-Reform
Period

(1958-61 and
1965-70)

Post-Land-
Reform
Period

(1971-81)

Component/Crop Average cv Average cv Average cv

Production
(thousand metric tons)

Barley
Wheat

Total

Areas (KWia)
Barley
Wheat

Total

Yields (t/ha)
Barley
Wheat

Total

498
950

1,445

590
1,355
1,945

0.85
0.70
0.74

0.36
0.24
0.27

0.10
0.05
0.04

0.35
0.25
0.27

382
744

1,125

700
1,234
1,935

0.58
0.61
0.60

0.51
0.29
0.34

0.26
0.22
0.19

0.50
0.27
0.35

712
1,519
2,216

969
1,458
2,428

0.74
1.04
0.92

0.54
0.27
0.35

0.16
0.09
0.11

0.49
0.28
0.34

(Bakour 1984, p. 30). However, important policy initiatives with respect to
the planning system were introduced in the 1970s and are discussed
below.

Analysis of Detrended Data

As the deterministic, long-term trend in each variable needs to be re-
moved in order to separate it from the short-term stochastic variation, the
area and yield data for each crop and province were detrended by means of
regression analysis (Hazell 1984). The residuals, centered on the mean
areas or yields for each period, became the primary data for analysis.

Table 5.1 shows that area variability was particularly large during the
land reform period for both barley and wheat, while yield and production
variability also increased. Average barley area expanded, but yield
dropped precipitously. Average wheat area decreased, probably because
wheat is grown in the irrigated and more fertile areas, which were strongly
affected by appropriations. It is more reasonable, therefore, to compare
the post-land-reform period with the nonreform period since the economic
and political disturbances of the land reform period probably compounded
the destabilizing effects of unfavorable natural factors. Such comparison
also provides a clear distinction between the two periods in terms of policy
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regimes and agrotechnology. It can be seen from table 5.1 that, while the
average areas, production, and yields of cereals have increased since 1971
(except for barley yields), the coefficients of variation (cvs) of these vari-
ables have also increased appreciably.

Tables 5.2,5.3, and 5.4 provide, respectively, a detailed picture of the
changes in areas, yields, and production of barley and wheat in the more
important producing provinces. Barley area increased most rapidly in the
two northeastern provinces of Hasakah and Euphrates. A very large in-
crease in the variability of barley area in one province, Euphrates, masked
the relative stability of barley areas in other provinces. This situation prob-
ably reflected the severe labor shortages resulting from the reluctance of
farmers to settle on newly reclaimed land in the Euphrates basin developed
and controlled by the state. There was a remarkable decline in barley
yields in every province. A sharp drop in the proportion of fallow to culti-
vated lands during the 1970s may have accounted for this decline in barley
yields. The rural per capita amount of fallow fell from 0.74 hectares in
1970 to 0.45 hectares in 1975, and continued to decline up to 1982 (Bakour
1984, p. 18). Continuous production, instead of a barley-fallow rotation,
can lead to a very large yield decline (Cooper 1983, p. 74).

The greater variability of Syrian wheat production in the 1971-81 pe-
riod can largely be accounted for by increases in yield variability in the
important producing provinces of Hasakah and Euphrates and by in-
creased area variability in Hauran.

Decomposition Analysis

Total barley and wheat production increased by 54 percent between
the nonreform and postreform periods (table 5.4). Using the decomposi-
tion procedure described in Chapter 2, area expansion was found to ac-
count for 58 percent of the increase in total barley and wheat production
and yield increases for 48 percent (table 5.5). The increase in barley pro-
duction is explained by area expansion; the average yield declined. The
expansion of the barley area probably also occurred in more marginal
areas, as the interaction term between changes in area and yield is nega-
tive. Most of the increase in wheat production is explained by an increase
in mean yield.

The variance of total barley and wheat production increased by 296
percent between the nonreform and postreform periods (table 5.4). Table
5.6 shows the results from a decomposition of this change. Increases in the
production variances of wheat and barley within provinces account for
11.0 and 5.4 percent, respectively, of the increase in the variance of their
total production. The remaining increase (83.6 percent) can be attributed
to increases in production covariances.



TABLE 5.2 Changes in the mean and variability of barley and wheat areas in Syria

Average Area

Province

Barley
Hama
Aleppo
Hasakah
Euphrates
Total Syria

Wheat
Hama
Aleppo
Hasakah
Euphrates
Hauran
Total Syria

First
Period
UOTia)

66
235
94
59

590

97
294
532
122
87

1,355

Second
Period
(KPha)

96
269
248
229
969

134
373
501
172
72

1,458

Change
(percent)

45.4
14.5

163.1
286.3
64.2

38.1
26.9

-5.8
41.0

-17.2
7.7

Coefficient
of Variation

First
Period

0.32
0.10
0.53
0.25
0.10

0.15
0.14
0.17
0.27
0.09
0.04

Second
Period

0.13
0.06
0.22
0.35
0.15

0.10
0.10
0.09
0.26
0.33*
0.08*

Change
(percent)

-57
-33
-57

37
55

-32
-27
-44
-3
268
98

/"Ratio

0.40
0.26*
1.27

28.10*
6.45*

0.86
0.85
0.27*
1.85
9.20*
4.52*

Note: First period: 1950-57 and 1962-64; second period: 1971-81.
*An asterisk denotes that the cv/variance in the second period is significantly different from that of the first period
at least at the 5 percent level.



TABLE 5.3 Changes in the mean and variability of barley and wheat yields in Syria

Average Yield

Province

Barley
Hama
Aleppo
Hasakah
Euphrates
Total Syria

Wheat
Hama
Aleppo
Hasakah
Euphrates
Hauran
Total Syria

First
Period

(kg/ha)

998
768

1,182
848
846

111
722
758
626
722
705

Second
Period

(kg/ha)

755
714
971
593
738

1,367
967

1,050
1,167

784
1,045

Coefficient
of Variation

Change
(percent)

-24.3
-7.0

-17.8
-30.1
-12.8

88.0
33.9
38.5
86.4
8.6

48.2

First
Period

0.43
0.51
0.34
0.38
0.35

0.42
0.42
0.28
0.27
0.39
0.25

Second
Period

0.52
0.43
0.60*
0.65*
0.49

0.29
0.25
0.40
0.28
0.51
0.27

Change
(percent)

21
-15

76
72
40

-32
-39

45
4

32
9

F Ratio

0.84
1.10
2.10
1.46
1.50

1.78
0.67
4.50*
3.73*
2.00
2.64

Note: First period: 1950-57 and 1962-64; second period: 1971-81.
*An asterisk denotes that the cv/variance in the second period is significantly different from that of the first period
at least at the 5 percent level.



TABLE 5.4 Changes in the mean and variability of barley and wheat production in Syria

Average Production

Province

Barley
Hama
Aleppo
Hasakah
Euphrates
Total Syria

Wheat
Hama
Aleppo
Hasakah
Euphrates
Hauran
Total Syria
Total barley

& wheat

First Second
Period Period
(1,000 metric tons)

66
184
106
52

498

69
205
395
74
63

950

1,445

72
191
231
129
712

181
359
523
196
58

1,519

2,216

Change
(percent)

10.4
3.8

118.0
145.1
42.7

162.3
75.1
32.4

164.9
-7.9
59.9

54.0

Coefficient
of Variation

First
Period

0.51
0.55
0.58
0.53
0.36

0.40
0.34
0.26
0.28
0.41
0.24

0.27

Second
Period

0.57
0.44
0.61
0.67
0.54

0.29
0.26
0.39
0.32
0.69
0.27

0.35

Change
(percent)

10.0
-20.0

6.0
27.0
52.0

-28.0
-23.0

47.0
16.0
65.0
13.9

30.4

F Ratio

1.47
0.69
5.29*
9.74*
4.68*

3.58
1.82
3.82*
9.37*
2.33
3.30

3.96*

Note: First period: 1950-57 and 1962-64; second period: 1971-81.
*An asterisk denotes that the cv/variance in the second period is significantly different from that of the first period
at least at the 5 percent level.
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TABLE S.S Components of change in the average production of barley and wheat in
Syria: 1950-57 and 1962-64 to 1971-81 (percent)

Crop

Barley
Wheat
Total

Change
in Mean
Yields

-35.3
77.5
48.4

Change
in Mean

Areas

190.2
12.1
58.0

Change in
Area-Yield
Covariances

-8.0
2.1

-0.5

Change in
Interaction

Term

-46.9
8.3

-5.9

Contribution of Crop
to Change in

Mean Production
of Total Cereals

27.3
72.7

100.0

Yield variances and covariances contribute 50 percent of the increase
in the variance of total barley and wheat production. Of this amount,
about one-fifth is due to changes in yield variances within crops and prov-
inces, and most of the rest is due to increased covariances between prov-
inces, both within and across crops.

A further decomposition of the changes in yield variances and covari-
ances reveals that about one-half of their 50 percent contribution to the
increase in the variance of total barley and wheat production can be attrib-
uted to increases in yield variances, whereas an autonomous increase in
yield correlations, especially between provinces, accounts for another third
of their contribution. Changes in yield covariances also contributed to the
large interaction effect with changes in mean areas (43.7 percent), so that
the role of higher yield correlations in destabilizing Syrian cereals produc-
tion is large indeed.

Table 5.7 shows that the pattern towards more positively correlated
yields between provinces was present for both barley and wheat. This in-
creasingly synchronized pattern of yield variation also applies to the yield
variation between barley and wheat (table 5.8).

The effects of changes in area variances and covariances are destabil-
izing, though small (4.7 percent) (table 5.6). Changes in area-yield covari-
ances are stabilizing, however, and act to reduce the variance of total ce-
real production by 10.1 percent. Moreover, 70 percent of this reduction is
due to an autonomous decrease in area-yield correlations, especially those
between crops and provinces. On closer examination, most of this decline
occurred in the correlations between areas sown to barley in one province
and wheat yields in the same or other provinces.

Discussion

The increase in the variability of Syrian barley and wheat production
between the nonreform and postreform periods can be attributed to three
major sources: increased yield variances (especially for wheat), an increase



TABLE 5.6 Disaggregation of the components of change in the variance of total barley and wheat production in Syria:
1950-57 and 1962-64 to 1971-81 (percent)

Source of Change

Change in Yield
Variances and
Covariances

Component

Crop variances
Barley
Wheat
Total

Intercrop covariances
within provinces

Interprovincial covariances
within crops
Barley
Wheat
Total

Covariances between
different crops in
different provinces

Column sums

Change
in Mean
Yields

-0.38
0.52
0.14

-0.16

-0.27
-0.76
-1.03

-0.27
-1.32

Change
in Mean
Areas

4.35
0.98
5.33

2.59

5.01
1.91
6.92

7.33
22.18

Pure
Effect

-0.52
10.24
9.72

3.84

2.55
17.29
19.84

17.19
50.59

Inter-
action
Effect4

2.85
-1.20

1.64

6.93

11.07
2.96

14.03

21.08
43.68

Change in
Area Var-
iances and

Covariances

1.23
-0.81

0.43

-0.97

0.79
1.84
2.64

2.57
4.66

Change in
Area- Yield
Covariances

-0.98
2.12
1.14

-0.55

-2.83
-1.17
-4.00

-6.69
-10.10

Change in
Other Inter-

action Terms'1

-1.13
-0.82
-1.95

-0.19

-0.65
-2.35
-3.01

-4.53
-9.69

Row
Sums

5.42
11.03
16.44

11.49

15.67
19.72
35.39

36.68
100.00

•Between changes in mean areas and yield variances and covariances.
'Includes changes in the residual term.
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TABLE 5.7 Yield correlations between provinces for barley and wheat in Syria

Province

Aleppo
Period I
Period II

Hasakah
Period I
Period II

Euphrates
Period I
Period II

Hama

0.54
0.89*

0.13
0.62*

0.46
0.76*

Barley

Aleppo Hasakah

0.49
0.73*

0.22 -0.04
0.92* 0.79*

Hama

0.58*
0.71*

0.47
0.48

0.66*
0.62*

Wheat

Aleppo

0.71*
0.58*

0.27
0.79*

Hasakah

0.03
0.85*

Note: First period: 1950-57 and 1962-64; second period: 1971-81.
*An asterisk denotes that the correlation is significantly different from zero at least at the 10
percent level.

TABLE 5.8 Yield correlations between barley and wheat in Syria

Correlations between Wheat Yields in:

Province Hama Aleppo Hasakah Euphrates

and Barley Yields in,
Hama

Period I
Period II

Aleppo
Period I
Period II

Hasakah
Period I
Period II

Euphrates
Period I
Period II

0.65*
0.64*

0.37
0.71*

0.33
0.66*

0.16
0.69*

0.31
0.79*

0.57*
0.88*

0.49
0.72*

0.06
0.82*

0.67*
0.56*

0.58*
0.78*

0.59*
0.74*

0.28
0.88*

0.22
0.71*

0.03
0.90*

0.00
0.83*

0.49
0.92*

Note: First period: 1950-57 and 1962-64; second period: 1971-81.
•An asterisk denotes that the correlation is significantly different from zero at least at the 10
percent level.

in interprovincial yield correlations, both within and between wheat and
barley, and a positive interaction effect between these two sources of
change and area expansion.

With respect to the increase in the variability of wheat yields, the
available evidence indicates that rainfall has not become more erratic. Nor
is there evidence that price variability for wheat and barley has increased,
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TABLE 5.9 Percentage of wheat areas planted to high-yielding varieties in Syria

Province 1974 1977 1980

Damascus
Hama
Aleppo
Euphrates
Hasakah
Syria

5
6

15
29
12
15

13
13
20
33
30
24

17
19
37
60
68
44

particularly as producer prices have been tightly controlled by the govern-
ment since 1965. Rather, part of the increase may be due to the adoption of
modern wheat varieties in nonirrigated areas of Syria. Table 5.3 indicates
that the largest increases in the variance of wheat yields occurred in Hasa-
kah and Euphrates provinces where the proportions of area planted to
modern varieties were highest (table 5.9). Hasakah, in particular, had the
lowest percentage of its Mexican wheat area irrigated (only 11 percent in
1980). On the other hand, 64 percent of total Mexican wheat area was
irrigated in Hama, which showed the largest advance in wheat yield and a
reduced cv (table 5.3). But, the variability of wheat yield also increased
noticeably in the ancient province of Hauran in southern Syria, where
Mexican wheat has not been adopted.

The increasingly synchronized pattern of yield variation across prov-
inces, both within and between wheat and barley, also suggests that factors
other than technology contributed to the increase in yield variability and
yield correlations. It is hypothesized here that the system of agricultural
planning evolved during the 1970s may have exacerbated the inherent in-
stability of cereal production in Syria.

During the past 20 years of "socialist transformation" both the pro-
curement prices of important crops, such as wheat and barley, and the
domestic prices of nearly all important inputs have been centrally deter-
mined at the highest political level (El Akhrass 1983, p. 5). Purchase prices
are announced prior to the planting season and are uniform in all produc-
ing areas for the same grade of crops. In principle, these prices are calcu-
lated to cover all costs of production and to allow producers a "profit mar-
gin" in accordance with planned expansion of these crops in the overall
food security strategy. Moreover, the role of the state in planning agricul-
tural production has grown significantly since 1970. Access to purchased
inputs can only be acquired by means of Agricultural Bank credit which is
granted only when farmers meet certain conditions set by the government
(World Bank 1977, p. 211). Since 1975, these conditions have included the
compliance by farmers with the detailed land use, crop rotation, and inten-
sification schemes worked out in the Annual Plan (World Bank 1977, pp.
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205-6). It is possible that, before this planning scheme became mandatory
on a nationwide scale, it had been applied to provinces in the Euphrates
basin where state control was strongest. According to the Plan, each prov-
ince was given annual production quotas by crop, land type, and stability
zone. Enforcement of these quotas is done by licensing, which, in princi-
ple, should give farmers access to credit and inputs, and by imposing se-
vere penalties for noncompliance.

This quota system, reinforced by centrally determined prices and the
state as the sole purchasing agent of cereals, probably led to greater yield
variability and increased yield correlations across provinces. The detailed
prescriptions of land use, crop rotation, and cultivation practices could
substantially reduce the flexibility of farmers to respond to fluctuations in
local weather conditions or input supplies, or to substitute between crops
according to their preferences and risk assessments. There is some evi-
dence to indicate that planned quotas on crop areas did go against
farmers' preferences. For example, in 1977, the quotas for barley and
Mexican wheat area were underfulfilled by about 10 percent while those
for local wheat were exceeded by more than 40 percent (USDA 1980,
p. 33). This system of fixed prices and quotas on crop areas probably ac-
counts for the increases in the correlations of barley yields across provinces
(table 5.7) and the correlations between barley and wheat yields between
provinces (table 5.8).

The economic value of barley straw as animal feed could also be an
important factor in explaining the increased correlation of barley yields.
When expected yields for barley fall below a threshold level, the economic
value of the straw may exceed the value (less harvesting costs) of the ex-
pected grain harvest. Consequently, farmers would rather let their animals
graze their barley crops than harvest them (Mazid and Hallajian 1984).
When barley grain prices are fixed but straw and livestock prices are not,
the latter tend to move in an opposite direction to that of expected grain
yields. Expectations of a poor harvest could, therefore, raise the grazing
threshold through the barley-growing provinces, and reduce yields below
the level that can be realized without grazing. The grazing thresholds
could move up and down together across provinces and thus account for
the increased correlations of barley yields.

If the above hypothesis is correct, it could be expected that deviations
below trend would be more frequent or extreme during the second period.
The skewness of barley yields indeed changed from negative (— 1.1) to near
zero (—0.3), while variances increased by 50 percent between the two pe-
riods. Negative deviations in barley yields may also be highly correlated
with negative deviations in wheat yields because both are caused by the
same weather factors (e.g., rainfall). In other words, barley yields tend to
fall proportionately with the decline in wheat yields, a situation which was
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absent in the first period, when it could be expected that barley was a rela-
tively more drought-resistant crop.

The increase in wheat yield correlations can probably be explained by
the higher level of irrigation and the rationing of inputs, which spread
shortages more evenly across planning units (Kornai 1982), rather than by
changes in varietal diversity. Wheat areas in many provinces, with the ex-
ception of Damascus and Hasakah, were dominated by one or two local
varieties in 1953 (World Bank 1955). Since modern varieties were planted
on about 44 percent of the total wheat area in 1980, their introduction may
have enhanced the level of varietal diversity.

Conclusions

The decomposition results support the hypothesis that agricultural
planning policy, specifically the quota system, has played a pivotal role in
inducing greater yield variability and correlation in Syrian cereal produc-
tion since 1970. As a powerful instrument in expanding the area of favored
crops, the crop and input allocation system may also have caused the
highly destabilizing interaction effect between area changes with increases
in yield variability and correlations. In view of the fluctuations in world
barley prices and rising demand for barley as a feedgrain, this is a problem
that requires more research.

Recent evidence indicates that the role of agricultural planners in di-
rectly affecting productivity at the local level could grow even more in the
future. Since 1983, the government of Syria has been pushing for increased
mechanization as a way of reducing unit production costs and maintaining
"profit margins" without the need for large increases in procurement
prices (American Embassy, Damascus 1984, p. 6). Clearly, planners' be-
havior in allocating agricultural machinery between regions will have a di-
rect impact on local production performances and their correlations across
provinces.

Finally, due to structural changes in demand patterns in Syria and the
Middle East in general, barley is likely to receive even more policy empha-
sis in the future. The impact of this emphasis on national food security will
warrant planners' careful attention.



High-Yielding Varieties and Variability
in Sorghum and Pearl Millet Production
in India

THOMAS S. WALKER

The International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) invests heavily in screening and breeding for resistance to yield
reducers. The benefits to this research are derived primarily from en-
hanced output, increased equity, and improved nutrition. In theory, im-
proved yield stability from more pest resistant and stress tolerant varieties
could also lead to reduced farm, regional, and national production vari-
ability.

Results from several studies suggest that variability in Indian food-
grain production has been increasing (Mehra 1981, Hazell 1982). Between
1954/55 to 1964/65 and 1967/68 to 1977/78 the coefficient of variation
(cv) of detrended All India total cereal production increased by about 50
percent, from 0.04 to 0.059; the variance of All India production increased
by 342 percent (Hazell 1982).

Hazell (1982) hypothesized that, if high-yielding varieties (HYVs) are
a significant source of production variability, increased production vari-
ances within states should be large contributors to increases in the variance
of cereal production. But his results show that only about 18 percent of the
increase in variance of total cereal production can be accounted for by
changes in crop production variances. The remaining 82 percent is ex-
plained by changes in the covariance components, particularly interstate
covariances within crops, which contribute 41 percent to the change in
variance in total cereal production. Changes in yield covariances were
much more important than changes in yield variances. Hazell concluded
that the increase in variability in India's cereal production between the two

This chapter owes a great deal to the inspiration of Peter B. R. Hazell; the perspiration of E.
Jagadeesh, A. Pavan Kumar, and S. Lalitha; the interpretative insight of Hans P.
Binswanger; discussions with several colleagues in the ICRISAT and All India Coordinated
Crop Improvement Programs, including B. S. Rana and N. G. P. Rao; the support of Murari
Singh in the use of weighted least squares in the GENSTAT statistical package; and second-
ary data collected by P. Parthasarathy Rao and K. V. Subba Rao.
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periods cannot be attributed to HYVs but rather to other causes. He addi-
tionally drew the implication that there is very confined scope for yield-
stabilizing varietal technologies to decrease production variability in In-
dian agriculture.

In a later paper comparing the U.S. and Indian experience, Hazell
(1984) saw a greater role for HYVs to play in influencing yield covariances.
He speculated that narrowing of the genetic base of maize hybrids has led
to increased regional covariances and augmented production variability in
maize production in the United States. This chapter presents statistical
evidence from district-level data to show that diffusion of sorghum (or
jowar) and pearl millet (or bajra) hybrids are positively associated with in-
creased production variability in the major producing districts in India.

The Diagnostic Approach

The decomposition methods described in chapter 2 are relied on to
identify components and sources of change in production variability in 48
sorghum and 40 pearl millet growing districts of India. Initially, the 50
most important producing districts for each crop were chosen based on the
area estimates for 1981/82 (Government of India 1983). Information was
not available for two sorghum and 10 pearl millet growing districts in
Haryana and Uttar Pradesh. The remaining 48 sorghum districts contrib-
uted about 70 percent to both All India production and area; the 40 re-
maining pearl millet districts accounted for about 70 percent of area and
60 percent of production. Two 12-year intervals, 1956/57 to 1967/68 and
1968/69 to 1979/80, which correspond to pre- and post-green revolution
periods for sorghum and pearl millet, were selected for analysis. District
area and yield data from the state government season and crop reports
were linearly detrended for each period and their residuals were centered
on the mean for each period. Detrended area and yield data were multi-
plied to give detrended production data for each period.

For a given crop, the change in production variance can be parti-
tioned into two broad components: (a) the sum of production variances
within districts, and (b) the sum of interdistrict production covariances,
and each of these can, in turn, be attributed to some 11 sources (Hazell
1982, p. 21; ch. 2).

Increased Variability in Sorghum and Pearl Millet Production

Variability in sorghum and pearl millet production increased both ab-
solutely and relatively from the first 12-year period to the second. For sor-
ghum the cv of production increased from 0.08 to 0.16 (z = 3.45, highly
significant); for pearl millet the change was even more marked, from 0.11
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to 0.34 (z = 7.20, highly significant). The variances increased by 4,000
and 1,670 percent, repectively, and were also highly significant.

Most of the major producing districts also experienced increased pro-
duction variability. The cv and variance of production increased in 31 and
36, respectively, of the 48 sorghum-producing districts. Of the major pearl
millet growing districts, 36 and all 40 were characterized by greater relative
and absolute production variability, respectively.

Sources of Increased Production Variability

Increased production variance stemmed overwhelmingly from in-
creased production covariance among major producing regions for both
sorghum and pearl millet. More than 90 percent of the increase in produc-
tion variance for both crops was attributed to changes in interdistrict pro-
duction covariances (table 6.1). Changes in within-district production
variance did not contribute appreciably to the changes in production vari-
ance. In a highly disaggregated analysis such as this one, this result is not
surprising because, with the n variances, there are n(n — 1) production
covariances and their sum should increase with the sum of the production
variances (Hazell 1984).

What is surprising is that these changes should be so dominated by
changes in yield covariances. For both crops, changes in yield covariance

TABLE 6.1 Contribution of different sources to increased interregional
covariance in sorghum and pearl millet production in India,
1956/57-1967/68 to 1968/69-1979/80

Sorghum Pearl Millet
Source (percentage share)

Change in mean yield 1.7 0.7
Change in mean area 3.1 0.6
Change in yield covariance 84.0 54.2
Change in area covariance 0.1 2.2
Interaction between changes in mean yields

and mean areas 0.0 0.0
Change in area-yield covariance —1.3 14.2
Interaction between changes in mean area

and yield covariance 1.8 4.4
Interaction between changes in mean yield

and area covariance 0.3 1.3
Interactions between changes in mean area

and yield and changes in area-yield
covariance —0.8 6.0

Change in residual 6.0 8.5
Total 94.9 92.1
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have been largely responsible for the increase in changes in production
variance (table 6.1). Within each crop, the yields of sorghum and pearl
millet have become increasingly covariate across districts, and this in-
creased yield covariance has led to increased production variability.

Changes in area-yield covariance also accounted for an appreciable
share (about 14 percent) of increased production variance in pearl millet.
Farmers are apparently planting more area to pearl millet (bajra) in years
when yields are higher. One explanation for this tendency is that many
farmers, particularly in Gujarat, now have more water to plant irrigated
summer bajra in more abundant rainfall years when rainfed yields are also
heavier. A greater investment in irrigation and in HYVs has probably en-
hanced the potential for greater area-yield covariance. In contrast to bajra,
little summer jowar (sorghum) is planted, and postrainy season (or rabi)
sorghum is grown on residual soil moisture without irrigation.

The analysis thus far has raised the key empirical question: Why have
sorghum and pearl millet yields become increasingly covariate over time
across districts? There are several possible interrelated answers to this
question although some are not amenable to measurement. Three poten-
tial causes are relatively easy to quantify: (a) changes in rainfall covari-
ance, (b) changes in irrigated area, and (c) diffusion of HYVs.

The simplest hypothesis as to why detrended yields increasingly move
together over time centers on changes in rainfall covariance. A severe
drought, which Wolf Ladejinsky described as "never in a 100 years," oc-
curred in 1972 in extensive sorghum and pearl millet growing tracts of pen-
insular India (Walinsky 1977). It is likely that such an extreme adverse
rainfall event, where total annual rainfall in the affected districts was only
20-30 percent of the long-term average, would also be more covariate than
more normal rainfall events.

Understanding the relationship between changes in irrigated area and
yield covariance is more complex. Irrigation for a given level of technology
makes the production environment more homogenous, thus reinforcing
tendencies toward greater yield covariance. Irrigation also contributes in-
directly to yield covariances by inducing greater adoption of improved vari-
eties and hybrids, and better agronomic practices. Those district pairs
having more irrigated area in the second period would be characterized by
more covariate yields. Likewise, district pairs with greater differences in
irrigated area in the second period are expected to have less covariate
yields.

HYVs usually have a narrower genetic background than local vari-
eties and landraces. For example, the bulk of HYV sorghum area in India
is planted to four hybrids—CSH-1, CSH-5, CSH-6, and CSH-9—the last
three being descended from the same male parent CS3541. Most of the
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commercially available pearl millet hybrids originate from closely related
parents.

Although statistical evidence from secondary data is hard to find, it is
also common knowledge that the first generation of pearl millet hybrids
(HB-1, HB-3, and HB-4) were extremely susceptible to downy mildew re-
sulting in significant economic losses in the early 1970s, after inoculum
had built up on farmers' fields (Kanwar 1975). In response to those losses,
farmers in several major producing regions reverted to local types and hy-
brid adoption rates plummeted. In the mid- and late-1970s, hybrid adop-
tion again picked up as farmers accepted the second-generation hybrids
which, at that time, were much less susceptible to downy mildew. Similar
but atypical adoption patterns in producing regions as distant as Tamil
Nadu and Maharashtra bear ample testimony to the problem of increasing
production covariance caused by the release of supersusceptible cultivars
(figure 6.1).

Sorghum production was not affected by such a cultivar susceptible
source of risk as the downy mildew epidemic in pearl millet, but the 1971-

FIGURE 6.1 Adoption of pearl millet hybrids in Bhir (Maharashtra) and South
Arcot (Tamil Nadu), 1966-1980

Percent adoption
100

Bhir
South Arcot

0
1965 66 67 68 69 70 71 72 73

Year
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73 drought certainly slowed the uptake of sorghum hybrids in Ma-
harashtra and northern Karnataka. Inspection of adoption curves sug-
gests that the 1971-73 drought contributed to making the pattern of
diffusion across sorghum-growing districts more covariate than it other-
wise would have been.

The less tangible sources of changes in yield covariance are power and
fertilizer shortages, and greater economic growth and development. Power
"outages" and fertilizer shortages are an appealing explanation because
more subsidized inputs in the form of electricity, fuel, irrigation water, and
fertilizer were used in the second period, and because these shortages did
occur cyclically and sporadically across regions (H. Ezekiel as cited by
Hazell 1982). Their influence is expected to be much more significant for
wheat and rice, which command a much larger share of these resources
than do sorghum and pearl millet.

Economic development is also synonymous with increased covariance
and interdependence. More literate and better educated agents have a
greater capacity to process better quality information coming from more
thoroughly linked factor and product markets. While the effects of these
linkages are real, they are also difficult, if not impossible, to quantify.

Another potential explanation for higher yield covariances is that sor-
ghum and pearl millet are increasingly grown on more marginal land. The
marginal land hypothesis is, however, more consistent with increasing pro-
duction variances within districts than rising production covariances be-
tween regions.

Data Description

To test the hypothesized role of rainfall, irrigation, and varieties in
increasing yield covariances across districts, a regression analysis was un-
dertaken. The analysis is based on district pairwise observations. Taking
combinations of the 48 sorghum and 40 pearl millet districts two at a time
gives 1,128 observations for sorghum and 780 for pearl millet.

The independent variables, pertaining to levels of HYV adoption
(SUMADT and DIFADT), levels of irrigation (SUMIRR and DIFIRR),
and changes in rainfall covariances (RFCOVCHG), are described in table
6.2 together with the dependent variable, the change in yield covariance
(YCOVCHG). The rationale for having two regressors for each indepen-
dent variable stems from the nature of the pairwise data set. For example,
for any district pair it is to be expected that the genotypes in farmers' fields
become more similar as HYV adoption increases because the HYVs are
narrower in genetic composition than the local landraces that differ from
district to district. Thus, a more positive change would be expected for a
district pair with a (80,70) percent rate of adoption than another pair with
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TABLE 6.2 Means and ranges of the data used to explain the increase in interregional
yield covariance in sorghum and pearl millet production in India

Variable
Name

YCOVCHG

SUMADTb

DIFADT"

SUMIRR"

DIFIRR"

RFCOVCHG

Definition

Change in yield
covariance
from the sec-
ond period to
the first (Mt2)

Sum of direct
pairwise HYV
area in percent
of total area
planted to the
crop

Absolute value of
the difference
in percent
HYV area

Sum of district
pairwise irri-
gated area in
percent of total
area planted to
the crop

Absolute value of
the percent
difference in
irrigated area

Change in total
rainfall covari-
ances from the
second period
to the first

Crop

Sorghum Pearl Millet Sign

4 7 n.a.
(-43,64)' (-125,169)

40 53 . +
(0.1, 111) (0.0, 186)

17 30 -
(0.2, 60) (0.0, 95)

10 8 -
(0.0, 67) (0.0, 51)

8 6 -
(0.0, 38) (0.0, 28)

7 13 +

•Ranges are in parentheses.
"Mean value for each district for three cropping years from 1976/77 to 1978/79.

a (20,20) rate. The summed adoption rates would then be 150 and 40, and
SUMADT should be signed positively. By the same token, an (80,20) pair
should have more genetic variation than a (50,50) pair although the
SUMADT is the same for both district pairs. For a given SUMADT more
disparity in adoption rates within district pairs signals greater genetic vari-
ation and is expected to be accompanied by a reduction in the change in
yield covariance. Hence, having two regressors leads to a more powerful
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test of the hypothesis that HYV adoption is responsible for increased yield
covariance.

For about 78 and 66 percent of the sorghum and pearl millet district
pairs, respectively, yield covariance increased in the second period. Wide
ranging values for SUMADT and DIFADT reflect substantial interre-
gional variation in HYV adoption. Large mean differences between
SUMADT and SUMIRR also suggest that both sorghum and pearl millet
hybrids have been planted exclusively in dryland agriculture. Positive val-
ues for RFCOVCHG confirm the suspicion that total annual rainfall was
more covariate in the second period. Rainfall became more covariate in the
second period for 68 percent of the sorghum and 75 percent of pearl millet
district pairwise observations.

Empirical Results

To assign greater importance to those districts where more sorghum
and pearl millet is grown, weighted least squares regression analysis is
used. The weights are the mean proportions of area planted to the crop for
each district pair relative to All India estimates of planted area during the
last three cropping years of the second period.

The regression estimates reported in table 6.3 have very low explana-
tory power and suggest a noisy data set. The signs of the estimated coeffi-
cients, however, are generally consistent with expectations and, for the

TABLE 6.3 Estimated regression coefficients of the determinants of changes in
interregional yield covariance in sorghum and pearl millet production

Crop

Variable Sorghum Pearl Millet

SUMADT

DIFADT

SUMIRR

DIFIRR

RFCOVCHG

Intercept
R2

89*
(5.26)
-59*

(-2.24)
100*

(2.28)
-214*
(-3.61)

70*
(4.42)
2,295
0.07

110*
(4.61)

-113*
(-3.84)
-462*

(-3.40)
108

(0.65)
14*

(4.86)
7,162
0.04

Note: t values are in parentheses.
•Indicates statistical significance at the 0.05 level.
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most part, the coefficients are significantly different from zero at the 5
percent confidence level. Greater adoption of hybrids has increased in-
terregional yield covariances in both sorghum and pearl millet production.
More covariate rainfall events have also led to significantly more covariate
interregional yields. For sorghum, change in irrigated area behaves as ex-
pected; however, irrigation leads to reduced interregional pearl millet yield
covariances. This puzzling result could stem from the fact that irrigated
pearl millet often entails only one or two applications of water and is
largely cultivated where water supply is most uncertain. A closer look at
changes in irrigated area by source may shed some light on this result.

Conclusions

Having shown that adoption of HYVs is positively correlated with, if
not partially responsible for, increased sorghum and millet production
variability, it would be facile but unwarranted to conclude that scientists in
the sorghum and pearl millet All India coordinated crop improvement pro-
grams should have released hybrids and varieties with a broader genetic
background and should have pursued a more regional or location specific
release strategy to mitigate the adverse effect of increasing interregional
yield covariance and rising production variability. Even with hindsight, it
is impossible to say whether the benefits from following a more regional
release policy and emphasizing selection and breeding from genetically
more diverse populations would compensate for the productivity gains for-
gone from pursuing a more single-minded, national yield improvement
strategy. Moreover, a judicious mix of international trade and storage poli-
cies can cost-effectively offset most, if not all, of the variability costs of
increasing yield covariance. These issues are addressed more fully in part
HI of this book.



7 Variability in Wheat Yields in England:
Analysis and Future Prospects

ROGER B. AUSTIN AND MICHAEL H. ARNOLD

This chapter presents data on variation in wheat yields in England and
offers an assessment of the variation likely to be encountered in the future,
given continued high levels of inputs. How yield stability might be modi-
fied by breeding and how the records from the U.K. may be helpful when
considering likely changes in yields and their variability are discussed by
Arnold and Austin (ch. 10).

The Partitioning of Variation

If the yields of wheat from a large number of individual fields are re-
corded over a period of years, variation can be partitioned into a number of
different categories. In practice, complete sets of data that can be used to
calculate the components of the total variation in yield are rarely available,
and the best that can be done is to estimate the components from separate
sets. A difficulty in making comparisons of variability is that mean yields
can vary among different data sets, and the standard deviations are not
independent of the means. Expressed as proportions of yield, that is, as
coefficients of variation (cvs), they seem to be more constant for a given
source of variation than the standard deviations themselves and so can
conveniently be used for comparisons. Associations between means and
their standard deviations are common in biology but the relationships are
variable. Examples for animal populations are given by Taylor (1961).

Historical Trends in Wheat Yields and Their Variability

Records of wheat yields between 1200 and 1970 have been assembled
by Stanhill (1976). Using these and more recent data, typical yields for the
period from 1200 to 1980, together with the associated changes in agricul-
tural practice, are summarized in table 7.1. Over the centuries, yield has
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TABLE 7.1 Historical trends in English wheat yields

Period

1200
1650
1750
1850
1920
1950
1980

Yield
(t/ha)

0.3-0.5
0.6
1.0
1.8
2.1
2.5
6.5

New Features in Agriculture

Open field system
Enclosure, fallowing
Seed drills
Four course rotation
Fertilizers, new varieties
More fertilizers, herbicides
More N fertilizer, short-straw varieties, fungicides

TABLE 7.2 Interannual variation in English wheat yields

Period

1832-59'
1880-1917"
1918-45'
1948-84°
1961-83

Average Yield
(t/ha)

2.08
2.12
2.25
4.18
4.59

Standard
Deviation of

Yield
(t/ha)

0.276
0.179
0.167
0.492
0.330e

Coefficient
of Variation

0.133
0,084
0.074
0.118
0.072=

•Healy and Jones (1962).
''Century of Agricultural Statistics (1968).
'Ministry of Agriculture, Fisheries, and Food (1964-84).
dTime trends, where significant, removed by linear regression.
cFor 1961-83, quadratic trend with time removed.

increased by 10-20-fold. Average yields of grain crops in semi-arid areas of
the world today are similar to those obtained in England during the period
from 1200 to 1850. Does the available evidence from England suggest that
the variability of yield has changed over the centuries? Table 7.2 shows
some results for national yields over a period when yields increased from an
average of about two tons per hectare to over four tons per hectare. The
results for 1832-59 are not strictly comparable with the remaining data
because they include too great a proportion of fields outside the main ce-
real-growing area in England. Furthermore, yields were estimated from
small samples. For the last ten years of the period 1948-1985, yields in-
creased more rapidly than during the earlier period, and the trend in yield
from 1948 was better fitted by a second degree polynomial in time. This
reduced the cv of national yield from 0.118 (linear trend) to 0.101 (second
degree polynomial), or to 0.088 when the data for the abnormally dry year
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of 1976 were excluded. Taking account of these features, no striking
change in the interannual cv of yield is evident, though as the mean yield
has increased substantially, the interannual variation in absolute terms
has increased.

A more detailed examination of the interannual variation during the
period 1948-85 was made by plotting the absolute values of the deviations
of actual from fitted yields, expressed as a proportion of the fitted yields,
against years.

The ordinate in figure 7.1 is a detrended coefficient of variation of
yield (linear trend removed). Linear regression analysis of the 38 years'
data showed that the cv had not increased significantly over the period.
When the data for the abnormally dry year of 1976 were omitted, the re-
gression was likewise not significant. Even if the analysis had indicated a
significant trend, it would be impossible with these data alone to attribute
the trend to any cause, for example, to a change in the variability of
weather elements affecting yield, to differences in the varieties grown, or to
altered management practices. As noted above, conclusions about trends
in variability can be quite sensitive to an abnormally low yield and to the
degree of polynomial used to eliminate the time trend. Furthermore, when
calculations were done for the years 1961-83 (the period usually consid-
ered by Hazell and his colleagues, e.g., ch. 2), the large sampling errors of
the variances were further emphasized. Thus, after fitting a second degree
polynomial in time to the data for 1961-83, the interannual cv of yield was
0.072 (compared with 0.101 for the entire period). Taking all the available
data from 1930-85, it would seem unwise to conclude that the cv of yield
has shown any real trend with years.

Considering the period 1961-83, the best estimate of the cv of English
wheat yields (0.072) is similar to the averaged values for the two periods
1961-71 and 1972-83 studied by Hazell (1985b) for several other countries
(India 0.082, France 0.082, Mexico 0.089, and the Federal Republic of
Germany 0.074). In other countries where wheat is grown in more variable
environments and usually without irrigation, the cvs derived from Hazell's
data in the same way are markedly greater (e.g., U.S.S.R. 0.149, Canada
0.137, Argentina 0.136 and Australia 0.187) (ch. 2).

Interannual Variation in Yield at Particular Sites

Because national yields are averages of those of a large number of
individual fields, it may be expected that they will be much less variable
from year to year than those from individual fields, which are subject to the
effects of variable management, rotations, and weather. Table 7.3 shows
that interannual variation in yield at particular sites is indeed greater than
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FIGURE 7.1 U.K. wheat yields, 1948-1984

Deviation from fitted
yield, as % of yield
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NOTES: Deviations from fitted yields, expressed as percentages of fitted yields, plotted
against years. Fitted yields computed by linear regression of yield on years.

that in national yield. In general, as yields increase the standard deviation
of yield also increases, but as a percentage of yield, it generally decreases.
While the reasons for these trends in variability cannot be analyzed rigor-
ously, some factors likely to be important are: winter rainfall, weeds, dis-
eases, summer drought, and the weather at harvest time.

For the earliest records, all these factors are likely to have affected
yield, and it is not surprising that the greatest variability was observed dur-
ing these periods. For the Rothamsted data for 1852 to 1918, yields were
somewhat less variable, especially on the plots that received mineral fertil-
izers or farmyard manure. However, winter rainfall caused considerable,
but variable, leaching of soil nitrogen, originating from both farmyard ma-
nure and autumn-applied fertilizer. Also, weed infestations caused yield
losses that varied with seasons. After 1950, the use of herbicides greatly
reduced weed infestations thus reducing the variation in yield that they
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TABLE 7.3 Interannual variation in wheat yields at individual sites in the United
Kingdom

Site

Downton"
West Wycombe"
Broadbalk

experiment,
Rothamstedb'c

1. Farmyard manure
only (Plot 20)

2. Inorganic fertilizers
(Plot 8)

3. No farmyard manure
or fertilizer
(Plots 3 & 4)

1. Farmyard manure
only

2. Complete inorganic
fertilizer
(N at 144 kg/ha)

3. No farmyard manure
or fertilizer

Rothamstedd

ley-arable
experiment

National Institute
of Agricultural
Botany6

"Titow (1972).
"Fisher (1921).
"Dyke et al. (1983).

Average
Yield

Period (t/ha)

1225-1349 0.412
1211-1349 0.504

1852-1918 2.43

1852-1918 2.51

1852-1918 0.86

1970-78 5.87

1970-78 5.09

1970-78 1.70

1952-71 6.20

1967-78 5.60

Standard' Coefficient
Deviation of

(t/ha) Variation

0.126
0.167

0.406

0.513

0.215

1.061

0.507

0.286

0.682

1.008

0.306
0.331

0.167

0.204

0.249

0.180

0.098

0.168

0.110

0.180

aMcEwan (private communication).
"Talbot (1984).
'Linear trend removed, if significant.

caused. In well-fertilized plots, particularly where most of the nitrogen was
applied in the spring, winter leaching of nitrogen as a source of yield varia-
tion was greatly reduced. The remaining uncontrolled factors causing vari-
ation in yield were the direct effects of weather on crop growth (e.g., severe
winters, summer drought), the indirect effects (e.g., delayed sowing, poor
weather during harvesting), and the effects of diseases. In recent years,
cultivation systems have been developed which facilitate early sowing, and
diseases are controlled by a combination of improved genetic resistance
and the use of fungicides. It may be expected, therefore, that the interan-
nual variation of yields on individual sites will decrease in the future, and
may level out to about 0.1 times the mean yield. It seems very unlikely that
it would ever be lower than the interannual cv of national average yields.
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TABLE 7.4 Variation in wheat yields from field to field in the United Kingdom

Mean Yield Standard
Deviation Deviation Coefficient of

Source of Data (t/ha) (t/ha) Variation

Liverpool surveys" (16 1.93 0.336 0.17
years between 1830
and 1859)

91 farms" (1934-38 in 3.40 0.490 0.14
U.K.)

Huntingdonshire0 (271 5.44 0.761 0.14
fields, 1971-78)

National Institute of 5.70 0.912 0.16
Agricultural
Botany" (1967-78)

ICP survey (1980) 7.37 1.38 0.19

Note: Interannual variation eliminated. 'Church and Austin (1983).
•Healy and Jones (1962). "Talbot (1984).
"Cochran (1939). "Tinker and Widdowson (1983).

Variation in Yields from Field to Field

Results from some surveys are given in table 7.4. Field-to-field varia-
tion within a year is apparently fairly constant at 0.14-0.19 times mean
yield. In biological terms, this variation results from the combined effects
of variation in soil type, the variety grown, variations in cultural treatments
(sowing rates, fertilizer rates, agrochemical use, etc.), as well as the effects
of variations in weather, particularly rainfall. In commercial farming, it is
impossible to ensure that cultural operations are carried out optimally, in
part because of the scale of operations and in part because the optimal
timing is dependent on future weather and can be determined only in ret-
rospect from experimental results.

The component of field-to-field variation due to variations in cultural
operations under modern farming conditions can be estimated approxi-
mately from the results of multifactorial experiments carried out between
1981 and 1984 at Rothamsted Experimental Station (Lester 1981, 1982,
1983; Rothamsted 1984). Results from these experiments, not presented in
detail here, show that the average improvements in yield due to the best
levels of individual factors were, as proportions of the mean yield: sowing
date, 0.064; timing of the main application of nitrogen fertilizer, 0.066;
amount of nitrogen fertilizer applied, 0.069; individual crop protection
measures separately, 0.033. In these experiments the major factor affect-
ing yield was the previous crop through its effect on the severity of take-all
disease (Gaumannomyces graminis), which was much more severe when
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wheat followed barley than when it followed oats. The average variation
above and below the annual mean yield due to this effect was 0.31 times the
mean yield. These results are discussed elsewhere in this volume by Arnold
and Austin (ch. 10).

Plant Breeding and Yield Variation

In the U.K., winter wheat breeding during the past 50 years has been
based on selection under farming conditions that have been broadly repre-
sentative of the total production area (Silvey 1978, 1981). Moreover, new
varieties, whether bred in the U.K. or not, are recommended to farmers
only after evaluation for three seasons over a wide range of localities. Sta-
bility is an important requirement for recommendation, in addition to po-
tential for yield. A very close watch is kept to detect the development of
new or more aggressive pathogens, and the variability in the yield that
these could cause is counteracted by the breeding of resistant varieties and
the use of new control agents. Analyses of genotype-environment interac-
tions have tended to show that the new semidwarf varieties are more re-
sponsive in absolute terms to high levels of inputs than the taller old ones,
indicating a reduction in stability (Patterson 1980). As table 7.2 and figure
7.1 show, variability of yield has increased in absolute terms, although the
coefficient of variation of yield has shown no marked trend with years. It is
the view of experienced agronomists and breeders in England that the cv of
yield may decrease in the future as farmers become more familiar with the
requirements of the new varieties and the management of the higher input
systems introduced in the past 20 years.



8 Variability in Wheat and Barley Production in
Southeast England

PAUL WEBSTER AND NIGEL T. WILLIAMS

Previous work using aggregate data (Hazell 1982, 1984) has indicated that
higher levels of production are often associated with increased variability
in yields and increased interregional yield correlations. The purpose in this
study is to examine whether there is evidence to suggest that the same is
true in a sample of farms from Southeast England.

Data Sources

The study is based on information from the Farm Management Sur-
vey, which is an annual and continuing survey into farm incomes in the
U.K. The data come from the southeastern region of the U.K. and consist
of production, yield, and area planted of wheat and barley for identical
farms over a period of 21 years (Williams et al. 1984).

Analysis was restricted to those farms that had grown the particular
crop every year during the periods surveyed. The final groups consisted of
16 wheat growers and 18 barley growers. Thirteen growers appeared in
both groups. All wheat growers had grown some barley during the period;
all barley growers had grown some wheat during the period. Thus, while
the changes in the structure of production will be discussed largely on a
crop basis, it should be remembered that these changes were often taking
place on the same farms. One effect of the requirement for the crops to be
grown in every year was that farmers moving into or out of production had
to be excluded. To this extent the results may understate the changes tak-
ing place.

Changes in production were measured between two periods, namely
1964-74 and 1975-84. While this division was made pragmatically on the
basis of the availability of the data, the second period had two particular
characteristics: first, it followed the U.K.'s accession to the European Eco-
nomic Community in 1973, and second, it coincided with the period of
increasing availability and adoption of fungicides to control cereal dis-

107



108 Evidence on Patterns of Changing Yield Variability

eases. Since the first year of the second period, 1975, was a severe drought
year in the region, results are also reported after excluding 1975 from the
analysis.

Changes in areas sown and yields of wheat and barley reflect both
short- and long-term influences. The area and yield data were detrended
using a generalized least squares estimating procedure (ch. 2).

Changes in Wheat and Barley Production

Table 8.1 shows the changes in total wheat and barley production on
the two groups of farms between the periods 1964-74 and 1975-84. Wheat
production increased by 87 percent while barley declined by 2 percent.
Wheat yields improved almost twice as rapidly as barley yields for these
farms.

The individual farm results (not shown) show that all but one of the
farmers increased their areas of wheat while the majority (11 of 18) re-
duced their areas of barley. All but one of the wheat farmers increased
their yields (by up to 50 percent). The single farmer who did not was al-
ready performing particularly well in the first period. All but one of the
barley farmers increased their yields (by up to 45 percent).

Table 8.1 also shows the change in variability of yields as measured by
the coefficient of variation (cv). Both wheat and barley show significant
increases (of 32 and 45 percent, respectively, even when the 1975 data are
excluded). The magnitude of the cv for the wheat group is comparable with
Austin and Arnold's (ch. 7) estimate at the national level. On the basis of
individual farms, the average coefficient of variation of yield in the group
moved from 0.153 to 0.157. While the change was not significant, the ab-
solute level is also comparable with Austin and Arnold's estimate for vari-
ability at particular sites.

Using the decomposition methods described in chapter 2, over half
the additional wheat production was found to come from an increase in
area sown, while one-third came from improved yields. Almost all the re-
mainder arose from the interaction of yield and area, with the change in
the area-yield covariances being negligible. When the drought year of 1975
was excluded, the results were largely similar.

With such a small change in production of barley (—2.3 percent, ta-
ble 8.1) no significance could be attached to its decomposition results,
which are not reported.

Decomposition of Changes in the Variability of Production

Table 8.2 shows the results from the decomposition of the changes in
the variance of wheat production between the two periods. More than two-



TABLE 8.1 Changes in the mean and variability of wheat and barley production on two groups of farms in Southeast England:
1964-1974 to 1975-1984

Item

Average production (t)
Average yield (t/ha)
Average area planted (ha)
Coefficient of variation

Production

Yield

Area sown

F ratios
Production
Yield
Area sown

Number of farms

First
Period"

3,101
4.1

47.0

0.110

0.055

0.100

Wheat

Second
Period

5,808
5.3

66.4

0.163
(0.118)"
0.089

(0.072)
0.108

(0.089)

7.4*
4.5*
2.3

16

Change
(percent)

87.3
29.3
41.1

48.2
(7.3)
61.8

(30.9)
8.0

(-11.0)

First
Period

3,036
3.6

47.1

0.122

0.053

0.0%

Barley

Second
Period

2,967
4.2

40.0

0.135
(0.126)
0.104

(0.077)
0.073

(0.085)

1.2
5.1*
2.4

18

Change
(percent)

-2.3
15.8

-15.1

10.6
(3.2)
96.2

(45.3)
-24.0

(-11.4)

>The first period is 1964-74; the second is 1975-84.
••Figures in brackets refer to results when 1975 is excluded from the second period.
*An asterisk denotes that the variance in the second period is significantly different from that of the first period at the 5 percent level (two-tailed test).

s



TABLE 8.2 Components of change in wheat production variance on 16 farms in Southeast England: 1964-1974 to 1975-1984 (percent)

Source of Change

Variance
Component

Sum variances
within farms

Sum interfarm
covanances

Column sums

Change in
Mean Yields

11.33

7.69

19.02

Change in
Mean Areas

3.82

3.28

7.10

Change in
Yield

Variances
and

Covariances

4.71

11.17

15.88

Change in
Area

Variances
and

Covariances

3.78

9.64

13.42

Change in
Area-Yield
Covariances

2.06

13.28

15.34

Change in
Interaction

Terms

2.35

30.64

32.97

Change in
Residual

-0.56

-3.18

-3.73

Row
Sums

27.49

72.52

100.00
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thirds of the increase in variance of wheat production came from increased
production covariances between farms. Nearly 16 percent of the increase in
variance in wheat production was due to changes in yield variances and
covariances. The smaller part (4.7 percent) was due to increases in yield
variances within farms, while the larger part (11.17 percent) was due to
increases in yield covariances between farms. Of this 11.17 percent, a fur-
ther decomposition showed that about half (55.1 percent) was due to in-
creases in yield variances alone and the rest would not have occurred with-
out an autonomous increase in interfarm yield correlations. While wheat
yield variability within farms increased, so did the correlation of yields be-
tween farms.

A similar analysis was carried out for the barley farmers but, bearing
in mind the small and nonsignificant change in the production variability
(table 8.1), it was difficult to attach much weight to the decomposition
results. Changes in within-farm yield variances appeared to be more im-
portant in explaining changes in production variability for barley than for
wheat.

The analysis shown in table 8.2 was repeated with the drought year of
1975 excluded. The results were stable for wheat but less so for barley.
Despite the fact that the increase in production variability was not signifi-
cant, there was a significant increase in yield variability for barley.

Looking at the individual farm results, figure 8.1 indicates that 12 of
the farmers showed significant (at the 10 percent level) increases in yield

FIGURE 8.1 Number of sample farms showing change in variability of wheat and
barley yields in Southeast England, 1964-1974 to 1975-1984

Number of farms

15

10

Significant Decrease

Insignificant Decrease

Insignificant Increase

Significant Increase
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TABLE 8.3 Interfarm yield correlations of wheat and barley significantly different
from zero on selected farms in Southeast England

1964-74 1975-84

Positive Negative Positive Negative
Crop (percent)

Wheat" 22.5 5.0 33.3 1.7
Barley" 26.1 2.6 23.5 2.6

Note: Significance defined at the 10 percent level or better (one-tailed test).
"Percent of 240 correlations between 16 farms.
bPercent of 306 correlations between 18 farms.

variability of barley while two showed significant decreases. This contrasts
with the position for wheat where only seven farmers showed significant
increases in yield variability with one showing a significant decrease.

Further analysis of the individual results showed that, in terms of
their contribution to changes in group production variability, two farmers
stood out. Both had expanded their wheat production markedly. One had
expanded his area sevenfold and had doubled his yield per hectare over the
20-year period. There were insignificant changes in the variability of his
wheat and barley yields. The other farmer had also expanded his area of
wheat (by about three times), but had first increased and then decreased
his area of barley. He was one of the four farmers in the groups to show
significant increases in the variability of both wheat and barley yields. Over
the past six years he had hired a crop management consultant to help with
his cereal production decisions.

Table 8.3 shows the percentage of between-farm yield correlations sig-
nificantly different from zero for both periods. The number of positive cor-
relations increased for wheat, but for barley there was a slight decline. The
number of negative correlations dropped for wheat but remained constant
for barley. For wheat, this suggests that the distribution of correlation co-
efficients has become more skewed toward the positive region, while there
seemed to be a slight reduction of variability in the correlation coefficients
for barley.

In summary, there were increases in the cv of production of 48 percent
for wheat and of 11 percent for barley when the periods 1964-74 and 1975-
84 were compared, though the increases were considerably smaller when
the drought year 1975 was excluded. The cv of yield increased by 63 per-
cent for wheat and 96 percent for barley. However, changes in yield vari-
ances and covariances accounted for only about 16 percent of the increase
in production variability for wheat. Increases in within-farm yield vari-
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ances were more important than increases in between-farm yield correla-
tions as contributors to overall production variability. More barley pro-
ducers than wheat producers showed significant increases in yield
variability. Wheat yields between farms became more positively corre-
lated. Barley yields showed a slight decline in the number of positive
correlations.

Sources of Change in Variability

Why have wheat yields become more variable on these farms and at
the same time more highly correlated between the farms? Why is there a
tendency toward lower between-farm correlations for barley? Is there a
pattern to these changes in variability? A complete answer would require
detailed study of cropping decisions over the 21-year period, which is be-
yond the scope of the present investigation. However, some hypotheses
may be generated and investigated.

Cereal Varieties

Silvey (1978, 1981) has reviewed the contribution of better varieties
over the period 1947 to 1979. She attempted to partition the contribution
of "variety" and "other factors" (such as fertilizer, herbicides, fungicides,
pesticides, growth regulators, better timing, etc.) to yield increases. Be-
tween 1967 and 1979 she estimated that about three-quarters of the yield
increase for wheat was due to better varieties while one-quarter arose as a
result of the "other factors." Wheat, therefore, might be regarded as less
dependent on input supplies than barley.

The second period, 1975-84, saw the introduction of the semidwarf
wheat varieties whose shorter straw allowed increased nitrogen uptake.
Patterson (1980), using trials data between 1976 and 1979, showed that
these varieties were more "sensitive" to changes in site than the longer
strawed varieties. On the better soils, their yield advantage was greater
compared with the longer strawed varieties.

A further explanation of increased between-farm covariability might
be that farmers were using fewer varieties in the second period. Analysis of
national data relating to the popularity of cereal varieties (Rothamsted Ex-
perimental Station 1984) showed no significant reduction in the numbers
of varieties achieving 10 percent or more of the U.K. market either for
wheat or barley. No wheat variety during 1975-84 matched the record of
Capelle in the 1964-74 period when it was never less than 16 percent of the
market and achieved 65 percent in 1968. For barley, following the earlier
decline of Proctor, only Zephyr (at 45 percent in 1968) achieved anything
like Capelle's level of prominence. Changes in cereal varieties per se do not
seem to have had a strong impact on yield variability.



114 Evidence on Patterns of Changing Yield Variability

FIGURE 8.2 Nitrogen application per hectare, England and Wales, 1974-1984
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Fertilizers

Figure 8.2 shows the levels of nitrogen applied to wheat and barley
crops. While there has been a steady increase, the data do not support the
hypothesis of increased variability of input levels induced by changes in
price of either nitrogen or wheat. Even the rise in fertilizer price following
the increase in oil prices during the 1970s seems to have had little impact.

Fungicides

A particular feature of the changing cereal technology since World
War II has been the progressive uptake of chemical inputs. In the 1950s
and 1960s, herbicides and insecticides became available and were part of
the accepted technology throughout the study period. As such, these last
two categories of chemical inputs seem unlikely to have had much impact
on the variability of yields.

The first fungicides only became available for commercial use on cere-
als in 1970 (King 1977). Figure 8.3 shows the rapid uptake of these materi-
als. By 1982, 82 percent of winter wheat crops and 77 percent of winter
barley crops were being treated (Cook 1982). For wheat—which was pre-
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FIGURE 8.3 Fungicide application on cereals, England and Wales, 1970-1984

Percent

90 I—

60

30

% winter wheat crops treated
% spring barley crops treated
% winter barley crops treated

4 4 4 4 4 4 4 4 4 1 4 4 4 4 4 4 4 i i i i0
1964 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84

SOURCES: King (1977), Cook (1982).

dominantly winter sown throughout the period—the adoption of fungi-
cides coincided with an apparent upsurge in yield levels after the drought
years of 1975 and 1976.

In contrast, the effect of the availability of fungicides for barley was to
change a largely spring-sown crop into a winter-sown one. With fungicides
available to control mildew in the autumn, it became possible for better
yields to be gained from the new winter-sown varieties (figure 8.4). This
change may explain the greater level of within-farm variability observed
for barley. During the second period, the barley crop became a more heter-
ogeneous mixture of winter- and spring-sown crops. This change may also
explain the reduction in the number of significant positive correlation coef-
ficients seen in table 8.3.

The effect of fungicides is to reduce losses from cereal diseases, which
in the U.K. are highly dependent upon weather. Since weather affects all
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FIGURE 8.4 Fungicide use and the change to winter-sown barley, England and
Wales, 1969-1984
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NOTE: Treatment data are for England and Wales (King 1977, Cook 1982); area data are for
Southeast England only (unpublished "Farm Management Survey" data, 1974-84).

farms this perhaps explains the increase in between-farm covariance for
the wheat growers.

The discussion so far has emphasized changes in the major variable
inputs (varieties, fertilizers, sprays). Other developments have also con-
tributed to improved yields. Growth regulators have recently become pop-
ular and autumn sowing dates for winter cereals have moved some weeks
earlier. Farmers are better able to control the production process more
readily while improvements in machinery have enabled better timing of
cultivations, sprays, and fertilizer.

A plausible hypothesis might be that the impact of these develop-
ments has been to increase the number of controlled inputs at the expense
of the number of uncontrolled inputs. Farmers perhaps have to face fewer
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random factors. As one wheat grower put it: "These days you know that if
you make a mistake or if the weather is bad, it is going to be reflected in
your yield. But twenty years ago you never really knew why your yield was
what it was. With hindsight, there were always half a dozen things that
went wrong, but we didn't know what they were or what we could do about
them. And so we didn't bother about them."

While further work is needed before this hypothesis can be accepted,
it appears to go some way to explaining the results of the earlier analysis. It
could also be used to suggest that within-f arm crop variability is unlikely to
decline until crop growth becomes independent of many more factors, and
that between-farm correlation of yields is likely to increase. Finally, nei-
ther of these sources of variability seems likely to have a major impact on
the variability of production as a whole.



9 Variability in Winter Wheat and Spring Barley
Yields in Bavaria

G. FISCHBECK

Winter wheat and spring barley are the predominant cereals grown in
Bavaria. As a result of continuous improvements in varieties and agro-
nomic practices, and because of the minimum price support policies prac-
ticed by the federal government, and later the European Economic Com-
munity, the crops have remained attractive to farmers and yields have
increased substantially. Average winter wheat yields increased from 2.25
tons per hectare in 1950 to 6.32 tons per hectare in 1984, and spring barley
yields increased from 2.21 tons per hectare in 1950 to 4.28 tons per hectare
in 1984. The performance of these two crops, together with the availability
of reliable state yield data (from the Besondere Enteermittlung scheme),
make them a good case study of the relationship between yield increase
and yield variability.

Methods

Measuring yield variability is inherently difficult because it is not easy
to separate the effects of random events, such as weather, from the short-
term impact of new varieties or changes in agronomic methods. Fitting
trends to shorter time series helps capture the effects of technological
change, but the trend estimates are more sensitive to unusual weather
events. While fitting trends to longer time series reduces the sensitivity of
results to weather, it is more likely to assign some technology-induced
changes in yields to random causes. As a compromise, in this chapter yield
trends were estimated for consecutive sequences of 10-year periods be-
tween 1950 and 1984. That is, trends were fitted for the periods 1950-59,
1951-60, 1952-61, and so on. The estimated trend coefficients (b) and

The cooperation of G. Pommer, who provided yield data from the farming systems trial at
Puch, and of J. Bergermeier and A. Penger, who did the computing, is gratefully
acknowledged.
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TABLE 9.1 Coefficients of regression and standard deviation for kernel yield of
winter wheat and spring barley in Bavaria in 10-year periods, 1950-1984

Winter Wheat Spring Barley

Period

Decade
beginning

1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975

b
(kg/ha/yr)

67
113
108
137
145
112
59
40
54
52
59
84
108
128
142
156
94
31
32
57
48
31
71
73
112
194

sd
(kg/ha)

24
38
39
36
36
34
45
46
48
48
49
42
46
43
41
40
37
34
34
35
36
31
26
26
29
35

b
(kg/ha/yr)

50
71
46
64
69
72
15
10
29
47
77
79
74
106
117
132
70
8
12
16
18
-42
-27
-26
-7
43

sd
(kg/ha)

9
17
26
28
28
28
40
43
46
49
52
51
50
47
46
43
36
31
31
31
31
16
19
19
24
32

standard deviations of the residuals (sd) are reported in table 9.1.
As expected, the estimated b and sd values vary markedly from one

10-year period to another, so the results were smoothed by taking 10-year
moving averages (figure 9.1).

Results

Winter wheat yields increased consistently over the period 1950-84 at
an annual rate of over 60 kilograms per hectare per year (kg/ha/yr) (figure
9.1). However, the rate of increase has declined modestly over the years.
Yield increases for spring barley started at much lower rates, increased to



FIGURE 9.1 Changes in yield increase and yield variation of winter wheat and
spring barley in Bavaria, 1950-1984
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NOTE: Changes in yield increase are shown by moving averages of regression coefficients (b)
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ages of standard deviations of regression coefficients (sd) for 10-year periods.
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rates comparable to those for wheat at midperiod, and then declined to
almost zero by the end of the period.

Changes in yield variability, as measured bysd have been almost iden-
tical for the two crops (figure 9.1). There was a modest increase in the early
years, especially for spring barley in the mid-1960s. This decline in vari-
ability occurred even though average yield increased for both crops.

Figure 9.2 shows the actual yield of each crop over the period 1960 to
1978. There is a very close correlation between their yields (r = 0.93), sug-
gesting that a common factor, probably weather, is primarily responsible
for yield fluctuations. But there are other factors which need to be consid-
ered, especially if the decline in variability is to be explained.

A major goal in breeding efforts for both crops has been increased
resistance to lodging, though progress was more rapid with winter wheat
than spring barley. This resistance has allowed the more intensive use of
nitrogen, but again more so on winter wheat than spring barley, especially
as the latter has been pushed onto more marginal lands, and intensive fer-
tilizer application is detrimental to malting quality. In the mid-1960s, the
first growth regulator (CCC) also became available to reduce straw length,
and this was effective on wheat but not barley. As average wheat yields
surpassed four tons per hectare in the early 1970s, it became economical to
apply fungicides to control diseases in the dense plant stands promoted by
high fertilizer application. Taken together, these developments explain
most of the widening gap between winter wheat and spring barley yields.
They also suggest that improved agronomic practices can be effective in
reducing the impact of weather on yield variability, even as significant ad-
vances in average yields are attained. This view is considerably reinforced
by the similar levels of yield variability for the two crops in recent years
(figure 9.1) even though winter wheat yields were growing much faster than
spring barley yields.

An alternative way to analyze the yield data from Bavaria is to split
the 1950 to 1984 period into two roughly equal periods (1950 to 1966 and
1967 to 1984), and then to compare the trends and change in variability
between these periods. The results of this analysis are reported in table 9.2.

The trend in winter wheat yields changed little between the periods
1950-66 and 1967-84, but the trend in barley yields fell sharply. The coef-
ficient of variation also declined for spring barley but changed little for
winter wheat. But, as should be expected from figure 9.1, these results are
unlikely to be robust if alternative time periods are chosen. This is illus-
trated in table 9.2 by including results for the period 1956 to 1975. Al-
though the results are relatively robust for winter wheat, the yield trend
and cv are much higher for spring barley than in other periods. The results
from this type of analysis can, therefore, be misleading, and the use of
moving averages as reported earlier is a more reliable method of analysis.
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FIGURE 9.2 Mean yield of winter wheat and spring barley in Bavaria, 1960-1978
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TABLE 9.2 Changes in the mean and variability of winter wheat and spring barley
yields in Bavaria, 1950-1966, 1956-1975, and 1967-1984

Average Yield

Period

1950-66
1967-84
1956-75

Winter Spring
Wheat Barley

(t/ha)

2.92
4.58
3.64

2.63
3.60
3.13

Trend in Yield

Winter Spring
Wheat Barley

(t/ha/yr)

0,071
0.093
0.093

0.035
0.015
0.065

Coefficient
of Variation

Winter
Wheat

0.15
0.14
0.17

Spring
Barley

0.12
0.08
0.16

Experimental Data

More specific insights into how breeding for higher yield may affect
yield variability can be obtained from data from one of the experimental
farms of the Bayerische Landesanstalt fur Bodenkultur und Pflanzenbau.
This trial was laid out in 1965 with the purpose of demonstrating the major
differences between traditional and modern methods of crop production.
Since 1974, progenies of a very old landrace of spring barley and, since
1978, one of the early cultivars of winter wheat, have been included in the
trial. Kernel yields obtained under different farming systems within the 11
six-year trial periods are summarized in table 9.3. The recent cultivar
Caribo outyielded the old cultivar Tassilo by 10 percent in the no-input
farming system and by 26 percent in the present day system. In the case of
spring barley, the landrace outyielded the cultivar in both low-input farm-
ing systems (by about 5 percent), while, with the present day farming
methods, the yield of the modern cultivar was 24 percent higher than the
landrace. The landrace barley does well in low-input environments be-
cause its longer straw provides better competition against weeds.

The coefficient of variation generally decreased with the yield increase
in higher input systems, although it was typically lower for the old cultivars
or landrace compared with modern cultivars in all farming systems (the
only exception was spring barley grown with high inputs). A more detailed
examination of the yield data by year (not presented in table 9.3) reveals
that large yield differences between the two wheat cultivars in the more
favorable years was largely responsible for the higher cv of the modern cul-
tivar (Caribo), while low yields for the spring barley cultivar (Carina) in
low-input systems was responsible for its higher cv. The experiment, there-
fore, demonstrates not only the higher yield potential of modern cereal cul-
tivars but also the need for better growing conditions for its realization.



TABLE 9.3 Mean and variability of kernel yield of old cultivars (O) or landraces and modern cultivars (M) of winter wheat and spring
barley in different crop management systems in Bavaria3

Manage-
ment
System"

I
II

III

Winter Wheat"

0
(t/ha)

2.11
2.54
4.24

M
(t/ha)

2.33
3.05
5.41

Ratio
M/O

110
120
126

O
(cv)

0.236
0.240
0.150

M
(cv)

0.294
0.256
0.198

O
(t/ha)

1.27
1.61
3.16

Spring Barley'

M
(t/ha)

1.19
1.53
3.93

Ratio
M/O

94
95

124

O
(cv)

0.325
0.390
0.235

M
(cv)

0.445
0.445
0.225

Source: Pitch. Exp. Station of Bayerische Landesanstalt fur Bodenkultur und Pflanzenbau.
"Crop management system—Rotation: fallow, winter wheat, spring barley

Inputs: I—no inputs; II—15 t/ha manure added to winter wheat; III—N,P,K fertilizer, herbicides, and other
protective chemicals as needed.

••Winter wheat cultivars: O = Tassilo (released 1930) and M = Caribo (released 1968).
cSpring barley cultivars: O = Landrace (Nurnberg 1832) and M = Carina (released 1971).
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10 Plant Breeding and Yield Stability

MICHAEL H. ARNOLD AND ROGER B. AUSTIN

In the continuing debate on whether or not modern high-yielding varieties
of cereals have contributed to the observed increased variation in yield,
there is often some misconception about the aims of plant breeders, the
methods they use, and what they can achieve. This chapter outlines some
of the underlying principles from the plant breeding standpoint and dis-
cusses the possibilities and limitations of the contribution of plant breed-
ing to greater stability of yield.

The plant breeder is constantly creating genetic variation and alter-
ing, by selection, the mean expression of a wide range of heritable charac-
ters. The expression of complex characters, particularly yield, is heavily
influenced by environmental conditions. Furthermore, because all of the
traits that contribute to yield may not be positively correlated among them-
selves, material selected for high yield in one environment may perform
relatively poorly in another. If released for general production, such mate-
rial might well contribute to increased yield variability. Consequently, it is
normal practice to evaluate material over a range of locations as early as
practicable in the breeding process. Advanced material is also usually eval-
uated over two or more successive seasons. In both sets of circumstances,
differential responses can be quantified statistically as the interaction
terms in an analysis of variance, typically comprising some or all of the
following components:

Source of variation:
Varieties (genotypes) V(G)
Locations L
Years Y

Interactions:
Locations X years LY
Varieties X locations VL
Varieties X years VY
Varieties X locations

X years VLY

Genotype-environment (GE)

127
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Only the second type of interaction (VX) can be exploited—by breed-
ing varieties for specific localities—but only if the VL component is consis-
tently greater than the other two components of the genotype-environment
(GE) interaction. In practice, these conditions seldom exist within a single
production area and the breeder usually seeks to maximize yielding ability
and minimize genotype-environment interactions when comparing poten-
tial new varieties with established ones. It is this strategy and various re-
finements of it that have become known as breeding for stability, as well as
yield.

In order to analyze, and hence to predict, the response of a variety to
different growing conditions, it is necessary to define and quantify the en-
vironmental variables. To do this directly is both difficult and time-con-
suming and beyond the resources of most plant-breeding programs. How-
ever, it can, to a limited extent, be done indirectly, by using the mean
performance of a range of genotypes as an estimate of the production po-
tential of a given environment or locality. Estimates of varietal responses to
a range of environments can then be obtained from the regression of the
mean performance of each variety at each location on the mean of all vari-
eties at the same locations. The analysis can be expanded to include sea-
sons, either averaged over localities (if the data set is orthogonal), or sepa-
rately. Comparisons among varieties and their implications for variability
can then be made visually from the slopes of the regression lines. This type
of analysis was first proposed by Mooers (1921) and developed by Yates
and Cochran (1938). It was adopted by some plant breeders but, because it
was regarded as a routine procedure, examples of its application to practi-
cal plant breeding were not usually published. It was, for example, used in
a cotton breeding program developed during the 1950s in Uganda by H. L.
Manning (Arnold and Innes 1976). Here the aim was to ensure that new
varieties would show improvements over the whole range of growing condi-
tions, particularly those characteristic of the small farmer.

Further impetus to the use of this type of analysis was provided by
Finlay and Wilkinson (1963). From their analysis of extensive data on bar-
ley yields in Australia, they suggested that the regression coefficient itself
might be used as an estimate of stability. Values of less than unity would
represent more stable and those greater than unity, less stable, varieties.
By plotting estimates of stability against mean yields, they described the
broad adaptation to various types of environment of the 277 varieties they
studied.

Regression analysis is attractive because it facilitates a simple visual
presentation of complex results. Consequently, it has been extensively used
and, following Finlay and Wilkinson's (1963) paper, featured prominently
in published accounts of genotype-environment interactions and breeding
for yield stability. The analysis has its limitations, however, especially
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when the data represent only a small sample of genotypes and when the
environments (localities and years) are not fully representative of those to
which the varieties will be exposed in production. Moreover, as Eberhart
and Russell (1966) pointed out, the deviations from regression may be as
important as the regression itself.

The methods currently available to plant breeders for the assessment
of stability have been reviewed by Westcott (1986, 1987). Among these,
various forms of multivariate analysis have shown some advantages over
simple regression analysis, but they are difficult to interpret and have not
yet been routinely adopted in breeding programs, although they have been
extensively used to analyze large data sets. Consequently, multivariate
analyses have so far had little impact on decisions made by plant breeders,
or on the nature of varieties released into production.

Whether the methods of quantifying it are adequate or not, stability is
only one of the many selection criteria that the breeder has to consider.
The importance attached to it, relative to all the other attributes required
in a successful variety, will vary greatly with local circumstances. In the
present context, we consider the extent to which plant breeders might be
expected to influence yield variability through the characteristics of the
varieties they release. The analysis is based on data for wheat in the U.K.
reported by Austin and Arnold (ch. 7).

The Magnitude of Genotyplc Contribution to Yield Variability

When considering the effects of genotype on yield variation, it is in-
structive to simulate the consequences for variation in yield of a number of
factors, each of which may be controlled by both genotypic traits and envi-
ronmental factors. The average effects of individual factors on the yield of
wheat in the U.K. are commonly of the order of 5 to 10 percent. Using
these values, a binomial model can be used to calculate the cvs of yields of
wheat from farmers' fields, assuming the factors influence yield indepen-
dently. Suppose a population of identical fields (in terms of the amount of
wheat they yield per hectare) is divided into two groups, in one of which a
single factor operates so as to give a 5 percent increase in yield. The coeffi-
cient of variation (cv) of yield of the total population of fields would be
0.025. If two factors operate independently, giving four yield classes, the cv
would increase to 0.035. Calculations can be done for any combination of
factors having any desired effect, and some results are shown in table 10.1.
In this binomial model, as the number of factors causing variation in yield
increases, the distribution of yields closely approaches normality. In the
few cases where yields from a sufficiently large number of fields have been
recorded, the distribution has been found not to be significantly different
from normal. One example is given by Tinker and Widdowson (1983) for
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TABLE 10.1 Coefficients of variation of yield computed for hypothetical cases

Effects of Each Factor"

Number of Factors H/L = 1.05 H/L =1.10

1 0.025 0.050
2 0.035 0.071
3 0.043 0.087
4 0.050 0.100
6 0.061 0.122
8 0.071 0.144
10 0.079 0.158

•Ratio of high yield to low yield for each factor.

wheat yields in England in 1980, where the mean yield was 7.37 tons per
hectare (t/ha) and the cv 0.188; the distribution was normal and showed
no skewness or nonnormal kurtosis.

In reality, yield is influenced by many factors, each having a continu-
ous distribution of effects and interactions. Clearly, it would never be pos-
sible to identify all the factors influencing yield in individual fields or to
quantify their effects and interactions with other factors. While the bino-
mial model is obviously a simplification, it is useful for illustrating that the
observed variability of yield can be a consequence of the effects of a consid-
erable number of factors, each having a relatively small effect. For exam-
ple, a combination of 10 factors each having a 5 percent effect and five
having a 10 percent effect would produce a cv of yield of 0.137.

Calculations of this kind suggest that, in the U.K., the contribution of
the plant breeder to changes in the observed cv for yield in a given produc-
tion area is likely to be small. To illustrate this conclusion, suppose that
the "basal" cv in yield is 0.137, which results from the effects of the factors
described above. Suppose that the entire area is then sown to a new variety
such that a 5 percent advantage in yield previously obtained on only one-
half of the fields is eliminated and also that the variety is resistant to two
diseases, each of which previously reduced yield by 5 percent in one-half of
the fields. The cv of yield would then become 0.130, a reduction of 0.007,
which would be very difficult to detect statistically. But mean yield would
be increased by 7.5 percent, a difference that might be detectable in pro-
duction figures if it persisted for a few years, bearing in mind that the in-
terannual variation in yield is about 7 percent.

Supporting evidence for this conclusion about the contribution of va-
rieties to yield variation comes from analysis of 174 variety trials with win-
ter wheat from 1967-78 at 20 locations (Talbot 1984). The components of
variance are shown in table 10.2. The percentage of the total variance at-
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TABLE 10.2 Components of variance in 174 winter wheat trials during 1967-1978

Variance
Source of Variation (t/ha)2 Percentage

Varieties (V) 0.099 7.2
Centers (localities) (I) 0.104 7.5
Years (Y) 0.055 4.0
LY 0.976 70.9
VL 0.007 0.5
VY 0.022 1.6
VLY 0.113 8.2

Source: Talbot (1984).

tributable to the effects of variety and its interactions with locations and
years is 17.5. This figure may be compared with that derived from the
analysis given above, in which a variety having the characteristics men-
tioned would decrease the variance of yield by 10 percent (the cv of yield
being reduced from 0.137 to 0.130). Considering the simplifications and
approximations entailed, these values, 17.5 and 10.0 percent, are consis-
tent with each other and support the conclusion that the growing of vari-
eties with more stable yield and greater disease resistance would raise yield
but would have only a marginal effect on variation in yield.

Of course, this conclusion would be incorrect if, for example, a dis-
ease developed that had a major effect on yield over a large proportion of
the area. The development of a variety resistant to this disease would in-
crease yield and reduce its variability. Again, taking a basal cv of 0.137, a
factor reducing yield by 46 percent (the loss due to take-all in the Ro-
thamsted example cited by Austin and Arnold ch. 7) on one-half of the
cropped area would increase the cv in yield to 0.327 and reduce mean yield
by 23 percent. In modern agriculture, where a close watch is kept to antici-
pate the development of new or more aggressive pathogens and to develop
control measures and resistant varieties, it is very unlikely, though not im-
possible, that such variation would occur.

Relevance to Other Environments

Clearly, the extent to which it might be possible for new varieties to
contribute to changes in yield variability will differ greatly among regions.
The problem of stability is particularly acute under conditions of rainfed
agriculture in the semi-arid and semi-humid tropics. In these environ-
ments, reducing the risk of crop failure will often be as important as in-
creasing the yield potential.
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To achieve greater stability, it is desirable first to understand its phys-
iological basis in relation to the main environmental variables (Dowker
1971, Arnold and Innes 1984). The breeding of improved varieties, better
adapted to variable environments and with more stable performance, can
then be put on a more scientific basis. In many circumstances improved
varieties remain the most cost-effective means of increasing yield and re-
ducing the risk of crop failure. The breeding strategies needed are, how-
ever, different from those in the U.K., where continually rising standards
of crop management have permitted the breeders to exploit the genotype-
environment interaction for high levels of inputs without detectable effects
on yield stability.



11 Modern Rice Varieties as a Possible Factor
in Production Variability

W. RONNIE COFFMAN AND T. R. HARGROVE

Rice varieties have probably changed more in the past 20 years than in the
previous 20 centuries. Dalrymple (1985) states that high-yielding varieties
(HYVs) of wheat and rice have spread faster and more extensively than any
other technological innovation in the history of Third World agriculture.
Concurrent with this, Hazell (1984a) has shown a decrease in production
stability in some areas. This chapter examines modern rice varieties as a
possible factor in production variability.

Ancestry of Modern Rice Varieties

The development of high-yielding varieties of rice and wheat has
averted the "time of famines" predicted in the 1960s by global food watch-
ers such as Paddock and Paddock (1967). As in other crops, however,
widespread adoption of a relatively few improved rice varieties, many of
which are genetically related, has steadily reduced the genetic diversity of
the crop. The first example of this phenomenon was the rapid adoption of
hybrid maize varieties in the United States about 40 years ago, and the
subsequent loss of most of the variation in traditional germplasm (Brown
and Goodman 1977). While many of the traditional rice varieties have
been collected (the International Rice Research Institute, IRRI, has pre-
served more than 75,000 accessions), few are still grown by farmers in the
irrigated areas where high-yielding varieties have made the greatest im-
pact. About 40 percent of the world's rice land is planted to high-yielding
varieties (HYVs).

In 1914, a variety called Cina (also Tjina) was introduced from China
into Indonesia where it became the most popular variety in Indonesian
farms because of its photoperiod insensitivity, yield, and grain quality
(Meulen 1950, Parthasarthy 1972). In 1934 plant breeders in Indonesia
made the cross Cina/Latisail, from which Peta and other popular cultivars
were selected. In 1962 Peta was used as the female parent in a cross with
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Dee-geo-woo-gen, a stiff-strawed variety from China whose genes have
given semidwarf stature to almost all of the semidwarf rice varieties grown
in the Third World today. IRS was selected from that cross and released to
farmers in 1966. IRS had high-yield potential, mainly because its short,
stiff straws allowed it to produce heavy panicles of grain without falling
over; it tillered profusely; and it was insensitive to photoperiod.

The green revolution in Third World rice production was triggered by
the dramatic farmer adoption of IRS and subsequent semidwarf varieties
together with improved management practices and the introduction of eco-
nomic incentives to stimulate adoption. Hunger would have been more
widespread without the improved rice varieties. Asia's population has in-
creased by 53 percent from 1951-60 to 1971-80 (U.N. 1983). But average
rice yields in Asia for 1971-80 were 42 percent higher than in 1951-60 and
total production rose 77 percent. Asia's land area planted to rice increased
only 25 percent during that period (Barker and Herdt 1985).

Plant breeders also adopted IRS and other Peta derivatives as parents
in their hybridization programs. In the 1970s and 1980s, hundreds of new
locally developed semidwarfs replaced IRS; most of the new varieties were
bred by scientists in national rice breeding programs, from crosses in
which the early semidwarfs such as IRS were used as female parents. Com-
ponents of the cytoplasm are inherited through the female parents, so vari-
eties with Cina as their ultimate maternal ancestor probably carry similar
cytoplasm.

In 1975, the ancestry of improved varieties released by national rice
breeding programs in 10 Asian nations were surveyed. About 42 percent of
the newest varieties were maternal progeny of Cina. The study was updated
at most of the same breeding centers in 1984, and 46 percent of the newest
varieties were Cina progeny (Hargrove, Cabanilla, and Coffman 1985). For
widely grown varieties, 33 percent in 1975 versus 34 percent in 1984 traced
maternally to Cina.

Thirty-eight percent of a sample of the female parents used in 106
crosses made in 1983/84 were maternal progeny of Cina—implying that
many of the varieties that will be selected from those crosses and released
in the late 1980s will also carry similar cytoplasm. (Using conventional
plant breeding, development of a modern rice variety takes four to seven
years.)

The parentage of the 15 IR varieties named in the Philippines (IRS
through IR42) was traced in 1980. All were from crosses made at IRRI
involving 11 parents that traced to 18 original farmer varieties from eight
countries. All traced maternally to Cina (Hargrove, Coffman, and Ca-
banilla 1980).

The 1985 release of IR64 and IR65 brought the total of named re-
leased IR varieties to 29. The 14 varieties named since IR42 trace to 28
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farmer varieties, including 10 that were not in the ancestry of the first 15
varieties. IR64 is a descendant of 20 original farmer varieties from eight
countries (figure 11.1) (IRRI 1985a). Eight of the 14 subsequent varieties
were maternal progeny of Cina (figure 11.2).

The 1970 epidemic of southern corn leaf blight in the U.S. maize crop
is the only recorded pest epidemic that was conditioned by cytoplasmic
uniformity. However, research shows that cytoplasm conditions both resis-
tance and susceptibility to pests in other crops (Harland and King 1957,
Mercado and Lantican 1961, Nagaich et al. 1968, Rath and Padmanabhan
1972, Mahill and Davis 1978, Akohas 1983). Although no weakness in
Cina cytoplasm has been detected, the specter of the maize epidemic lin-
gers on. The resources to respond to such an emergency in rice-growing
Asia are far more limited than in the United States. A widespread epi-
demic in Asian rice could mean famine.

It should also be mentioned that most of the semidwarf rice varieties
outside of China carry the same dwarfing genes—those of Dee-geo-woo-
gen (Aquino and Jennings 1966; Coffman, Kaufman and Heinrichs 1977;
Foster and Rutger 1978).

The common ancestry of modern cultivated varieties of rice does not
necessarily imply that they contribute to increased production variability.
In fact, it could be argued that many modern varieties such as IR64 have a
very diverse parentage and could be expected to perform well under a wide
range of environmental conditions.

In this chapter, some varietal characteristics that affect production
stability are examined; changes brought by the introduction of modern va-
rieties are discussed; and some programs to transfer production-stabiliz-
ing traits from traditional rices into improved varieties are described.

Varietal Characteristics Affecting Yield Stability

Several broad groups of varietal characteristics affect yield stability.
Perhaps the most important are agronomic traits such as photoperiodism,
growth duration, height, tillering, and grain dormancy. Pest resistance
(diseases, insects, weeds) is almost certainly a factor and stress tolerance
(drought, flood, adverse soils, adverse temperatures) is probably impor-
tant in some cases.

Agronomic Characteristics

Agronomic characteristics are too numerous to review in detail but a
few are of obvious importance in considering production variability.

PHOTOPERIODISM/GROWTH DURATION. Over centuries, farmers in
tropical Asia selected thousands of site-specific varieties that responded to
photoperiod. Those varieties flowered at about the same date regardless of



FIGURE 11.1 Twenty landraces, or traditional rice varieties, from eight nations in
the genetic ancestry of IR64, released in May 1985
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FIGURE 11.2 Maternal derivation of IR varieties
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when they were sown. Because the rice plant is most vulnerable to stress
during its reproductive growth phase, the photoperiod sensitive traditional
varieties entered reproduction at the peak rainfall period, when risks were
minimal. The varieties then ripened after the rains stopped.

Some traditional varieties, such as Cina, were selected for photope-
riod insensitivity and were popular, particularly in irrigated areas, because
they could be grown at any time of the year. Plant breeders combined the
photoperiod insensitivity of Cina, with other desirable traits to give vari-
eties such as Peta, which later led to IRS.

IRS's photoperiod insensitivity and its shorter, fixed growth duration
allowed farmers in many latitudes to grow it at any time of the year. It also
meant higher returns to farmers in irrigated areas by allowing them to
grow two or even three rice crops where they previously grew only one crop.
IR36, reportedly grown on some 12 million hectares (IRRI 1982), is the
most prominent example of the popularity of early maturing HYVs of rice.

But the flowering or harvest of varieties that mature in a fixed period
after seeding can coincide with natural calamities such as typhoons or
droughts. A shortage of water or labor can prevent a farmer from trans-
planting within 30 days after seeding, or the crop may flower during a
drought. Of course, this can sometimes happen with traditional varieties
too. It may be offset by the fact that staggered planting of modern vari-
eties, as dictated by the availability of labor, would result in staggered ma-
turity and possibly reduce the vulnerability of the crop to unfavorable cli-
matic factors.

The fixed growth duration of modern varieties may give them less
"buffering capacity" than the photoperiod sensitive traditional types—
even though the climate or the labor supply might be directly responsible
for production variability.

Rice breeding objectives were determined in the 1975 and 1984
breeder surveys by randomly selecting crosses from current hybridization
records and asking each breeder to describe in detail the reasons for using
each parent (figure 11.3). Preferred growth duration was the third most
common objective (after yield potential and grain quality). Early duration
was a breeding objective in 49 percent of the 1975 crosses and increased to
59 percent of the 1984 crosses. Eleven percent of the 1984 crosses were for
intermediate, and 2 percent for late, growth duration. Thus, most HYVs
released in Asia probably will continue to be early maturing and day length
insensitive.

HEIGHT. Reduced plant height is the most obvious trait of a modern
rice variety. This improves the harvest index (ratio of grain to straw) and
allows the plant to remain standing under heavy doses of nitrogen fertil-
izer. It is this characteristic that is responsible for most of the production
gains of the green revolution.
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FIGURE 11.3 Comparison of breeding objectives, 1984 and 1975
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However, drought during the vegetative growth stage may shorten the
height of semidwarf plants well below optimal levels, decreasing their abil-
ity to cope with subsequent floods and weed growth.

Although most new varieties released by national rice programs con-
tinue to be semidwarfs, there was a shift toward the release of taller vari-
eties in the 1984 breeding survey. In 1975, 69 percent of new varieties were
semidwarf (< 130 cm) and 25 percent were intermediate statured (130-160
cm) or tall. In 1984, 54 percent of new varieties were semidwarfs, and 31
percent were intermediates or tails.

TILLERING. Modern varieties tiller heavily under optimal conditions,
producing a larger number of smaller panicles than traditional types. But
during a serious drought, such varieties often "hay off," producing much
fodder but little grain. Traditional varieties, under drought stress, may be
able to fill their smaller number of panicles and produce a relatively re-
spectable grain yield.

DORMANCY. If untimely rains come at crop maturity, the grain dor-
mancy of most traditional rice varieties prevents grain germination and
causes subsequent loss. This trait has not always been retained in modern
varieties.

Pest Resistance

Rice breeders, entomologists, and pathologists can claim many suc-
cesses in the incorporation of pest resistance into modern varieties (Coff-
man, Khush, and Kaufman 1978; Khush and Coffman 1977). Although
IRS had little genetic resistance to insects or diseases, IR20, released in
1969, replaced IRS in many areas because of its genetic resistance to pests
(Pathak, Beachell and Andres 1973). IR26, released in 1973, had a
broader spectrum of pest resistance and soon replaced IR20. Several mod-
ern HYVs carry built-in resistance to as many as a dozen common rice
pests.

But more than 600 known diseases, some with numerous physiologi-
cal races, attack the Third World's rice crop; its insect pests may be nearly
beyond counting. The traditional varieties were selected for resistance to or
tolerance of their local biological environments. Modern rice varieties are
selected in less than a decade (IR36 was developed in five years), some-
times on experiment stations where the biological environment has been
dramatically altered by the use of pesticides. Modern varieties are often
resistant to specific pests, for which they were specifically screened, but
resistance to additional pests is usually a matter of luck. It seems unlikely
that such varieties could have spectra of pest resistance comparable to
those of traditional types.

Breeders now have at their disposal an impressive system of interna-
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tional testing, permitting them to expose promising cultivars to a wide
range of environments in a short period of time and to monitor the biologi-
cal environment (IRRI 1985b). This may offset the disadvantages of the
short time frame in which modern varieties are developed.

INSECTS. Major insect pests contribute to production variability and
modern varieties are at least indirectly involved. The brown planthopper
(BPH) is an interesting case study. The initial introduction of modern vari-
eties, with their additional production potential, combined with govern-
ment subsidies for insecticides, made it profitable for farmers to apply in-
secticide. The heavier tillering modern varieties provided a denser plant
canopy and a moist, shaded environment that was favorable for the brown
planthopper (IRRI 1973). The broad spectrum insecticides initially recom-
mended (and still on the market and subsidized in many developing coun-
tries) destroyed natural enemies, such as spiders, that prey on brown
planthopper eggs and larvae. In many areas, devastation of natural ene-
mies caused a resurgence of the brown planthopper. Insecticides them-
selves became the major cause of an insect problem.

In reaction to severe brown planthopper (BPH) outbreaks in the early
1970s, IRRI and other institutions screened and released brown plant-
hopper resistant varieties such as IR26. Their brown planthopper resis-
tance was soon overcome, however, by the emergence of a new Biotype 2 of
brown planthopper. Varieties resistant to Biotype 2 have been developed
and have proved somewhat more stable—but they, too, will probably even-
tually break down to still other biotypes.

DISEASES. The potential for a widespread disease epidemic among
modern varieties, based on a cytoplasmic similarity, has been discussed
under "Ancestry of Modern Rice Varieties."

WEEDS. Modern rice varieties are clearly less competitive with weeds
than traditional types because they are shorter, and their leaves are more
erect. Therefore, shortages of labor, herbicides, or cash for herbicide pur-
chase at critical times could contribute to production variability. A slight
shift toward the release of taller varieties was discussed under "Height."
The responding plant breeders, particularly in southern India, Sri Lanka,
and Bangladesh, often cited better weed competition (as well as a high
price for straw as animal fodder or fuel) as a reason for this shift.

Drought Tolerance

Modern rice varieties are generally less tolerant of drought than are
traditional types. The modern varieties are bred to produce the maximum
amount of grain under optimal conditions; thus, they do not develop the
thick, deep root system needed for drought tolerance. The development of
IR52 at IRRI illustrates the feasibility of breeding improved varieties with
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drought tolerance (IRRI1981), The maximum yield potential of such vari-
eties, however, is probably somewhat lower than that of modern varieties
with less drought tolerance.

Flood Tolerance

Tall, traditional varieties are naturally more flood tolerant than
semidwarfs because they are less easily submerged. Traditional deep water
rice varieties have the capacity to elongate as the water rises and thus keep
their panicles above the water. A few low-yielding traditional rices can ac-
tually tolerate complete submergence and survive for as many as 10 days
under floodwater. Most modern rice varieties have no flood tolerance and
are quite vulnerable to flooding.

Breeding elongation capacity or submergence tolerance into modern
varieties is an objective of scientists at IRRI, and in Thailand, Bangladesh,
and other programs. RD19 and sister lines, grown by farmers in Thailand
and Burma, are progeny of crosses made in Thailand of modern and tradi-
tional deep-water varieties. They have limited ability to elongate in rising
floodwaters. RD19 yields well in water as deep as 100 centimeters (cm)
versus a maximal tolerable depth of 25-30 centimeters for conventional
modern varieties.

Tolerance of Adverse Soils

Many traditional varieties evolved on soils with poor mineral nutri-
tion. But modern varieties have often been selected on experiment stations
with superior soils. While this may place modern varieties at a disadvan-
tage in certain areas, there is no reason to expect that it should be a factor
in production variability.

Rice scientists are crossing traditional varieties that can tolerate sa-
line, acid sulfate, alkaline, or other adverse soils with modern varieties,
hoping to bring such areas into higher rice production. IR36 has low levels
of tolerance to salinity, alkalinity, iron toxicity, and other soil problems
(IRRI 1982). In contrast, IR42 has tolerance of salinity, alkalinity, and
other stresses (Ponnamperuma 1979).

Tolerance of Adverse Temperatures

Temperature tolerance is of minor importance in the major rice-grow-
ing areas of tropical Asia. It is important in other selected regions, how-
ever, and could be an important factor in production variability.

LOW TEMPERATURE. Korea is a key rice-growing area where modern
varieties have been widely adopted and where varieties must have tolerance
to low temperature. Modern japonica/indica varieties now widely grown in
Korea—products of crosses of local japonica (temperate) with indica (trop-
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icai) varieties—outyield their japonica predecessors but are less tolerant of
low temperatures (Kwak et al. 1984).

In 1980 an unusual cold spell struck the Korean rice crop, which
caused poor panicle exertion. That led to an epidemic of neck blast. The
importation of large quantities of rice was necessary in 1981. The planting
of japonica/indica hybrids dropped from 79 percent of Korea's rice land in
1979 to 32 percent in 1982 (Chang 1984).

Improved cold-tolerance varieties are also needed in mountainous
areas of Asia where cold air or cold irrigation water stunts the growth of
most modern varieties. Himali and Kanchan, improved varieties with cold
tolerance, have been released for farmer cultivation in Nepal. Similarly,
Himalaya I and II have been released in Himachal Pradesh, India. All are
progeny of crosses of IRRI and traditional cold-tolerant varieties.

HIGH TEMPERATURE. High temperatures (> 35°C) during flowering
adversely affect most modern varieties (Mackill and Coffman 1983). Tra-
ditional varieties with heat tolerance are still grown in limited areas where
high temperatures may occur at flowering. Traditional varieties with heat
tolerance have been identified and crossed with modern varieties. Some
progeny of those crosses appear promising but no improved varieties with
heat tolerance have been released yet.

Discussion

Rice is the lifeblood of Asia. About 55 percent of the world's people
live in Asia, where 92 percent of the world's rice is grown and consumed.
Population is increasing rapidly in the rice-growing countries, creating an
annual increase of 3 percent per year in demand for rice (Barker and Herdt
1985).

Rice production, at a low and stagnant level, is probably more stable
with traditional varieties than with the improved varieties that have re-
placed them in many areas. But to suggest that Asian farmers abandon
modern varieties and return to their low-yielding traditional varieties is un-
realistic. Asia has virtually no arable land available to put into rice cultiva-
tion. Without high-yielding varieties, Asia would starve, or become a
beggar for the maize, soybeans, wheat, sorghum, and rice grown in the
more developed countries.

Consider the Philippines. If Filipino farmers had not adopted new
rice varieties and technology, it is safe to assume that rice yields would
have remained at previous levels of about 1.2 tons per hectare, and that the
increased rice needed to feed the expanded population of the Philippines
would have had to be grown on an increased area of rice land, or imported.
The 1981 population required 6.8 million metric tons of milled rice. To
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grow that much rice at previous yield levels would have required 5.6 mil-
lion hectares of rice land. The Philippines has only 3.5 million hectares of
land for rice growing (Vega 1983).

However, modern varieties are not perfect. This chapter has pointed
out specific weaknesses of the new varieties, and potential hazards that
could result from an erosion of genetic diversity. It has also described how
rice scientists are working to incorporate production stability traits, such
as pest resistance and tolerance of drought, deep water, and adverse soils,
from hardy but traditional varieties.

Rice scientists have an obligation to diversify the genetic base of im-
proved varieties, and to transfer traits that give traditional varieties their
production stability, into new and constantly evolving improved varieties
for farmers in adverse environments.



12 Possible Genetic Causes of Increased
Variability in U.S. Maize Yields

DONALD N. DUVICK

In contrast to the previous 30 years, the trend line for U.S. maize yields has
risen continually since 1930. The rate of gain in yield increased sharply in
the mid-1950s, going from about 57 kilograms per hectare per year
(kg/ha/y) (1930-55) to about 133 kilograms per hectare per year (1955-
85) (figure 12.1).

Visual inspection of the data indicates increased variability around
the trend line during the latter time period (1955-85), particularly since
about 1970. Average U.S. yields in 1970, 1974, 1980, and 1983 fell mark-
edly below the trend line, and yields in 1972, 1979, and 1982 were notice-
ably above the trend line. However, regression analysis does not agree with
visual analysis, for the coefficient of variation around trend for the period
1930-55 was 0.114, whereas for the period 1955-85 it was 0.100. Because
yields in the 1930s were so much lower than those in the 1970s, it may be
more difficult to notice the proportionately large deviations from trend in
the early years of the 1930-55 period, for example, the below trend values
in 1934, 1936, and 1947.

Hazell (1984) has calculated that changes in yield variances and co-
variances account for most of the increase in the variance of total cereal
production in the United States, when comparison is made between the
periods 1950-66 and 1967-80. He points out that variance in maize yields
accounts for much of this increase, further noting that 60 percent of the
increase in variance for maize is due to an increase in correlation of yields
between states. He suggests that a narrowing of genetic base for maize may
have been responsible for the increase in interstate correlations and thus
for the increase in the variance of maize production.

Visual inspection of U.S. maize yields in the period 1950-85 shows
that yields did tend to show less deviation from trend in the first half of the
period (1950-66) than in the second half (1967-85). Regression analysis
agrees with visual observation, showing that the coefficient of variation
around trend for 1950-66 is 0.060, whereas that for 1967-85 is 0.105.

147
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FIGURE 12.1 Annual average grain yield of U.S. maize, 1930-1985
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NOTE: Straight lines indicate linear regressions of yield on years for 1930-1955 (r2 = 0.79)
and 1955-1985 (r2 = 0.86).

The purpose here is to describe and analyze possible causes of in-
crease in year-to-year variability of U.S. maize yields in the past 15 years.
Possible genetic causes will be given particular attention.

Weather and Disease-Related Causes of Annual Yield Variability

Personal recollection plus weather and crop records (as in the
"Weekly Weather and Crop Bulletin," U.S. Department of Commerce
and U.S. Department of Agriculture) make it easy to describe salient envi-
ronmental causes of the major deviations below or above trend line since
1930. Corn Belt-wide droughts seared the nation in 1934, 1936, 1980, and
1983. Excessive rains and cold weather in 1947 delayed planting dates by
as much as six weeks, thereby putting the crop at a serious disadvantage
throughout the rest of the growing season. A mid-July drought com-
pounded the problems for the 1947 maize crop. Abnormally wet and cool
weather in the spring of 1974 delayed planting throughout the Corn Belt;
then a hot, dry spell in July caught much of the maize crop at the sensitive
flowering stage; and finally a succession of early autumn freezes cut yields
short in the northern half of the Corn Belt. The infamous southern corn
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leaf blight (Helminthosporium maydis), aided by a season ideally suited
for its spread, was responsible for most of the low yields in 1970. The blight
was devastating in the southeastern United States and in the southern and
eastern portions of the Corn Belt but caused few or no problems for maize
in the western and northern portions of the Corn Belt.

The unusually high average maize yields of 1972,1979, and 1982 were
associated with favorable weather during the maize flowering period. In
1972 and 1982, spring weather was wet and cool, delaying maize planting
throughout the Corn Belt, whereas the spring of 1979 was warm and dry.
The common and most important factor in these three high-yield years was
that, during July, moderate temperatures and sufficient soil moisture were
available during the critical tasseling and silking period.

Genetic uniformity clearly was the cause of widespread yield reduc-
tions in 1970. Up to 80 percent of U.S. maize was based on T cytoplasm,
specifically susceptible to the T race of southern corn leaf blight (Tatum
1971). That the susceptible gene or genes were contained in the cytoplasm
rather than in the nucleus made the uniformity no less dangerous, as the
virulent fungus spread across the eastern part of the nation, aided by an
abnormally wet summer that favored germination and spread of the dis-
ease spores. Hybrids without T cytoplasm were clearly not affected by the
disease, so the consequences of uniformity for the susceptible cytoplasm
were undeniable.

It is less easy to demonstrate nationwide if recent increases in genetic
uniformity have intensified weather susceptibility of maize hybrids. Were
the nation's hybrids more uniformly susceptible to drought in 1980 and
1983 than in previous hot, dry years? Were they more susceptible to the
cool, wet spring, droughty summer, and early autumn frosts of 1974 than
they would have been in similar previous seasons? Maize yields did drop
precipitously in the drought years of 1934 and 1936, and in the cool, wet
spring season of 1947. Conversely, U.S. maize yields reached new highs in
1942 and 1948, with abundant summer rains and moderate July tempera-
tures. It is very difficult to match nationwide or even Corn Belt-wide
weather records over a series of maize-growing seasons in order of environ-
mental severity. Thompson (1969), however, attempted to calculate the ef-
fects of weather variables on Corn Belt maize yields, finding that July rain-
fall and temperature have the greatest association with abnormally high or
low maize yields. High rainfall and normal temperatures in July are associ-
ated with high yields, and hot, dry July weather is associated with low
yields. Preseason precipitation, June temperature, and August rainfall
and temperature are also important variables (Thompson 1984, French
and Headley ch. 22).

The chances are that weather is the overriding cause of annual varia-
tion in U.S. maize yields. It seems likely, however, that variations in maize
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culture could amplify or decrease the effect of weather, and so it is worth-
while to look at various inputs to maize culture, including genetic inputs,
and to speculate as to whether or not they show trends that agree with the
hypothesis that increased genetic uniformity of U.S. maize is another
major cause of increased variability in U.S. grain yields.

Important Changes in U.S. Maize Culture since 1930

Probably the most important input to U.S. maize culture since 1930,
outside of breeding contributions, has been the enormous increase in use
of synthetic nitrogen fertilizer. The rate of consumption of nitrogen fertil-
izer, although rising continually since 1930, went up precipitously in the
mid-1950s. Total U.S. use in 1980 was six times as great as in 1955. The
time curves for consumption of synthetic nitrogen fertilizer and for U.S.
maize yields are almost identical, breaking sharply upward in the mid-
1950s, climbing smoothly until the 1970s, and then both becoming some-
what erratic (Duvick 1984a).

This is not to imply a one-to-one correspondence between nitrogen
usage and maize yields, but there is no doubt that much of the increase in
maize yields since about 1955 is due to increased use of nitrogen fertilizer.
One study (Cardwell 1982) attributes 19 percent of the yield gains in Min-
nesota maize since 1930 to increased use of nitrogen fertilizer. The nation's
maize is now fertilized at extremely high levels, giving it the ability to make
maximum yields whenever environmental conditions are favorable. It also
is probably grown under much more uniform conditions, particularly with
respect to nitrogen nutrition, than it was before the 1950s.

A further enhancement of the ability of the maize crop to use good
weather and high nitrogen supplies for high yields is the now universal
practice of high-density planting. Maize plant population density is nearly
three times as great as it was 50 years ago and is nearly twice that of the
1950s. High plant populations plus high levels of nitrogen fertilizer have
greatly increased the possibility for extremely high yields, providing that
the weather is favorable.

Other important inputs have been improved weed control, particu-
larly through herbicides, and better precision and timeliness of planting
and harvesting, with improved machinery and greater use of power. Early
planting, the norm since 1970, is conducive to higher yields in most sea-
sons, and planting dates in the Corn Belt have been advanced since 1930
by almost a month, from late May to late April. Planting also is spaced
within a much shorter period than it used to be. Planting records and vi-
sual inspection have shown that very large percentages of the U.S. Corn
Belt now tend to be planted at about the same time, most typically during
two or three rain-free periods of a few days each. Thus, throughout the
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season, most maize plantings are at about the same stage of development
across the entire Corn Belt.

Genetic Uniformity among U.S. Maize Hybrids

Several surveys of usage of public inbred lines, sponsored by the maize
seed trade, allow inferences to be made about genetic uniformity of U.S.
maize hybrids. Zuber and Darrah (1980) list the most widely used public
inbred lines in each survey according to use exceeding 3 percent of need. In
1956,1964,1970,1975, and 1979 the numbers of these lines were 9,13, 7,
6, and 3, respectively.

The six most widely used inbreds in 1956,1964, 1970,1975, and 1979
were used in hybrids representing 20, 41, 71, 38, and 42 percent of total
need, respectively. Using a smaller class size, the two most widely used
inbred lines in 1956,1964,1970,1975, and 1979 were used in hybrids rep-
resenting 13,27,29,22, and 28 percent of total need (National Academy of
Sciences 1972, Zuber and Darrah 1980).

These three comparisons indicate very little or at most only a weak
trend toward increasing use of only a few inbred lines. Rather, it appears
that, since at least 1956, the industry has tended to concentrate on a few
outstandingly good public inbred lines.

Because hybrid pedigrees are not disclosed by the seed maize compa-
nies, it is not possible to state positively what is the concentration of identi-
cal (or very similar) hybrid pedigrees across the nation in any one year.
There is also no objective way to determine whether or not privately devel-
oped lines are increasingly supplementing the public lines, and how geneti-
cally divergent they may be from the widely used public lines. ("Public"
lines are developed by publicly supported institutions, such as the land
grant universities and their experiment stations.)

Zuber and Darrah did note, however, that about 28 percent of hybrid
seed production in 1979 was of hybrids made up of only private lines, and
about 24 percent of 1979 seed production was of hybrids that contained
only public lines (Zuber and Darrah 1980). The remainder of hybrid seed
production was of hybrids made up of both private and public inbred lines.
Thus, there is the probability that significant use of private inbred lines
supplemented the use of public lines. The private seed industry has contin-
ually increased its research potential through the years, and it is reason-
able to suppose that, during the past 15 or 20 years, significantly increased
use has been made of privately developed inbred lines, different to some
degree from the most popular public lines.

There is some belief that private maize inbred lines are not really dif-
ferent from public ones, that the private lines typically are changed from
the public lines just enough to allow their developers to claim difference.
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My personal experience and my conversations with other members of the
private maize-breeding establishment, say that this is not so. There would
be no utility in making such minor changes since relatively unchanged
inbred lines would not give genuinely different hybrids, and so no chances
for competitive advantage in hybrid performance could exist. If one wishes
to use a public inbred line, it is much easier (and legally permissible) to use
the line without change. Public inbreds are widely used without change
and acknowledged as such.

One can safely state that private inbred lines differ from each other,
and from public ones, as much as the public lines differ from each other.
Certainly, some privately developed inbred lines belong to unique families
and give hybrids with unique, significantly different performance.

I have close knowledge of the U.S. hybrid maize industry, going back
about 35 years, and am well acquainted with industry members whose ex-
perience goes back before 1930. It is well known to us that, from the very
beginning of use of hybrid maize in the United States, the industry concen-
trated on use of only a few inbred lines at one time. (The lines were heavily
used because they gave clearly superior hybrids.) Our "trade" knowledge
agrees well with the results of the successive inbred usage surveys. This is
not to say that concentration may not now be increasing, nor should one
believe that this means such concentration is necessarily good for stability
of the nation's maize production. But concentration on a few inbred lines
is not a new phenomenon.

Another item of trade knowledge may bear on the question of unifor-
mity of genotype in the U.S. maize-growing regions. Since about 1965,
single-cross hybrids (with two inbred parents) have replaced double-cross
hybrids. About 88 percent of the hybrid seed produced in 1979 was single
cross (Zuber and Darrah 1980). Since the mid-1960s there has always been
at least one (usually two or three) outstandingly popular single-cross hy-
brid(s), grown across a wide section of the Corn Belt. Sometimes the most
popular hybrids have been made of public inbreds (according to trade
knowledge), sometimes they have been made of private inbreds, and some-
times they have had one public parent and one private parent. The impor-
tant point is that they have dominated maize plantings in those maturity
zones where they are adapted. Even the most successful of these hybrids
has, however, covered no more than about 5 percent of the surface planted
to maize (personal estimate).

The difference between maize production before and after the mid-
1960s is that, although there may be no more concentration on use of
a small number of inbreds than previously, the tendency now is for plant-
ings to concentrate on specific, successful single-cross combinations,
rather than on several permutations of inbred combinations, as is possible
when half-a-dozen superior inbreds are used in various combinations of
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four to make double-cross hybrids. Thus, relatively small numbers of spe-
cific single-cross hybrid genotypes are planted widely across the nation. In
technical terms, both specific and general combining ability now have the
opportunity to interact with environment, whereas, in earlier years, gen-
eral combining ability interactions were the predominant kind.

The fact that specific single-cross hybrids are now very popular testi-
fies that their performance is superior to that of the double-cross hybrids.
The movement to single-cross hybrids does not mean the nation's maize
production is placed in jeopardy. It may mean, however, that there is more
tendency for maize yields to vary synchronously across the Corn Belt and
the nation, as environmental inputs vary from season to season.

Another change since the mid-1960s is that farmers outside the Corn
Belt, specifically in the southeastern, midsouth, and southwestern parts of
the United States, have moved strongly toward use of Midwest-adapted
hybrids. The hybrid M017 X B73, for example, is not only grown across
the entire southern half of the Corn Belt, but it is also widely grown on the
high plains of Texas, in the midsouth states of Kentucky and Tennessee, in
California, and in Kansas. Thus, there is more uniformity of genotype be-
tween widely separated states than there used to be. These non-Corn Belt
states, however, contribute only a small amount to total U.S. maize
production.

Yield Stability of Modern U.S. Hybrids

Yield stability over varying environments is an important contribution
of hybrid genotype. For example, if hybrids of recent vintage are generally
less stable than those of earlier eras in reaction to stress environments,
U.S. maize production could well be more variable from year to year than
it used to be. In the past few years several researchers have made compari-
sons of hybrids from different eras, starting with hybrids first grown in
about 1930 (Hallauer 1973; Russell 1974,1984, Duvick 1977, 1984b; Cas-
tleberry, Crum, and Krull 1984). These studies allow one to look for trends
in yield stability as well as for maximum yielding ability, as hybrid pedi-
grees have changed through the years.

All of the hybrid era experiments have shown that modern hybrids are
greatly improved in stress resistance, over those of earlier eras. Improve-
ment has been linear for resistance to heat and drought, to stalk rot dis-
eases and second generation European corn borer (Ostrinia nubilalis), to
barrenness (female sterility brought on by dense plant populations or
drought), and to premature death (a syndrome with unknown cause that
results in reduced yield and excessive stalk breakage). Newer hybrids have
stronger roots. They are better able to withstand nitrogen deficiency as well
as excessive nitrogen fertilization. They require essentially the same
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amount of time to reach maturity as older hybrids; flowering dates and
grain moisture levels at harvest have not changed through the years.

The result is that new hybrids outyield the old hybrids in all environ-
ments. Yield gains have been continuous and essentially linear since 1930,
when comparisons are made in average growing seasons. In all era experi-
ments, the data indicate that breeding improvements are responsible for
over 50 percent of maize yield gains since 1930. Other inputs, such as more
fertilizer and better weed control, are responsible for the other 50 percent.

The yield advantage of the new hybrids is greatest when environmen-
tal conditions are most favorable. When environmental factors are severely
limiting, as in drought, the new hybrids outyield the old ones, but by a
smaller margin. It is likely, therefore, that present-day hybrids introduce
the possibility of greater year-to-year variation in U.S. maize yields than
used to occur, since they can expand their yields so much further in envi-
ronmentally favorable seasons. When environmental factors are over-
whelmingly limiting, the fallback in yield of the new hybrids is correspond-
ingly greater than it would have been for the older hybrids, even though the
new hybrids, under poor conditions, yield more than the old ones.

Conclusions

Several changes in maize cultural practices in the United States, espe-
cially in the Corn Belt, have come about in the past 15 to 20 years, all
acting to accentuate year-to-year variability in maize yields. Advances in
mechanization have resulted in more synchronous planting dates. Corn
Belt-wide weather changes thus affect most of the crop at the same stage,
increasing the chances of widespread weather effects on yield.

Use of high rates of nitrogen fertilizer, high-density planting, and hy-
brids adapted to these potentially stressful treatments have greatly raised
yield potentials in favorable years. (Hybrids of the early eras actually suffer
yield loss with high density, high nitrogen regimes.) When environmental
factors are limiting, the fallback from maximum yields is correspondingly
greater even though yields are not less than would have been achieved in
the same unfavorable seasons with low plant density, lower fertility, and
older hybrids.

Although modern hybrids are greatly improved in resistance to envi-
ronmental stress, farmers are continually testing them at their limits, by
continually increasing planting rates, as hybrids are improved in stress re-
sistance. Thus, it is possible that on-farm yield variability is not much less
than it was with old hybrids and old cultural methods, even though indi-
vidual farmers' average yields are much greater now than they were 20 or
30 years ago.

Although there is no trend toward increased dependence on a few fa-
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voted inbred lines, there has been a change, over the past 20 years, toward
widespread plantings of a relatively small number of single-cross hybrids
rather than of a somewhat larger number of double-cross hybrids with an
equally small genetic base. This change has probably increased Corn Belt-
wide uniformity of reaction to climatic variables.

Although average yields of U.S. maize are clearly higher than they
used to be, the amount of year-to-year variation in U.S. average yields can
be expected to be greater precisely because of the means by which yields
have been raised. The nation's maize farmers have individually adopted
the best means for achieving high maize yields and they have all made sim-
ilar choices, thus bringing much greater uniformity in cultural practices to
U.S. maize farming.

An important consideration is whether this uniformity will, in the fu-
ture, bring about disastrously low yields that could have been prevented by
a greater diversity in cultural practices. For example, southern corn leaf
blight, race T, could have been avoided, in hindsight, if T cytoplasm had
not been used so extensively. On the other hand, it is likely that damage
from the 1974 late summer freezes in the northern Corn Belt could not
have been prevented by any reasonable change in cultural practices, in-
cluding changes in hybrids.

It is not likely that nationwide epidemics of disease or insects will di-
sastrously affect the maize crop as did southern corn leaf blight, race T.
There is much more genetic variation, in nuclear genes, among the coun-
try's hybrids than was afforded by the 80 percent concentration of T cyto-
plasm genes. Further, frequent turnover in hybrids (average life is about
seven years) gives further opportunity to avoid buildup of any hybrid spe-
cific disease or insect (Duvick 1984c).

The superior modern hybrids favored by most farmers do the best pos-
sible job of producing high grain yields under all environmental condi-
tions. Early planting places the maize crop in the best stage for escaping
the hot, dry conditions of midsummer. (If planted early, it is more likely to
flower before damaging midsummer heat. Heat and drought during flow-
ering can cause female sterility and thus irreversibly lower maize yields by
large amounts.) There would be no point in placing some fraction of the
nation's maize plantings at higher risk every year just in order to have a
wider range of planting dates. It is not likely that farmers will forgo the
opportunity for top yields in environmentally favorable years just to make
sure that the drop in yield will be less in poor growing seasons. They espe-
cially would not make this choice if they knew (as experimental data show)
that, in very poor seasons, modern hybrids with modern cultural practices
will outyield old style hybrids with old style cultural practices (Duvick
1984b).

Maize breeders are, however, continually working to develop more



156 Plant Breeding and Yield Variability

stable, high-yielding hybrids. Also, farming practices are changing toward
less tillage and more crop rotation. This change may bring some greater
degree of stability to maize yields, if it helps the crop do a better job of
withstanding environmental stress. For example, farm experience and ex-
perimental data show much less drought-induced yield loss in maize fol-
lowing soybeans than in maize following maize.

I expect that any changes in U.S. maize farming practices will be
made in concert. The tendency for the nation's maize plantings to be han-
dled like one big farm will continue. Reactions to varying climatic condi-
tions will be amplified, and some measure of instability in year-to-year na-
tional expectations for maize yields must continue. This may be the price
that must be paid for high average yield in the long term.



13 Yield Stability in Bread Wheat

W. H. PFEIFFER AND H. J. BRAUN

Despite impressive increases in basic food production that accompanied
the green revolution, critics claim that the widespread use of high-yielding
technologies has increased the risk profile of millions of Third World
farmers. Their primary concern is a reliance of farmers on new varieties
and farming systems that are somehow inherently less stable than tradi-
tional cultures and modes of production. Increased production thus comes
at the expense of greater variability.

At least one study (Hazell 1985b) indicates the opposite; a comparison
of global wheat production data for the 1960s and 1970s shows that pro-
duction variability for wheat has actually declined over time. Moreover,
the main wheat-producing countries in the developing world (for example,
India and Pakistan) experienced drastic decreases in wheat production
variability on a country-by-country basis. Since Centre Internacional de
Mejoramiento de Maiz y Trigo (CIMMYT) related wheat germplasm occu-
pies approximately 45 percent (some 45 million ha) of the area devoted to
bread wheat in Third World countries, it can be inferred that it played a
role in this shift to greater production stability.

CIMMYT's wheat-breeding strategy is designed to develop broadly
adapted germplasm that performs exceptionally well in one or more eco-
logical regions and that performs well under both high- and low-input con-
ditions. CIMMYT strives to develop germplasm that features high yield
stability.

Concepts and Approaches

Sources of yield instability can be classified as spatial, temporal, and
system dependent. Spatial variability results when a cultivar is grown at

Special thanks are due to Drs. S, Rajaram and A. Klatt for their helpful and timely review of
this manuscript, and to CIMMYT Information Services, especially to Mr. T. Harris, for as-
sistance in editing and preparation of graphics.
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different locations. Location-specific environmental factors, such as soil
type, general climate, endemic diseases, and pests, will vary from one loca-
tion to another and will cause yield variability. These characteristics tend
to be distinctively different between geographically separate locations and,
hence, of a predictable nature (Allard and Bradshaw 1964). This predict-
ability enables plant breeders to target their research on specific environ-
mental factors.

Temporal variability occurs when a given cultivar is grown over a
number of seasons. The environmental factors contributing to this kind of
variability tend to fluctuate from one year to the next (such as the amount
and distribution of precipitation) and are thus less predictable. In general,
this source of variation cannot be integrated as well into the plant breeding
process.

System-dependent variability occurs when a given cultivar is grown
under different farming systems. The factors contributing to this type of
variation include the various aspects of the production process controlled
by farmers: crop rotations, levels of mechanization and irrigation, and the
amounts and types of fertilizer, herbicides, insecticides, and fungicides ap-
plied to the crop. All these factors can result in yield variability from one
farming system to the next, but they can also decrease variability by modi-
fying the natural environment. From a plant breeding point of view, and
within the constraints imposed by the availability of production inputs,
system-dependent variability is largely predictable.

The three sources of variation described above tend to be interdepen-
dent. For example, precipitation strongly influences the incidence of cer-
tain fungal diseases, which in turn can be controlled by fungicides. This
fact carries with it implications for the approach used in evaluating yield
stability.

A Biological Approach

One approach to the investigation of yield stability involves the defini-
tion of environments in terms of their underlying biological factors and
their individual contributions to the observed variability. This approach
would be ideal if there were a feasible method for incorporating the nearly
infinite number of influential environmental factors into the analysis.

A Practical Approach

A more practical approach to the investigation of yield stability entails
an evaluation of the total environment, without identifying the specific en-
vironmental factors affecting yield stability. Thus, the overall production
conditions prevailing at a given site during a given crop cycle are denoted
as an environment. In this approach a single location can constitute, over a
15-year period, as many as 15 environments. An environment's production



Yield Stability in Bread Wheat 159

potential can be measured by the mean yield of all genotypes tested in that
environment. In addition, the yield of the highest yielding variety in each
environment gives an indication of the maximum production potential.

Research Methods

The analysis presented here is based on data from the First to the
Fifteenth International Spring Wheat Yield Nurseries (ISWYNs), which
were distributed by CIMMYT from 1964/65 to 1978/79 and grown in sites
representative of the major wheat-growing environments. The ISWYN is a
standardized international yield nursery consisting of three replications of
49 spring bread wheat varieties and advanced lines, plus one local check.
Since local checks frequently were not identified by cooperators growing
the trials or were CIMMYT cultivars, they have not been used in most
computations.

The genotypes were subdivided (according to their origins) into four
different groups defined in detail by Braun (1983) and Pfeiffer (1983):

Group I: CIMMYT-bred cultivars released directly by national crop
improvement programs;
Group II: Initial crosses made by CIMMYT, but at least one further
selection made in a national program;
Group III: Locally developed cultivars with CIMMYT germplasm in
their pedigrees;
Group IV: Locally developed cultivars without CIMMYT germplasm
in their pedigrees.

Most of the models used for the investigation of yield stability are
based on an assumed positive linear relationship between the performance
of a variety and better growing conditions (that is, it is assumed that vari-
eties will yield more grain as the general production potential of the site
increases, taking into account all production constraints). The regression
model used was a combination of those developed by Perkins and Jinks
(1968), Wright (1971), and Utz (1972).

More specifically, the site means are shown on the X-axis, and the
variety yields are shown on the Y-axis (figure 13.1). The yield of a given
variety at each site is used to calculate a regression line through the points
that represent the performance of the respective genotype in each environ-
ment. The slope of this regression line measures the individual response of
the variety to better growing conditions. The line that represents the aver-
age response of all entries included in the analysis has a slope of unity (a 45
degree line). Thus, an above-average yield response is indicated if the slope
of the variety regression line is greater than one (Varieties 1 and 2 in figure
13.1); the greater the slope, the higher the responsiveness of the variety.
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FIGURE 13.1 Response of four hypothetical varieties to higher productivity levels
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CIMMYT seeks Variety 1 types; Variety 2 types are rejected because they
are low yielding in poorer production environments, and Variety 3 and 4
types are less responsive to improving conditions.

The sum of the squared deviations from the regression line (ch. 10) is
used to describe yield instability. This indicator can be misleading. To
identify the best performing varieties across sites, both the variety mean
and the parameters for stability and response must be considered.
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A high-yielding variety (HYV) is said to have acceptable yield stability
if (a) the mean yield is significantly higher than the average yield across
sites, (b) the slope of the regression line is greater than or equal to unity,
(c) the sum of the squared deviations is small, and (d) the yield in the envi-
ronment with the poorest production conditions exceeds or equals the av-
erage of all entries. This combination implies superior yield performance
across the entire environmental range.

Research Results

An indication of the adoption of the genotypes can be obtained from
table 13.1. As the proportion of CIMMYT developed Group I and II geno-
types increased from 45 percent in the Sixth ISWYN to 65 percent in the
Seventh ISWYN, with a corresponding decrease from 47 to 29 percent of
the locally developed varieties (LDVs) in Group IV, the ISWYN grand
mean increased by about 30 percent. This was due to the replacement, on a
global level, of low-yielding commercial cultivars with broadly adapted
Group I and II genotypes. Figure 13.2 gives a more detailed picture of the
mean yields, coefficients of regression, and yield stability parameters for
the four groups of genotypes. The broad variation evident in figure 13.2
illustrates that each group contains high-yielding, highly responsive, and
stable genotypes. Since the large number of genotypes prohibits their con-
sideration on an individual basis here, the general response patterns of the
groups are emphasized.

Yield Performance

A comparison of the yield performance of the four groups clearly indi-
cates the yield superiority of Group I genotypes in each ISWYN. Thus,
Group I superiority is independent of the change over time in the composi-
tion of the nurseries. Across the ISWYNs, yield differences remained con-
stant (in absolute terms); the relative yield differences between groups de-
creased as the ISWYN mean yields steadily increased. Across the 15
ISWYNs, the following relationship among the groups holds: Group I has
statistically significantly higher yields than the entries in Group II; Group
II has significantly higher yields than Group III; and Group III has signifi-
cantly higher yields than the varieties in Group IV.

RESPONSIVENESS TO BETTER GROWING CONDITIONS. Similarly dis-
tinct results (clear group-specific differences) have been obtained for the
regression coefficients (b). The means of the b values of all four groups are
significantly different. The genotypes of Groups I and II show an above-
average-to-high responsiveness to improved production conditions,
whereas the cultivars of Groups III and IV are below average in their re-
sponsiveness (figure 13.2b). A high positive correlation (0.84) between the



TABLE 13.1 Proportion of genotypes in international spring wheat yield nurseries from 1964-1965 to 1978-1979

ISWYN Number

Group

I
II

III
IV
No. of entries
No. of

locations
(environments)

ISWYN grand mean
(t/ha)

1

6
3

—
15
24

34

2.7

2

11
2

—
11
24

47

2.8

3

15
5
3

26
49

61

2.8

4

16
7
3

23
49

63

2.9

5

15
6
3

25
49

63

2.6

6

10
12
4

23
49

60

2.8

7

14
18
3

14
49

66

3.6

8

12
18
2

17
49

81

3.6

9

12
18
4

11
49

69

3.9

10

14
24
4
7

49

68

3.5

11

25
12
7
5

49

65

3.8

12

24
12
5
8

49

76

3.9

13

23
15
6
5

49

76

3.3

14

25
14
4
5

48

71

3.5

15

27
8

11
3

49

73

3.8
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FIGURE 13.2 (a) Distribution of mean yields, (b) coefficients of regression, and
(c) yield stability parameters for four groups of genotypes across International Spring
Wheat Yield Nurseries (ISWYNs) 1 through 15
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mean yield of the varieties and their regression coefficients was obtained so
that seemingly high yield performance across environments can be ob-
tained only by using highly responsive varieties.

HIGH-YIELDING VERSUS LOW-YIELDING VARIETIES. The Strength of
this correlation implies that above-average mean yields and below-average
regression coefficients rarely occur together. When production conditions
are poor, yields are low for all varieties. In the low-yielding environments,
the differences in yield between high-yielding varieties (HYVs) and locally
developed varieties (LDVs) are small. The low regression coefficients asso-
ciated with locally developed varieties, which some people interpret as re-
sulting from superior yield performance in poor environments, are due to
their poor yield expression in high-yielding environments. Thus, HYVs
can be characterized both as input efficient and input responsive.

Some "idealists" would opt for varieties having complete stability,
such as could be depicted by a horizontal line in figure 13.1. They argue
that such varieties are feasible as well as preferable. Such completely stable
varieties cannot exist, however; they would have to perform outside the
possible range in the low-yielding environments. Exceptionally high yields
in low-yielding environments are possible only when disease is the cause
of the low yields. A given variety can respond to improving production
conditions in one of only four ways, the extremes of which are shown in
figure 13.1.

Widespread opinion holds that HYVs do not perform well under low
input conditions. Occasionally, genotypes with high regression coefficients
produce high yields when production conditions are very favorable and be-
low average yields in poor environments. In this analysis, such cases gener-
ally reflect the susceptibility to specific diseases present at the location,
rather than the lack of input efficiency, per se, in the genotype.

Figure 13.3 illustrates the analysis of an input efficient and input re-
sponsive variety, Veery "S." It has high genetic yield potential and exhibits
superior yield performance across the entire range of environments. Its
yield is better than the mean of all entries in nearly all environments. Its
regression coefficient is not much higher than that for the mean of all en-
tries, but its yield is consistently above the mean yield of all entries.

YIELD STABILITY. It is evident from figure 13.2c that each of the four
groups contains genotypes having stable yields, as well as some having un-
stable yields. Stability analyses of the data show that Group II is signifi-
cantly more stable than Groups I, III, and IV. Group I genotypes have the
same mean stability as Group III and are significantly more stable than
IV. However, considering yield stability alone when examining these four
groups is not sufficient to decide what is and what is not a "good" geno-
type; by our definition, good genotypes must combine high yield stability
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FIGURE 13.3 Yield of Veery "S" in the 73 environments of the 15th International
Spring Wheat Yield Nursery (ISWYN)

Variety yield (metric tons per hectare)
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SOURCE: Pfeiffer (1983).

with high yield potential, high input efficiency, and high input responsive-
ness.

This tendency for higher instability in the Group IV entries is caused,
to a certain extent, by a high proportion of genotypes in the group with low
yield stability due to late maturity, photosensitivity, or some vernalization
requirement. The grand mean might, therefore, be somewhat biased. Fur-
thermore, that Group II shows a slightly higher yield stability than Group I
may be misleading, since the yield stability of some outstanding Group I
genotypes is underestimated (as is discussed later).

Since critics state that HYVs are less stable than locally developed
varieties, the relevant question is whether the high mean yields of the
HYVs are correlated with yield stability. In fact, a significant correlation
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on a global level between mean grain yields and yield stability parameters
has been found in nine of 15 ISWYNs. The average correlation coefficient
is negative (—0.46, significantly different from zero at the 1 percent level).
Low deviation from the regression line indicates genotypic yield stability;
therefore, a negative correlation of these two factors suggests that geno-
types with high mean yields exhibit a high yield stability, a conclusion that
holds true not only on a global basis, but also on a regional basis and for
groupings of similar environments.

In special cases, using the sum of squared deviations from the regres-
sion line to characterize yield stability can be misleading. For instance,
Veery "S" has a low yield stability when expressed as the sum of squared
deviations, but it significantly outyielded other entries across all lo-
cations.1

In figure 13.3, the solid points indicate environments where there was
either a high incidence of major diseases or specific requirements for adap-
tation. Note that three of these points lie far above the regression line for
Veery "S" (the solid line), indicating the superior performance of the geno-
type at those specific sites. These large deviations distort the results, caus-
ing a high sum of squared deviations from the regression line, which im-
plies a low yield stability. If these points are omitted from the analysis,
Veery "S" also has high yield stability.

Performance on a Regional Level

A comparison was made between the four germplasm groups on a re-
gional basis and on the basis of groups of specific environments. This com-
parison highlights the influence of the site-specific adaptation of the lo-
cally developed cultivars in Groups III and IV.

The ecologically different regions of Asia and the tropical highlands
are compared in figure 13.4. The tropical highlands region includes envi-
ronments above 2,000 meters elevation in Africa, and in Central and South
America. The wheat-producing areas in the tropical highlands are disease
"hot spots," making diseases one of the primary determinants of yield.

In figure 13.4, the data indicate superiority of the respective best
Group I or Group II entries, both across years and regions. Three general
trends are obvious for the Asian region: first, Group I entries in ISWYNs 1
through 4 outyielded all other groups by far; second, in ISWYNs 5 through

1. To overcome the disadvantages of the "sum of squared deviations" as a stability
parameter, CIMMYT is developing a new parameter similar to the one suggested by Jensen
(1976). The "distance" between the yield of the highest yielding line at each location and the
yield of a given variety is used to characterize the "total (or entire) performance" of a variety,
including its mean yield, responsiveness, and yield stability. Using such a parameter will
place Veery "S" in the first position among top performing genotypes.
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FIGURE 13.4 Relative yield performance of the respective highest yielding genotype
(variety) in the Asian and tropical highlands regions

Asia
Grain Yield
(in % of respective annual regional mean)
160

140

120

100

80

A = Group I Q = Group III
A A A = Group II + = Group IV

A A ** = Lower endpoint of 5% confidence
A A ^ A A interval for Group I

~~ A A * A

*

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
International Spring Wheat Yield Nursery (ISWYN) number

Tropical highlands
Grain Yield
(in % of respective annual regional mean)
200

A

180

160

140

120

100

80

_ A
A A

* A A

9A_ A _ W 6 *
ft®. — i A A

 A -»- _

• AA oo -e- •

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
International Spring Wheat Yield Nursery (ISWYN) number

SOURCE: Pfeiffer (1983).

NOTE: Group I: CIMMYT-bred cultivars released directly by national crop improvement
programs. Group II: Initial crosses made by CIMMYT, but at least one further selection
made in a national program. Group III: Locally developed cultivars with CIMMYT germ-
plasm in their pedigrees. Group IV: Locally developed cultivars without CIMMYT germ-
plasm in their pedigrees.
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9, a clear improvement is seen in the Group II genotypes; and third, in
ISWYNs 10 through 15 a clear trend can be seen toward the greater suc-
cess of locally developed (Group III) materials.

A different pattern in the progress toward wheat improvement for the
tropical highlands can be observed. In ISWYNs 1 through 3, materials
selected for stripe rust resistance (from Colombia and Ecuador) showed
the best performance in this region. Beginning with ISWYN 4, Group I
entries with excellent stripe rust resistance were available (e.g., Tobari 66),
but these varieties did not respond to improvements in fertility and gave
relatively low yields in high-yielding environments. Over time, this limita-
tion was eliminated by incorporating better responsiveness in materials re-
sistant to stripe rust; these improved lines were available in subsequent
cycles.

At the same time, emphasis was given to introducing better resistance
to Septoria spp., a limiting disease in the tropical highlands. Varieties
such as Pavon 76, which combine the needed disease resistance with high
yield potential and high input responsiveness, were the result of this breed-
ing effort. These varieties still give good performance across a global set of
environments, as well as in specific areas.

Finally, a new performance level was reached in ISWYN 15 with geno-
types stemming from spring times winter crosses. Veery "S" (which carries
the 1B/1R translocation) significantly outyielded all other entries across
all locations included in the 15th ISWYN. In the tropical highlands, it was
the best performer by far; it was also the top-yielding line in the South
American lowlands, the irrigated areas of northwest Mexico, the southern
United States, and under rainfed conditions in the northern United States
and Canada. In the Middle East region, Veery "S" yielded slightly lower
than the top yielder, and in the Asian region its yield was not significantly
different from the top performer. The outstanding performance of the
Veery lines indicated by this analysis has since been verified in ISWYNs 16
through 20.

Performance in Different Groups of Environments

Groups of environments were formed using such criteria as their
mean yield level and according to various production constraints, such as
heavy incidence of disease. These groups can be further divided into sub-
groups (e.g., low-yielding disease environments or low-yielding disease-
free environments).

Figure 13.5 shows the relative performance in ISWYN 15 of the
CIMMYT line Veery "S," the best respective locally developed variety
(LDV), and the longtime check variety Siete Cerros, a CIMMYT-devel-
oped cultivar included in this and all previous ISWYNs. The lower 5 per-
cent confidence bound for the top yielder is shown by the solid horizontal
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FIGURE 13.5 Relative grain yield of the CIMMYT variety Veery "S," the best
locally developed variety (LDV), and the longtime check variety Siete Cerros in eight
different environmental groupings for the 15th International Spring Wheat Yield
Nursery (ISWYN)
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lines. The yield advantage of the new varieties compared to the standard
check and the locally developed varieties is expressed in the significantly
higher yields across the total of 76 environments. While a decisive advan-
tage was not achieved in the high-yielding environments, an increase in the
yield potential of the recently bred cultivars is obvious and proved to be
statistically significant in individual high-yielding environments, such as
Northwest Mexico. The superiority of the new varieties was not as evident
in the low-yielding, disease-free environments. However, yields under poor
conditions have improved by about the same relative amount compared
with yields in high-yielding environments.

The reason for the outstanding yields obtained in environments with
disease stress can often be found in the good yield potential of such sites
when disease-resistant varieties are grown. In contrast to the "real" low-
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yielding environments (e.g., drought-afflicted environments), some of the
disease environments are fertile enough to permit very good yields. In such
cases, the disease resistance of a variety is the most important factor ena-
bling it to profit from additional inputs, such as water and nutrients. A
variety cannot produce yields above a certain limit associated with the ab-
solute amount of the yield-determining input factors. Therefore, from the
biological point of view, it is not possible for one variety to show much
better absolute yields at the lower end of the environmental range if the
yields are limited by the availability of inputs.

Verifying the Yield Stability of High-Yielding Varieties

System-Dependent Stability

Experiments conducted at the Sonora Experiment Station in north-
west Mexico provide verification of many of the foregoing statements. Two
old, tall cultivars (Yaqui 50 and Nainari 60, released in Mexico in 1950
and 1960, respectively) were compared to 12 CIMMYT advanced lines to
evaluate promising advanced lines for their yield dependability in differing
simulated environments.

The experimental design was a complete factorial, 3 moisture regimes
X 3 nitrogen levels X 2 weed levels:

Moisture regimes:
No moisture stress: seeding irrigation plus five supplementary

irrigations,
Terminal drought: seeding irrigation plus one supplementary ir-

rigation at crown root initiation,
Relieved drought: seeding irrigation plus one supplementary irri-

gation at heading;
Nitrogen levels: 0, 75, and 150 kg of N/ha;
Weed levels: weedy and weed free.

Veery "S" and the highest yielding CIMMYT advanced lines pro-
duced yields under water stress, zero input, weed-free, and weedy condi-
tions that were at least as high or higher than those given by the old culti-
vars (figure 13.6). Under higher input levels, significantly higher yields
were obtained with the recently developed genotypes.

Figure 13.7 shows the nitrogen response curves of the two old cultivars
and Veery "S." The bold lines show the response to nitrogen across the
three different moisture regimes and the two weed conditions. The thin
lines show the response under weed-free, fully irrigated conditions. The
superiority of Veery "S" at all nitrogen levels shows clearly. The input effi-
ciency of Veery "S" at the zero nitrogen level is higher than that of the old
cultivars, and its response to additional amounts of nitrogen is also
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FIGURE 13.6 Input efficiency of old and new varieties under differing production
conditions
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greater. Furthermore, the response lines for Veery "S" indicate that it can
physiologically use more than 150 kg/ha of nitrogen. The application of
150 kg/ha of nitrogen exceeds the yield maximizing levels for the two old
cultivars.

Temporal Stability

Farmers, of course, cannot provide completely stable environments
for their crops. Hence, annual changes in environmental conditions cause
fluctuations in yield. Adding to the variability caused by this set of unpre-
dictable factors is the damage caused by birds, rodents, and hail.

In accepting that yields must fluctuate from one year to the next, it is
clear that the evaluation of temporal yield stability cannot be based on
constant yields across years. Rather, an acceptable variety should main-
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FIGURE 13.7 Nitrogen response curves of Veery "S" and two old cultivars
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TABLE 13.2 Correlations between parameters from one year to the next for a common
set of genotypes and environments

ISWYN

1/2
2/3
3/4
4/5
5/6
6/7
7/8
8/9

9/10
10/11
11/12
12/13
13/14
14/15

Average
correlation

Mean
Yield

0.98
0.94
0.96
0.97
0.96
0.96
0.93
0.96
0.92
0.99
0.83
0.78
0.90
0.92

0.92

Regression
Coefficient

0.85
0.85
0.88
0.89
0.89
0.95
0.92
0.89
0.82
0.92
0.79
0.83
0.89
0.94

0.87

Yield Stability
Parameter

0.59
0.76
0.77
0.54
0.55
0.54
0.60
0.66
0.83
0.90
0.85
0.91
0.62
0.85

0.72

Note: All correlations significantly different from zero at the 1 percent level (Pfeiffer 1983).

tain its ranking with respect to the desirable traits of high yield potential,
input responsiveness, and yield stability when evaluated over time.

Table 13.2 presents the correlations of stability parameters from one
year to the next for a common set of genotypes and environments analyzed
from ISWYN 1/2 through ISWYN 14/15. The fact that the correlations
are very high indicates that the ranking of the genotypes remained basi-
cally constant. These genotypes have both high spatial and temporal yield
stability. The corresponding average correlations for mean yield in the
tropical highland region, Asia, and the Middle East (0.83, 0.87, and 0.90,
respectively) indicate that this result holds true on a regional level.

An explanation of the high spatial and temporal yield stability found
in this analysis is that CIMMYT's wheat improvement research involves
shuttling experimental germplasm between two primary locations in Mex-
ico having very different environmental conditions. These locations com-
prise near optimum and heavy disease stress environments, and materials
must perform well in both environments to be advanced. In addition, ma-
terials are tested in a number of other locations in Mexico that, collec-
tively, are representative of many of the wheat production environments
found aroufid the world. In addition, each year CIMMYT advanced lines
undergo global multilocation testing in over 100 countries. Thus, within
Mexico, breeding can be done for a broad spectrum of diseases and envi-
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ronmental stresses, while screening and testing on a global basis expose
materials to a wide range of differing environmental conditions.

Future Challenges Confronting Wheat Breeders

Perhaps most importantly, the gains made so far must be maintained.
Plant breeding is always a dynamic process. The resistance of a given vari-
ety to a specific disease will likely fail over time as new bioraces of the
disease pathogen appear. Not only must the resistance be maintained, but
breeders should also strive to make it more durable, as has been done in
the case of stem rust.

For other diseases, such as Helminthosporium, root rots, and Fusar-
ium head scab, or for environmental stresses such as aluminum toxicity,
heat, and saline soils, the breeding challenges remain. CIMMYT wheat
breeders are only now identifying sources of resistance and tolerance and
are just beginning to incorporate these traits into good agronomic types.
Success in this effort will help to reduce the variability of bread wheat pro-
duction as more marginal areas come under wheat cultivation.

For low-yielding environments, significant progress has been achieved
and further improvements can be expected though, as always, only in
small incremental steps. The stability of production is input dependent
rather than genotype dependent and can only be increased significantly by
compensating for environmental factors with increased inputs, since a
breakthrough in genotypic input efficiency has a very low probability.

The CIMMYT Wheat Program's approach will continue to be one of
combining input responsiveness with input efficiency in broadly adapted
genotypes having high genetic yield potential. The objective is to develop a
range of materials as broadly adapted as Veery "S" but possessing the
traits needed to provide maximum yield stability in selected production
areas.



14 Genetic Improvement and the Variability in
Wheat Yields in the Great Plains

C. JAMES PETERSON, V. A. JOHNSON,
J. W. SCHMIDT, AND ROBERT F. MUMM

Plant breeders have long recognized the importance of cultivar stability
over a range of environmental conditions. Most of the world wheat crop is
produced in semi-arid, rainfed environments, such as the Great Plains of
the United States, which are subject to wide fluctuations in climate, dis-
ease pressures, and precipitation over and within growing seasons. Soil
types and production practices, such as tillage methods, rotation prac-
tices, weed control, fertilization, and management equipment, may also
vary widely within regions. Cultivars must have the potential to maintain
competitive yields in various suboptimal environments as well as to re-
spond to more favorable conditions or increased inputs.

Cultivar stability has been defined as the ability to produce the yield
expected at the level of productivity of the respective environment, that is,
a cultivar which shows no genotype-environment (GE) interaction (Becker
1981). A stable cultivar would not contribute to variance in productivity
over a region; in practice, cultivars show wide variations in stability.

Evaluation and selection of cultivars over wide ranges of environments
are essential if stability and wide adaptation are to be identified. The
Northern and Southern Regional Performance Nursery (NRPN and
SRPN, respectively) programs were initiated in the Great Plains over 50
years ago by the U.S. Department of Agriculture (USDA) and state experi-
ment stations as a response to breeders' concerns for evaluation and selec-
tion of cultivar stability, yield potential, and adaptation.

Many researchers have evaluated gains in wheat productivity and con-
tributions of cultivar development to increased yields (Russell 1973; Silvey
1978; Sim and Araji 1981; Schmidt 1984; Feyerherm, Paulsen, and
Sebaugh 1984). It has been difficult, however, to evaluate changes in culti-
var stability, cultivar responses to variation in environmental conditions,
and genetic contributions to production variance over time. The NRPN
and SRPN provide an opportunity to evaluate such trends and to examine
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cultivar performance in relation to long-term check cultivars and contribu-
tions to increased variability in wheat yields.

Materials and Methods

Yield data from the NRPN and SRPN from 1959 to 1984 were exam-
ined. The nurseries comprised experimental hard red winter wheat culti-
vars developed by breeders and agronomists with the USDA/Agricultural
Research Service (ARS), state experiment stations, and private industry.

Experimental cultivars were usually included in the nursery for two
years and the top-yielding ones were often later released for commercial
production. Long-term check cultivars were included annually in the nur-
series for comparisons of cultivar and nursery performance over years. The
check cultivars Kharkof and Scout 66 were grown in the SRPN and
Kharkof and Warrior in the NRPN. Kharkof is an old cultivar considered
to have adequate winter hardiness and wide adaptation and is representa-
tive of the Turkey Red wheat originally introduced to the Great Plains.

Cultivars in the SRPN were grown primarily at locations in the south-
ern Great Plains (Texas, Oklahoma, New Mexico, Kansas, Colorado, and
Nebraska). Cultivars in the NRPN were grown primarily in the northern
region (Nebraska, Montana, South Dakota, North Dakota, Wyoming,
Minnesota, and Alberta).

The total number of locations and cultivars varied from year to year
for each nursery but did not exceed 40 cultivars and 32 locations in the
SRPN or 32 cultivars and 22 locations in the NRPN. Nurseries were evalu-
ated in randomized complete block designs at each location, usually with
three replications. Seeding rates, dates, row spacing, and fertilization were
different at each location and conformed to local practice.

Data from 11 and 9 locations in the SRPN and NRPN (table 14.1),
respectively, which reported nursery yields for nearly every year from 1959
to 1984, were used for calculations of yield trends and variance in produc-
tivity. These locations were representative of the diverse environmental
conditions of each region and were used to reduce the effects of annual
variation in numbers of evaluation sites. The nurseries were grown under
dryland conditions with the exception of the SRPN at Ft. Collins,
Colorado.

Yield gains attributed to improved production practices and cultivar
development were calculated from annual nursery means. Genetic contri-
butions to increased yields were calculated by expressing annual nursery
mean yield as a percent of the yield of Kharkof, the long-term nursery
check cultivar. The genotype-environment (GE) interaction mean square
was calculated for each year using a multilocation analysis of variance as
an estimate of variance in productivity of the nursery cultivars. Check cul-
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TABLE 14.1 List of Locations in the Southern and Northern Regional Performance
Nurseries from which yield data were used for calculation of trends in yield and
variance in productivity

SRPN NRPN

Chillicothe, Texas
Stillwater, Oklahoma
Cherokee or Lahoma, Oklahoma
Garden City, Kansas
Colby, Kansas
Hays, Kansas
Ft. Collins, Colorado
Springfield, Colorado
Akron, Colorado
North Platte, Nebraska
Alliance, Nebraska

North Platte, Nebraska
Alliance, Nebraska
Sheridan, Wyoming
Archer, Wyoming
Preshoor or Highmore, South Dakota
Moccasin or Havre, Montana
St. Paul, Minnesota
Waseca, Minnesota
Lethbridge, Alberta, Canada

tivar yields were not included in calculations of annual nursery mean yields
and mean squares for genotype-environment interactions.

Regressions of check cultivar mean yields on an environmental index
of nursery means from each location (Eberhart and Russell 1966) were cal-
culated for each year as an indirect measure of changes in cultivar response
to environmental variation. Data from all possible locations were used in
the regression analyses to provide a wider environmental index, to increase
the number of observations for regression, and to improve estimates of b
values. Regression analyses were used to determine significance of trends
over years for all parameters.

Results
Genetic Contributions to Increased Production

Mean yield of the SRPN grown at 11 locations from 1959 to 1984 has
increased linearly (significant at the 1 percent level) at 56 kg/ha per year
and increased from an average of 2,100 kg/ha in 1959 to 3,500 kg/ha in
1984. The 67 percent increase in yield resulted from cultivar development
and improvements in production practices, such as weed control, equip-
ment for improved nursery management, and increased fertilization.

The proportion of yield increase in the SRPN attributed to genetic
improvement was determined by expressing the annual nursery mean yield
as a percent of that for Kharkof. Since the long-term check and experi-
mental cultivars were treated alike, effects of cropping practices, soil fertil-
ity, and weather variables are reduced. Mean yield of experimental culti-
vars in the SRPN increased linearly (significant at the 1 percent level) from
111 percent of the check in 1959 to 139 percent in 1984. A 25 percent im-
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provement in yield, or 31 kg/ha per year, was attributable to genetic im-
provement and breeding efforts. Genetic contribution to increased yield
accounted for 55 percent of the total yield gain. There was little indication
of a yield plateau in the nursery.

Mean yield of the NRPN grown at nine locations from 1959 to 1984
has also increased linearly (significant at the 1 percent level) at 56 kg/ha
per year from an average of 1,800 kg/ha in 1959 to 3,200 kg/ha in 1984.
Improved production practices, cultivars, and increased fertilization con-
tributed to the 77 percent total increase in yield.

Genetic contributions to increased yield in the NRPN were less than
those in the SRPN. Mean yield of experimental cultivars in the NRPN did
not increase significantly from 1959 to 1984, when expressed as a percent
of that for Kharkof. Stem rust (Puccinia graminis f. sp. tritici) was a major
factor in the nursery averages from 1959 to 1965 with resistant experimen-
tal cultivars gaining an advantage over Kharkof. From 1966 to 1984, a
linear (significant at the 1 percent level) increase in yield of experimental
cultivars from 103 percent to 117percentof Kharkof occurred, and disease
was not a major problem. This corresponds to a 14 percent increase in
yield, or 22 kilograms per hectare per year, from 1966 to 1984 that was
attributable to genetic improvement. Only 40 percent of the total yield im-
provement in the NRPN was attributable to genetic gains in these years.
The harsh climate of the northern Midwest is believed to have limited ge-
netic gains because of major requirements for winter hardiness and
drought tolerance in commercial cultivars. Many difficulties encountered
in evaluating germplasm in the highly variable environmental conditions
are also responsible for limiting gain from selection for yield. Improve-
ments in production techniques have had a major impact on yield gains in
the northern region.

Genetic Contributions to Production Variability

Yield stability over a wide range of environmental conditions is an
important criterion in the development of cultivars for the Great Plains.
The interaction of genotypes and environments indicates ranges in adapta-
tion as well as relative production stability of experimental cultivars over
moisture and temperature variations. Baker (1969) suggested that the pro-
duction stability of a cultivar is inversely proportional to the sum of
squares for genotype-environment interaction attributable to that culti-
var. In a uniform performance nursery, the trends in production stability
attributable to cultivar development and genetic improvement can be mea-
sured by trends in the magnitude of the genotype-environment interaction
mean square.

The genotype-environment interaction mean square associated with
cultivar stability over 11 locations in the SRPN showed a linear (significant
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FIGURE 14.1 Mean squares associated with the interaction of genotype and environ-
ment effects on yield of cultivars in the Southern Regional Performance Nursery,
1958-1984
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at the 1 percent level) increase from 1959 to 1984 (figure 14.1). The mean
square increased 134 percent in 26 years. The significant contributions of
cultivar development to increases in yield also appear to have contributed
to increased instability or variance in levels of productivity of cultivars in
the nursery. Recent cultivars appear to be less stable over a wide range of
environments and have narrower areas of adaptation than those in the
past. ^

Trends in the genotype-environment interaction mean square over
nine locations in the NRPN follow a quadratic response from 1959 to 1984
(figure 14.2). Varying disease pressures and differential cultivar responses
contributed to relatively high levels of production instability among the
cultivars from 1959 to 1965. The genotype-environment interaction mean
square showed a linear (significant at the 1 percent level) increase from
1966 to 1984 after disease pressures were reduced. The mean square in-
creased 300 percent in those 19 years. Breeding and development of culti-
vars for the northern Great Plains region contributed to a dramatic in-
crease in instability or variance in productivity of cultivars in the NRPN.
Many recent experimental cultivars in the NRPN have good productivity
but insufficient winter hardness for the northern plains conditions. This,
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FIGURE 14.2 Mean squares associated with the interaction of genotype and environ-
ment effects on yield of cultivars in the Northern Regional Performance Nursery,
1958-1984
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along with a narrowing of adaptation of the cultivars, may contribute to
increases in instability and the genotype-environment interaction mean
square.

While the absolute magnitudes of the genotype-environment vari-
ances have increased over years, they have changed little when expressed as
a function of the increasing nursery mean yield levels. If the genotype-
environment interaction mean squares are expressed as a coefficient of
variation (cv), they have remained relatively stable at about 13 percent in
the SRPN and have increased slightly from about 10 to 15 percent in the
NRPN. There were no trends in the absolute magnitude of variances asso-
ciated with either of the main effects of environments or genotypes.

Trends in Varietal Response to Environmental Variation

Parameters from regression analyses of cultivar yields on an environ-
mental index (the nursery means in a particular set of environments) have
been used by many researchers as a measure of cultivar stability (Finlay
and Wilkinson 1963; Eberhart and Russell 1966; Johnson, Shafer, and
Schmidt 1968; Stroike and Johnson 1972; Schmidt, Johnson, and Stroike
1972; Schmidt et al. 1973; Worrall et al. 1980; ch. 10).
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FIGURE 14.3 Coefficients (b values) from regression of check cultivar yields on
nursery mean yields at locations in the Southern Regional Performance Nursery,
1959-1984
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Trends in average cultivar response to environmental conditions and
constraints in the SRPN and NRPN can be evaluated indirectly in terms of
changes in relative responses of the long-term check cultivars (figure 14.3).
Stability and environmental responses of the nursery checks would not be
expected to change over years. However, stability parameters are based on
average environmental response of cultivars included in a nursery and may
vary for a check cultivar if cultivars in the nursery are changed. Changes in
stability parameters of the checks over years, therefore, indicate changes
in average response to environment. Yearly regressions of the yield of
Kharkof on the nursery mean yield at each location in the SRPN shows a
linear (significant at the 1 percent level) decrease in the b values for
Kharkof from 0.90 in 1959 to 0.60 in 1984 (figure 14.3). Similarly, the
regression b values for the secondary check Scout 66 have decreased lin-
early (significant at the 1 percent level) from 1.00 in 1967 to 0.80 in 1984.
Trends in deviation from regression were not evident.

In 1959, experimental cultivars in the SRPN expressed a small yield
advantage over Kharkof, which increased slightly with improving environ-
mental yield potential. In 1984, experimental cultivars expressed a large
yield advantage over Kharkof in high-yielding environments, but the yield
advantage diminished rapidly as the environmental yield potential de-
creased. A major portion of the genetic contributions to increased yield
since 1959 has been from increased cultivar yields as expressed in favorable
or nonlimiting environments. Genetic contributions to increased yield in
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FIGURE 14.4 Coefficients (b values) from regression of check cultivar yields on
nursery mean yields at locations in the Northern Regional Performance Nursery,
1959-1984
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marginal or highly stressed environments have been limited. Decreasing
regression values of the two long-term checks are an indication of increas-
ing genetic yield potential of cultivars in the southern Great Plains since
1959.

In the NRPN, yearly regressions of the yield of Kharkof on the nursery
mean yield at each location also show a linear (significant at the 1 percent
level) decrease in the b values for Kharkof from 1.03 in 1959 to 0.68 in
1984 (figure 14.4). The b values for the secondary check, Warrior, have
decreased linearly (significant at the 1 percent level) from 1.27 in 1959 to
0.82 in 1982. Genetic yield potential of cultivars in the northern Great
Plains has increased substantially since 1959 and a large portion of the
genetic contributions to increased yield has been from increased yield in
favorable or nonstress environments. Yield increases attributable to culti-
var development in marginal or stress environments have been minimal.

Discussion

Plant breeding and cultivar development have made significant con-
tributions to increased yield in the Great Plains. An average yield increase
of 56 kg/ha per year in the SRPN from 1959 to 1985 was shown with 55
percent of the gains attributed to genetic contributions. Improvements in
production practices have had a somewhat greater impact on yield gains in
the NRPN than cultivar development. Genetic contributions account for
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40 percent of the 56 kg/ha per year yield increase in the NRPN from 1966
to 1984. These estimates are comparable to wheat yield gains reported by
Russell (1973) in Australia, Silvey (1978) in England, Sim and Araji (1981)
in the western U.S., Kuhr et al. (1985) in an international performance
nursery, and Schmidt (1984) in nine regional performance nurseries across
the United States.

Cultivar yield responses to environmental variations have changed
from 1959 to 1984, and variance of productivity associated with the inter-
action of cultivars and environments has increased. Cultivars appear to
have become less adapted to production over wide ranges in environmental
conditions. A portion of increased genetic gains in yield has come from
narrowing the adaptation of cultivars, thus maximizing yield potential in
smaller production areas by exploitation of genotype-environment interac-
tions. Variance of total production over a region may not significantly in-
crease with proper deployment of more narrowly adapted cultivars while
achieving maximum yields, but these cultivars may be less stable and more
sensitive to yearly fluctuations in weather, moisture, and production
inputs.

The increased cultivar genotype-environment interactions and nar-
rowing adaptation may relate, in part, to an increase in genetic diversity
amongst elite experimental lines. Increased cooperation in and dissemina-
tion of germplasm on an international basis has allowed breeders to incor-
porate many diverse genetic materials into their programs. Over a wide
production area, the use of many diverse and narrowly adapted cultivars,
as opposed to a few widely adapted cultivars, may substantially reduce the
potential of genetic vulnerability to disease and insect pressures.

The genetic yield potential of cultivars in the Great Plains has in-
creased significantly and contributed to yield gains in the region. Most of
the genetic contributions to increased yield in the SRPN and NRPN have
come from increased productivity of cultivars in more favorable or higher
yielding environments. Little genetic improvement in yield of cultivars un-
der marginal or highly stressed environments was indicated. Currently
grown cultivars have increased potential to take advantage of favorable
environmental conditions and production inputs. However, under unfa-
vorable conditions or if inputs are withdrawn, yield advantage of newer
cultivars may be significantly reduced, thus contributing to increased pro-
duction variance over a diverse region. The differences in production levels
between favorable and unfavorable environments have been widened as a
consequence of cultivar development and increased genetic yield
potential.

The limited yield gains in marginal or stressed environments are an
indication of difficulties encountered in breeding for stress tolerance. Ge-
netic variation for stress tolerance is available, but limited, and progress is
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difficult in these low heritability environments with overriding environ-
mental constraints. Some new crop management techniques may be
needed to derive greater benefits of plant breeding efforts in marginal
areas.

Finlay (1968), based on extensive adaptation tests, believed that yield
stability and yield potential are more or less independent of each other.
Heine and Weber (1982) found no strong correlation between stability
parameters and yield in 20 years of winter wheat trials. Walton (1968) sug-
gested that maximum stability in cultivars has been sacrificed to maximize
yield potential and that the two characteristics are negatively correlated.
Results from the regional nursery trial tend to support Walton (1968) and
the suggestion by W. J. R. Boyd that "there may be an adaptive advantage
in mediocrity" (personal communication, J. W. Schmidt 1983), especially
if wide adaptation is critical. It is unrealistic, however, to suggest that
breeders sacrifice high yield and responsiveness for wide adaptation and
increased stability in a new cultivar. Trends in cultivar response to environ-
ments in the Great Plains indicate that breeders must carefully consider
any trade-offs between maximum yield, stability, and ranges in adaptation
during cultivar development and evaluation.

Trends in regional cultivar performance discussed here represent av-
erage responses of the experimental cultivars entered in the nurseries and
general trends in cultivar development. In certain cases, individual culti-
vars in recent nurseries may have combined excellent stability with in-
creased yield potential. To put all this in context, it must also be recalled
that grain yield and stability are only two of many criteria involved in culti-
var selection and release.



15 Yield Stability of CIMMYT Maize Germplasm
in International and On-Farm Trials
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Most of the maize in developing countries is grown by subsistence farmers
who are working in extremely difficult maize production environments.
These farmers have little grain to spare for the market after meeting their
families' needs, and so most lack the means of investing heavily in irriga-
tion, fertilizer, pesticides, and other modern means of coping with the dep-
redations of diseases, insect pests, and the vagaries of the weather. Nor do
those farmers have a strong incentive for making such an investment, since
many do not grow the high-yielding, input-responsive maize varieties that
would enable them to take maximum advantage of purchased inputs. In
contrast to the situation in wheat production, developing country maize
farmers are, by and large, still growing the old, established landraces.
In 1983 the Centro Internacional de Mejoramiento de Maiz y Trigo
(CIMMYT) estimated that about 5 percent of the entire maize-growing
area in the Third World countries was planted to varieties developed by
national researchers using germplasm from the Center's Maize Improve-
ment Program.

When grown in favorable environments under good agronomic man-
agement, there is no doubt that modern varieties of lowland tropical maize
give higher grain yields than do older types. The emphasis placed by
CIMMYT on reducing plant height and tassel size has not only reduced
the tendency for tropical lowland materials to lodge when given fertilizer,

This chapter is the result of a collaborative effort and represents work done by many people.
The authors appreciate in particular the contribution of numerous cooperators in national
programs who carried out the Experimental Variety Trials and the on-farm trials. Results of
on-farm trials conducted in Ghana, Guatemala, Haiti, and Mexico were supplied by Drs. G.
Edmeades, A. C. Hibon, A. F. E. Palmer, A. Violic, M. Yates, and Ing. H. S. Cordova.
Those from trials carried out in Paraguay were provided by Ings M, Ozaeta and A. Lopez P.
Many colleagues offered valuable suggestions. Thanks are due, in addition, to R. F. Mumm
of the University of Nebraska, who wrote the computer program used to analyze part of the
data presented here.
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but has greatly improved the efficiency of their partition of assimilate to
grain while crop biomass has remained the same at optimum plant densi-
ties (Fischer and Palmer 1984, Johnson et al. 1986).

Although improved tropical maize is now widely available around the
world, the high grain yield potential of such material is often one of the less
important considerations that enter into a small-scale farmer's decision
about a variety. Other factors include grain color, cooking quality, taste,
milling properties, ease of shelling and shelling percentage, forage yield,
and resistance to ear rots and insect pests, both while the ear is on the plant
and later in storage. Subsistence farmers are also interested in reduced
variability of grain yield. Characteristics that contribute to greater stability
include tolerance to water stress and extreme plant densities, and resis-
tance to diseases and insect pests. The CIMMYT Maize Program is at-
tempting to satisfy many of these requirements in addition to boosting
grain yield. Currently, for example, it is pursuing a dual approach to the
protection of the ears of lowland tropical maize against disease and insect
pest damage. As well as introducing genetic resistance, researchers are im-
proving the husk cover of normal materials and endosperm hardness of
maize with improved protein quality (Paliwal and Sprague 1981, Sprague
and Paliwal 1984, CIMMYT 1985). Other approaches being followed to
improve yield stability include improvement of drought resistance
(Fischer, Johnson, and Edmeades 1983), tolerance to barrenness at high
plant densities, and greater nitrogen fertilizer use efficiency.

This chapter offers an analysis of yield stability of CIMMYT germ-
plasm. A genotype is generally considered stable if its grain yield varies
little from year to year at a given location or varies little across locations
within a "mega-environment" to which the genotype is adapted in a broad
sense. This view is in agreement with the concept of yield stability as de-
fined by Eberhart and Russell (1966) and by Perkins and Jinks (1968).
Some authors, such as Binswanger and Barah (1980), divide this definition
into two components: concern with temporal variation (stability) and with
spatial variation (adaptability).

The study is divided into two parts. The first attempts to gauge the
effects on yield stability of the various procedures that make up
CIMMYT's population improvement and international testing scheme.
The approach taken is to analyze the performance in multilocational test-
ing of experimental varieties (EVs), derived from four CIMMYT popula-
tions. The findings of this analysis cannot answer with complete satisfac-
tion questions about the yield stability of high-yielding varieties. The point
that remains to be clarified is whether materials will also perform well un-
der the more difficult and variable conditions of farmers' fields.

The second part of the study attempts to answer that question by ana-
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lyzing the yield and yield stability of improved maize varieties in compari-
son with traditional varieties in farmers' fields under their wide range of
environments and management practices. It also examines how improved
genotypes perform relative to traditional ones when grown under higher
levels of inputs and management.

Yield stability is analyzed according to the technique (ch. 10) de-
scribed by Eberhart and Russell (1966, 1969) and Hildebrand (1984).
With this technique, a stable variety can be defined as one having a regres-
sion slope (b) of 1.0 suggesting that it can exploit favorable environments
and, more importantly, a small deviation from the regression (s2

d), indi-
cating that it will respond very predictably in a given environment. It is
further assumed that, in a stable variety, it is desirable to have a high mean
yield and a large intercept on the y-axis (indicating that the variety yields
well in low-yielding environments). The authors are well aware that this
simple method has limitations as a tool for assessing stability. Its biological
and statistical drawbacks have been pointed out by various authors, in-
cluding Baker (1969), Knight (1970), Witcombe and Whittington (1971),
Hill (1975), and Binswanger and Barah (1980). Partly for that reason, Cen-
ter researchers are starting to work with another technique for measuring
yield stability (Crossa and Deutsch 1985, Westcott 1987).

CIMMYT's Population Improvement and International Testing System

Of the many ways of providing high-yielding, stable germplasm, the
CIMMYT Maize Program has chosen one that involves the development
and improvement of broad-based gene pools and populations in conjunc-
tion with international distribution and testing of varieties derived from
this germplasm. The Program manages 23 normal and 10 quality protein
maize (QPM) advanced populations (according to the scheme illustrated
in figure 15.1) that are superior in yield and other attributes. In the course
of the improvement cycle, 250 full-sib families of a particular population
are tested, along with six local checks, in International Progeny Testing
Trials (IPTTs) at up to six locations around the world (including one of
CIMMYT's stations in Mexico). In a given year, about 15 populations are
tested.

The results of these trials are used in two ways. First, based on infor-
mation provided by trial cooperators, CIMMYT scientists select the best
50-60 families in a population for within-family improvement, recombina-
tion, and regeneration of new progenies in each population for the next
cycle of improvement. The second use of International Progeny Testing
Trials results is for development of experimental varieties; most of these
are derived from the ten best families at each location and others from the
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FIGURE 15.1 Steps in population improvement and experimental variety development, evaluation, and use

CIMMYT Stations

Year I - Season A: Off Season
PROGENY REGENERATION

For each population 250 FS produced

Year 1 - Season A: Main Season
PROGENY TRIALS IPTTs

250 FS + 6 national checks evaluated
at 6 different locations Î T

Cooperating Experiment Stations

Year 2 - Season B
FAMILY RECOMBINATION
Selected families bulk
pollinated based on
international testing data

EXPERIMENTAL VARIETY
(EV) FORMATION
For each EV 10 best fannhes
recombmed and advanced to F2

• Seed Request From National Programs

1
EXPERIMENTAL VARIETY TRIALS (EVTs)

Evaluated at 30 - 50 locations

I
ELITE VARIETY TRIALS (ELVTs)

Evaluated at 50 - 100 locations

NOTE: FS refers to full sibs; IPTTs are International Progeny Testing Trials.
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ten best families across locations. In the formation of these varieties, se-
lected families are crossed in all possible combinations and then advanced
to the synthetic-1 stage by bulk pollination.

The experimental varieties are tested by cooperators in national re-
search programs in Experimental Variety Trials (EVTs), each of which is
conducted at 30-50 locations and compares the experimental varieties with
two local checks and two reference entries. The trials are distributed
mainly according to cooperators' requests and conducted for the most part
at experiment stations of participating national maize programs. After
data analysis CIMMYT scientists select the best varieties in yield and yield
stability for Elite Variety Trials (ELVTs), which are carried out at 60-80
locations in much the same way as the Experimental Variety Trials.

All trial cooperators receive summaries of the test results and can ob-
tain seed at any stage of the testing scheme for breeding, further testing, or
seed increase and variety release. Over the past ten years, CIMMYT and
its trial cooperators in national programs have developed over 800 experi-
mental varieties through this system, and by 1984 about 120 varieties
based on CIMMYT germplastn had been released by 29 national pro-
grams.

Grain Yield and Yield Stability of Experimental Varieties in
Mnltilocational Testing

This part focuses on grain yield and yield stability parameters of ex-
perimental varieties developed from the following randomly selected popu-
lations: Populations 21 (Tuxpeno-1) and 43 (La Posta), which are late-ma-
turing white materials, and Populations 32 (ETO Blanco) and 49 (Blanco
Dentado-2), which are intermediate-maturing white materials. The exper-
imental varieties were formed over two or three consecutive cycles of popu-
lation improvement during the period 1979-84. Experimental varieties
from Populations 32 and 49 were tested in Experimental Variety Trial 14B
(tropical lowland, early-intermediate, white) from 1982 to 1984 and those
from Populations 21 and 43 in Experimental Variety Trial 12 (tropical low-
land, late, white) from 1979 to 1984.

The total number of entries per trial ranged from 14 to 30, including
newly formed experimental varieties plus the two local check varieties and
two reference entries. Different experimental varieties were tested each
year and, for any given trial, the local checks varied from one test location
to another. The same reference entries were included over the entire six-
year period of testing. The experimental varieties in a particular testing
cycle of a given population entered the Experimental Variety Trials in one
or, more often, two test years. The reason a few were tested only in one year
is that data from some International Progeny Testing Trial locations ar-
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rived later than others; these trials are grown at a wide range of locations
both north and south of the equator in different growing seasons, and their
results are the basis for formation of the experimental varieties. Data from
locations with a large experimental error were excluded from the analysis.
The data reported here came from trials conducted at 17-41 sites, but the
majority were carried out at 30-35 locations in Central, North, and South
America; East, West, and southern Africa; South and Southeast Asia; and
the Middle East.

One condition for deriving pertinent regression parameters and hence
for making predictions about the performance of crop varieties is an ade-
quate range of values over test sites for the character being measured.
Without exception, all the trials reviewed in table 15.1 have a quite wide
yield range. In Experimental Variety Trial 14B, for example, which was
conducted at 36 locations in 1983, means for grain yield ranged from 1.2 to
7.2 tons per hectare (t/ha). The number of testing environments (17-41)
was more than sufficient for making regression estimates.

Four salient points are evident from the data on the experimental vari-
eties. First, within a given cycle of population improvement, there were
always some outstanding experimental varieties in terms of grain yield. In
the improvement of Population 32, for example, Poza Rica 8032 was supe-
rior for grain yield in cycle «, and three experimental varieties—Los Banos
(1) 8232, San Jeronimo 8232, and Poza Rica 8232—were superior in cycle
n + 1 (table 15.1). Varieties from Population 43 also gave high yields in
various cycles, including Across 7843 and La Maquina 7843 in cycle n, San
Andres 8043 and Ilonga 8043 in cycle n + 1, and Suwan 8243, Across
8243, and Ferke 8243 in cycle n + 2.

A second notable point is that the experimental varieties tested in the
Experimental Variety Trials had regression slopes equal to or significantly
greater than 1.0 (table 15.1). Experimental varieties with a slope signifi-
cantly greater than 1.0 and low mean yields are not included in the Elite
Variety Trials. Such varieties respond well in good environments but give
less than desirable results in poor environments. Since the variety trials are
normally conducted at research stations and supplied with adequate levels
of inputs, only those experimental varieties with a unit regression slope are
included in the Elite Variety Trials as a means of ensuring that the selected
varieties are sufficiently adapted to farmers' conditions, in addition to be-
ing stable.

The third point is that experimental varieties in the later cycles were
just as stable as those in the earlier cycles. This is indicated by their devia-
tion from regression, which, according to Eberhart and Russell (1969), is
the more important of the two parameters for judging the stability of geno-
types. This third conclusion is evident from the data in table 15.1, which
lists grain yields and stability parameters of maize varieties developed from
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TABLE 15.1 Grain yield and stability parameters of maize varieties in consecutive
cycles of selection tested in 1979-1984

Test Entry
Year

Tested
Yield
(t/ha)

INTERMEDIATE-MATURING MAIZE
EVsfrom Population 32
Cycle «

Poza Rica 8032
Cotaxtla 8032
Alajuela 8032
Across 8032
Ilonga 8032

Cycle n + 1
Los Baftos (2) 8232
San leronimo 8232
Poza Rica 8232
Los Banos 8232

EVsfrom Population 49
Cycle n

Mexico 8049

Cycle n + 1
Rattray-Arnold (1) 8149
Across 8149
Poza Rica 8149
Ikenne 8149
Ikenne (1) 8149
Gandajika 8149

LATE-MATURING MAIZE
EVsfrom Population 21
Cycle n

Across 7721
Gandajika 7721
San Andres 7721
San Andres 7721

Cycle n + 1
Maracay 7921
Cotaxtla 7921
Poza Rica 7921
Across 7921
Los Diamantes (1) 7921

Cycle n + 2
Rattray-Arnold (1) 8121
Poza Rica 8121
Across 8l2l
Jardinopolis 8121
Omonita (1) 8121
Potchefstroom 8121

1982
1982
1982
1983
1983

1984
1984
1984
1984

1982

1983
1983
1983
1983
1984
1984

1979
1979
1979
1980

1980
1980
1980
1982
1982

1983
1983
1983
1983
1983
1984

4.39
4.17
4.16
3.92
3.90

4.28
4.25
4.23
3.93

4.13

4.11
4.08
4.06
4.06
4.53
4.31

4.49
4.45
4.27
5.01

5.29
5.27
5.20
5.31
5.04

4.76
4.73
4.43
4.70
4.46
5.15

1.153*
1.037
1.089
1.031
1.067

1.118
0.977
1.072
1.006

0.952

0.995
0.984
0.948
1.052
0.917
1.060

1.026
0.975
1.053
0.942

1.047
1.018
0.921
0.997
0.921

1.031
0.993
0.094
1.015
1.013
0.919

0.132*
0.073*
0.177*
0.111*
0.083*

0.048
0.041
0.075*
0.020

0.082*

0.089*
0.057*
0.039*
0.033*
0.052
0.050

0.000
0.000
0.122*
0.049*

0.000
0.079
0.000
0.025
0.055*

0.020
0.008
0.044
0.000
0.004
0.140*
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TABLE 15.1 Continued

Test Entry

EVsfrom Population 43
Cycle n

La Maquina 7843
Poza Rica 7843
Across 7843
Ejura (1) 7843

Cycle n + 1
San Andres 8043
Across 8043
Cotaxtla 8043
Los Diamantes (1) 8043
Ilonga 8043
Kwadaso 8043

Cycle n + 2
Suwan 8243
Across 8243
Ferke 8243
Ikenne 8243
Sta. Rosa (1) 8243
Ferke (1) 8243
Catacamas 8234
Catacamas (1) 8234
Ikenne (1) 8234

Year
Tested

1979
1979
1980
1980

1982
1982
1982
1982
1983
1983

1984
1984
1984
1984
1984
1984
1984
1984
1984

Yield
(t/ha)

4.90
4.86
5.47
5.27

5.36
5.27
5.18
5.10
4.95
4.83

5.51
5.40
5.38
5.34
5.33
5.32
5.25
5.06
5.06

b

1.207*
1.105
1.083
1.077

1.147*
1.056
1.104*
1.068
1.037
1.069*

1.114
1.059

.022

.076

.155

.154

.033

.038

.079

•3

0.000
0.162*
0.418*
0.128*

0.084*
0.017
0.036
0.052*
0.147*
0.027

0.017
0.068*
0.004
0.143*
0.059
0.118*
0.015
0.000
0.072*

•Asterisks denote significant difference from unity for b and from zero for s} at 5 percent
level.

different populations. Based upon their deviations from regression, exper-
imental varieties from Population 32 at cycle n + 1 were generally more
stable than those from the same population at cycle n. Two experimental
varieties from Population 49—Ikenne (1) 8149 and Gandajika 8149—out
of the six tested were stable at cycle n + 1 having both unit regression
slopes and small deviations from regression. The only experimental variety
derived from Population 49 in cycle « was unstable, with large, significant
deviations from regression.

The same general trend occurred among the late-maturing experi-
mental varieties derived from Population 21; those from later cycles were
just as stable as ones from earlier cycles. Two experimental varieties out of
the three tested in cycle n were stable, four out of five in cycle n + 1, and
five out of six in cycle n + 2 (table 15.1). There were, however, no definite
trends over cycles in the grain yields of these experimental varieties.

Experimental varieties from population 43 were similar in stability to
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those from population 21. In the most recent cycle (n + 3), five experimen-
tal varieties out of the nine tested showed small deviations from regression
and had regression slopes not significantly different from 1.0.

These findings should be of interest to scientists in national programs,
who prefer to select not just the highest yielding experimental varieties but
those which give high grain yields and possess yield stability parameters of
unit regression slopes and small deviations from regression. The varieties
are also judged according to insect pest and disease resistance and agro-
nomic characters such as maturity, husk cover, and standability. Varieties
can be selected on the basis of these criteria at any cycle of selection.

The fourth point is that, in every cycle of selection, there were some
high-yielding, stable experimental varieties. In the most recent cycle, likely
candidates for further testing of intermediate-maturing varieties include
Los Banos (1) 8232 or San Jeronimo 8232 from Population 32, and Ikenne
(1) 8149 or Gandajika 8149 from Population 49. Candidates among the
late-maturing varieties would probably include Rattray-Arnold (1) 8121,
Poza Rica 8121, or Across 8121 from population 21, and Suwan 8243 or
Ferke 8243 from population 43. These are typical of the high-yielding, sta-
ble varieties chosen for the Elite Variety Trials.

The presence of high-yielding, stable varieties in every cycle of selec-
tion is perhaps a result of developing broad-based maize germplasm and
subjecting it to international testing. The practice of sending breeding nur-
series and variety trials mostly to research stations, where the materials are
grown under adequate management, results in the selection of genotypes
that, judging from their regression slopes, are more responsive to higher
levels of inputs. A second practice favoring stability is to select only full-sib
families that have performed well across testing environments to be recom-
bined for the next cycle of improvement.

Another feature of the approach to population improvement also has
some bearing on yield stability. All the populations and experimental vari-
eties derived from them are grouped broadly according to adaptation, ma-
turity, and grain color. Thus, Populations 21 and 43 are tested in tropical
lowland areas, and the late-maturing, white grain varieties generated from
them are tested in the variety trial EVT12 under essentially the same envi-
ronmental conditions. Likewise, Populations 32 and 49 and the corre-
sponding Elite Variety Trial (14B) include early to intermediate-maturing
white maize, and each is tested in the same zone of adaptation.

It would perhaps have been better to judge the success of this ap-
proach by testing the improvement cycles of the populations at many loca-
tions. Such a large undertaking would have required more time than was
available for the preparation of this chapter. Even so, data from this study
do provide evidence that at every cycle of selection there are some high-
yielding, stable experimental varieties and that their high yield potential
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and stability are maintained and in many cases improved over cycles of
selection.

Stability of Improved Varieties In On-Farm Testing

Some of the experimental varieties tested in international trials are
adopted and released directly by national programs. More often, however,
these materials are incorporated into the national breeding effort, undergo
further changes, and are used in various ways to develop varieties or hy-
brids. There may thus be a considerable difference between the germplasm
national researchers receive and the material based upon it that finally
reaches farmers. For that reason and, perhaps more importantly, because
there is usually a great difference in developing countries between nursery
management at experiment stations and crop management in farmers'
fields, it is essential to consider the performance of improved varieties in
on-farm trials to reach a satisfactory conclusion about their yield perfor-
mance and stability.

Over the past ten years or so, CIMMYT has accumulated results from
a large number of on-farm trials by working closely with many national
maize programs in the testing of improved varieties at the farmers' level of
management and under improved agronomic technologies in farmers'
fields. Among the countries where Center researchers have participated in
on-farm work are Bolivia, Colombia, Costa Rica, Ecuador, Ghana, Guate-
mala, Haiti, Honduras, Mexico, Pakistan, Panama, Tanzania, Thailand,
and Zaire. In spite of the volume of this research, it is still difficult to com-
pile good data on genotype performance in farmers' fields that are suitable
for stability analysis, though such results are becoming more readily avail-
able. The problem with much of the currently available data is that stabil-
ity analysis was not included in the original planning of the research. Fre-
quently, the number of sites included is not sufficient, and the
nonexperimental variables are set at levels other than those of the
farmers.

This part presents results and conclusions from some of the trials for
which it is possible to gain indications on yield stability in improved and
local varieties. The term "improved" here denotes varieties that are devel-
oped according to the methods described and are adapted to the mega-
environment in which they were tested. The term "local" denotes the
farmers' variety. In the trials described here, this was usually a landrace
that had not been developed by modern breeding methods. In most trials
no attempt was made to include pooled seed of local materials or to provide
participating farmers with a representative local variety. Therefore, the
local variety across sites was, in most cases, not one but several different
varieties.
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The trials and locations were selected on the basis of trial type, the
availability of data, and the authors' confidence in the data. The trials
were carried out not only in farmers' fields, but also at the farmers' agro-
nomic input and management level, unless this was an experimental vari-
able. In most cases the trials were managed by the researcher. The eco-
nomic analyses were done according to methods described by Perrin et al.
(1976).

All the variety trials reported (except those in Mexico) had a random-
ized complete block design with three or four replications at a site. The
trials involving management and agronomic inputs in addition to varieties
were in most cases not replicated at a site, so s2

d values could not be calcu-
lated for those trials. All grain yields reported are adjusted to a grain mois-
ture content of 15 percent.

Variety Trials

In table 15.2 the grain yield and yield stability of improved varieties
are compared with those of local varieties in nine sets of on-farm variety
trials conducted in five countries. In all cases, except Guatemala, sites
with mean yields as low as 0.5-1.4 tons per hectare were included in the
analyses.

Mean grain yields across sites for improved varieties were usually
greater than for local materials, and in no case was yield lower than that
achieved by local varieties. The slope (b) in the Eberhart-Russell analysis
was almost always steeper for the improved varieties, but very few cross-
over interactions were found between improved and local materials. Devia-
tions from regression were similar for the two types of materials.

To illustrate these general points, data are presented from Paraguay,
Ghana, and the Mexican state of Guerrero.

PARAGUAY. In 24 trials conducted during 1984 in eastern Paraguay,
Suwan 8027 gave an overall better yield than the local variety; it was more
productive in both good and poor environments and for all practical pur-
poses no less stable than the local variety (figure 15.2). The other two im-
proved varieties were not significantly higher yielding than the local one.
One of those varieties (Population 66), though not significantly higher
yielding, performed well under both conditions. The slope of the Para-
guayan improved variety (Guarani V-311 B) indicated that it may perform
more poorly than the local one in the poorest environments.

GHANA. A series of variety trials were conducted in Ghana over three
years (1981-83) at 74 sites in all. The varieties tested were of 110- to 120-
day maturity and generally met the requirements for 75 percent of Ghana's
major season maize production area.

The local varieties were poorer yielding than the improved varieties
during all three years and in all environments, including the low-yielding



TABLE 15.2 Summary comparison of improved maize varieties with farmers' local varieties in on-farm variety trials, where inputs and
management are at the fanner level

Country and Year

Guatemala, 1976

Guatemala, 1977-78

Paraguay, 1984

Haiti, 1983
Mexico

Veracruz, 1973-80
Guerrero, 1984-85

Ghana, 1981

Ghana, 1982
Ghana, 1983

Mean Grain Yield
of Improved Varieties

Across Sites"

30% of varieties greater,
all other same

All greater

33% of varieties greater,
all others same

Same

Same
Greater
All greater

All greater
All greater

Slope of
Improved Varieties

Generally steeper

Generally similar

Slightly steeper

Slightly steeper

Similar
Steeper
AH steeper

AH steeper
AH steeper

Deviations from
Regression of

Improved Varieties

Similar

40% of varieties similar,
all others smaller

Similar

Slightly larger

Slightly larger
Similar
All smaller

All smaller
All smaller

Crossover Interaction
Between Improved and
Local Varieties Across

Sites Where Tested

No"

No"

No

No

No
No

Yes, at sites with mean
yield 1.5 t/ha

No
No

'Only statistically significant differences are noted.
bAt no site did the mean yield fall below 2.5 t/ha.
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FIGURE 15.2 Linear regressions of variety yield on the mean grain yield at a site for
three improved maize varieties and the local variety in eastern Paraguay, 1984

Grain yield
(metric tons per hectare)
6

2-

• l-Suwan8027

A 2-Guaram V-311 B

• .3-Population 66

»<4-Local

Yield
(mt/ha) b fd <f

3.35a 1.08 0.13 0,94"

2.90b 1 11 0 14 0.93"

2.88b 0.91 0.12 0.93"

2.72b 0.9Q 0.12 091"

Overall mean
yield

1 2 3 4 5 6
Mean grain yield at a site (metric tons per hectare)

NOTE: Mean yields with the same letter are not significantly different from each other at the 5
percent level according to Duncan's multiple range test. ** denotes significant at the 1 per-
cent level.
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FIGURE 15.3 Linear regressions of variety yield on the mean grain yield at a site for
seven improved maize varieties and the local variety at 18 sites in Ghana, 1983

Grain yield
(metric tons per hectare)

1 - La Posta EV80

2-Ferke7928
3-La Posta

4 - Los Diamantes
(1)8043

5-Corap. 4EV80
6-Gold Crystal EV80
7 -Ejura (1)7843
8-Local

4 -

2-

Overall mean
yield

1 2 3 4 5 6
Mean grain yield at a site (metric tons per hectare)

NOTE: Mean yields with the same letter are not significantly different from each other at the 5
percent level according to Duncan's multiple range test. ** denotes significant at the 1 per-
cent level.
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sites in 1983, a drought year. There was no evidence of a crossover between
the local variety and the improved ones. Improved varieties gave greater
benefits at the higher yielding sites, as illustrated for 1983 in figure 15.3.
Slopes for local varieties were significantly less than unity in two out of the
three years, deviations from the regression s2

d were significant only for the
local variety. A feature of the data is the small amount of variation in type
of response between the improved varieties studied.

MEXICO. In a total of 14 trials grown on farmers' fields in Guerrero
during 1984 and 1985, the Mexican variety V455—derived from Popula-
tion 22 (Mezcla Tropical Blanco) and selected at Poza Rica in 1978—con-
sistently outyielded the local variety grown by farmers at both low- and
high-yielding sites (figure 15.4). As was the case in the trials discussed pre-
viously, differences between the improved and local varieties were greater
at the better sites. The average grain yield improvement with V455 was
0.68 tons per hectare above the average of 1.92 tons per hectare for the
local variety. The two materials were very similar in phenology.

Variety and Agronomic Inputs Trials

Farmers are able to modify maize yields by altering the levels of agro-
nomic inputs, such as seeding rate and fertilizer, and by their management
of the crop. Better agronomy is the primary way in which farmers can hope
to improve production levels. It is, therefore, of great importance to gain
an idea of how improved maize varieties behave in comparison with local
varieties when more advanced production technologies are used.

Two examples illustrate the differences commonly encountered be-
tween improved and local varieties when grown at the farmers' level of
management and at higher levels in farmers' fields.

MEXICO. A series of on-farm trials was conducted at 26 site-year com-
binations in Veracruz state from 1973 to 1980. The results show that, in
this mega-environment, the performance of the improved variety (Tux-
penito), compared with that of the local variety, depended on the level of
agronomic inputs and management.

In these trials yield was improved only when a level of agronomic in-
puts and management higher than that of the farmers was employed with
either the local variety or the improved one (figure 15.5). There was, how-
ever, a response crossover between the two varieties at the higher input
level. The improved variety was better able to take advantage of the higher
inputs than the local one, at the higher yielding sites. Even though the
local variety gave a greater average yield across all sites with a higher level
of inputs than with the farmers' inputs, its advantage was small at the
highest yielding sites. This was due mainly to lodging of the tall local vari-
ety with the higher level of inputs. The Tuxpenito and higher inputs com-
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FIGURE 15.4 Linear regressions of variety yield on the mean grain yield at a site for
V455 and the local variety at 14 sites in Guerrero, Mexico, 1984 and 1985

Grain yield
(metric tons per hectare)
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3-
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1.17
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t
Overall

mean yield

1 2 3 4 5

Mean grain yield at a site (metric tons per hectare)

NOTE: Mean yields with the same letter are not significantly different from each other at the 5
percent level according to Duncan's multiple range test. ** denotes significant at the 1 per-
cent level.
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FIGURE 15.5 Linear regressions of variety/input treatment yields on the mean grain
yield at a site for four variety/input treatments at 26 sites in Veracruz state, Mexico,
1973-1980

Grain yield
(metric tons per hectare)

5-

4-

3 -

2-

1 -

^ I - Local variety, farmers' input level

• 2 - Local variety, higher input level

A 3 - Improved variety, farmers' input level

• 4 - Improved variety, higher input level

Yield
(mt/ha) b

2.04a 1.04

3.12b 0.87*

208a 0.97

3.42b 1.2I«

083

0.68

0.73

082

A

Overall mean
yield

1 2 3 4 5 6
Mean grain yield at a site (metric tons per hectare)

NOTE: Mean yields with the same letter are not significantly different from each other at the 5
percent level according to Duncan's multiple range test. ** denotes significant at the 1 per-
cent level.
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TABLE 15.3 Grain yield and stability parameters for six variety X N fertilizer
combinations at seven sites on the Cayes Plain, Haiti, 1983

Variety
(N Treatment)"

Chicken Corn (ON)
Chicken Corn (40N)
La Maquina 7827 (ON)
La Maquina 7827 (40N)
La Maquina 7928 (ON)
La Maquina 7928 (40N)

Mean Grain
Yield"
(t/ha)

1.70d
2. 10 be
l.Sld
2.38 a
1.90cd
2.28 a

Slope

0.78
0.63
1.24
1.22
1.04
1.09

•J

0.029
0.116
0.010
0.041
0.157
0.064

•Kilograms per hectare.
bMean yields with the same letter are not significantly different from each other at the
5 percent level according to Duncan's multiple range test.

bination gave the highest net benefit and a high marginal rate of return
(MRR) on the investment.

HAITI. In a 3 X 2 factorial trial with four replications, an improved
and a local variety were tested with and without added nitrogen (N) on the
Cayes Plain during 1983. The varieties were Chicken Corn (local variety),
La Maquina 7827, and La Maquina 7928 and the fertilizer treatments were
zero and 40 kilograms nitrogen per hectare as urea. Added nitrogen and
variety improvement had statistically significant effects on yield (table
15.3), but effects were smaller than in previous trials in Haiti because of
drought. The marginal rate of return for Chicken Corn at 40 kilograms
nitrogen per hectare, compared to zero nitrogen, and that for La Maquina
7827 at 40 kilograms nitrogen per hectare were well above the estimated
minimum rate of return for landowners using free-market urea to adopt
the improved technology. With or without added nitrogen, the improved
varieties were more responsive in the better environments than Chicken
Corn and yielded no less at the lower yielding sites. To raise grain yield
thus requires improved inputs and management as well as a variety that
can respond effectively to those inputs.

Demonstration and Verification Trials

THAILAND. In a verification trial grown at 25 sites during 1984, the
farmers' varieties and cultural practices were compared with three im-
proved technology "packages." Yield gains and some reduced costs
brought about by a treatment that included an improved variety and a high
level of management more than covered the investment. The improved
technologies were equally advantageous across the wide range of environ-
ments studied (figure 15.6).
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FIGURE 15.6 Linear regressions of input "package" yield on the mean grain yield at
a site for four input packages at 25 sites in Thailand during 1984
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GHANA. Evidence from Ghana showed that higher levels of inputs and
management, coupled with an improved variety, favorably affected yield
across all environments studied and reduced the risk of economic failure of
the investment. The trial was grown at 199 sites throughout the maize-
producing zones of Ghana in 1982 and at 219 sites in 1983, a drought year.
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TABLE 15.4 Yield, slope, and economic data for three packages of inputs at 418 sites
in Ghana, 1982-1983

Mean Grain Marginal Rate of
Yield' Net Benefit Return (MRR)"

Package (t/ha) Slope6 (thousand cedis/ha)c (percent)

1982
Farmers' level (A)
Intermediate level (B)
High level (C)

1983
Farmers' level (A)
Intermediate level (B)
High level (C)

1.96
3.36
3.84

1.57
2.63
3.14

0.82*
1.09*
1.08*

0.65*
1.13*
1.22*

3.7
5.3
6.1

10.4
15.6
18.3

381 B versus
272 C versus

593 B versus
430 C versus

A
B

A
B

•Within each year, the means in this column are significantly different from each other at the
5 percent level according to Duncan's multiple range test.

bAn asterisk denotes that the slope is significantly different from 1.0 at the 5 percent level,
"cedis = Ghana's currency.
"For 1982, the minimum rate of return was estimated to be 100% and for 1983, 135%.

In both years the intermediate- and high-level packages gave yields above
that of the farmers' level at both the poorest yielding sites (as low as 0.251/
ha) and the highest yielding sites (over 6 t/ha in 1982) (table 15.4). Yield
responses were greater, however, at the higher yielding sites. In both years
marginal rates of return were considerably higher than the estimated mini-
mum rates of return required for adoption by farmers of either of the two
improved technologies.

In 1983 the risk involved in using each of the three levels of technology
was estimated as the percentage of sites where no net benefits accrued from
the adoption of an individual technology level. The failure rate for the
farmers' level of technology was 9 percent, with the two higher technology
levels failing in only 6 percent of cases.

Conclusions from the On-Farm Trials

It would not be difficult to find cases in which the performance of
modern maize genotypes has been inferior to that of older local materials
in developing countries, particularly since maize is grown in such numer-
ous and diverse environments around the world. In many of those cases,
though, the improved genotype has been found wanting not because it was
innately inferior to the local variety, but because it was poorly adapted to
the mega-environment in which the comparison was made. All the results
reported here were from well-designed and conducted research programs
in which well-adapted improved genotypes were compared with local vari-
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eties. Results similar to those reported here have been obtained in Hondu-
ras, Panama, Tanzania, and Pakistan.

The overall conclusions are as follows:
1. When tested in mega-environments to which they are adapted, mod-

ern improved varieties give higher yields than the farmers' local vari-
eties. In the trials discussed here, improved varieties generally gave
higher grain yields than local varieties in farmers' fields, many of
which received relatively low levels of inputs (fertilizer, water, etc.)
and were poorly managed.

2. The largest differences between local and improved materials are ob-
served in the better (higher yielding) environments, and there is little
evidence that improved varieties perform worse than local ones even
in the worst environments studied. There was little evidence of a re-
sponse crossover for the two types of variety. In contrast, many local
varieties respond poorly to better environments, being unable to take
advantage of the good weather, high soil fertility, high inputs, and
good management that characterize those environments.

3. The yields of modern improved varieties across a given set of environ-
ments within a mega-environment seem to be more predictable than
for local varieties. Thus, not only are improved varieties more respon-
sive to good environments than local ones, but their response is more
consistent. Increased deviations from the regression for local varieties
is in part due to the use of different local varieties by farmers.

4. The yield advantage of modern varieties over local ones can usually be
increased by raising the level of management and agronomic inputs.
Farmers are able to improve the environment in which they grow
maize through the addition of inputs (such as fertilizer and insecti-
cide) and by good management of the crop. Since improved varieties
are usually better able to take advantage of this extra investment, they
can thus be regarded as an incentive for farmers to raise their level of
inputs and to improve their management of maize.



16 Variability in the Yield of Pearl Millet
Varieties and Hybrids in India and Pakistan

JOHN R. WITCOMBE

The possibility that open-pollinated varieties may be more stable in yield
than hybrids has been much discussed. Over a number of years and across
many locations in India and Pakistan, open-pollinated varieties and hy-
brids have been tested in the International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) International Pearl Millet Adaptation Trial
(IPMAT) (table 16.1). Consequently, it is possible to examine whether the
customary procedure of selecting among the best entries on mean yield
data is satisfactory. It is also possible to analyze the relative stability of
hybrids and varieties and to examine the consistency of any differences
over years.

Several statistical techniques have been developed to analyze the in-
teraction of genotypes and environments. Apart from techniques that use
analysis of variance, regression analyses have been used for the purpose of
studying interactions (Yates and Cochran 1938, Finlay and Wilkinson
1963, Eberhart and Russell 1966, Perkins and Jinks 1968). These regres-
sion methods are essentially the same, as the mean squares for the major
components of variation are identical in all cases. Although such analyses
have been extensively used, they have various limitations, some of which
have been pointed out by Knight (1970), Witcombe and Whittington
(1971), Anderson (1974b), Binswanger and Barah (1980), and Arnold and
Austin (ch. 10).

In these analyses the average yield of all the genotypes in an environ-
ment is termed the environmental index and is used as an assessment of

This chapter would not have been possible without the help of the cooperators who have
grown the trials, and their vital role is gratefully acknowledged. The International Pearl Mil-
let Adaptation Trial reports of 1979 and 1980 were prepared by Dr. Anand Kumar. Drs.
Anand Kumar and K. N. Rai have coordinated the trials of IPMAT in different years.

I am grateful to Mr. M. N. V. R. Rao for his assistance in analyzing the data, and to
Dr. Tom Walker for his suggestions in the analysis of the data from an economist's
viewpoint.
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TABLE 16.1 Summary of International Peart Millet Adaptation Trials

Year

1979
1980
1981
1983
1984

Number
of Entries
Analyzed

19
19
18
21
23

Hybrids

7
8
7
8
9

Varieties

12
11
11
13
14

Number of
Locations
Analyzed

14
19
15
17
18

Note: Trial not held in 1982.

that environment. The individual yield data of the entries are then re-
gressed on the environmental indices, giving three main parameters that
describe the performance of each entry; namely, (a) the mean yield, (b) the
regression coefficient of the entry (average for all entries in the analysis is
one), and (c) the remainder mean square (RMS) of each individual regres-
sion. The remainder mean square accounts for the deviation from the re-
gression line and indicates how well an individual entry meets the linear
model. The size of the remainder mean square indicates the degree of un-
predictability of yield of an entry and lower values are desirable. Eberhart
and Russell (1966) subtract a constant, which is a measure of inexplicable
environmental variation, from the remainder mean square. The value thus
obtained is termed sd

2 and bears a simple relationship to the remainder
mean square. The derivation of the remainder mean square is discussed
and partially accounted for by Witcombe and Whittington (1971).

The regression analysis of variance also partitions the variance into its
components, and the relative contributions of environment, genotype, and
genotype-environment interactions can readily be seen (ch. 10). Regres-
sion analyses have particular limitations when economic criteria are con-
sidered. Accordingly, two further analyses are made below using methods
used more often by economists than plant breeders.

Comparison of Selection for Yield in Different Environments

To examine the patterns in high-, average-, and low-yielding environ-
ments the values for yield, regression coefficient, and sd

2 of the entries have
been plotted for the mean of the environments, and for the predicted yields
in the highest and lowest yielding environment in each year of the IPMAT
trials (figures 16.1 to 16.5). In this way the predictive value of the linear
model has not been extrapolated beyond the range of the experiments, and
in all years, except 1983, the lowest yield was about 600 kg/ha, which is
typical of the average yield of farmers' fields in many regions of India.
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FIGURE 16.1 Relationship of regression coefficients, yield, and s] values in (a)
highest yielding environment, (b) average of environments, and (c) lowest yielding
environment, International Pearl Millet Adaptation Trial, 1979
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FIGURE 16.2 Relationship of regression coefficients, yield, and s] values in (a)
highest yielding environment, (b) average of environments, and (c) lowest yielding
environment, International Pearl Millet Adaptation Trial, 1980
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FIGURE 16.3 Relationship of regression coefficients, yield, and s2
d values in (a)

highest yielding environment, (b) average of environments, and (c) lowest yielding
environment, International Pearl Millet Adaptation Trial, 1981
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FIGURE 16.4 Relationship of regression coefficients, yield, and s] values in (a)
highest yielding environment, (b) average of environments, and (c) lowest yielding
environment, International Pearl Millet Adaptation Trial, 1983
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FIGURE 16.S Relationship of regression coefficients, yield, and s] values in (a)
highest yielding environment, (b) average of environments, and (c) lowest yielding
environment, International Pearl Millet Adaptation Trial, 1984
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The selection of the best entries, which can be promoted to the next
stage in the testing scheme, is a most important consideration. How do the
top-yielding entries vary between the environments? Clearly, there are
large differences in the ranking of entries between the highest yielding and
lowest yielding environments and usually the top two entries are not com-
mon in these two extreme environments. Of more interest is the compari-
son between the average-yielding environment and the predicted perfor-
mance in the lowest yielding environment of the experiment. In three of the
five years there is a common entry in the two highest yielding entries in
these two environments (hybrid 3 in 1979; variety 10 in 1983; and hybrid 23
in 1984) (table 16.2).

Within these top two entries can selections be made for varieties in
preference to hyrids, and can high-yielding entries be selected with low sd

2

values? If selection is made in the lowest yielding environment then in
three out of five years a variety can be chosen, and in three out of the five
years an entry with a low sd

2 value. In the mean-yielding environment a
variety can only be selected in one of the five years, and there is little differ-
ence in the stability of the entries (table 16.2).

The data can also be examined by selecting only the single best entry
rather than the top two to see how the highest yielding entry over all envi-
ronments performs in the lowest yielding environment, or vice versa (table
16.3). A marked contrast between these environments can be seen, and in
only one year is the highest yielding entry the same. However, it would
appear that selection based on the mean of environments is more reliable
for selecting entries that perform well in the poorest environment than vice
versa. In the former case the worst yield rank is 6, but in the latter it is 13.

Comparison between Hybrids and Varieties

In general, the hybrids are higher yielding, differ little from the vari-
eties in their regression coefficients, but are, on average, less stable for the
sd

2 values (figures 16.1 to 16.5). These conclusions are confirmed by the
mean values of these parameters for hybrids and varieties (table 16.4).

Since the varieties have lower sd
2 values, the hybrids should be exam-

ined for the importance of the deviations from the regressions as a source
of variability. Therefore, the amount of genotypic variability in the experi-
ments has been related to the amount of variability between environments
(table 16.5). The environment is by far the largest component of variation,
the interaction of the genotypes with the environment the next largest, and
the difference between genotypes the smallest. When the genotype-envi-
ronment (GE) interaction is considered, the variation due to the differ-
ences in regression coefficients is invariably much smaller than that due to
the remainder mean square. Since the varieties are superior to hybrids in
relation to the deviations from the regression (sd

2 values), it is possible that



TABLE 16.2 Characteristics of the two highest yielding entries in the mean and lowest yielding environments

Mean Environments

Year

1979
1980
1981
1983
1984

No. of
Entries

19
19
18
21
23

Entry

H3
H I
H6

V 10
H23

First

Rank
Slope

10
16
17
11
20

Rank

3

16
3

14
2

23

Entry

H5
H8
H3

H17
H20

Second

Rank
Slope

18
12
18
14
21

Rank

^
15
13
13
9

18

Entry

H3
H2

V15
H 2
H 1

First

Rank
Slope

10
4
1
3
2

Lowest Environment

Rank

*1

16
6

16
18
13

Entry

V9
H4

V12
V10
H23

Second

Rank
Slope

1
3
5

11
20

Rank

*1

14
12
5
2

23

Note: H = hybrid, V = variety.



TABLE 16.3 Yield and stability characteristics of highest yielding entries averaged over all environments
and in the lowest yielding environment

Year

1979
1980
1981
1983
1984

Year

1979
1980
1981
1983
1984

No. of
Entries

19
19
18
21
23

No. of
Entries

19
19
18
21
23

Yield
Rank

1
1
1
1
1

Predicted
Yield Rank

1
1
1
1
1

Mean of
Environments

Regression
Rank

10
12
17
11
20

Lowest Yielding
Environments

Regression
Rank

10
3
1
3
2

*3
Rank

16
13
14
2

23

•3
Rank

16
12
16
18
13

Lowest Yielding
Environment

Predicted
Yield Rank

1
6
5
4
2

Mean of
Environments

Actual
Yield Rank

1
9

13
4
6

Type

H
H
H
V
H

Type

H
H
V
H
H

Note: H = hybrid, V = variety.



TABLE 16.4 Mean yields, s2
d values, and regression coefficients for hybrids and varieties

Mean Grain Yield

Year

1979
1980
1981
1983
1984

2,300
2,100
2,240
2,070
2,030

Varieties
(kg/ha)

2,240
1,970
2,260
2,110
1,770

Means*

Hybrids

163,500
62,800

118,000
158,000
62,200

Varieties

61,200
33,100
33,200
51,000
40,200

Mean Slope

Hybrids

1.02
1.01
1.04
0.97
1.07

Varieties

0.98
0.99
0.97
1.02
0.96
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TABLE 16.5 Sources of genetic variation relative to environmental variation
standardized to one hundred

Source 1979 1980 1981 1983 1984

Genotype ( = mean values)
GE* (linear = b values)
GE (deviation = s\

values)

2.2
0.6

14.9

1.5
1.0

12.8

4.1
2.5

16.3

2.8
1.1

19.7

6.6
1.9

19.0

•GE = genotype-environment interaction.

TABLE 16.6 Entries selected on basis of complex criteria of yield and stability

Mean of Environments Lowest-Yielding Environment

Entry

1979 V 12
1980 V 10
1981 H 8
1983 V 10

Rank for
Yield

3
5
4
1

Rank for
Yield

3
10
6
4

Rank for

«J

2
1
7
2

Rank for
Slope

7
13
12
12

Note: H = hybrid, V = variety.

the selection of varieties may reduce crop yield variability. When stability
for both sd

2 and higher than average yield are the selection criteria, vari-
eties predominate, even though hybrids would most frequently be selected
solely on the basis of average yield. This predominance of varieties is dem-
onstrated by the selection of entries on the basis of a selection index where
entries have to be higher yielding than average, both overall and in the
lowest environment, and have a lower Sj2 value than average. In all cases
the entry selected was a variety, although ia 1984 it was impossible to make
a selection using these criteria (table 16.6).

What is not clear is how the superior stability of varieties translates
into real terms for the farmer. How, in a specific location does a low sd

2

reduce the variation from year to year (the temporal variation) compared
with a low regression coefficient? How large a reduction in mean yield
can be accepted to select an entry with a lower sd

21 The answers to these
questions are important but unattainable from a regression analysis.
Binswanger and Barah (1980) have pointed out that regression analyses
are not suitable for studies on risk effects, and instead they have used a
mean variance analysis where reduction in temporal variation (or improve-
ment in adaptability) can be traded off against reduced yield. However,
their analysis, unlike regression analysis, cannot predict the behavior of
the genotypes in different environments.
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FIGURE 16.6 Mean yield and standard deviation of the entries in the International
Pearl Millet Adaptation Trial, 1983
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The variance analysis of Binswanger and Barah (1980) was carried out
for all five years for the entries in IPMAT, 1983. The analysis essentially
plots the standard deviation against mean yield using the same scale for
both axes (figure 16.6), and it assumes (somewhat arbitrarily) that entries
of equal utility lie on an iso-utility curve with a slope of 2.0 for representa-
tive risk-averse farmers. Such an iso-utility curve is indicated in figure
16.6. In each year a line is drawn connecting the risk-efficient entries, that
is, those that for a given level of yield performance have the lowest stan-
dard deviation. That line maps a risk-efficient frontier and it is also indi-
cated in figure 16.6. The best entry must lie on this frontier, and it is cho-
sen with regard to the iso-utility curves. In no year was an entry chosen
other than the one that was highest yielding over all. environments. Thus,
in no case did the improved stability of the varieties over the hybrids com-
pensate for their lower yield.

Stochastic dominance techniques (Anderson, Dillon, and Hardaker
1977) can also be used to help to predict a risk-averse farmer's choice of
varietal types. A stochastic dominance analysis was carried out on pooled
data for hybrids and varieties as separate groups on predicted yield in the
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FIGURE 16.7 Cumulative probability and predicted yield in the lowest yielding
environment in the International Pearl Millet Adaptation Trials, 1979, 1980, 1981,
and 1983
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lowest yielding environment in 1979, 1980, 1981, and 1983. Data from
1984 were omitted because the hybrids in that year are qualitatively differ-
ent from those in the earlier years. A focus on the lowest yielding environ-
ment is justified because it is more likely to represent farmers' field condi-
tions than the other locations. Over most of the range in predicted yields in
the lowest yielding environments, hybrids were superior to varieties (figure
16.7). For example, the cumulative probability that a variety would yield
less than 400 kg/ha was about 0.2 while the same estimate for a hybrid was
about 50 percent lower at 0.1. Because the two distributions crossed at the
lowest yield interval, stochastic dominance analysis did not give a clear
prediction as to whether risk-averse farmers would prefer hybrids to vari-
eties, but the estimated cumulative yield distributions do not indicate that
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the genetically more broadly based varieties as a group are more stable
yielders than hybrids in the most adverse production environments in the
trials.

Conclusions

Although there were big differences between the lowest and mean-
yielding environments it is possible, when only the two highest yielding en-
tries are considered, to select in most years an entry which is common in
both environments. Indeed, in three of the years the highest yielding entry
across all environments was also one of the two highest yielding entries in
the lowest yielding environment. Moreover, good performance over all en-
vironments appears to indicate good performance of an entry in the low-
yielding environment, whereas the reverse does not always apply. This is
generally an encouraging result for the plant breeder in terms of selection
procedure, as entries which perform well in both average and low-yielding
environments possess a certain measure of stability.

Although regression analyses are helpful in testing and selection pro-
cedures, to obtain an overall picture of how stability and mean yield are to
be traded off, other analyses are required. The mean variance analysis
showed that, in all years,.no entry was selected other than on the basis of its
mean yield. A stochastic dominance analysis showed that, in general, vari-
eties would not be preferred to hybrids, even though varieties show supe-
rior stability in other analyses. It thus appears that these analyses demon-
strate that the typical breeder's procedure of selecting among the highest
yielding entries across environments is satisfactory. Such an emphasis will
usually select entries that perform well in poor environments and would
tend to be chosen by risk-averse farmers.

The best entry in 1983 is V 10 (figures 16.4b and c, 16.6), which is an
ICRISAT millet variety ICMV 81111, derived from an advanced cycle
composite. It has both high yield and superior stability. Variety 10 was in
the All India Coordinated Millets Improvement Project (AICMIP) trials of
the mid-1980s; in the 1984 AICMIP Initial Population Trial, it was the
top-performing entry with a yield about 15 percent better than the released
variety that is both high-yielding and stable is a desirable alternative to a
hybrid, particularly in view of varieties' simpler seed multiplication proce-
dures and reduced susceptibility to ergot and smut. Moreover, individual
hybrids in India have proven to be most unstable in yield from year to year
due to their rapid increase in susceptibility to downy mildew. There is every
reason to expect that the more genetically diverse variety would become
susceptible in a less rapid and spectacular manner.
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17 Fertilizer and Crop Yield Variability: A Review

JAMES A. ROUMASSET, MARK W. ROSEGRANT,
UJJAYANT N. CHAKRAVORTY, AND
JOCK R. ANDERSON

Manufactured fertilizers, especially those rich in nitrogen, have often been
accused of causing unfavorable changes in variability of yields of field
crops. The likely mechanisms were broached in the introduction to this
volume (ch. 1). The topic is explored here in a more detailed manner from
both methodological and empirical perspectives. The empirical evidence is
diverse but, unfortunately, not yet rich in agroclimatological context. A
complicating feature to challenge the would-be reviewer is a likely non-
neutral interactive effect between the method of investigation and findings
on the sign and magnitude of marginal variability and risk effects.

In an earlier review of related phenomena, Anderson, Dillon, and
Hardaker (1977, p. 147ff) distinguished two broad approaches to studying
such problems of riskiness of response to varying levels of controlled in-
puts: a "gross approach" where the effects of individually measured sto-
chastic uncontrolled variables such as soil moisture are not explicitly mod-
eled, and an "analytical approach" where some or all of the stochastic
variables are so modeled. This broad distinction still seems to be useful,
although recent methodological advances require more informative classi-
fications within these categories.

Methodology

Gross Approaches to Estimation
The general problem in gross estimation is to describe and measure

variability in yield as a function of managed plant nutrients, without di-
rectly including stochastic variables in the estimation process. Several ap-
proaches have been taken. The most straightforward is to observe time-
series variability of yield at several levels of nutrients and to summarize the
data in various informative ways.

Most straightforwardly, Day (1965) in his pioneering work estimated
directly the first four moments of the probability distribution of yield with
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unbiased sample estimators of the Pearson system of density functions.
Roumasset (1974) and Barker, Cordova, and Roumasset (1976) modified
the procedure by introducing a stage of hand smoothing the probability
density functions (PDFs) in a way that combined the estimated moments
with additional subjective information about the shapes and limits of the
distributions. Mendoza (1980) refined the techniques further, replacing
hand smoothing with a maximum likelihood procedure, and applying the
technique to a cross-section of time-series data on management trials.
Thattil (1980) applied a similar technique to Philippine data on cropping
patterns.

More indirectly, because he was particularly concerned with situa-
tions with very few data (that he described as "sparse"), Anderson (1973)
employed a data-smoothing process based on first using the sparse data as
unbiased estimates of fractiles and then inferring smooth cumulative dis-
tribution functions (CDFs) from which the first few moments and other
summary statistics could be derived. He used such statistics directly as de-
pendent variables in ordinary least squares (OLS) regression analysis. To
the extent that variance of yield is dependent on fertilizer, this method will
not account for heteroscedasticity, causing inefficiencies in the estimation.
The ultimate in sparseness of observed data was the work of Anderson and
Hamal (1983), who used peasants' purely subjective probability distribu-
tions of yield at three levels of nitrogen fertilizer.

The most recent work in this style is that of Antle (1983a,b) who devel-
oped efficient generalized least squares (GLS) techniques to estimate the
responsiveness of the first few moments to varying inputs. A first applica-
tion of these techniques to crop fertilizer processes has been made by Antle
and Crissman (1986).

Considerable work has also been done on risk analysis confined to the
first two moments, namely the mean and variance. In these somewhat re-
strictive approaches, two distinctive sets of methods have been used. While
these are not mutually exclusive, applications to date have essentially re-
garded them as such.

The more traditional set is based on the random coefficient model of
Swamy (1970). Here generalized least squares estimates are used for both
the mean response function and for a variance-covariance matrix for the
regressions, and from this, variance of crop yield can be predicted for given
levels of fertilizer. This method was utilized in a crop fertilizer context by
Young and Mount (1979) and has been applied by Smith and Umali
(1985).

The less traditional mean variance analysis is based on conceptualiz-
ing (following Just and Pope 1978) a rather general heteroscedastic error
term, as in:
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where u is a conventional disturbance with zero expectation and unit vari-
ance so that mean yield isE( Y) =/(F) and variance of yield is Var( Y) =
h(F), and the functional forms / and h can be different and flexible in
modeling marginal mean and variance effects. Just and Pope (1979) illus-
trate their multistage nonlinear generalized least squares method of esti-
mating the parameters of the model by an analysis of some of Day's (1965)
data. Related estimation methods, although not involving crop fertilizer
processes, have been developed and applied by Griffiths and Anderson
(1982) where data are cross sections of time series. An application by
Farnsworth and Moffitt (1981) of the Just-Pope methods to input manage-
ment of Californian cotton revealed that fertilizer (mixed nutrients) re-
duced yield variability.

Analytical Approaches to Estimation

The distinguishing feature of explicit inclusion of some stochastic
variables as real variables in explanatory equations is somewhat arbitrary,
and recent applications (for example, by Rosegrant and Roumasset 1985)
that feature elements of both gross and analytical approaches serve to blur
the distinction even further. There are, however, several intuitively attrac-
tive aspects and some insights to be gained by attempts to model stochastic
effects more explicitly and directly, variously illustrated by Byerlee and
Anderson (1969), de Janvry (1972), Ryan and Perrin (1973), Roumasset
(1976), Talpaz and Taylor (1977), and Rosegrant and Herdt (1981).

The analytical approach to risk specification is composed of two pro-
cesses: first, measuring the production or response function, including ob-
served stochastic variables; and second, estimating the joint probability
distribution associated with the stochastic variables. The major advan-
tages over the gross approach are that the analytical approach improves
understanding of the causal factors underlying yield variability and per-
mits generalization of the production function and fertilizer effects to dif-
ferent environments. Potential problems with this approach include the
failure to allow for omitted stochastic variables, and the restrictions placed
on the interaction between controlled inputs and the stochastic elements of
production. A natural compromise is to use the analytical approach to ac-
count for measurable variables and the gross approach for remaining
sources of variation.

Byerlee and Anderson (1969) analyzed the effects of fertilizer on yield
variability of wheat, attributing yield variability to the amount of growing
season rainfall. De Janvry (1972), in a study of optimal fertilization under
risk for maize and wheat in Argentina, combined rainfall variables into a
single weather index. The risk effects of weather on potato yields were ana-
lyzed by Ryan and Perrin (1973) using a yield response function including
applied nutrients, soil characteristics, rainfall, and temperature.
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These studies estimated probability distributions for the stochastic
variables based on data from weather stations and experiments. Roumas-
set (1976), in a study of fertilizer and risk in Philippine rice production,
introduced alternative techniques for eliciting from farmers the probabil-
ity distribution of various damage states. One such technique relates the
"village" probability distribution to sample farmers' perceptions about the
actual occurrences of various sources of damage over the previous three
years. The other uses a "consensus" approach to estimating the probabil-
ity and severity of major sources of damage, including a residual category
of "other damages." The village-specific probability distributions were
then used to adjust a "no-damage" production function estimated from
experimental data to one applicable to on-farm reality.

Rosegrant and Herdt (1981) expanded the number of stochastic vari-
ables incorporated in the production function for rice, including moisture
stress, insect damage, pest damage, solar radiation, and typhoon damage
and introduced simulation techniques to estimate probability distributions
for the stochastic variables in different agroclimatic environments.

A limitation of the analytical approaches described above is the repre-
sentation of unmeasured stochastic inputs in the production function by a
homoscedastic error term. Rosegrant and Roumasset (1985) incorporated
a heteroscedastic error term similar to the Just-Pope specification, com-
bined with explicit representation of observed stochastic variables, to
achieve a more general approach. Smith et al. (1984) employed a similar
method in their analysis of rainfed rice in the Philippines.

Comparison of Results

Although there have been several studies assessing the impact of fer-
tilizer on yield variability and risk, it is difficult to make firm generaliza-
tions based on the results. This is partly because the different methods and
styles of presenting results do not permit direct comparison of results
across the studies. More importantly, the agroclimatic coverage of the
studies has been very limited. This limitation appears to be largely due to
data availability. Only rice in the Philippines has been studied enough to
permit broad generalizations, primarily because of the detailed yield re-
sponse and agroclimatic data collected by the International Rice Research
Institute (IRRI) in both experiment station and on-farm trials.

Nevertheless, it is worthwhile to review the available results. This sec-
tion reviews the impact of fertilizer on yield variability and its implications
for fertilizer use under risk, and discusses the even more limited informa-
tion available on the effect of fertilizer on the higher moments of yield
distributions.
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Fertilizer, Yield Variability, and Risk

There are two related questions regarding the impact of fertilizer on
yield variability and risk. First, does use of fertilizer increase the variability
of crop yields? Second, is the increase (if any) in variability large enough
relative to increases in expected yields from nitrogen use to reduce substan-
tially the optimal fertilizer use under risk averse preferences relative to risk
neutral optimal fertilizer use?

Empirical generalization at this stage seems possible only for the im-
portant nutrient nitrogen. It is hoped that comparable information will
soon be assembled for other major nutrients, which in some areas are more
important than nitrogen. Table 17.1 summarizes the available informa-
tion on the impact of nitrogen fertilizer on mean yields, variance of yields,
and the resulting optimal levels of nitrogen under risk-neutral and moder-
ately risk-averse decision rules. Supporting the early work on the effect of
nitrogen on mean and variance of maize yield in the United States by
Fuller (1965), Colyer (1969), and Tollini and Seagraves (1970), most of the
studies cited found that nitrogen increases yield variance. In most cases,
the elasticity of variance with respect to nitrogen is usually higher than the
elasticity of mean yield with respect to nitrogen in the economically rele-
vant range of nitrogen use (especially around the optimal levels of
fertilizer use).

In the studies using analytical approaches, the elasticity of yield vari-
ance usually increases as the level of nitrogen increases. However, there is a
decline in the elasticity of yield variance with increase in nitrogen for the
studies using a gross approach. It is unclear whether these differences are
due to implicit restrictions imposed by the method and functional forms
utilized in the studies or to environmental effects. Additional research into
this issue would be useful.

Antle and Crissman (1986) found nitrogen to be variance increasing
in Philippine rice production the first two years of the study but variance
reducing thereafter. They attribute this shift to a learning process follow-
ing adoption of modern varieties and increases in fertilizer use, by which
farmers improve crop care practices associated with nitrogen use. This
possibility demonstrates the importance of experimental design in drawing
inferences about variability. Controlled experiments that allow only fertil-
izer to vary will overestimate the extent to which risk-averse farmers should
(or will) decrease fertilizer below the risk neutral optimum since they ab-
stract from the possibility of adopting variance-reducing inputs and cul-
tural practices. If fertilizer increases the sensitivity of yield to moisture
stress, it is natural to expect (or to recommend) the farmer to be more
careful in water management. If fertilizer increases susceptibility to insect
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TABLE 17.1 Elasticity of mean and variance of yield with respect to nitrogen fertilizer and optimal nitrogen use with risk-neutral and
risk-averse decision preference

Elasticity of Yield Moments
with Respect to N Optimal Nitrogen Use

Publication
Source

A. Gross Approach
Anderson (1973)

Smith and Umali (1985)

Antle and Crissman (1986)

B. Analytical Approach
Byerlee and Anderson (1969)

Ryan and Perrin (1973)

Roumasset (1976)

Crop

Wheat, Australia

MV rainfed rice, Philippines normal8

gamma8

MV rice, Philippines 1975-76
1977-79

Wheat, Australia

Potatoes, Peru

MV rice, Philippines
Village 1

Village 2

Nitrogen
Level

(kg/ha)

40
80
40
80
11"
21"

20
40

100
200

40
80
40
80

Mean

0.14
0.06
0.28
0.16
0.16
0.25

0.08
0.04
0.10
0.17

0.49
0.16
0.22
0.03

Risk Risk
Neutral Averse

Variance (kg/ha)

0.22
0.19 52 47
0.36

-0.08 42 35
0.22

-0.35

0.44
0.62 20 14
0.20
0.35 220 160

0.49
0.32 67 67
0.45
0.06 44 41

Reduction
Due to Risk

(percent)

10

17

30

60

0

7



Rosegrant and Herdt
(1981, 1985)

Smith et al. (1984)

Rosegrant and Roumasset
(1985)

Village 3

MV rice, Philippines
Irrigated

Rainfed

MV rainfed rice, Philippines
Wet season

Dry season

MV rice, Philippines
Good irrigation, dry season

Average irrigation, dry season

Average irrigation, wet season

Rainfed, wet season

40
80

40
80
40
80

40
80
40
80

40
80
40
80
40
80
40
80

0.19
0.00

0.20
0.19
0.14
0.10

0.16
0.10
0.15
0.10

0.20
0.24
0.19
0.21
0.14
0.13
0.13
0.10

0.37
-0.01

0.29
0.42
0.31
0.30

0.24
0.48
0.26
0.48

0.03
0.36
0.12
0.54
0.06
0.49
0.14
0.59

19

67

42

45

41

124

104

60

48

19

55

30

43

40

112

88

56

40

0

18

29

4

3

10

15

7

17

'Yield distribution assumed to be a normal or gamma distribution as specified.
b Reported elasticities computed at mean input levels, expressed in pesos per hectare. Figures given are estimated mean nitrogen use given prevailing
prices.
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damage, increased pest control is indicated. It is possible that if comple-
mentary inputs are adjusted to optimal levels, fertilizer does not increase
variability (Farnsworth and Moffitt 1981; Hanus and Schoop, ch. 21).
But, pooled cross-section/time-series data may underestimate the elastic-
ity of variance relative to fertilizer, if inputs have been freely chosen by
farm operators and if there are significant differences in managerial abil-
ity. Relatedly, as indicated by Watson and Anderson (1977), cross-section
data may substitute poorly for more pertinent time-series data in quantify-
ing yield variability.

Alternatively, negative variance elasticity may be the result of low
levels of nitrogen use. Rosegrant and Roumasset (1985) found nitrogen to
be variance reducing at levels of nitrogen use up to 16-32 kg/ha in three of
the four environments analyzed, shifting to variance increasing thereafter.
Finally, negative variance elasticity may simply be a statistical accident
resulting from inadequate information on the probability distributions of
the stochastic variables.

How relevant is the effect of nitrogen on variance for optimal nitrogen
use under risk aversion? One series of experimental studies to measure
farmer risk preferences in developing countries has been completed, in-
cluding work by H. P. Binswanger in India, D. A. Sillers in the Philip-
pines, W. Grisley in Thailand, and T. S. Walker in El Salvador; the results
are summarized by Binswanger and Sillers (1983). The studies consistently
showed that most farmers are moderately risk averse. It is not known
whether the relative uniformity of risk preferences is due to uniformity in
underlying sources of risk aversion or to uniformity in the way that the
interview techniques influenced the subject's perceived reference point.

Table 17.1 also summarizes the impact of moderate risk aversion on
optimal fertilizer use relative to risk neutral (profit-maximizing) nitrogen
levels from the available studies. Several of these analyses, including Rose-
grant and Herdt (1981), Smith et al. (1984), and Rosegrant and Roumas-
set (1985), explicitly used utility functions and moderate risk preference
parameters derived from the series of studies cited above. For the other
studies, we have attempted to represent comparable degrees of risk
aversion.

The results show that reductions in optimal nitrogen use due to mod-
erate risk aversion are modest, usually ranging from 0 to 30 percent com-
pared with risk neutral optimal nitrogen levels. Even a 30 percent reduc-
tion may represent a modest absolute decrease of only 10 kg/ha. Based on
the available studies, the variance-increasing nature of nitrogen is typically
not large enough to cause large reductions in optimal levels of nitrogen for
moderately risk-averse farmers.
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The Impact of Fertilizer on Higher Moments of Yield Distribution

As can be seen by a Taylor's series expansion of an expected utility
function, skewness can have a substantial impact on expected utility, espe-
cially for utility functions with both concave and convex segments. Given
its relative importance (Day 1965; Anderson, Dillon, and Hardaker 1977)
and the unreliability of estimating higher moments, the primary attention
here is to skewness.

Fertilizer appears to have different effects on skewness under differ-
ent conditions. Roumasset (1976) suggests, based on Day (1965) and on
data collected from rice trials at experiment stations in the Philippines,
that under experimental conditions, yield distributions become more neg-
atively skewed at higher levels of nitrogen. Conversely, Rosegrant and
Roumasset (1985) suggested that, for data collected from farmers fields,
yields become more positively skewed at higher nitrogen levels.

This raises the issue of how hypotheses concerning fertilizer and the
shape of frequency distributions might be tested. Antle (1983b) and Antle
and Crissman (1986) propose estimating the moments of frequency distri-
butions as functions of the inputs. This substitutes for estimating stochas-
tic production functions since an estimated frequency distribution can be
found for each vector of inputs. Moreover, using a Taylor's series approxi-
mation, the moments may be entered directly into an expected utility func-
tion for the purpose of estimating optimal input levels.

The justification for estimating moments independently is that there
is often no information about the shape of the density functions. However,
if the family of distributions (such as generalized gamma, beta, etc.) can
be identified, then the parameters of the density functions should be esti-
mated, rather than their moments. It seems plausible that estimating vari-
ance in the absence of skewness (for example, with a Just-Pope error term)
would tend to overestimate variance, the more so the further skewness dif-
fers from zero. This hypothesis could, of course, be investigated analyti-
cally or with a Monte Carlo sampling approach.

The sensitivity of the estimated density function to specification errors
is probably greater for the gross approach. In the analytical approach, em-
pirical distributions of the measurable stochastic inputs are usually used,
and the possibility of misspecification then arises mainly with the immea-
surable stochastic inputs.

Summary and Conclusions

There has been a tendency in the literature to assume that fertilizer
causes substantial increases in yield and income variability, with the corol-
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lary that the riskiness of fertilizer use causes substantial reductions in
farmer use of fertilizer relative to profit-maximizing levels (Rangaswami
1982). The studies summarized here, however, indicate that, although the
effect of nitrogen fertilizer on yield variance is typically positive, it is not
large enough to cause major reductions in fertilizer use for moderately
risk-averse farmers.

Based on the several studies for Philippine rice, this conclusion ap-
pears robust for lowland rainfed and irrigated rice in the humid and semi-
humid tropics, an agroclimatic region accounting for much of South and
Southeast Asian rice production. However, evidence for other crops, tech-
nologies, and agroclimatic regions, while consistent with these results, is
too fragmentary to be conclusive. The lack of evidence on the relationship
between fertilizer, yield, variability, and risk for other regions and crops
can contribute to continued incorrect inferences regarding the underlying
causes of input choices by farmers. This, in turn, can lead to incorrect
policy decisions. Given the potentially high cost of such decisions, there
should be a concerted effort to collect the detailed farm management and
agroclimatic data needed to analyze the impact of fertilizer on variability
and risk. The highest priority should be given to the more important semi-
arid crops, where interactions between fertilizers and environments may be
quite different from those for humid and semi-humid rice.

Lacking data on distribution functions for unfavorable environments,
observers of farmers' "failure" to adopt new technologies in such areas
have sometimes inferred that farmers put too much weight, from a social
point of view, on the lower tail of the distribution. Another possibility is
that the bulk of the profit distribution function gets sufficiently lowered
under adverse environments to render new technologies suboptimal, even
for a risk-neutral farmer. A third possibility, highlighted by Antle and
Crissman (1986), is that new technologies are initially risk increasing but
become risk reducing once farmers have learned appropriate risk manage-
ment strategies. The tendency for these disparate explanations to be con-
founded in policy discussions underscores the importance of careful mod-
eling of the role of fertilizer (and other inputs) in decision making.

For policy purposes, it is not enough to know the nature of the risk
fertilizer relationship in specific environments with controllable inputs
held fixed. Implications for a research and extension strategy and for eco-
nomic policy will also depend on the sources of risk. Information about the
role of stochastic inputs in the relationship is needed in order to determine
the environmental domain of particular results. Information about substi-
tutability or complementarity of controllable and stochastic inputs is also
needed in order to prescribe the role of fertilizer reduction as a risk man-
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agement strategy vis a vis pest and disease control, water management,
spacing, tillage, and pther cultural practices. Ideally, evaluation of alter-
native risk management strategies should be based on an experimental de-
sign that allows for appropriate variation in several risk-reducing inputs.
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SUSHIL PANDEY

This chapter examines whether or not an expansion in irrigation stabilizes
foodgrain production. A substantial increase in irrigation investment in
many developing countries in recent times can be considered to be due to
the widely held belief that irrigation not only increases production, but also
reduces variability by enabling better control over the environment. How-
ever, empirical evidence indicates that the relationship between irrigation
and stability is not straightforward. Barker, Gabler, and Winkelmann
(1981) have identified the tendencies of average yield, standard deviation,
and coefficient of variation to increase with irrigated area in South and
Southeast Asia. But in East Asia (Japan, South Korea, and Taiwan), abso-
lute variability in yield is lower even though the proportion of area irrigated
is much higher. According to Mehra (1981), irrigation has both stabilizing
and destabilizing effects in different states of India.

Irrigation is not a uniform input—various sources of water differ in
the stability of their supply and in the efficiency of their distribution (i.e.,
timing, quantity, etc.). Hence, for studying stability, it is essential to dis-
aggregate the irrigated area or quantity of irrigation according to the
source of irrigation. Similarly, measures of stability need to be obtained for
both "with" and "without" irrigation while keeping everything else con-
stant. Irrigation also induces more intensive cropping practices and crop
substitution that make it difficult to disentangle the effects of irrigation.
Some of these complex issues are addressed here.

Measurement of Water as an Input

Of all agricultural inputs, water is unique in its overwhelming impor-
tance to plant growth. Water is used by crops on a continuous basis from
sowing to harvest. Irrigation is required where rainfall is inadequate or too
poorly distributed to satisfy the requirements of crops for water.

In comparison to other inputs (such as fertilizers) whose response to

234
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yields has been widely studied, crops were traditionally considered to have
unique water requirements determined by climatic variables (Doorenbos
and Pruitt 1977). Where water requirements are fully satisfied, variations
in yields could only be attributed to changes in the use of other inputs or to
uncontrollable factors. However, modern literature is replete with evi-
dence that crops do respond to differential applications of water (Stewart
et al. 1975, Hexetn and Heady 1978). Irrigation as an input into the pro-
duction process must, therefore, be measured in terms of quantity of water
used by crops rather than by classifying whether or not a piece of land is
irrigated. A large part of the variation in annual yield may be merely due to
variations in the quantity of irrigation applied. An appropriate question to
ask is whether or not increased use of irrigation brings stability to food
production.

Irrigation tends to be special also in the sense that it is not only the
total seasonal use, but also the distribution over the growing period that
critically determines yield. Response to irrigation is generally higher in the
reproductive phase of cereal growth. Even though the same total quantity
of water may have been used by crops, yields can differ drastically, de-
pending on the seasonal distribution of water use. Not only are the produc-
tion functions "dated," but also their effects are typically interactive.

The observed variability in crop yields may thus be due largely to a
particular time pattern of water use rather than to the provision of irriga-
tion as such. Downey (1972) found that, for the same level of water use,
yields can vary between 40 and 95 percent of the potential value depending
on the seasonal distribution of water use. It is thus possible for different
irrigated plots to have different variabilities in yield merely as a result of
differences in the distribution of water use over the growing season.

Thus, irrigation, as an input, is properly measured as at least a two-
dimensional variable—the total quantity and the seasonal distribution.
The relationship between irrigation and yield variability cannot be exam-
ined properly without removing the confounding effects that may have
been caused by differences in the type and pattern of irrigation.

How should irrigation best be measured? A definition of irrigation as
the act of applying water to plants implies that the quantity of water is an
appropriate measure of irrigation. But this measure may not, biologically
speaking, be very meaningful because it is not the quantity of water ap-
plied but the quantity actually used by crops that more closely determines
yield. Whereas water is usually applied in discrete quantities, it is used by
crops continuously over time. Agronomists and others have used the con-
cept of moisture stress to measure the effect of irrigation on yields. A crop
is considered to be suffering from moisture stress if the physiological pro-
cesses in the plant cells are adversely affected by a deficiency of water.
Depending on the researchers' objectives and orientation, different proxies
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for moisture stress have been used: such as soil moisture content (Music,
New, and Dusek 1976; Morgan, Biere, and Kanemasu 1980), soil moisture
tension (Taylor 1952), evapotranspiration deficit (Doorenbos and Kassam
1979), and leaf water potential (Meyer and Green 1981). Irrigation affects
moisture stress by altering the soil moisture available to plants. Even if the
quantity of irrigation and its distribution over time are constant, moisture
stress and yield can vary depending on the moisture-holding characteris-
tics of the soil and the plants' capabilities to regulate water uses.

The measurement of water as an input into the production process has
often been treated simplistically by analysts. Irrigation has been consid-
ered as a homogenous input and its effects judged irrespective of the tim-
ing of irrigation, quantity of water applied, soil types, and crop-specific
factors. This practice may be explained variously by a lack of data or a lack
of appreciation of the mechanisms through which irrigation affects yields.
With so many important attributes of irrigation ignored, it is hardly sur-
prising that observations on the effects of irrigation on yield variability
have been confusing and often contradictory.

Production Variability and Irrigation

The effects of irrigation on plant yields were discussed above. If
farmers are assumed to know the optimal irrigation schedule and to be
able to meet this schedule with available technology and water, the vari-
ability in individual plant yields must generally decrease with increased
irrigation. The lower tail and mean of the probability distribution of yields
will shift rightwards with more irrigation. To examine the effects of irriga-
tion at the farm level, it is essential to model the decision-making behavior
of farmers. Optimal doses of inputs such as irrigation, fertilizer, labor,
and so forth are likely to be jointly determined. Irrigation, by increasing
the marginal productivity of other complementary inputs, such as fertil-
izers and labor, encourages more intensive cropping practices.

. Intensification is indicated by a more rapid diffusion of an improved
"package" involving modern varieties in irrigated areas (Herdt and Capule
1983). However, with intensified cropping, the reduction in absolute yield
in unfavorable years (due to environmental conditions other than those as-
sociated with soil moisture) can be expected to be much larger. Hence,
changes in cropping practices induced by irrigation likely result in an in-
crease in the absolute variability of yield. Whether or not relative variabil-
ity will also increase is an empirical question.

Variability in total production is due to the combined and often joint
effects of variabilities in yield and area. Which of these two is more impor-
tant is likely to depend on whether the crop under consideration is grown
in the dry or rainy season. In the case of crops that are grown mainly in the
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rainy season (e.g., rice in India), variability in yield is likely to be more
significant than the variability in area. The area of these crops depends
mainly on the expected (or normal) rainfall pattern and the expected avail-
ability of irrigation. If expectations are not realized, it is the yield per unit
area that must adjust. To the extent that some complementary inputs are
committed before the water supply is known, annual variability in yield
could conceivably be higher with irrigation than without. The stabilizing
effect of irrigation may, however, override such effects and the matter, on
balance, is an empirical issue.

In the case of dry season crops, area variability may be the more im-
portant component because area is adjusted to account for changes in the
availability of water. The quantity of water available is sometimes known
at sowing time and, in years of perceived scarcity, it may be more profit-
able to cultivate a smaller area intensively than to lose water by spreading
it thinly over a larger area. The extent of adjustment will depend on the
yield response to water, irrigation efficiency, and other relevant factors.
(Vaux and Pruitt 1983).

Whether or not irrigation increases stability depends on the stability
of the water supply itself. If the supply of water is stochastic, the resultant
increase in variability in both yield and area as farmers adjust their pro-
duction plans will almost certainly increase instability in production. This
relationship has been empirically verified by Rao (1968), Mehra (1981),
and Dhawan (1985) using irrigation data from various states of India. In
the Punjab, where tubewells are the most common means of irrigation, the
coefficients of variation (cvs) of yield and production were the lowest. In
contrast, variability was highest in Gujarat and Tamil Nadu, which are
mostly irrigated by shallow wells and tanks. Because of the higher level of
dependence on current rainfall, the supply of water from these sources is
more unstable than from tubewells.

Similarly, a part of the increase in the variance of foodgrain produc-
tion in India has been attributed to variability in irrigated area caused by
power outages (Hazell 1984). Variability is expected to be low in situations
where the level of water control is high, such as in irrigation systems fed by
a perennial source of water and backed by adequate storage structures to
even out fluctuations in water supply. This was speculated to be one of the
reasons for greater yield stability in East Asia compared to South and
Southeast Asia (Barker, Gabler, and Winkelmann 1981). If the level of
control over water increases in the course of economic development, it may
be hypothesized that variability imparted by irrigation will decrease as
countries develop.

It is useful to distinguish between variability at the farm and system
levels. At the system level, variability for the whole of the irrigation project
is considered. Where the source of water supply is privately owned, the
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system and the farm level variabilities are generally equivalent. However,
in a publicly owned irrigation system serving several or many farmers, vari-
ability in yield will also depend on the rules for distributing water among
the farmers. In a continuous irrigation system, variability of yields on the
farms located near the head end can always be expected to be lower than at
the tail end. However, if a rotational system of irrigation is effectively used,
variability in yield is likely to be more or less uniform throughout the sys-
tem. Depending on the relative shares of area irrigated in the head and tail
ends, the systemwide variability may increase or decrease as a result of
changeover from a continuous to a rotational irrigation system. Based on a
simulation study of the Philippines, Rosegrant (1986) found the sys-
temwide variability in yield to be higher in a rotational system of
irrigation.

The magnitude of the effects of a stochastic supply of water on yield
variability also depends on the quantity of water applied per unit area.
Where the water requirements by crops are nearly satisfied, an increase in
the variability of water supply is likely to have a smaller effect on the vari-
ability of yield. This is due to the relative "flatness" of the yield response
function at high levels of water application (Pandey 1986). On the other
hand, if water is thinly spread such that production occurs at the relatively
"steep" portion of the yield response curve, the effect of increased variabil-
ity in water supply on the variability of yield will be much higher. This is
one of the reasons for a higher variability in yield at the tail end than at the
head end in a continuous flow system of irrigation (Rosegrant 1986).

Availability of irrigation encourages multiple cropping and a shift
from less to more water-responsive crops. Evidence from India indicates
that farmers substitute rice for sorghum when irrigation is available (Jodha
1979). If, in the course of irrigation development, crop combinations that
are negatively or weakly correlated give place to those that are strongly and
positively correlated in their yields, total production will be more unstable
than before. Nadkarni and Deshpande (1982) suspect that such changes in
crop combination may have resulted in increased variability in foodgrain
production in India. Even if the cropping combinations remain un-
changed, an increase in covariance between yields over a wider area can
result in an increase in aggregate variability. Irrigation, by making the en-
vironment more homogeneous, tends to increase the yield covariances.
This may be one of the reasons for increased production variances in India
(Hazell 1982; Walker, ch. 6).

Models for Measuring Variability

The discussion in the previous sections highlights the multitude of
factors that need to be considered in modeling the effects of irrigation on
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yield and its variability. A frequent, albeit rather naive, approach has been
to estimate a single-equation production function with water as one of the
inputs. Apart from the biological inadequacy of such models, Just and
Pope (1978) have shown that production functions with either additive or
multiplicative error structures restrict the marginal response of variance of
yields to inputs to be constant or increasing, respectively.

Antle (1983b) has more recently proposed a flexible moment-based
approach and has devised efficient estimators of the parameters. The ap-
proach is flexible in that it does not impose restrictions on the functional
relationships between decision variables and the moments of the probabil-
ity distribution of output. This method has seemingly not yet been applied
to measuring the effects of irrigation on production variability. If water use
can be assumed to be exogenously determined, and a biologically mean-
ingful index for measuring it is available, a moment-based approach is
certainly desirable. However, the discussion above indicates that these
conditions are unlikely to be satisfied.

Plant growth processes are dynamic and interactive, and decisions on
input use are sequential. According to Antle (1983c), the production
model can be formulated as a sequence of interlinked steps. Each step can
be defined as an individual production stage whose output feeds forward to
the next stage. Depending on the state of crop growth, farmers are as-
sumed to revise their decisions about input use at each stage, so that input
use is endogenously determined. Yield formation can then be satisfactorily
modeled as a system of equations rather than a single equation. Antle
(1983c) has discussed various types of information feedback and the corre-
sponding optimization problems.

Going a step further, it might be said that purely econometric ap-
proaches to the estimation of production relationships that are complex,
stochastic, dynamic, and interactive are bound to be operationally infeasi-
ble. Such problems can satisfactorily be studied by using the tools of sys-
tems modeling (Dillon 1976). A biophysical simulation model of plant
growth can be used as a tool for evaluating production relationships. Such
models will minimally consist of a climate submodel, a submodel describ-
ing various processes influencing plant growth and a submodel specifying
the decision-making behavior of the farmer. In this framework, the farmer
is considered to be interactively controlling plant growth through control
or decision variables. While conventional optimization techniques cannot
be used in this framework for deriving optimal control policies, this seems
to be a small price to pay for improving realism. Anderson (1981) has dis-
cussed the basic principles for using such models to study production rela-
tionships. This advocacy of systems modeling is not to deny the value of
econometric estimation of submodels within such more ad hoc specifica-
tions as illustrated by Rosegrant (1986).



240 Input Management and Yield Variability

An earlier section mentioned that it is the intensity and distribution of
moisture stress, not the quantity of water applied, that determines the
yield. However, quantity of water applied, rather than moisture stress, is
usually the decision variable. A link between the decision variable (irriga-
tion) and moisture stress can be established by using a submodel for water
use by plants. The biophysical mechanisms involved can be modeled to any
desired degree of accuracy. Similarly, interaction between various inputs
can be allowed for by linking a fertilizer submodel, a pest submodel, and
so forth to the overall model. The model may be run on an hourly, daily, or
weekly basis, and the effects of alternative control policies on various pa-
rameters of the yield distribution can be examined. For a review of the
application of simulation models to agriculture, see Anderson (1974a).

Of course, the conventional production function is a highly reduced
form of a biophysical simulation model. With increasing knowledge of the
biophysical processes governing plant growth, the use of simulation for
evaluating alternative management strategies can be expected to be more
widespread (Musser and Tew 1984, Trapp and Walker 1985). Recently,
such models have been used for deriving optimal irrigation policies by En-
glish (1981), Boggess et al. (1983), and Pandey (1986). Where a larger
number of policy alternatives at each stage are to be evaluated, biophysical
simulation models can be linked to an optimization routine (such as dy-
namic programming) for deriving an optimal decision policy (Dudley
1971). These simulation models are ideally suited for isolating the effects
of irrigation from other variables that may change simultaneously in real-
ity (e.g., Rosegrant 1986).

Measuring Variability at the Aggregate Level

Given that irrigation is a nonhomogeneous input, measures of the ef-
fect of irrigation on variability at the aggregate level may not be very use-
ful. Besides, factors other than irrigation (such as changes in input sup-
plies, prices, etc.) may be more important in explaining variability at the
aggregate level. Analysis using disaggregated data classified according to
the type of irrigation will certainly be more enlightening. However, such
data are not readily available. Keeping aside for the moment the aggrega-
tion issues involved in a cross-country comparison of production relation-
ships, estimation of the Just and Pope (1978) type of production function
at the aggregate level is hampered by lack of data on other inputs. Carlson
(ch. 19) discusses some of the data related problems.

In his study of instability of foodgrain production in India, Hazell
(1982) found that 41 percent of the increase in variance in production is
explained by changes in interstate covariances within crops. Possible nar-
rowing of the genetic base as a result of the diffusion of high-yielding vari-
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eties was considered to be one of the reasons for increase in the interstate
covariances. It was speculated that a part of the increase in covariance may
have been due to the supply of irrigation being more covariate across
states. In a more disaggregated analysis using 48 districts growing sor-
ghum and 40 districts growing pearl millet in India, Walker (ch. 6) found
that the percentage of area irrigated had a significant positive effect on
changes in interdistrict yield covariances. This result indicates that irriga-
tion has a destabilizing effect on aggregate output. Similar results have
also been obtained for Sri Lanka (Chandrasekar 1986).

Conclusions

Empirical evidence on the effects of irrigation on production variabil-
ity at the aggregate level is as yet as inconclusive as it was when Barker,
Gabler, and Winkelmann (1981) assembled their evidence. One of the rea-
sons for this may be the treatment of irrigation as a homogeneous input.
The effect of irrigation depends on the quantity applied, the timing of ap-
plication, stability of water supply, water distribution rules, plant charac-
teristics, and so forth. The conventional production function approach,
although less costly, is inadequate for studying production relationships
which are dynamic, interactive, and stochastic. A biophysical simulation
model linked up with a farmer decision model is suggested as a more satis-
factory tool for evaluating the stability effects of irrigation at the farm
level.



19 Pest-Resistant Varieties, Pesticides, and
Crop Yield Variability: A Review

GERALD A. CARLSON

This chapter discusses the role of pest-resistant crop varieties in changing
cereal (especially rice) production variability. The genetic approach to pest
control in most countries is part of the spread of modern varieties. Pest
resistance is one of the important traits upon which cereal varieties are
selected. However, it is not possible to examine the effects of resistant crop
varieties without also considering irrigation, fertilizer, labor, farm size,
and background (unknown) sources of production variability that are
linked to weather and pest development.

Grain Crop Pests and Production Variability

There are economic and biological features of agriculture, especially
some related to pest control, that may influence crop production variabil-
ity at the field and more aggregate levels.

Long-term changes in pest populations in a given area are frequently
associated with changes in cropping patterns (rotations of crops and crop
varieties, multiple cropping, intercropping, time of planting, crop-free pe-
riods, varietal choices, etc.). Also, changes in other farm inputs, such as
fertilizer and irrigation, are known to influence pest buildup (Kenmore
1979, Penaranda et at. 1985). Soil characteristics are also critical in influ-
encing pest development, especially for nematodes, weeds, and soil in-
sects. These pests are generally less variable in number from year to year
than are foliar pests.

Pest populations, particularly foliar pathogens (rusts, mildews,
blasts, smuts) and some insects, are influenced by weather events before
and during the growing season. Weather-induced pests can give rise to
positive covariances in crop damage and yields across sizable regions.
Other weather events such as flooding can delay planting and expose crops
to uniform, unusual pest conditions. Important insect pests of grain crops,
such as brown planthopper, armyworm, grasshoppers, and locusts, can be
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influenced by distant weather events since these pests are highly mobile.
An important feature of weather and pests of rainfed grain crops is that
many pest species are enhanced by the same weather that encourages high
crop yields. That is, moist conditions that improve grain-growing condi-
tions also increase pest severity for most foliar pathogens. Consequently,
adequate pest control is more profitable in wet than dry years given a fixed
price for the final product.

Pest Resistant Crop Varieties

The most important farmer-controlled inputs affecting pest damage
in grain crops are hand weeding (X\ ), resistant crop varieties (X2), pesti-
cides (X3), cultivation (X4) and pest control information (Xs). In many
developed countries, cultivation and herbicides have replaced hand weed-
ing. As indicated above, weather ( W) and other inputs such as irrigation
(X<>) and fertilizer (X-j) can influence pest development. M represents the
probability distribution of pest level or pest damage, though other features
of pests such as duration of attack and crop susceptibility and resistance to
pest controls also define pest threat in terms of crop damage (Carlson
1984).

A farm profit (R ) function with a known vector of input prices (r ')
and output price is:

R = PyY(Xt, X2, .. .Xs, W, M) - rJX,

where Py is product price, Xs is all other fixed and variable production
inputs and r '^represents total cost of all inputs. Assuming no price risk at
the time that the input allocations are made is certainly less than realistic
for inputs in developing countries where they can often be highly variable
in supply at any price. However, the simplifying assumptions of known
prices and a utility function related to only the first two moments of the
observations of profit give simple optimal (utility maximization) condi-
tions for use of a pest control input, such as resistant variety seeds, as:

dE(Y)/dX2 = r-i/Py + HPy dV(Y)/dX2,

where E( Y) is expected yield, V( Y) is variance of yield and H is a risk
aversion coefficient that is positive for a risk averse person. r2/Py is the
relative price of the new variety. Additional fertilizer and credit expendi-
tures may also be major components of this type of technology change, but
these are ignored here. The final term is an extra component of costs,
which will be negative if an input such as a resistant variety reduces yield
variance (d V( Y)/dX2 < 0). Similar conditions can be obtained for the
other pest control inputs.

In the above model the interaction between inputs such as irrigation
and fertilizer and the optimal level of pesticides or crop resistance are
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thought to occur mainly through the effect of irrigation and fertilizer on
the level of pests in the area. Interactions can also occur because pest-resis-
tant crop varieties may have higher marginal products for water and fertil-
izer inputs. This has been especially true for many of the modern rice vari-
eties. Usually, new crop varieties incur a trade-off in achieving disease and
insect resistance that results in varieties being released that have lower
yields than conventional varieties when the incidence of pests is below aver-
age (Carlson and Main 1976).

In the above model there is considered to be a continuum of crop re-
sistance available, which farmers can receive by selecting among various
crop varieties. With considerable genetic variation in a given pest species
and with both horizontal and vertical resistance objectives in breeding pro-
grams, such varietal choices are indeed becoming available (Hooker 1979).
However, the varietal choices are, in fact, frequently limited, and farmers
must achieve the optimal mix of resistance by allocating some land to resis-
tant and some to nonresistant varieties. Just and Zilberman (1983) have
investigated credit constraints, costly adoption, farm size, and risk aver-
sion features on the allocation of land between modern and conventional
inputs. Only a few empirical applications of this type of model are avail-
able. Marra and Carlson (1984) have investigated double cropping of
wheat and soybeans in the United States over the past 15 years, and Laza-
rus and Swanson (1983) examined the effects of allocation of land and pes-
ticides for corn rootworm control using variations of their model. The dis-
tinguishing feature of these models is that the allocation of land to the
pest-resistant crop is explicitly assumed to provide both direct pest damage
reduction and diversification possibilities in product markets. Diversifica-
tion to other crops with higher income elasticities and export potential is
now very important for rice producers in many countries (Gonzales 1984).

Adoption of modern grain varieties that are pest resistant has the po-
tential of reducing farm income variability compared with using tradi-
tional varieties that suffer variable pest damage. However, in most cases
traditional varieties are not grown where they are frequently damaged by
pests. More importantly, use of resistant varieties over wide areas can in-
duce diseases and insects to adapt and mutate. Selection pressure is placed
on pest organisms by planting resistant varieties. The higher the propor-
tion of resistant varieties that are grown in an area, the faster are mutation
and the appearance of new biotypes of the pests. Such "human-directed
evolution" is most clearly documented for rusts and other fungal diseases
of grains (Vanderplank 1968). For many major grain diseases and insects,
there are breeding programs to provide an inventory of new varieties by
crop region (IRRI 1979).



Pesticides and Crop Yield Variability 245

Pesticides

Pesticides are an increasingly important input in controlling pests.
Yet, use of insecticides in food grains is of minor importance relative to
their use in other crops such as cotton, fruit, and vegetables. In the United
States for 1982, only about 18 percent of all domestic insecticides were
applied on maize and all other grain crops (USDA 1983a). For the 1971-82
period, only the following percentages of the area in these crops were
treated with any insecticides: maize, 36; sorghum, 30; rice, 21; wheat, 8;
and other small grains, 3. Herbicide use is much higher on U.S. food-
grains, with the percentages of area treated for the same crops being:
maize, 88; sorghum, 52; rice, 92; wheat, 40; and other small grains, 37
(average of three surveys) (USDA 1983a),

The impact on the variability of crop production from pesticide use
has been examined by several agricultural economists. This work was re-
viewed by Carlson (1984) and eight studies are summarized in table 19.1.
Only the study of Lazarus and Swanson (1983) included analysis of a food
grain. In four out of five studies, pesticides reduced profit variability. In
the Lazarus and Swanson study, crop rotation was found to reduce income
variability, while continuous maize cropping combined with use of pesti-
cides increased income variability. Most of the income variability reduc-
tion in the maize-soybean study came from reduction in variability of pest
damage, and only a small part from enterprise diversification.

Several of the studies in table 19.1 considered the nonsymmetrical na-
ture of the pest damage probability distributions, and the authors utilized
objective functions other than those involving only the mean and variance.
In each case where skewness is considered, distributions of pest damage
were positively skewed with low probabilities of very high losses. Objective
functions with methods for consideration of skewness seem appropriate for
cropping problems involving pest control (Carlson 1970, Antle 1983b,
1986).

There are numerous studies on determining the optimal timing and
dosage rates for pesticides or minimum pest densities that justify pesticide
treatment. The concept of adjusting pesticide use to potential pest density
(in its various forms) is known as the economic threshold (Feder 1979; Rei-
chelderfer, Carlson, and Norton 1984). Use of thresholds versus alterna-
tive decision criteria will give different levels of variability and average re-
turns (Feder 1979). Herdt, Castillo and Jayasuriya (1984) used
experimental data on Philippine rice to evaluate changes in income vari-
ability from following economic threshold, next higher, or maximum pro-
tection strategies. In the case of moderately resistant varieties, they found
that the economic threshold strategy was dominant (first-degree stochas-
tic) for all income levels. The maximum protection strategy became more



TABLE 19.1 Sources of risk, utility formulation, and evidence on marginal risk effects of pest control inputs

Publication
Source

Carlson (1970)
Carlson (1979)
Cochran

and Robison (1982)
Feder (1979)
Hall (1977)
Lazarus and Swanson

(1983)
Moffitt et al. (1982)
Musser, Tew and

Epperson (1981)

Measured
Sources of

Risk"

Mk
M
M, Y

Mdk
M
MdPyYPsYs

M,M2

M

Utility
Formulation(s)b

EV.DA
EV.SD
EV.SD

M-P-S
EV
EV

EV.SD
EV.SD

Crop(s)

Peaches
Cotton
Apples

None
Citrus, cotton
Maize, soybeans

Soybeans
Vegetables

3V,/dX,
Marginal Risk
Effects Found

Pesticides Other

— Monitoring ( — )
? Monitoring ( — )

— Monitoring (?)

_

? Monitoring (— )
+ Rotation (— )

? Monitoring ( — )
— Monitoring (?)

aM = pest density (M refers to multiple pest species, M, is scout observation, M2 is area forecast); d = damage per pest; ft = percent pest reduction;
Py — crop price; Y, = yield of substitute crop; Y = yield; Ps = substitute crop price.

kEV = expected profit-variance of profit; SD = stochastic dominance analysis; M-P-S = mean-preserving-spread; DA = disaster avoidance.
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attractive than the economic threshold at higher income levels for rice vari-
eties that are more susceptible to insects.

Four of six of the studies of table 19.1 that investigated the effects of
pest density information showed reduced variability in agricultural income
with higher levels of pest monitoring. However, it is easy to show that it is
possible to increase income variability by following inaccurate forecasts of
pest damage (Moffitt et al. 1982; Reichelderfer, Carlson, and Norton
1984). Pest density and pest biotype (or race) monitoring for determining
crop resistance in a given field is often quite expensive. This is particularly
true in situations with poor roads and few pest control specialists. With
uniform crop conditions across farms, it is possible to provide regional pest
forecasts. Farmers with larger farms can afford to hire monitoring and
advisory specialists or to develop their own pest-monitoring abilities. In
some developing countries, the possibilities of size economies in pest den-
sity information and pesticide application, and possible human hazards
from pesticide application have led government agencies to conduct pesti-
cide applications in farmers' fields. In many cases, the complexity of con-
trol with pesticides, along with the high local managerial requirements
(dosage, material, and timing considerations), has reinforced the empha-
sis given to pest-resistant crop varieties.

Problems in Empirical Estimation

There are data-related and conceptual problems in estimating sto-
chastic models of production that incorporate pest management variables
such as levels of pesticide use. There are differences in such models be-
tween the perspective of the farmer and that of an analyst examining his-
torical records of farms or larger aggregates. Farmers have the advantage
of knowing local values for input prices (r,-), their resource endowments
(r 'X), and probably estimates of the production elasticities of the inputs
that they have observed being used at variable levels in their or neighbors'
fields. Their knowledge of the marginal contribution of inputs to output
variability (Anderson and Griffiths 1982) may also be extensive if cross-
sectional variation in input use (X/) and in sources of background varia-
tion, such as pest density or soil moisture, are easily observed by farmers.
Farmers are restricted in their ability to gauge the marginal variability ef-
fects for input use practices that are spatially uniform and for exogenous
sources of risk such as pests and weather, which are at similar levels over
wide areas and over long periods of time. It has also been found that
farmers with more farming experience and higher levels of human capital
are better able to estimate parameters of pest control random variables
(Pingali and Carlson 1985).

The analyst has the advantage of greater computational capacity and
specific estimation techniques, such as (a) adjustments for contemporane-
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ously correlated observations, and (b) weighting procedures for sample
data with unequal variances as indicated by the estimation techniques de-
scribed by Just and Pope (1978, 1979). Biologists have also contributed in
this area by finding units of measure of random events occurring at one
location that are highly correlated with crop conditions over wider areas,
and with improved sampling techniques and technologies (pest traps,
pheromones, moisture probes, etc.)

Because crop production takes many months, there are often chances
to make some input adjustments to changing weather and pests over the
growing season (Antle 1983a). Crop status is linked between periods and
farmers can protect crops more if expected product prices rise or apply less
insecticide than usual to protect a crop thought to have reduced yield po-
tential. In foodgrain cropping such dynamic considerations are probably
more important for modification of planting schedules and multiple
cropping decisions than they are for varietal decisions and pesticide
scheduling.

An empirical test of the effects of input use on rice production vari-
ability was attempted using country-level data. (More micro data were not
available for all major inputs and output variability.) Coefficients of varia-
tion (about trend) for yield and total production were compiled for 13
Asian rice growing countries for the 1961-82 period. Pakistan, Philip-
pines, and China had the largest reduction in variability between these two
decades, while Malaysia and Taiwan had sizable increases in total produc-
tion variability. A linear model relating input use to variability of output
was estimated much as other researchers have done for cross-country pro-
duction functions (Hayami and Ruttan 1985). Lower use of nitrogen fertil-
izer, higher use of improved varieties, and a higher proportion of area irri-
gated were associated with countries and time periods with lower total
production variability. (Chapters 17 and 18 present more detail on irriga-
tion and fertilizer and their relationship to variability.) The negative asso-
ciation between use of pest resistant varieties and yield variability warrants
more investigation because biologists have noted the possibility of high
fluctuations in yield associated with pest adaption to pest-resistant vari-
eties (IRRI1984).

Pesticide and Crop Price Changes

There are frequently no consistent time-series data on pesticide use
and prices for many regions and countries, including developed countries.
Suitable indexes of pesticide prices and quantities depend upon being able
to detect changes in product quality and changes in quantity due to techni-
cal change and pesticide resistance by pests. Quantity measurements are
complicated since adding weight of active ingredients across chemical
types can be misleading. For example, synthetic pyrethroid insecticides are
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TABLE 19.2 Export price ratios of pesticides for rice and wheat

Period Pesticides/Rice- Pesticides/Wheat11

1961-1963 108 —
1964-1966 103 —
1967-1969 83 —
1970-1972 90 93
1973-1975 56 88
1976-1979 73 114
1980-1982 71 117

Sources: FAO (1962-1982), USDA (1950-1982). Index values = 100 in 1970-71.
"Japanese pesticide price index -5- Thailand white rice price index; 1981 and 1982 use Hong
Kong pesticide prices.

bCanadian pesticides index -f- Canadian crop price index.

often used at the rate of 0.1 kilograms per hectare (kg/ha), while others
are used at 10 times that rate for the same insects. Unit area pesticide
treatments are not comparable across pesticides because of widely differ-
ent numbers of treatments per crop season. These problems are most se-
vere for insecticides and least severe for herbicides, although there have
been major technical changes in the latter as well.

The long-run trend in pesticide prices compared with the general
price level has been downward, much as for fertilizer. Table 19.2 presents
an attempt to form two pesticide-crop price ratios. The first utilizes Japa-
nese pesticide prices and Thailand export prices for rice. Japanese domes-
tic prices for rice are much higher than international rice prices (USDA
1984b). The pesticide mixture in the pesticide price ratio is similar to that
primarily used in rice culture. The second time series is for Canada and
reflects export prices of compounds primarily used in temperate climate
wheat production, mostly (90 percent) herbicides. The pesticide price ratio
for rice production is generally declining with sharp declines in the late
1960s and mid-1970s. The wheat production pesticide price ratio declined
with the rapid increase in wheat prices in the early 1970s, but there has
since been a steady rise.

The rising price ratio in wheat pesticides certainly will not encourage
rapid increases in pesticide use. On the other hand, the long downward
trend in pesticide prices relative to rice has probably encouraged more use
of pesticides in rice. More accurate data collection efforts could greatly
enhance ability to determine the role of pesticides in rice production. Most
efforts to evaluate the impacts of pesticides in rice have had to rely on a use
or nonuse measure (Mandac and Flinn 1983, Feder and Slade 1984). Very
large quantities of insecticides are being used in rice production, and
the consequences for pest control and production stability should be
evaluated.
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Conclusions

This survey of biological and economic literature indicates that there
have been reductions in production variability seemingly associated with
the use of pesticides and field monitoring for pest density. However, there
are biological theories and case examples where intensive production with
high levels of fertilizer, modern varieties, irrigation, and pesticides can be
unstable.

Farmers may devote pest control resources to decrease variability of
output; many of these resources are only qualitatively different from the
usual production inputs. Farmers generally accept higher levels of income
variability in return for sufficiently higher mean levels of income.

Most cereal farmers have relied on labor, mechanical, and genetic ap-
proaches to pest control. Relatively higher pesticide-to-wheat price ratios
since 1976 may predispose little increase in pesticide use for wheat. How-
ever, the constantly falling prices of pesticides relative to rice encourage
more pesticide use in many rice-producing countries. Poor price and quan-
tity data for pesticides at both the aggregate and microlevels hinder analy-
sis in this area.

Periods of subsidized fertilizer prices, credit that is linked to use of
modern varieties, and price supports for rice have increased rice produc-
tion dramatically in the past two decades. Now there are large stocks of
domestic rice in countries such as Indonesia, which has traditionally been
a large rice importer. Rice farmers are currently experiencing depressed
prices. At the same time, there is more variability in rice production. In-
creased use of irrigation and adoption of pest resistant cereal varieties ap-
pear to be helping countries cope with instability in the production system.
More attention to the combined effect of input use on stability and mean
output is needed.
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JOHN C. FLINN AND DENNIS P. GARRITY

The nature of modern rice technology and its inherent implications for in-
creasing or decreasing rice yield stability are discussed in this chapter.
First, the evidence of whether rice production stability in aggregate has
increased in Asia with the adoption of modern varieties (MVs) is reviewed.
Second, experimental data are examined to determine whether the compo-
nents of modern rice technology are likely to stabilize or destabilize yield.
Third, farm data are used to provide some insights on the impact of higher
input technology, when managed by farmers, on yield distributions.
Fourth, research strategies that are likely to result in second-generation
modern varieties and methods of crop management having higher produc-
tivity and stability than first-generation modern varieties or traditional rice
varieties are reviewed.

Here, older varieties (OV) include traditional varieties and older im-
proved varieties such as Peta and BE-3. These are commonly tall, photo-
period sensitive, and not very responsive to modern agronomic practices.
Some varieties with traditional plant types have also been improved to ex-
hibit characteristics intermediate between modern and older varieties;
these intermediate varieties (IVs) include Pelita and Pankaj.

It is useful to distinguish between first- and second-generation mod-
ern variety rices. The first-generation modern varieties, typified by IRS,
had the capacity to utilize fertilizer effectively. However, they were of long
duration, and lacked broad spectrum disease and insect resistance. The
second-generation modern varieties retain this fertilizer responsiveness
and, in addition, are of short duration, and have multiple insect and dis-
ease resistance, high yield potential, and improved grain quality. IRS, for
example, has a fixed 130-day growth duration; the first really short dura-
tion modern variety, IR36, matures in 110 days; more recent varieties,
such as IR58, mature in 100 days. This means that second-generation
modern varieties use less water, are exposed to field hazards for a shorter
period, and most importantly from a food security viewpoint, can be har-
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TABLE 20.1 First-period coefficients of variation and their changes in production, area, and yield of rice in eight major rice-growing
countries for periods before and during modern variety rice adoption

First-Period cv (and Percentage
Period

Country

Bangladesh
Burma
China
India

Eastern
Southern
Northern

Indonesia
Philippines
Sri Lanka
Thailand

First

1959-73
1959-76
1959-77
1959-73
1959-70
1959-68
1959-69
1959-67
1955-65
1959-75
1955-65

Second

1974-84
1977-84
1978-84
1974-84
1971-82
1969-82
1970-82
1968-84
1966-84
1976-84
1966-84

Production

0.077 (-56*)
0.067 (-21)
0.028 (15)
0.083 (15)
0.122 (3)
0.051 (132*)
0.122 (-7)
0.051 (4)
0.032 (-84*)
0.146 (-64*)
0.147 (-55*)

to Second Period)

Area

0.034 (-52)
0.045 (-17)
0.021 (37)
0.018 (61*)
0.024 (25)
0.015 (410*)
0.057 (61*)
0.034 (-50)
0.040 (-30)
0.126 (-51)
0.093 (-55*)

Yield

0.056 (-58*)
0.037 (4)
0.026 (37)
0.072 (37)
0.108 (-1)
0.036 (66*)
0.086 (-2)
0.014 (207*)
0.050 (-88*)
0.098 (-60*)
0.071 (-36)

Source: FAO Production Yearbook, various issues.
Note: Coefficients of variation are computed from means and standard errors of residuals from second-order polynomial time trends except when time
trend not significant.
*An asterisk denotes a change that is significant at the 5 percent level.
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vested early enough to allow farmers to plant and harvest another crop
during the same rainy season. (See also Coffman and Hargrove, ch. 11.)

Rice Production Stability in Asia

The rate and extent of modern variety adoption vary markedly among
(and within) Asian countries, as do policies that influence modern variety
adoption (price policies, irrigation investment, research, extension, etc.).
Therefore, the choice of periods for time trend analysis must be country
specific and based on structural shifts in modern variety adoption or major
policy changes. Table 20.1 reports changes for eight Asian countries be-
tween periods defined by changes in rice policies, programs, and modern
variety adoption. On this basis, yield variability may have increased in
Burma, China, India, and Indonesia in aggregate but decreased in
Bangladesh, the Philippines, Sri Lanka, and Thailand. Although Burma
and Indonesia may show slight increases in yield variability, the first pe-
riod in each case was characterized by stagnant low yields, while the recent
period of modern variety adoption exhibits large and, in most cases, con-
tinuing yield increases.

The same picture emerges on a regional basis within India. Rice pro-
duction variability has not markedly increased in eastern India where
yields remain stagnant, but has increased in the north and the south where
rice productivity has dramatically increased.

A problem with the trend analysis reported is that methods (and qual-
ity) of collecting and reporting national statistics may vary considerably
over time and between countries. Therefore, part of the apparent change
in variability may be due to changes in data collection practices as opposed
to shifts in productivity. Also, trend analysis is not an appealing technique
to analyze changes in production and in its components (area and yield)
because factors that cause variability are not identified, measured, or in-
cluded in the analysis. Ray (1983) examined variability in Indian agricul-
ture and showed that weather and price variables were significant determi-
nants of yield and production stability in rice production. However,
variables associated with technological change—for example, modern va-
riety adoption and irrigation rate—were not explicitly included in the anal-
ysis. Clearly more rigorous analysis is necessary to estimate the impact of
technological change on stability parameters.

Component Technology and Yield Stability

Coffman and Hargrove (ch. 11) and Carlson (ch. 19) discuss how the
morphology of modern varieties influences the comparative yield stability
of modern and older varieties. This discussion is not duplicated here but
examples are provided of the association between modern variety traits
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and yield stability. Traits examined are: (a) evidence of varietal adaptabil-
ity over space and its relationship to stability within locations, (b) perfor-
mance under water stress conditions, (c) pest resistance, and (d) fertilizer
responsiveness.

Stability and Adaptability

Much of the success of modern rice varieties is attributed to the bene-
fits of multilocational testing, which has led to the identification of widely
adapted cultivars. Adaptability may be important to crop improvement
scientists, but breeding for wide adaptability also has associated costs. Be-
cause selection is based on multilocation performance, cultivars selected
may not necessarily be the best for any specific location where they are
recommended. The performance of a genotype at a site over time is mea-
sured in terms of yield stability, while the performance of a genotype across
locations is measured in terms of adaptability (Evenson et al. 1981).

Plant breeders place considerable confidence in the multilocation
testing process as a means of selecting new cultivars. Of course, final geno-
typic selection is not based on multilocation performance within a single
year. Cultivars are normally selected as varieties only after at least three
years of testing. But advancement of cultivars within a selection program
does depend primarily on multilocation, within-year results.

It is implicitly assumed that adaptability is highly correlated with sta-
bility. Whether or not this is true is a central issue in the effectiveness of
the breeding process in producing genotypes that have stability as well as
high yield. Optimization of crop improvement research in identifying sta-
ble cultivars may depend on this correlation. If this is not so, the accep-
tance of multilocation performance as a proxy for time-series performance
in cultivar selection requires re-examination.

There is a considerable body of literature for the major cereal crops on
the interaction between genotype and environment. This work received
strong impetus from Finlay and Wilkinson (1963) and Eberhart and Rus-
sell (1966). However, these and similar studies make little distinction be-
tween the concepts of stability and adaptability. Evenson et al. (1981) used
analysis of covariance to test whether the two parameters were related, us-
ing a set of rice genotypes selected from the first three years of irrigated rice
yield trials of the International Rice Testing Program (IRTP) (IRRI1980),
and several years' results of similar trials conducted by the All India Coor-
dinated Rice Improved Program (AICRIP).

They found contrasting results for the two data sets: no relationship
between adaptability and stability in the IRTP data set, but a strong posi-
tive correlation between the parameters in the AICRIP data set. Given the
then short time span of the IRTP data and the implausible stability coeffi-
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TABLE 20.2 Adaptability and stability of rice cultivars tested in the international
rice-testing program

Stability

Environment and
Cultivar"

Irrigated
IR42
IR51-282-8
IR54
IRS
IR26
IR36
MRC-603-303
MTU3419
IR1561-228-3-3

IE + 2845 (RP-1899-24-4)

Upland
IR1529-430-3 (IR43)
IR2035-242-1 (IR45)
MRC172-9
C22
IR2061-522-6-9
IR6115-1-1-1
IR52 (IR5853-118-5)

Coefficient

1.08
1.05
1.16
1.03
0.97
0.96
1.01
1.16
1.02
1.05

1.12
0.96
1.26
1.00
1.29
0.87
1.06

Standard
Error

.07

.09

.10

.06

.07

.04

.07

.11

.09

.08

.08

.16

.25

.16

.15

.08

.09

Adaptability

Coefficient

0.99
1.10
1.07
1.06
0.89
0.93
1.00
1.08
1.02
1.18

1.08
0.93
1.09
1.09
1.06
0.86
0.90

Standard
Error

.06

.06

.09

.04

.08

.03

.05

.08

.07

.07

.08

.99

.11

.12

.15

.18

.14

Sources: Final reports of IRTP nurseries for 1974-83, Philippines (IRRI). See Evenson et al.
(1981) for method of analysis and further interpretation of the coefficients.
"Tested four or more years.

cients that they obtained for some of the genotypes, the hypothesis was
retested here using the Evenson et al. model, and data from 10 years of
IRTP trials.

The genotypes included in the analysis were those tested in the IRTP
nurseries for a minimum of four years. IRTP trials are designed for fre-
quent turnover of entries as new improved material becomes available.
Thus, only a few of the several hundred cultivars tested during the past
decade have been retained for a four-year period or more. Data from the
upland rice yield trials and the irrigated trials were analyzed to provide two
contrasting sets of genotypes tested in different ecological conditions (table
20.2).

Low coefficients of adaptability or stability indicate a relatively low
yield differential for a cultivar across sites. A high coefficient indicates that
the cultivar performs poorly in low-yielding environments but yields well in
more favorable environments. The coefficients of individual cultivars vary
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from as low as 0.86 for adaptability and 0.87 for stability (IR6115-M-1) to
as high as 1.06 and 1.29, respectively (IR2061-522-6-9). The coefficients of
adaptability and stability were positively correlated among the set of en-
tries from both the irrigated (0.56) and upland (0.68) yield trials.

The coefficients of stability tended to be higher than the coefficients of
adaptability in both cultivar sets. These data, plus those of Mackill et al.
(1985), who showed that the regression coefficient of cultivar yields versus
site mean yield remains consistent across entries in international rainfed
lowland rice trials in which large hydrological variation occurs, add weight
to the contention that cultivar adaptability and stability are highly associ-
ated. However, the adoption of widely adapted varieties, at best, "buys
time" for national programs. Varieties chosen in this manner are not a
substitute for varieties developed for the specific needs of even Asia's di-
verse agroclimatic rice environments and market preferences.

Modern Varieties and Water Stressed Environments

An irrigated rice field is one of the most physically uniform, nutrition-
ally buffered agricultural ecosystems. Most environmental disturbances
may be prevented, enabling yields to be increased without substantial in-
creases in yield variability. In contrast, upland rice land represents a
highly variable agro-ecosystem. Rice grown on such lands, which have no
surface water storage capacity, is subject to highly variable water status
since the rice plant lacks efficient water uptake and conservation mecha-
nisms. Average yield levels may be increased in such conditions, but the
lack of control of the most critical factor (water) suggests that yield vari-
ability is likely to increase as yield increases. The same may apply to the
flood-prone and deep water rice environments. Differences among rice-
growing environments in the extent to which major yield determinants can
be controlled suggest that questions of yield and yield stability must be
addressed in terms of specific rice environments.

The characteristics of modern rice varieties allow them to respond to
higher nutrition and uniform water supply by producing higher grain yield
per crop and per field day. But where water control is inadequate, the
structure and function of the modern variety rice plant may predispose it to
be more severely affected by water deficit or excess than are older varieties.
In some drought-prone environments, the shorter stature, shallower root
system, higher tillering, and photoperiod insensitivity of modern varieties
more frequently cause severe damage or crop failure.

Early maturity is a necessary character in rice-growing areas with a
short wet season. The shorter duration of a modern variety may enable it
better to fit the limited period of available moisture and to escape terminal
water stress that would affect a late-maturing older variety during flower-
ing or grain filling. The strong preference of a large proportion of Philip-
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pine rainfed rice farmers for early maturity (105-115 days) rices may be
attributed to the stability enhancement of drought escape.

In other drought-prone environments, however, which experience rel-
atively long rainy periods but highly erratic rainfall distribution, (for ex-
ample, northeast Thailand and the Cagayan Valley, Philippines), the short
duration, photoperiod-insensitive varieties are highly unstable and clearly
inappropriate (Gines, Pernita, and Morris 1984). Short duration varieties
are genetically programmed to proceed quickly through each successive
growth stage. Severe and prolonged drought interrupts this development,
resulting in drastic yield reduction. A photoperiod sensitive variety flowers
in a certain month regardless of when it is planted. When planted at the
normal time early in the growing season, it passes through a long preflow-
ering phase. This longer growth period enables more effective drought re-
covery. Short duration, photoperiod-insensitive varieties, however, have
little phenological buffering. Growth lost at one stage cannot be so effec-
tively retrieved.

The planting of old seedlings is common in the drought-prone areas
with erratic rainfall, since farmers can transplant only when adequate wa-
ter collects in the bunded field, an unpredictable event. Modern varieties
tend to respond poorly to late transplanting while the yields of photope-
riod-sensitive older varieties are unaffected. Therefore, older varieties re-
main dominant in many Asian drought-prone areas with erratic rainfall.

The variability of modern varieties in the situations described has pre-
cluded their adoption on more than one-half of Asian rice lands. In the
more favorable areas, where modern varieties are currently grown, the ten-
dency for their cultivation to result in greater yield variability will depend
on the nature of the yield-limiting stresses.

Pest Management

Coffman and Hargrove (ch. 11) observe that insect and disease pres-
sures on rice are among the highest of those on the staple foodcrops. There
is a continuous process of adaptation of rice pests to the crop. The rate of
adaptation seems to increase with the intensification of rice technology as
wider areas are planted asynchronously to single varieties, as double- and
triple-cropping increase, as higher rates of fertilizer are used, and as irri-
gation increases. This places greater importance on maintenance research
to defend yields than for most other crops. Therefore, breeding for multi-
ple insect and disease resistance is the core of most rice improvement
programs.

INSECT MANAGEMENT. Prophylactic application of broad spectrum
insecticides, as recommended in many extension programs, is expensive,
often ineffective because of pest resurgence and resistance, and environ-
mentally hazardous. These shortcomings led to the concept of integrated
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pest management (IPM) which involves the selection of insect resistant va-
rieties and the judicious use of insecticides when insect pressures exceed
threshold damage levels (Heinrichs, Saxena, and Chelliah 1979).

The on-farm benefits of three insect control strategies—no insecticide
application, action thresholds, and prophylactic sprays—were evaluated
on insect resistant rice varieties over five years in the Philippines (Smith
and Litsinger 1985). The mean net benefits were similar across treatments,
however, coefficients of variation (cvs) were less with the untreated (0.15)
and the IPM-treated plots (0.23) than for the prophylactic (0.31). The sim-
ilarity in net benefits (all about $430/ha) arose because, although the
yields of the zero treatment tended to be less than for the IPM and prophy-
lactic treatments, costs were higher with the IPM treatment mainly be-
cause of the surveillance costs, and with the prophylactic treatment be-
cause of insecticide costs. The Philippine Ministry of Agriculture reports
that the threshold spraying strategy was more profitable than preventive
sprays in 75 percent of 105 on-farm trials. Herdt, Castillo, and Jayasuriya
(1984) similarly found that insecticide applications based on action thresh-
olds dominated alternative insect control measures.

Consistent with Carlson's (ch. 19) impressions, a strategy of combin-
ing insect-resistant varieties and selective use of insecticides reduces pro-
duction variability in rice below the level expected under traditional insect
management strategies. However, IPM technology is also more complex
than farmers' current practices (Goodell 1984). Therefore, training and
extension must be integral components of IPM technology, and surveil-
lance costs must be recognized (Kenmore 1985).

WEED MANAGEMENT. Modern rice varieties are shorter and more
erect, and so are less weed competitive than are taller, drooping older vari-
eties (De Datta 1981). This, in principle, implies increased yield variability
in modern varieties where weeds are not controlled.

The most dramatic recent change in weed management in rice in Asia
has been the rapid and widespread adoption of herbicides. This shift in
weed control technique was promoted by a combination of technical and
economic factors—the synthesis of selective herbicides such as butachlor
and thiobencarb, which effectively control weeds in irrigated and shallow
rainfed rice, coupled with falling real prices of herbicides, and increasing
labor costs for weeding (De Datta and Flinn 1985).

Under some circumstances, shifting to herbicides may increase yield
variability compared with systems where hand weeding dominates. This,
as also pointed out by Coffman and Hargrove (ch. 11), would be the case if
herbicides were no longer locally available, or if their price increased dras-
tically, and labor was not available or too costly to substitute for chemical
weed control^Dther factors are the lower effectiveness of currently mar-
keted herbicides under severe moisture stress, the problem induced if a



Yield Stability and Modern Rice Technology 259

buildup occurred in herbicide resistant weed species, and the shift of weed
populations with herbicide use over time (Vega, Paller, and Lubigan
1970). In practice, these have not been major problems in rice when herbi-
cides are viewed as a component of weed management. A combination of
crop rotation, water management, tillage practices, and nonselective her-
bicides allows the control of such weeds, particularly in environments with-
out water stress (S. K. De Datta, personal communication).

A major weed control problem in rice persists in less favored rainfed
and upland environments. Herbicides have yet to be found which are con-
sistently effective in rice fields under both wet and dry conditions. Labor
inputs for hand weeding (often over 30 days/ha) are costly, and while till-
age may be effective, many upland rice farmers lack the power or money
for timely tillage. Therefore, the major destabilizing effects of weeds in rice
cultivation will continue to be in the low-yielding and adverse, as opposed
to the more productive irrigated and shallow rainfed, rice environments.

DISEASES. Varietal resistance continues to be the main disease man-
agement strategy for rice in Asia. Fungicides have not become part of dis-
ease management in South and Southeast Asia, although they have in tem-
perate regions such as Japan and Korea. Clearly, disease outbreaks, such
as the rice tungro virus in parts of Indonesia in 1981, will continue to occur
and to cause yield loss. However, modern breeding strategies, which in-
clude genotype selection under hotspot locations, ensure that new materi-
als are available, or in the "pipeline," to combat diseases when they be-
come potentially serious problems. One example was the availability of
IR56 to replace IR36 in regions of Indonesia where the latter had become
susceptible to rice tungro virus.

Management techniques may also reduce the likelihood of disease in-
festation with intensified rice production. For example, the concept of va-
rietal rotation between wet and dry season crops has been introduced in
Indonesia to reduce the probability of rice tungro virus outbreak (Manwan
and Sama 1985). The success of varietal (and gene) rotation as a strategy
for disease management requires well-developed agricultural research, ex-
tension, and service from the seed industry. It becomes feasible as the ex-
pertise of national rice programs increases, which is generally the case in
Asia (IRRI 1985d).

Fertilizer Rates and Yield Variability

Rice yield variability is known to increase as N-fertilizer rates increase
(Evans and De Datta 1979, Flinn and De Datta 1987). This variability is
induced through strong interaction between applied nitrogen and the lev-
els of random factors such as solar radiation, water regime, and pest inci-
dence (De Datta 1981). These matters, including the analyses by Smith
and Umali (1985) and others, are taken up by Roumasset et al. (ch. 17).
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On-Farm Yield Variability

The characteristics of modern rice technology (i.e., MVs plus man-
agement) may lead to higher and more stable yields under experimental
conditions. However, the important point is whether these same prac-
tices stabilize or destabilize yields under farmer management. Contrasts
are presented for an irrigated and an upland site to illuminate any
relationship.

Farmers' practices and those recommended by the Ministry of Agri-
culture for irrigated rice in the Philippines were compared over the period
1974 to 1978 (Herdt and Mandac 1981). Farmers at the study site in Cen-
tral Luzon grew modern varieties such as IR20, IR36, and IR42 and ap-
plied fertilizer (but at lower rates on average than recommended). At the
Mindanao dryland site, in contrast, the rice is upland rainfed; most
farmers still grow older varieties, others (associated mainly with a rural
development project) grew recommended intermediate varieties such as
UPL Ri-5 and UPL Ri-7 (Tautho, Flinn, and Velasco 1985). Few older
variety growers applied fertilizer, while most intermediate variety growers
did. Thus, the Luzon case allows a comparison of more intensive and less
intensive application of modern rice technology, under favorable irrigated
conditions, while the Mindanao case provides a comparison of traditional
and improved rice culture under less favorable upland conditions.

Yields under improved technology first-stochastically dominated
those under the farmer's technology in both the irrigated and upland sites.
However, without considering the costs of the different practices used in
the respective pairs, strong statements of farmers' likely preferences
among them are not possible. Mean yields were significantly higher with
the higher input technology (table 20.3). Although yield variances in-
creased significantly with application of the new technology, relative vari-
ability was not changed significantly.

For the irrigated cases, skewnesses of yields were not significantly dif-
ferent from normal. However, the yield skewness changed significantly
from positive to slightly negative with the adoption of improved upland
rices and associated crop management. These shifts in skewness with mod-
ern rice husbandry are consistent with the observations of Day (1965) and
Barker, Gabler, and Winkelmann (1981) that the tendency toward nega-
tive yield skewness increased with improved technology. The upland rice
data, however, are cross-sectional and do not permit an analysis of time-
series variability, which is the variability of concern to farmers. These
results must be treated with caution. For example, older variety upland
rices yielded higher than intermediate and modern variety rices under se-
vere moisture stress in the 1985 on-farm trials in Batangas, Philippines.
Therefore, although farm yields may generally become more negatively
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TABLE 20.3 Mean rice yields and yield distributions on farmers' fields in irrigated
and upland rainfed sites in the Philippines

Mean
Sample Yield Coefficient

Site Size (t/ha) of Variation Skewness

Irrigated, modern varieties,
Central Luzon, 1974-77
Farmer's practice 76 3.80 0.37 -0.04
Recommended practice 76 5.22* 0.42 —0.43

Upland rainfed,
Zamboanga del Sur,
Mindanao, 1983
Older varieties 55 1.41 0.44 0.47
Improved varieties 124 2.61* 0.35 0.16*

Sources: Central Luzon irrigated rice data extracted from IRRI Agronomy Department files.
Agronomic details of this research are reported by De Datta et al. (1979); upland rice data
derived from Tautho, Flinn and Veloseo (1985). Agronomic details of upland rice research
and extension in Zamboanga del Sur are found in annual reports of the Zamboanga del Sur
Development Project, Philippines.
Note: An asterisk denotes a change significant at the 5 percent level. Differences in means
based on t tests and differences in variances on F ratios.

skewed with improved technology under favorable conditions, they may
not under adverse conditions.

Increasing Stability of Modern Rice Technology

According to the Food and Agriculture Organization, balancing rice
supply and demand in the year 2000 will require a 2.8 percent per year
production increase over the period 1980-2000, which can be compared
with the 2.4 percent growth rate achieved during 1960-80. Most of this
increased rice will be produced and consumed in Asia. Competition for
land in Asia from other crops, livestock, and nonagricultural uses results
in its shrinking availability for rice cultivation. Therefore, the only path-
way open to most Asian countries to increase rice production is through
higher productivity and increased cropping intensity. This can only be
achieved by technological advances including improved water and fertil-
izer management, other agronomic practices, and continued advancement
of rice varieties capable of responding to these inputs.

Rice Improvement Programs

Modern rice varieties will continue to be grown under more intensive
management systems. Therefore, problems of pest adaptation will con-
tinue as a threat to high yields and to yield stability. Research managers
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recognize the importance of breeding for multiple disease and insect resis-
tance to counter the dynamic threat of pest infestation. Their efforts have
led to recently released modern varieties possessing higher levels of pest
resistance than previously released ones.

Increased national capacity and continued growth in collaboration
between national and international rice programs allow wider and more
rigorous testing of promising cultivars for pest resistance and for adapt-
ability to adverse environments than was previously possible (IRRI 1985d).
Breeders ensure that yield potential is not jeopardized by selecting for re-
lease cultivars with superior pest resistance. Therefore, in developing new
varieties with greater yield stability, yield potential is not compromised.

Advances in biotechnology will dramatically increase plant breeders'
capacity to incorporate resistance from wild relatives into domesticated
rices. Indeed, these wild relatives are the only major source of resistance to
some diseases, particularly viruses. Collection and conservation of indige-
nous rice species in gene banks such as the International Rice Germplasm
Bank at the International Rice Research Institute (IRRI) ensure that di-
verse collections of rice germplasm will be maintained and will remain
available to national rice scientists in the future. In 1984, the IRRI bank
had more than 75,000 of the estimated 100,000 to 120,000 varieties of rice
now grown in the world, and about 2,000 wild rices. Work is under way to
collect and conserve most of the remaining 30,000 to 40,000 varieties.

Rice research programs, such as IRRI's Germplasm Evaluation and
Utilization (GEU) program, are also working to develop improved vari-
eties adapted to unfavorable rice environments. The focus of attention at
IRRI is shifting to those areas where current modern varieties are less
suited. As a result, greater emphasis is now placed on breeding for toler-
ance to physical (droughts, floods, low temperatures) and physiochem-
ical factors (acid sulfate soils, saline soils, toxicities, and mineral
deficiencies).

Second-generation modern varieties have better tolerance to soil
stress than earlier varieties. Whether the shift toward breeding for adverse
environments will increase or decrease production stability is not known.
Within existing rice areas, mean yields should improve. However, yield
variability may increase as yields will continue to be low when severe floods
or droughts occur, irrespective of yield potential. They will remain effec-
tively at zero level if the crop is not planted because of extreme weather
conditions, a not unusual event in many upland environments. Varieties
better adapted to unfavorable environments may also extend the margin of
rice cultivation, increasing both yield and area variability and, perforce,
production instability.
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Genetic Uniformity

Coffman and Hargrove (ch. 11) discuss the concern that the common
ancestry of modern varieties (particularly for the dwarfing gene) may con-
tribute to increased production variability due to cytoplasmic uniformity.
They also observe that this may not necessarily be so, because second-gen-
eration modern varieties have more diverse parentage than first-generation
modern varieties. For example, IR36 can be traced back to 13 varieties
from six countries, and IR64 to 20 landraces from eight countries (Har-
grove, Cabanilla, and Coffman 1985).

Of great concern is the issue of large areas being planted to one or a
few closely related varieties, which increases the probability of widespread
insect and disease outbreaks. For example, IR36 was grown on some 11
million hectares of rice lands in South and Southeast Asia each year in the
early 1980s. This is not to criticize the variety. Rather this attests to its
adaptability and demonstrates farmers' preference for IR36 over other
available varieties. The real concern is the lack of alternatives available to
farmers that are better suited to their specific conditions.

The problem of large areas planted to single varieties should decrease
as national rice programs breed varieties better adapted to local condi-
tions. This capacity is aided by the International Rice Testing Program
(IRRI 1980), which coordinates an international network to provide na-
tional programs with a wide range of rices to evaluate under their own con-
ditions. For example, 29 of the International Rice Testing Program nur-
series planned for 1986 are tailored to specific environmental stresses and
defined conditions. Most entries in these nurseries were not bred by IRRI
but by national program scientists. This is an important (and often unrec-
ognized) advance over earlier strategies which favored selection of varieties
for wide adaptation. The sharing of germplasm also enhances sustainabil-
ity of future rice yields by introducing new lines to the nurseries each year
to ensure that plant breeders have access to a diverse collection of germ-
plasm. The main objective of these nurseries is not to provide materials for
direct release to farmers but to serve as a mechanism to provide national
programs with a range of germplasm that they can evaluate for desired
traits and use as parents in their breeding programs.

Crop and Soil Management

Efficiency and sustainability in rice production will continue to be en-
hanced through the dual strategies of breeding input efficient varieties and
improved crop and soil management.

Soil health research addresses the problems of toxicities and nutrient
imbalances, and yield maintenance under increased cropping intensity. As
rice production is intensified, a progression of deficiencies—nitrogen, then
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phosphorus, followed by zinc and possibly sulfur—is likely (De Datta
1981). The International Network for Soil Fertility and Fertilizer Effi-
ciency in Rice (INSFFER)—a network of national rice programs, the In-
ternational Fertilizer Development Center (IFDC), and IRRI—specifically
addresses issues of soil fertility for rice. INSFFER collaborators conduct
research to increase the efficiency of nutrient use and to maintain rice
yields under intensified cropping. Such programs will help to lead to in-
creases in the stability and sustainability of rice production.

A notable shift in research philosophy among national and interna-
tional programs should also lead to increased stability of rice-based farm-
ing systems. Researchers now accept that it is necessary to adapt and mod-
ify technology to meet the needs of specific agroclimatic environments
before farmers' adoption is likely to proceed. Basic to this approach is that
the stability and sustainability of farming systems can be enhanced if (a)
farmers are offered a range of technical options rather than a single prede-
termined package, and (b) farmers participate in the technology evalua-
tion process (Denning 1985). This is a quantum shift in philosophy from
the tendency to advocate broad recommendations thought to suit the ma-
jority of farm environments.



21 Influence of Nitrogen Fertilizer and Fungicide
on Yield and Yield Variability in Wheat
and Barley

H. HANUS AND P. SCHOOP

This chapter analyzes the results of a long-term experiment laid out in
1974. The crop rotation is as follows: oilseed rape, winter wheat, oats, and
winter barley. Winter wheat and winter barley are the primary experi-
mental crops, while oilseed rape and oats are fertilized at a low constant
level (50-70 kg N/ha) to equalize the soil nutrient situation for the follow-
ing crop.

Winter wheat and barley are fertilized with different amounts of ni-
trogen in steps of 40 kilograms per hectare (kg/ha). The total amount of
nitrogen ranges from 0 to 320 kg/ha and is subdivided in three application
rates at different growth stages: the beginning of the growing season after
winter, the end of tillering, and at heading time. For the first two stages the
nitrogen levels range from zero to 120 kg/ha, at heading time the maxi-
mum amounts to only 80 kg/ha.

Combining the different application rates at the three growth stages
results in 48 treatments in total and up to 10 different distribution systems
at the same level for fertilizer. The layout of the experiment is such that
each plot of the field is fertilized with the same amount of nitrogen on
average (160 kg/ha). Four different fungicide treatments were used in the
experiment, although here only two are analyzed: namely, with and with-
out fungicides. Herbicides were applied to control weeds and, if necessary,
insecticides to control aphids. To characterize yields and their variability,
averages and standard deviations were calculated over years (1975-84) and
the two replications (Hanus and Aimiller 1978).

Results

Examination of the data revealed that yields depend not only on the
level of nitrogen and fungicide treatments but also on the partition of the
total amount of nitrogen within the growing season. Responses to the fun-
gicide treatments vary over a wide range but generally increase with nitro-

265



266 Input Management and Yield Variability

gen level. When fungicides are applied, the standard deviations of yields
are generally lower and yields are higher, but the differences in yields and
yield stability with and without fungicides do not correspond precisely,
either generally with increasing amounts of nitrogen or within the groups
with the same level of N-fertilization. The results for winter barley are very
similar to those of wheat. The effects of fungicide treatments are less, but
the yield stability is generally higher than for wheat.

Averages across different levels of nitrogen are shown in figures 21.1
and 21.2. This display of the data reveals that:

a. The response to fungicide increases with increasing nitrogen level;
b. With fungicides, the maximum yield is reached only at the highest

level of nitrogen, while without fungicide this maximum yield is at-
tained at lower levels;

c. The response to fungicide and its increase with higher nitrogen appli-
cations is greater for wheat than for barley;

d. With fungicide, yields for wheat and barley are very similar while
without, yields of wheat are much less;

e. The variability of barley yields increases slightly with nitrogen despite
the use of fungicides, while yields of wheat tend to be more stable
when fungicides are applied.

The generalizations concerning variability must be made rather cau-
tiously. While it is natural to interpret the tendencies suggested by graphi-
cally depicted data at face value, the differences among standard devia-
tions reported here are, in fact, generally rather small—at least in the
sense that taking pairwise estimates in ratios and squaring them in a vari-
ance homogeneity test seldom produces significant values of F statistics.
This is especially the case in the so-called "economically rational zone of
production" range of nitrogen levels (here usually less than 150-200 kg/ha
of nitrogen).

One reason for the yield variability between years is variable weather.
Different weather sequences lead to different amounts of soil nitrogen re-
sulting from the decomposition of organic material (Hanus 1978). Both the
amount of nitrogen and the date of availability are defined by weather con-
ditions. Thus, constant fertilizing systems in each year are, in fact, associ-
ated with different amounts of available nitrogen from the mineralization
processes.

The effects of nitrogen applied at the different growth stages can also
be examined in the experimental data. The results are very similar for both
crops and fungicide treatments. Low amounts of nitrogen at the end of
tillering lead to higher yield responses than applications at the beginning
of growth, but higher rates at that time are less effective than at the begin-
ning of growth. The lowest response is obtained from nitrogen fertilization
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FIGURE 21.1 Yields and standard deviations of winter barley with increasing nitro-
gen levels with (+) and without (—) fungicide treatments based on averages over the
different application systems

Yield and standard deviation
(metric decatons per hectare)

70-

60-

30-J-O

Number of different nitrogen application systems

6 9 10 9 6 3

40 80 120 160 200 240

Kilograms of nitrogen per hectare

280 320

SOURCE: Hohenschulen, Diplomat (1975-84).

at heading time, especially when diseases are not controlled by fungicides.
Increasing amounts of nitrogen at the beginning of growth after winter
tend to reduce the variability of yields, while applications at the later stages
tend to increase it.
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FIGURE 21.2 Yields and standard deviations of winter wheat with increasing nitro-
gen levels with (+) and without (—) fungicide treatments based on averages over the
different application systems

Yield and standard deviation
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SOURCE: Hohenschuleti, Dura (1974-82),

Discussion

The results lead to the conclusion that the variability of yield does not
necessarily increase with increasing intensity of fertilization. One impor-
tant factor is the control of diseases by fungicides. Adaptation of the
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amount and distribution of nitrogen within the growing season to the
weather conditions tends to reduce variability. However, it seems that vari-
ability may be either increased or decreased by intensification under differ-
ent conditions.

With varying environmental conditions (such as measured by radia-
tion, soil moisture, disease infection, etc.) yields vary directly. As noted
earlier, some of these same factors cause variation in soil nitrogen. This, in
turn, also causes yield to vary, but the extent of such indirect effect de-
pends on the level and slope of the nitrogen yield response function (for
example, superior modern cultivars may have larger marginal responses
than more traditional). With diminishing marginal returns, the indirect
effect determined by the slope will tend to diminish as the yield-maximiz-
ing level of nitrogen is approached—from either direction. A priori, it is
not possible to net out these several possibly contrary effects, and the ob-
served marginal risk effect is thus essentially an empirical matter that may
well vary considerably from site to site and at different factor intensities at
a given site.

Advances in breeding, disease control, and so forth generally lead to
higher potential yields and possibly higher variability of yields, while ad-
vances in crop management practices such as fertilization, growth regula-
tors, soil cultivation, and so forth generally tend to reduce yield variability.
Thus, depending on the sequencing of different innovations, the situation
in a given region or country can be very different from, and not readily
comparable with, that of others.



22 Influence of Technology and Weather on the
Variability in U.S. Maize and Wheat Yields

JAMES B. FRENCH AND J. C. HE ABLE Y

This chapter discusses the impact of modern technologies on the behavior
of yield distributions for winter wheat and maize in selected areas of the
Corn Belt, Lake states, and Great Plains of the United States. It also takes
up the question whether technology has increased the correlation of maize
yields from different U.S. geographical regions.

Research Method

Yields from crop reporting districts (CRDs) were examined for two
periods representing so-called low- and high-technology periods. The
methods implemented are discussed in more detail by French, Schroder,
and Headley (1985). Crop reporting districts are defined in the United
States for data gathering purposes and consist of several contiguous politi-
cal subdivisions (counties). In the case of winter wheat, the periods used
are 1932-46 and 1967-81. For maize, the periods are 1931-45 and 1967-
81. Yields were detrended over the periods based on the "best" model up
to a third-degree polynomial. Comparisons between the distributions of
the unexplained yield components were made. The models were extended
by first removing the area effect and then by removing the influence of
weather directly through inclusion of selected climatic variables. Because
of a scarcity of degrees of freedom, the equation was restricted to a first-
degree polynomial for trend. Yield variability explained by weather was
separated from the unexplained component and was then normalized by
simulating models for both periods through the same set of climatic data,

We are indebted to our colleagues, David Schroder and R. M. Finley for their contribution to
earlier stages of this research. This research was supported in part by the Missouri Agricul-
tural Experiment Station, Cooperative Agreement CR-809710 with the U.S. Environmental
Protection Agency, and a grant from the International Food Policy Research Institute.
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thereby permitting a comparison of distributions based on equivalent
weather patterns. Finally, maize yields from the principal producing re-
gions were correlated and correlation differences tested in the two periods
to test the hypothesis that technology has made the variability in maize
yields more covariate.

The Model

A general hypothesized yield function is:

y=f(T,W,A), (22.1)

where y is the mean yield for the crop reporting district; the "trend" vari-
able T represents all technological factors such as varietal improvement,
fertilizer, pesticides and pest management practices, improved tillage, and
so forth; W represents all the weather factors; and A represents area
planted, as a proxy for land quality.

Yield variability is conceptually composed of three components: (a) a
systematic component, (b) a random component, and (c) an unexplained
component. Technology and land quality are considered as systematic fac-
tors under the control of producers and capable of being affected by gov-
ernment policy. Weather is considered to be a random component and
does not lend itself to control by decision makers. The final component,
unexplained variation, is due to measurement errors and other unobserved
factors, such as weather effects, that influence the model.

Previous studies of technology (Day 1965; Barker, Gabler, and
Winkelmann 1981) have found yield distributions to be non-normal and
that skewness changes with technology adoption. If skewness is positive —
the mean exceeds the mode — risk (in one restricted sense, Day 1965) is
higher than the variance indicates because the probability of a yield less
than the mean exceeds 0.5. The opposite holds for negative skewness. Be-
cause skewness has not been studied as related to general changes in tech-
nology, it was calculated and tested for each 15-year technology period
using Pearson's statistic (Day 1965, ch. 1).

For policy purposes, it is useful to know whether random yield varia-
tion is correlated with the application of technology. To do so, the variabil-
ity due to weather is obtained in a trend-area-weather model.

Trend-Area- Weather Model

Generally, yield models assume that the error component of the trend
equation is a good measure of random yield variability due to weather.
This may or may not be true. Therefore, weather is included and the yield
equation is specified as:

yft = a + bT, + PAit + wW* + dtDt + gi(D,T,) + eit, (22.2)
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where WH represents the relevant weather in year t and crop reporting dis-
trict i with w as the estimated population parameter at the state level. This
is a cross-section time-series model estimated across all crop reporting dis-
tricts in each state for the relevant time period. The variable D,T, is an
interaction between the CRD binary variable and trend. Parameters of the
CRD binary variable and the CRD trend interaction variables are defined
as dt and git respectively.

This model is estimated for the two technology periods of 15 years
each with one estimation for each state. From the model, the predicted
yield for the ith crop reporting district in the rth year can be computed as
follows:

Yit = (a + d,) + (b + g,)T + pAit + wWi, (22.3)

where the circumflexes indicate estimates of population parameters. The
unexplained portion of yield variance is E(ei)2 = E( Y, — Yt)

2. The null
hypothesis is that the unexplained yield variance for the z'th crop reporting
district is equal for the high- and low-technology periods. Mean square
errors are tested statistically and, if the hypothesis cannot be rejected, the
effect of technology on unexplained yield variance is concluded to be neu-
tral. Therefore, any differences in random variability due to weather must
originate from the observed weather variables. The explained random vari-
ability due to weather around the systematic trend could be calculated and
compared over the appropriate 15-year period for high- and low-technol-
ogy models. However, since actual weather varies within the periods and
the periods are not long enough to assume equivalent weather on the aver-
age, differences in yield variability due to weather between the two periods
may be caused by actual differences in weather and not by technology.
Therefore, variability measures for each technology period were estimated
based on equivalent weather.

Weather's influence on yield variability given either low or high tech-
nology is determined by the estimated weather parameters for each of the
two technology periods. The estimated parameters are used to estimate
yield variability due to weather for each technology from a given sample of
observed weather variables. To provide comparable yield variability esti-
mates for the two technologies, the same sample of 51 years of observed
weather (1931-81) was used, thus eliminating the potential bias that could
arise from differences in weather.

The variability measure is the mean square error due to weather for
each of the two technology periods and is called the yield variability due to
normalized weather. Random variability due to normalized weather is cal-
culated for crop reporting district i by:

b
a\pi = £ (wpiWti)

2/(N - 1).
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This is the mean square error due to weather for crop reporting district i
for technology period/? and where a is the first year of the low-technology
period and b is 1981. N is the total number of years.

A mean yield level for each period is estimated for the ith crop report-
ing district assuming normal weather and the average technology for the
period. That is, the yield is estimated for each 15-year period using equa-
tion (22.3) with the trend variable T at its mean omitting the area and
weather variables. This value is then used as the mean yield as a basis for
calculating relative variability (cv) for normalized weather.

No technology-weather interaction is assumed within each of the two
periods even though there are different weather parameters estimated for
each technology period. An increased yield variability associated with
higher technology, if determined principally by weather, indicates a
weather interaction. Perrin and Heady (1975) found such an interaction
for winter wheat over the period 1930-71. Technology is assumed constant
within the periods of study, thus decreasing potential interaction effects.
However, the difference in technology between the two periods should be
sufficient to permit such an interaction as found by Perrin and Heady
(1975) over the longer period of time.

Because of the high multicollinearity among the weather variables
and possible structural change in weather patterns, ridge regression was
used to estimate the model. This technique appears to be justified for sim-
ulation over periods of possible structural change (Watson and White
1976).

Data Description

Data for yield and harvested area for maize and wheat were obtained
from the U.S. Department of Agriculture (USDA) Cooperative State Crop
and Livestock Reporting Service for the various states. The data were
made available at the crop reporting district level for the period 1931 to
1981. The states included in the variability part of the study are: Iowa,
Illinois, Indiana, Ohio, Wisconsin, Minnesota, Missouri for maize; Kan-
sas for both wheat and maize; and Nebraska and Oklahoma for wheat.

For the maize yield correlation part of the study, the data were
grouped into regions, namely: the Corn Belt (Ohio, Indiana, Illinois,
Iowa, Missouri), the Northern Plains (Nebraska, Kansas) and the Lake
states (Michigan, Wisconsin, Minnesota). Weather information was ob-
tained from the USDA Oasis data bank. Monthly mean precipitation and
temperature are available at the climatic division level which, for the states
under study, correspond to crop reporting districts. All weather variables
are specified as deviations from the mean. The mean is calculated over the
period 1931-81. June, July, and August precipitation and mean tempera-



274 Input Management and Yield Variability

ture and preseason moisture variables are hypothesized to explain varia-
tions in yields of maize. The preseason moisture variable is formed by sum-
ming the monthly precipitation for the period from September of the
previous year through May of the current year.

For winter wheat, precipitation and mean temperature variables for
April, May, June, and July and a preseason growth precipitation variable
are hypothesized to influence yield variables. The preseason growth pre-
cipitation variable is formed by summing the monthly precipitation rates
for the period from August of the previous year through March of the cur-
rent year.

Historical Adoption of Technology

Technology developed and applied to crop production can be classi-
fied into three broad categories: (a) biological, (b) chemical, and (c) me-
chanical. All of these have been joined together as a result of research and
development, both public and private, with the objective of increasing
profits, largely through increasing yields.

Maize yields in the United States around 1900 were about 1,780 kg/
ha. In 1981 and 1982 the national average was in excess of 6,300 kg/ha.
Winter wheat average yield was 1,020 kg/ha circa 1900, and by 1981-82
the yield was 2,390 kg/ha. The yields of maize have more than tripled, and
the yield of winter wheat has approximately doubled in 80 years. In the
case of certain regions, where edaphic and climatic factors are especially
favorable to certain crops, the increases have been even more dramatic.

Maize

Production in the United States was relatively constant over the 1900-
30 period. Production has since tripled and since 1950 has doubled. This
increase in production since 1930 came about while reducing the area har-
vested by 15 percent.

Over the past 50 years, maize has become less of an intermediate
product and more of a cash crop, Currently only about 37 percent of maize
is fed on the farm where it is produced. Feed as a use has declined overall,
and industrial uses and exports have increased.

As a cash crop, movement off the farm removes more nutrients and
requires fertilizer to maintain or increase yields. This increases cash costs,
reshapes the nature of the financial risks, and requires more credit. Ad-
vances in chemistry encouraged by World War II generated larger scale
ammonia production and the development of compounds such as urea.
Nitrogen was cheap due to cheap petroleum products. In fact, the real
price of nitrogen declined from about 1950 until the oil embargo in 1973.
Currently about 97.4 percent of the maize area in the Corn Belt receives



Influence of Technology and Weather on Yield Variability 275

some type of commercial fertilizer. The rate of application is approxi-
mately 160 kilograms of nitrogen, 30 kilograms of phosphorus and 110
kilograms of potash per hectare. One of the major differences in the two
technology periods is the rapid and widespread use of nitrogen on maize in
the latter period. In the early period, green manure and livestock manure
were the principal nitrogen sources.

Varietal improvement has been important in maize culture. Begin-
ning in the late 1920s, hybrid maize adoption was virtually complete by
1940. The hybridization process has brought yield increases, resistance to
lodging, resistance to insects and disease, and an improved response to
fertility and water. The major flaw in maize breeding has been the depen-
dence on a body of cytoplasm with susceptibility to corn blight. In 1970,
the blight reduced U.S. maize production by about 10 percent. It is this
episode and other evidence, such as the work of Hazell (1984), that
prompted the study of the maize yield correlations between areas such as
the Corn Belt and the Lake states. Seed industry spokesmen now say that
the genetic base has been diversified to reduce this danger (Duvick, ch.
12). Two areas receiving research emphasis are: (a) breeding for high pro-
tein, and (b) breeding for pest resistance.

In 1980, there were 4.4 million hectares of irrigated maize. Three
states each irrigated more than 400,000 hectares, namely: Kansas, Ne-
braska, and Colorado. Nebraska, however, irrigates almost 2 million hect-
ares or one-half of the U.S. irrigated area (Sunquist, Menz, and Neumeyer
1982). Even so, only about 16 percent of the national crop is irrigated.
Irrigation has not been profitable in the "good" maize-growing soils of the
Corn Belt due to high water holding capacity of soils and ample rainfall.
Maize irrigation is another factor that distinguishes the high-technology
period from the low period.

Pest control technology has been important in maize production and
is a high-technology period phenomenon. Fertilizer has made it profitable
to produce continuous maize; disease, weed, and insect problems have ac-
companied that trend. In 1982, 37 percent of the maize area was treated
with insecticides, while 95 percent was treated with herbicides (Duffy and
Hawthorn 1983). The use of herbicides has reduced the need for mechani-
cal cultivation and crop rotations as weed control practices.

Winter Wheat

Wheat is one of the nation's major exports and is an important world
food. Four states in the Great Plains, namely Kansas, Nebraska, Okla-
homa, and Texas, produce about 45 percent of the winter wheat. The most
important technical changes have been: (a) summer fallow to conserve
moisture, (b) irrigation, (c) new varieties, (d) fertilization, (e) pesticides,
and (f) stubble mulching. Summer fallow, where land is left idle for one
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year and is kept clear of vegetation, stores moisture in the soil and is a
standard practice where annual rainfall is less than 575 millimeters (mm).
Irrigation has been increasing since 1950 (the second technology period),
principally in the large producing states mentioned earlier. Plant breeding
has developed a wide array of varieties that not only produce larger yields,
but are resistant to disease, insects, and frost damage. In addition, protein
content and milling qualities have been improved.

Wheat is not a heavy user of pesticides. Duffy and Hawthorn (1983)
report that 42 percent of the area is treated with herbicides, 3 percent with
insecticides, and only 1 percent with fungicides. The fungicide statistic is
misleading because virtually all of the seed is treated with a fungicide to
protect against seed borne diseases such as smut, seed rot, and seedling
blight. This treatment, however, is done before the seed is planted.

Controls for insects consist of late planting to control hessian fly, and
insecticides may be used against a variety of insects such as fall armyworm,
grasshoppers, cutworms, and so forth. In general, insecticide treatment of
winter wheat is not economically justified.

Because winter wheat is seeded in the fall, it is not usually subject to
severe weed problems. Tillage is the most effective way to control weeds,
and herbicide use is seldom economical.

Data leave no doubt that technology adopted in production of maize
and winter wheat has increased yields significantly. The questions of the
effect of this technology on yield variability, the correlation of regional
yields, and the variability of production are not so obvious.

Empirical Findings on Yield Variability

Through the use of a trend-area-weather model, it is possible to sepa-
rate the yield variability explained by weather from the unexplained error
term, permitting a closer examination of the influence of technology on
yield variability due to weather. The yield variability measures due to
weather refer in this section to normalized weather unless otherwise
stated.

There are statistically significant increases in weather-determined
yield variance between technology periods in 86 percent of the maize crop
reporting districts and in 88 percent of the winter wheat crop reporting
districts (table 22.1). Additionally, 76 percent of the maize crop reporting
districts displayed statistically significant increases in unexplained yield
variability between the two periods. That is, the unexplained variance in-
creased in the high technology period. The source of this variation is be-
lieved to be due to unobserved weather factors and management capabili-
ties related to modern, more complex technology.
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TABLE 22.1 Crop-reporting districts with statistically different variance measures
between low- and high-technology periods

Type of Variance CRD Count Maize Winter Wheat

Statistical difference in
error variance

Statistical difference in
weather variance

No. of CRDs
Percentage of total
No. of CRDs
Percentage of total

52
76.5
59
86.8

4
15.4
23
88.5

TABLE 22.2 Crop-reporting districts with no statistical difference in error variance
but with statistical difference in normalized weather variance between low- and
high-technology periods

CRD Count Maize Winter Wheat

Number of CRDs 15 19
Percentage of total 22.1 73.1

No statistical difference in the absolute unexplained variance between
technology periods implies that variability difference around the trend, if it
exists, is due to observed weather. Only 22 percent of the crop reporting
districts for maize were found to have no statistical significance in unex-
plained error variance, while exhibiting a statistically significant differ-
ence in variance due to weather. For winter wheat, the corresponding fig-
ure was 73 percent (table 22.2). The conclusion from this is that the
increased wheat yield variability associated with adoption of modern tech-
nology can be explained principally by observed weather. This is not the
case for maize.

Relative variability due to weather between technology periods de-
creased for the majority of crop reporting districts for both crops, but in-
creased for 35 percent of winter wheat crop reporting districts. Therefore,
while relative variability due to weather generally decreases, the pattern is
not uniform.

The effect on the yield variability measure by extending the samples
from 15 to some 50 years (normalizing the weather) was examined. The
observed weather variables were measured as deviations from the mean of
the period. To eliminate effects of different weather in the technology pe-
riods, the means of the observed weather variables were computed based
on the 51 years of weather covered by the two periods. The values of the
weather variables were then measured as deviations from the 51-year mean
as a measure of "normal" weather. These effects should indicate how the
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weather patterns during the two 15-year periods compare to that of the
larger sample. Absolute yield variability for the low-technology period de-
creased for 58 percent and 61 percent of the maize and winter wheat crop
reporting districts, respectively. The opposite result occurred for the high-
technology period, increasing for 62 percent and 76 percent of the maize
and winter wheat crop reporting districts, respectively. The conclusion is
that, in general, absolute yield variability due to weather was higher during
the low-technology period and lower during the high-technology period for
both crops.

Skewness of Yield

Although previous studies conducted on experimental data indicated
that yield distributions are skewed and the degree of skewness is influenced
by technology, these properties are not documented at the crop reporting
district level of aggregation. Six groups of skewness are categorized with
the skewness range of each group loosely based on Pearson's (1936) statis-
tic. According to Pearson's statistic, values of relative skewness greater
than 1.0 or less than —1.0 with 14 degrees of freedom are statistically sig-
nificantly different from zero at the 0.05 level of Type I error. With 50
degrees of freedom, skewness values of greater than 0.5 or less than —0.5
do not allow rejection of the null hypothesis at the 0.05 level.

The percentage of statistically significant negative skewness measures
of yield due to normalized weather (less than —1.0) is 25 percent for the
low technology period versus 4 percent for the high technology period for
maize. For winter wheat, none of the crop reporting districts exhibited
negative skewness of the unexplained variation during either of the tech-
nology periods with normalized weather.

With low technology, 70 percent of the maize crop reporting districts
exhibited nonskewness in contrast to 84 percent with high technology. In
the case of winter wheat, 19 percent were positively skewed under low tech-
nology, while 100 percent were nonskewed under high technology.

Skewness results indicate that, for maize, a substantial number of the
yield distributions for crop reporting districts may not be normal, while for
winter wheat, normality is more likely. In the case of maize, technology
improvement has resulted in a tendency toward positive skewness, while
for winter wheat, the effect of technology has been a tendency toward nor-
mality. Therefore, it appears that technology has increased the probability
of less than average yields for maize for certain crop reporting districts.
However, the majority of crop reporting districts for maize and wheat have
nonskewed distributions of the unexplained yield variation for both tech-
nology periods (French, Schroder, and Headley 1985, table 5). Based on
these results, variance measures are probably good indicators of the vari-
ability of crop production at the regional level.
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Inter-Area Maize Yield Correlations

Hazell (1984) found that increased cereal yield variability and co-
variability account for the major proportion of increased production vari-
ability and that, at the state level of aggregation, crop yield correlation was
the major factor. He also showed that the number of positive significant
correlations increased for maize and decreased for all other cereals.

While this study does not provide a focused test of whether the level of
aggregation can influence the results, it does raise questions about the
variability that is lost in aggregation and its influence on correlation. We
now address the question of maize yield correlations at the crop reporting
district level. Since crop reporting districts are smaller than states, they
tend to be more homogeneous with respect to soils, climate, and crop tech-
nology and, accordingly, are grouped into the three production regions de-
scribed in the data section. Only crop reporting districts with substantial
maize production were included in the analysis.

Approach to the Study

Several yield variability measures are available for use in the analysis.
Gross yield is usually rejected because of the positive effect of technology
over time. Gross yield correlations across regions are expected to be higher
than if yield is first detrended. However, comparisons of across region cor-
relations based on gross yield should offer some general idea of whether
yields in different areas tend to become more strongly correlated as the
level of crop technology has increased.

A more important question concerns the joint behavior of yields given
the two technologies. To approach this question using time-series data, it
is necessary to remove the effect of systematic factors which vary with time
such as technology and land quality. Therefore, yield detrended for chang-
ing technology and land quality differences becomes the appropriate mea-
sure of yield's variability under the differing technologies.

Three distinct measures of yield variability are used here to examine
the time-series relationship of maize yield variability across crop reporting
districts after removing the effect of trend. The three measures are:
(a) gross yield, (b) normalized yield due to measured climatic factors, and
(c) unexplained yield variability. Two different indicators of how the corre-
lations have changed between the two periods follow. First, the number of
statistically significant correlations and their signs will be reported and
compared for each of the yield variability measures for each of the two
periods. Second, the number of correlations which were significantly dif-
ferent in a statistical sense will be reported to indicate the extent to which
positive correlations of yields between areas may or may not have
increased.
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A statistical test of the difference between the pairs of correlations,
one for each time period, will give a much more precise indicator of
whether correlations have actually increased with modern technology. The
test used is based on Student's t distribution and is given as:

t» = (Z, - Z2)/[l/(», - 3)

where the subscripts represent the two samples, one for each time period
(Ostle 1954, p. 185). The Zs are a transformation of the correlation coeffi-
cients (r) given as:

Z, = (0.5)[loge (1 + r) - log, (1 - r)],

with a variance of a2
z = \/(n — 3). The test is performed on each correla-

tion for each measure of yield variability. The test is only an approximation
since the variable Z is only approximately normally distributed. However,
it will give a general indication of the statistical significance of the differ-
ence between correlation coefficients.

Correlations and the measures derived from them are calculated as
reported based on the three major regions, the Corn Belt (CB), the north-
ern Plains (NP) and the Lake states (LS). They are classified as within re-
gion correlations or across region correlations. Therefore, there are six
groupings of information, one for each region, and three across regions,
(CB-NP, CB-LS, and NP-LS). The logic for treating these measures by
regions is as follows. Because of the agricultural similarities within each of
the regions it is expected that the correlations of yields for pairs of crop
reporting districts within a region should be higher than the yield correla-
tions for pairs of crop reporting districts each from a different region. Sim-
ilarities in weather patterns, soils, crop variation, and other factors should
tend to increase yield correlations within the regions. There is enough dif-
ference among each of these three regions that it is expected that the across
region correlation would not have increased as much as the within region
correlation with the adoption of modern technology.

Correlation Results

From the statistically significant correlations for the two time periods,
several preliminary conclusions can be drawn (table 22.3). There is a
higher percentages of positive statistically significant gross yield correla-
tions in the earlier period than after adoption of modern technology, al-
though all percentages exceed 70 percent except for two across region clas-
sifications. In general, the within region correlations are higher than the
across region correlations, as was expected. However, the higher percent-
age of positive gross yield correlations could be due to the influences of
technology on yield.

Comparison of the correlations of gross yield with yield correlations
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TABLE 22.3 Percentage of statistically significant crop-reporting district yield
correlations for maize in the United States

Regions and Periods

Gross Yield
Normalized

Climate

Neg. Pos. Neg. Pos.

Error

Neg. Pos.

Northern Plains
1931-46
1967-81

Lake states
1931-46
1962-81

Corn Belt
1931-46
1967-81

Corn Belt-Northern
Plains
1931-46
1967-81

Corn Belt-
Lake states
1931-46
1962-81

Northern Plains-
Lake states
1931-46
1962-81

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.1
0.0

0.0
0.0

98.5
78.6

97.1
88.2

91.2
76.9

73.0
78.4

86.7
43,1

84.1
61.3

0
0

0
0

0
0

0
0

0
0

0
0

77.8
77.8

88.9
88.9

93.6
84.9

96.8
76.7

72.8
69.3

71.0
91.4

0.0
5.5

0.0
0.0

0.2
0.6

0.8
0.8

1.1
5.3

4.9
2.5

19.4
16.7

30.1
57.5

35.1
22.7

10.1
13.2

23.5
5.7

5.6
11.1

due to measured climatic factors and the unexplained yield shows that the
climatic factors lead to a high number of positive correlations, while a low
proportion of unexplained yield is significantly correlated. This indicates
that the measured climatic factors determine much of the correlation in
yields between producing regions after eliminating the systematic effect of
technology. Other factors, which could include price-responsive input ad-
justments, do not contribute as much to yield correlations. This relation-
ship holds for the earlier period as well as the modern technology period.
In general, the results do not differ much between the two periods. The
percentage of positive correlations fell in some cases and increased in very
few for both climatically determined yield variability and the unexplained
error. This result does not support the hypothesis that yield correlations
across regions have increased with the adoption of modern technology.
The above results only give gross indications; they do not tell how a given
correlation between the two crop reporting districts changes with modern
technology.
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TABLE 22.4 Percentage of statistically significant differences between crop-reporting
district yield correlations for periods 1931-1946 and 1967-1981 for maize in the United
States

Normalized
Gross Yield Climate Error

Regions Neg. Pos. Neg. Pos. Neg. Pos.

Northern Plains
Lake states
Corn Belt
Corn Belt-Northern

Plains
Corn Belt-

Lake states
Northern Plains-

Lake states

0.7
0
2.2
1.3

0.8

0.3

17.7
12.0
6.4
1.1

18.1

8.3

11.1
1.3
0
1.3

3.3

1.2

0
8.5
8.8
0.8

1.9

0

0
5.9
1.7
1.9

2.2

6.2

11.1
0
7.6
0.8

12.3

3.7

Table 22.4 reports the results of the statistical tests performed on the
different measures of yield correlations. The general findings reported
above are supported-that is, no difference between time periods. The per-
centage of yield correlations found to be statistically higher for the period
of modern technology is very low for all measures of yield variability in all
regions. In addition, there are a number of yield correlations that have
actually decreased with modern technology. In the overwhelming majority
of cases, the correlation is not statistically different between the two pe-
riods. For all measures of yield variability, the number of statistically sig-
nificant correlations was less than 20 percent.

Summary

Yield variability for maize and winter wheat has been examined by
comparing nonsystematic mean yield distributions at the crop reporting
district level for periods characterized as low and high technology. States
in the United States where these crops were considered major were in-
cluded in the study. The nonsystematic variability was represented by the
distribution of the unexplained error where the nonsystematic variability
due to weather was included in the model along with linear trend and
planted area, the last as a proxy for land quality. In this way, the variabil-
ity due to observable weather was separated from the rest of the unex-
plained yield variance. It also allowed weather's effects to be normalized to
provide equivalent weather patterns for both the low- and high-technology
periods.
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Absolute variability has increased with technology for both crops. The
analysis indicates, however, that for winter wheat, the increased variance
is due to observed weather variables and not to unexplained variance
around trend. Relative variability behavior across crop reporting districts
cannot be generalized. In the majority of districts, the cv of unexplained
yield variance declined for maize and winter wheat, however, several dis-
tricts showed an increase in such relative variation for winter wheat.

Comparison of yield variability with actual versus normalized weather
showed that yield variability due to weather was greater than normal over
the early, low-technology period. Greater weather induced instability dur-
ing the earlier period reinforces the conclusion that detrended absolute
yield variability has increased with technology.

Along with improvements in the technological package adopted by
crop producers in the United States, there has been an increase in absolute
risk of yield loss. Relative risk has decreased in many of the crop reporting
districts but has also increased in substantial proportions of maize dis-
tricts. Increased risk can be attributed directly to observable weather for
wheat and partially so for maize. This implies a definite weather-technol-
ogy interaction.

Increased risk implies that farmers face greater chances of financial
loss due to higher yield variability associated with greater use of purchased
inputs. This has potential implications for future adoption of technology.
Maize producers, given their high exposure to relative yield risk, have an
increased incentive to adopt technology that will protect them from down-
side risk. This implies the potential for increased use of pesticides and irri-
gation in the future as a response to greater exposure to financial loss.

Evidence was not found to support the hypothesis that adoption of
modern technology is associated with higher yield correlations across geo-
graphical areas. Since this is contrary to Hazell's (1984) finding, it may be
helpful to speculate about the reasons for the contrasting results.

This study used a disaggregated data set based on the smaller crop
reporting districts, rather than states as units of observation. Aggregation
to the state level may reduce variability and, therefore, reduce much of the
expected offsetting cross variability between areas. However, the high per-
centage of positive correlations found here suggests that the presence or
absence of the offsetting effect is not a function of the level of aggregation
and does not explain the difference from the results of Hazell.

Differing periods were chosen in the two studies for contrasting the
effects of modern technology. The periods used here were chosen to ensure
a sharp contrast in technology. The periods used by Hazell were not sepa-
rated by any extended period of time and were not based on specific tech-
nological differences. Another important factor is that climatic differences
between the two periods were not taken into consideration. Given the
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strong influence of climatic factors on yield correlations found here, it may
be that differences in climatic variability over each of the two periods ad-
versely affected Hazell's results. Higher correlation of yields across areas in
his later period may be attributable to higher correlation of climatic factors
during that period. This is a research question that needs attention.

One other possible explanation for the differences between the two
studies might be the similarities between the technology of the earlier pe-
riod and modern technology. In the former, maize varieties were more var-
ied across regions; they were similar in their susceptibility to major insect
plagues, droughts, and other factors. Then, as now, commonality existed
in the response of varieties to environmental factors, although of a differ-
ent kind. There may be some offsetting effects here which were not as evi-
dent for the periods used in the Hazell study because the periods studied
did not include the times when open pollinated maize or the early hybrids
were dominant.

Finally, the results here indicate that the climatic factors in this study
are principally responsible for the positive yield correlations across geo-
graphical areas. These correlations are significant for both periods under
study, yet there are not a large number of statistically significant increases
in the yield correlation. This leads to the conclusion that inter-area yield
correlations are not really higher under modern technology.

On the aggregate level, there is a greater potential for variability in
total supply and product prices. Supply variability depends on the rela-
tionship between all crop reporting districts; the higher the correlation be-
tween yields, the greater will be the overall variability. Variation in supply
depends on the fluctuation in planted area, a variable dependent on gen-
eral economic conditions and farm policy. This study does not directly ad-
dress the question of aggregate supply instability or its solution; it does
indicate the possibility of such a problem.
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23 Can Yield Variability Be Offset by Improved
Information? The Case of Rice in India

VISHVA BINDLISH, RANDOLPH BARKER, AND
TIMOTHY D. MOUNT

Previous chapters have shown that, for many countries, the variability of
total cereal production around trend has increased since the introduction
of the high-yielding varieties (HYVs). Whether this increased variability
translates into additional risk and uncertainty for individual decision
makers (especially farmers and government officials) depends on their
ability to forecast production each year. Accurate forecasts enable decision
makers to adjust their resource allocations in order to maximize efficiency
each year. It is only when production changes cannot be accurately antici-
pated at the time of making resource allocative decisions that the possibil-
ity of resource misallocation and economic loss arises.

Measurement of the impact of HYVs on the risk and uncertainty con-
fronting decision makers should, therefore, focus on measuring changes in
the variability of their forecast errors. That is, the relevant model is the
difference between actual and forecasted output rather than between ac-
tual and trend output. In this chapter, we quantify these relationships for
rice production in India.

Role of Expectations

In a regression framework, expectations are generally denoted by the
mean output conditional on the given value(s) of the explanatory vari-
nltlpfcl that ic

Role of Expectations

In a regres
mean output c
able(s), that is,

E[Y\X\, (23.1)

where Y represents output and X the explanatory variable(s).
Estimating expectations in this framework amounts to predicting the

mean value of output that corresponds to given levels of X. Accordingly,
the real issue here is one of selecting the components of X such that they
appropriately reflect expectations about the future output. In previous
studies, X has been invariably equated to a time trend (X = t), albeit that

287
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trend is entered separately for the pre- and post-green-revolution periods
under the assumption of a structural change. The present chapter, how-
ever, takes the position that the selection of the X depends on whose expec-
tations are being considered. It argues that there is need to distinguish
between the government's and farmers' expectations. In forming their ex-
pectations, both government and farmers are unlikely to have access to the
same information. For instance, the government will not have the intimate
information on current input use that farmers do. Insofar as the elements
of X embody the information that can reasonably be assumed as a basis for
estimating expectations, it follows that they need to be specified distinctly
for the government and farmers. Obviously the distinct sets of X are likely
to lead to different values for the mean predicted output.

Definitions of Expectations

The Government's Expectations
Both sets of expectations defined for the government are predicated

on the belief that there is little or no information on farmers' input use in a
current year. In fact, one of the two definitions presumes that the govern-
ment has no information at all on current inputs. Consequently, it postu-
lates that the government has adaptive expectations relative to the yield
levels attained in the past (in terms of equation 23.1); X refers to lagged
values of Y: E[Y,\Y,-\, y,_2 . . .]. As such, a dynamic component is im-
puted to the expectations whereby they are assumed to be regularly up-
dated. The updating process takes account of fresh information as it be-
comes available. Probably the more recent information should receive
greater weight in the formulated expectations. It seems reasonable to hy-
pothesize that the yield level expected by the government in a current year
would correspond to the weighted average of the yields achieved in a num-
ber of previous years, with the weights declining in time.

The second definition of expectations from the government's perspec-
tive utilizes time trends. This definition presupposes that the government
has information on the areas planted separately to the high-yielding and
traditional varieties of rice, which it uses to forecast "average" yields (aver-
age of the two varieties). Subsequently, the forecasting process is hypothe-
sized to be based on the proportion of the total rice area planted to each
variety—the two proportions being trended. That is, in terms of ifFl-Y],
X = (tw, t(l — w)), or

E[Y]=f(tw,t(l-W)) (23.2)

where, Y denotes the "average" yield of rice, t the year, and w and
(1 — w) the proportions of the total rice area planted to the high-yielding
and traditional varieties, respectively.



Yield Variability and Improved Information 289

In this hypothesis it is argued that, before the HYVs were introduced,
the government's expectations were only a function of t (w = 0, and
(1 — w) = 1). However, since their introduction, these expectations have
become a function of a weighted trend—the weights being the proportional
shares of the high-yielding and traditional varieties in the total rice area.

Farmers Expectations

Nearly 60 percent of India's rice production is still obtained under
rainfed conditions. Juxtaposed with this is the fact that rice has consider-
able water requirements. Consequently, a key source of the uncertainty
surrounding rice yields at the farm level in India must inevitably relate to
the stochastic nature of the growing season rainfall. Existing empirical
work (Binswanger 1980, Jodha 1981) affirms that Indian farmers are, in
general, risk averse and are concerned with staving off the deleterious con-
sequences of uncertain rainfall. Thus, any hypotheses regarding yield ex-
pectations of Indian farmers need to recognize the exigent role of the un-
certainty created by rainfall.

Growing season rainfall influences the yield relationship for a crop in
two interrelated ways: (a) it enters directly into the relationship as an in-
put, albeit stochastically; and (b) it affects the response to the other inputs
that are under farmers' control (land, fertilizer, seeds, etc.). Because this
rainfall is unknown at the time of planting when farmers are required to
make decisions about controlled inputs, the risk confronting them arises
for both of these reasons. Thus, it appears reasonable to hypothesize that
the levels that farmers decide on for the controlled inputs (including areas)
must be dictated by their risk-related prognoses concerning the future
growing-season rains. Similarly, farmers' yield expectations are likely to be
influenced by their prognoses of the growing-season rains. Factors pertain-
ing to the availability of irrigation could potentially modify the risk that
farmers associate with rainfall.

However, despite the importance ascribed to stochastic rainfall, it is
unlikely to be the only source of variability at the farm level. There are
other uncontrolled random factors (pests, disease, etc.) that change the
true response of rice yields to the controlled inputs from year to year. In-
deed, if farmers do predict the growing season rainfall adequately and
make the necessary adjustments in input levels, stochastic rainfall should
account for a relatively small portion of the total variability. Therefore,
although farmers' yield expectations maybe defined primarily with respect
to rainfall, it is nonetheless appropriate to explain the variability around
these expectations both in terms of the stochastic rainfall and the other
random factors.

As opposed to rainfall, the other random factors are difficult to quan-
tify and cannot be entered directly into estimated models; their combined
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effect is generally subsumed in the computed residuals. Nevertheless, a
procedure does exist whereby such effect can be distinguished from the
effect of stochastic rainfall for the purpose of analyzing the sources of vari-
ability (de Janvry 1972). The procedure can be operationalized in the ex
ante and ex post sense of the expected versus the actual mean response.
Thus, two econometric models need to be estimated. One of the models is
estimated using the real levels of the controlled inputs, along with levels
representing farmers' prognoses of the stochastic rainfall. This model pre-
dicts the expected mean response (Y). Correspondingly, the other model
(the "structural" model) predicts the actual mean response (Y); in the
structural model, all inputs (including rainfall) are incorporated at their
real levels. Thus, variability due to rainfall can be measured in terms of the
difference between the mean yields predicted by the two models:

e = Y - Y. (23.3)

The variability accruing from the other random factors can be measured
relative to the difference between the yields that farmers actually achieve
(Y) and the mean yields predicted by the structural model:

e = Y-Y. (23.4)

In turn, it follows that the total variability around farmers' expecta-
tions can be measured with reference to

e + e. (23.5)

Data Considerations

The empirical analysis in this chapter is based on annual data for in-
dividual Indian districts and covers the period 1956/57 to 1978/79. These
data were either collected from the official publications of the state govern-
ments and of the central government (Directorate of Economics and Sta-
tistics) or else were secured directly from the statistical offices in each
state. Specifically, 44 districts are included in the analysis; they are all
from the top 100 rice-producing districts in India, according to recent pro-
duction data. The included districts are located in seven Indian states (An-
dhra Pradesh, Haryana, Karnataka, Madhya Pradesh, Maharashtra,
Punjab, and Tamil Nadu) and constitute a wide range of contrasting situa-
tions vis a vis such ponderables as environment, yield levels, adoption rates
for the HYVs, and irrigation.

The decision is taken at the outset to estimate all of the required econ-
ometric models by pooling together the time-series data for the individual
districts. Further, it was decided to estimate these models in terms of the
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production of rice. The year-to-year changes in output and input levels
within districts are generally not large enough to permit the required
amount of variation. But, data relating to production tend to be character-
ized by greater variation than those for yields since they incorporate the
year-to-year changes not only in yields but also in areas.

Four models require estimation: a structural model, a model of
farmers' expectations, and two models for the government's expectations.
District level data are available, by crop, for irrigated areas and areas
planted to the HYVs; data for unirrigated area and the area planted to
traditional varieties can be derived using the total cropped area. Other in-
puts include monthly rainfall and the total use of fertilizer nutrients (the
sum of N, P, and K) on all crops.

It is possible to theorize about the inputs that determine rice produc-
tion in India. The actual estimation of a model is, however, conditioned by
the existing data. In this context, there is no gainsaying that fertilizer nu-
trients and rainfall, irrigated and unirrigated area, as well as the areas
planted to the high-yielding and traditional varieties, are all clearly poten-
tially important determinants of rice output. Of the inputs for which data
are unavailable, labor is also potentially important. It could be argued
that, rather than being relegated to the residual term, its effects on output
are likely to be absorbed by some of the included variables such as fertilizer
and irrigation. Statistical methods, such as those relying on an analysis of
covariance, could be employed to estimate the particular shares of rice and
of other crops in the total consumption of fertilizer.

A complication arises with respect to specifying an estimable relation-
ship for both the structural model and the model of farmers' expectations.
It appears reasonable to assume that the high-yielding and traditional va-
rieties of rice are characterized by different production functions. Never-
theless, data on production and inputs are not reported by variety, so these
functions cannot be estimated separately. In order to overcome this prob-
lem and yet provide separate estimates for the two varieties, alternative
specifications are examined in an exploratory way. The one finally settled
upon in a pooled cross-section and time-series framework is the following:

Q,, = [(«. + a,**) wit] + W0 + j8,Jfc)(l - w,,)], (23.6)

where Q is the district production of rice, aa and ft, are the unknown inter-
cepts, «i and /3] are the unknown slopes, X is the vector of inputs (the
levels being district specific), w is the proportion of total rice area planted
to the HYVs in a district, e is a stochastic residual, t refers to the year
(1956/57 to 1978/79) and i denotes the district (44 districts).

This specification assumes that the same inputs are used with both
varieties but that these inputs interact differently with each variety. The
specification entails combining two regressions in which the proportional
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TABLE 23.1 Slope estimates for the structural model, the model of farmers' expectations, and the model of the government's
trend-based expectations

The Structural Model

Variable

In interaction with w,,a

Fertilizer
Fertilizer squared
Irrigated area
Unirrigated area
Actual Kharif rain
Expected Kharif rain
Time trend

In interaction with l-w,,a

Fertilizer
Fertilizer squared
Irrigated area
Unirrigated area
Actual Kharif rain
Expected Kharif rain
Time trend

R2 adjusted
Durban-Watson (DW) statistic
Estimated standard error

Parameter

0.004
0.0"
3.101
1.574
0.013

——

0.002
0.0"
1.300
0.970
0.058

—
—

0.98
1.968

2,623

t

3.01
-3.47
14.41
2.18
0.50

—
—

3.67
-2.55
10.76
6.39
7.39

—
—

Model of Farmers'
Expectations

Parameter

0.004
0.0"
3.156
1.745

—
0.006
—

0.002
0.0"
1.326
0.993

—
0.037

—
0.98
1.975

2,718

/

2.99
-3.52
14.45
2.38

—
0.27
—

3.24
-2.37
10.79
6.43
—
5.13

—

Government's Trend-
based Expectations

Parameter

—
—
—
—
—

—
14.528

—
—
—
—

—
—
3.411
0.97
1.920

4,510

/

—
—
——

—
—5.78

—
——

—
—
—5.25

aiv,, is the proportion of the total district area of rice planted to the high-yielding varieties. 1-w,, is that planted to the traditional varieties.
••Estimated value is too small to report.
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shares of the two varieties in a district's total rice area each year (wlt and
1 — w,,) are employed as weights. Interactions are then specified between
the respective weights for the two varieties and the other inputs.

A separate intercept is incorporated for each variety. In order to esti-
mate these separate intercepts, two auxiliary variables are created — one
conforming to each variety as the districtwise "weight" for each variety for
each year.

Estimated Models
The Structural Model

The postulated model to be estimated is as follows:
/ 44

Qi, = ( E a^Dut + otiFERTu + a2FERTit
2 + a3IRRi,

\
oi5KHit}wit

82FERTit
2 + falRRi. + faNIR,, + ftAH^d - w») + eit,

(23.7)

where i, t, Q, w, (1 — w) and e have already been defined, Dkit is a zero-one
district variable, PERT refers to the district consumption of fertilizer
(metric tons), IRR is the district area of irrigated rice (103 ha), NIR is the
district area of unirrigated rice ('000 ha), KH is the total actual rain re-
ceived during the Kharif season (June + July + August + September in
mm) in a district, and the a and j3 are the unknown coefficients.

The postulated relationship is essentially a linear one, although a qua-
dratic term for fertilizer is included. As a preliminary step in the model
estimation, the hypothesis that the response relationship is identical across
districts is tested. This hypothesis implies that the two separate intercept
terms (one for each variety) do not differ by district. A standard F test is
applied based on the estimation of the model both with and without the set
of district variables. The computed F statistic is larger than the corre-
sponding critical value (at the 1 percent level of significance), leading to
the rejection of the null hypothesis of homogeneity. Consequently, the full
model with the district variables is chosen.

The model is estimated by ordinary least squares. Table 23.1 presents
the slope estimates. With an adjusted R2 of 0.98, the model fits extremely
well. Further, the signs of all the coefficients are consistent with prior ex-
pectations: whether these inputs interact with the HYVs or the traditional
varieties, one would expect a positive production response to fertilizer, irri-
gated area, unirrigated area, and rainfall.
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In terms of their relative magnitudes (that is, the response to an input
when it interacts with the HYVs versus when it interacts with the tradi-
tional varieties), the slope estimates for the individual inputs conform to
prior expectations. The results indicate that rice production responds
more favorably to fertilizer use, irrigated area and unirrigated area when
these inputs interact with the HYVs. Rainfall has a larger impact on rice
production in interaction with the traditional varieties; the only nonsignifi-
cant t ratio obtained related to the interaction between Kharif rainfall and
the HYVs. This may reflect the fact that traditional varieties are more fre-
quently grown under rainfed conditions than the HYVs.

Model of Farmers' Expectations

The model needed for estimating farmers' expectations must be iden-
tical to that specified for the structural relationship in equation (23.7). The
one exception relates to Kharif rainfall—the variable for actual Kharif
rainfall has to be replaced with another denoting farmers' anticipation of
that rainfall. What determines farmers' prognoses about the growing sea-
son rainfall?

It seems reasonable to suppose that farmers will utilize whatever in-
formation is available on rainfall up to the time of planting. As such,
farmers have an opportunity to observe the pattern of rainfall in June and
July before they need to make their planting and input use decisions. Con-
sequently, it is possible that farmers' expectations about rainfall in the
Kharif growing season (August and September) are based on the actual
rainfall received during June and July.

As a result of this hypothesis, the following equation is estimated indi-
vidually (by ordinary least squares) for the 44 districts:

KHtl = 0RN*it + eit, (23.8)

where, KH is the total actual Kharif rainfall (the sum of the rains received
in June, July, August, and September in mm); RN* is the sum of the rains
received in June and July. The values of Kharif rainfall predicted by that
equation for each district and year are subsequently substituted into the
model of farmers' expectations to denote farmers' prognoses of the Kharif
rainfall.

The ordinary least squares slope estimates for the model of farmers'
expectations are presented in Table 23.1. What emerges clearly on com-
paring the corresponding slope estimates from the two models is the small
difference between them. This is consistent with the view that farmers are
probably able to predict input response under different rainfall conditions
fairly accurately. Therefore, the available information determines both
their yield expectations and their input use.
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Model of the Government's Trend-based Expectations

The following model is estimated:
44

£

(23.9)

where t takes on the values 1 through 23 (for 1956/57 to 1978/79). The
slope estimates for the trended proportions of the total rice area planted to
the two types of variety are presented in table 23.1. Relative to its counter-
part, the estimate for the HYVs' proportion is considerably larger. This
supports the contention that the government's trend-based expectations
about "average" yields increase as the share of the high-yielding varieties
in the total area of rice increases.

Model of the Government's Adaptive Expectations

The following distributed lag function is estimated:
44

On = £ otokDki, + «! Qj,~i + otiQj,--!.

+ ot3Qi,-3 + cnQit-4 + eit. (23.10)

Rice production for each district is lagged four years. The choice of
four years mainly reveals a desire not to "lose" too many of the earlier years
in the lagging process.

The model was estimated on the basis of ordinary least squares, and
table 23.2 contains the results.1 These results conform to a priori reason-
ing. The slope coefficients are all statistically significant and positive in
sign. Moreover, these slope coefficients become smaller as the number of
years lagged becomes larger, revealing a declining lag structure. Also, the
sum of the coefficients is less than one (0.83). The difference is accounted
for by farmers' input use in a current year, which the government's adap-
tive expectations based on past production levels are unable to predict
adequately.

1. The model was subsequently re-estimated on the assumption that the residuals were
generated by a fourth-order autoregressive process. To operationalize this assumption,
fourth-order differencing was done with respect to the original production series for each
district. Although the resultant estimates of the coefficients also indicated a declining lag
structure, they were negative for the third and fourth years, and were therefore deemed
unacceptable.
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TABLE 23.2 Slope estimates for the model of the government's adaptive
expectations

Variable Parameter

Production,.,
Production,_2

Production^
Production^
R2 adjusted
Estimated standard error of the regression

0.336
0.214
0.181
0.098
0.96

6,366

9.02
5.22
4.20
2.29

Analysis of Rice Yield Variability

No attempt is made to re-estimate the models in the framework of
generalized least squares with heteroscedasticity. That is considered un-
likely to result in any substantial gain in the efficiency of the estimates.
Although the focus of this analysis of variability is on yields, the estimation
of all the models embodying hypothesized expectations has been in terms
of rice production. In order to make the analysis possible, the residuals
generated by the estimated production models for each district and year
are divided by the corresponding data on area planted.

Two different methods are utilized for this analysis. Given that inter-
est relates to yield variability at the aggregate level, one of these methods
focuses directly on the pooled residuals for all districts. It computes a sin-
gle estimate of the aggregate variance (footnote b in table 23.3 explains the
method). As opposed to this pooled method, the second method, (cf., Ha-
zell 1982 and Walker, ch. 6) considers the residuals by district; it computes
the variances for individual districts, as well as the covariances among dis-
tricts, and then takes the sum of the two.

In line with how expectations are denoted in equation (23.1), this
chapter defines the variance as

Var[r] = E{[Y - E(Y\X)]2}. (23.11)

Results of the Pooled Method

Table 23.3 compares the results of the pooled method for the two pe-
riods preceding and following the introduction of the HYVs.2 The results
for the government's trend-based expectations confirm those of past stud-

2. This chapter makes no presumption about when the HYVs were introduced; they
were introduced in different districts at different times. Therefore, the term "period with the
HYVs" as used here refers specifically to all those observations that correspond to the years
when the HYVs have actually existed in individual districts.
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TABLE 23.3 Estimated variance of aggregate rice yield with and without the
high-yielding varieties

Period

Period without HYVs"
Period with HYVs

Farmers'
Expectations"

0.122
0.057

Government's
Expectations

Trend Based Adaptive

0.175 0.465
0.184 0.218

•In defining farmers' expectations, a distinction was made between the variability due to rain-
fall alone and that due to other random factors. However, an ex post and ex ante analysis
performed by juxtaposing the results of the model of farmers' expectations and those of the
structural model indicates that the variability around farmers' expectations due to rainfall
alone is quite negligible. (The resulting variances with respect to the ex post and ex ante
difference are 0.0022 for the period without the HYVs, and 0.0003 for the period with the
HYVs.) This is consistent with what was observed earlier about the small difference in the
estimates of the two models. Therefore, the presentation is limited to the total variability
around farmers' expectations (i.e., the combination of that due to rainfall and other random
factors).

bThe residuals are squared and summed over time and districts for each period. The sum of
squared residuals thus obtained is then divided by n-44 (degrees of freedom associated with
44 districts) to get an estimate of the variance for each period, n refers to the total number of
observations for all districts taken together. For the first period, n — 455 for the model of
farmers' expectations and for the model of the trend-based expectations; however, for the
adaptive expectations model (because of the four-year lag structure) it equals 279. In the
case of the second period, n = 557 for all three models.

ies (Mehra 1981, Hazell 1982). That is, they indicate that the variability in
Indian rice yields increased after the introduction of the HYVs. The results
relating to farmers' expectations and to the government's adaptive expec-
tations suggest quite the opposite. They suggest that the incidence of vari-
ability has been reduced by more than one-half since the introduction of
the HYVs. Moreover, in terms of their relative size, the three sets of vari-
ances are markedly different. Noteworthy is the small size of the variance
pertaining to farmers' expectations relative to the other two.

Results of the Variance-Covariance Method

As opposed to the intercrop analysis performed by Hazell (1982), the
application of the variance-covariance method in this chapter relates to
the yields of a single crop. Therefore, the method applied here considers
the variance of rice yields at the aggregate level, comprised of two broad
components: (a) the sum of the within-district yield variances, and (b) the
sum of the interdistrict yield covariances (see footnote b in table 23.4).

In operational terms, this method amounts to computing the interdis-
trict variance-covariance matrices of the residuals associated with the esti-
mated models. Once again, the results are quite different both in terms of



TABLE 23.4 Sums of district variances and interdistrict covariances with and without the high-yielding varieties

Farmers'

Period

Period without HYVs
Sum of district variances
Sum of interdistrict covariances3

Total"
Period with HYVs

Sum of district variances
Sum of interdistrict covariancesa

Total"

Actual

3.62
2.65
6.27

2.49
4.29
6.78

Percent of Total

57.7
42.3

100.0

36.8
63.2

100.0

Government's Expectations

Actual

5.72
15.41
21.13

7.87
35.27
43.14

Percent of total

27.1
72.9

100.0

18.2
81.8

100.00

Actual

4.08
35.34
39.42

9.37
61.72
71.09

Percent of Total

10.4
89.6

100.0

13.2
86.8

100.0

"The sum of two times the covariance between each pair of districts.
bV( Y) = £, V(yJ + 2 £,*tcov (y,, y,,), where V( Y) is the aggregate variance, and y, and yt are the yields in districts i and k.
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their magnitudes and scope (table 23.4). In the case of farmers' expecta-
tions, the aggregate variance is small and increases only fractionally be-
tween the periods with and without the HYVs.

The sum of the interdistrict covariances shows an increase, both in
relative and absolute terms with respect to farmers' expectations and the
government's trend-based expectations. In the case of the government's
adaptive expectations, however, it declines slightly in relative terms, al-
though it increases by more than 75 percent in absolute terms. Neverthe-
less, what should be emphasized here, too, are the large differences in the
magnitudes of the estimates obtained for the three sets of expectations.

Conclusions

This chapter is based on the premise that variability needs to be evalu-
ated around carefully defined expectations, for they may lead to different
conclusions about the incidence of variability. In particular, it is argued
that the expectations held by the government and farmers about impend-
ing output are likely to differ. This is because expectations result in re-
sponse to the information that is available ex ante concerning that output,
and the two are unlikely to have access to the same information.

The results from both methods used to analyze variability in this
chapter confirm the premise that the evaluation of variability around vari-
ously defined expectations leads to different outcomes. Indeed, a compari-
son of the results obtained separately from the two methods additionally
suggests that these outcomes will differ depending on the method used to
compute the aggregate variance. For instance, if one considers the govern-
ment's trend-based expectations, both methods point to the conclusion
that the variability in Indian rice yields has risen since the introduction of
the HYVs. However, in the case of the government's adaptive expecta-
tions, the "pooled" method indicates that such variability has decreased
while the variance-covariance method indicates that it has increased. As
for farmers' expectations, the pooled method suggests that the level of vari-
ability accompanying Indian rice yields is now less than one-half of what it
was before the HYVs were introduced; the variance-covariance method
suggests that the level of variability has increased marginally.

The most revealing aspect about these results is the difference in the
magnitudes of the variances estimated with respect to the three sets of ex-
pectations. In relation to both the pooled and the variance-covariance
methods, the estimated variances are highest for the government's adap-
tive expectations and lowest for farmers' expectations, with the govern-
ment's trend-based expectations falling in-between. As the amount of in-
put-related information incorporated in the defined expectations is
increased, there is a corresponding decrease in the measured variability.
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The conclusions one reaches regarding the incidence of variability are
largely determined (a) by how one defines the expectations around which
variability is evaluated, and (b) by the statistical method used to measure
that variability. Thus, the main conclusion here relates to researchers un-
dertaking analyses of variability—they need both to define carefully the
expectations around which variability is evaluated and to consider the ra-
tionale for the statistical measures used. At a policy level, all that can be
concluded is that government officials need to gather timely information
on farmers' use of crop areas and inputs. Governments are less likely to be
caught by surprise if they incorporate such information in their forecasts of
agricultural output.



24 Are Modern Cultivars More Risky?
A Question of Stochastic Efficiency

JOCK R. ANDERSON, CARLY J. FINDLAY, AND
G. H. WAN

Some aspects of the sensitivity of results on variability have been noted by
Anderson et al. (1987) and Flinn and Garrity (ch. 20) where, as in several
chapters of part I, the question of whether increased variability has created
difficulties for farmers was broached but not answered in an unequivocal
manner. The question is returned to here, initially at the level of an indi-
vidual farm and then at higher levels of aggregation.

A Single Farm Case Study

Aggregation across many farms may be a giant leap toward represen-
tativeness, but if the essence of problems concerning variability faced by
individual farmers is lost in the process, perhaps more modest steps toward
relevance are in order. Accordingly, data were gathered for an individual
farm for which reliable data were available for a period spanning use of
different wheat cultivars.

The farm (owned by J. R. Fischer and Sons of Boree Creek) operates
in more or less typical rainfed conditions of the southern New South Wales
(N.S.W.), Australia, wheat-growing area. Over the 21-year period
1964-84, wheat yields ranged from 0.3 tons per hectare (stubble crop 1982)
to 4.2 tons per hectare (fallow crop 1983). Semidwarf cultivars were first
grown in 1974 (on 27 percent of total area) and thereafter predominated
(80, 73, 63, 69, 100, 100, 100, 100, 85, 100 percent for the following sea-
sons, respectively). Has variability of yield changed with this shift to "mod-
ern cultivars"?

Tony Fischer (to whom the authors are indebted for access to these
data) summarized his view of the situation as in table 24.1 and opined
that, as the means for each crop were not significantly different (at, say 5
or 10 percent levels of significance, with t statistics of 1.58 and 1.47 for
fallow and stubble crops, respectively) between periods/cultivar types,
there was no clear-cut conclusion as to the impact of the switch to

301
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TABLE 24.1 Wheat yields over time with changing cultivars

Crop Grown

On Fallow

Period/Cultivars

1964-74 (tall)
1975-84 (semi-dwarf)

Mean

2.05
2.47

sd

0.70
0.98

cv

0.34
0.40

On Stubble

Mean

1.60
1.94

sd

0.43
0.95

cv

0.27
0.50

semidwarf cultivars. He noted that little change had been made in areas
cropped and fertilizer use over the period but that weed control and timeli-
ness may have improved somewhat.

An alternative view is that, in a purely subjective overview, while
means seem to have increased (by nearly 20 percent between periods, even
if not in a sense of conventional statistical significance), standard deviation
has increased even more dramatically. Comparing the pairs of standard
deviations in a variance ratio test, fallow variances are not quite signifi-
cantly different (F = 1.98) but the variance for post-1974 stubble yields is
significantly larger than for the previous period (F = 4.86). In terms of
coefficient of variation (cv), the approximately standard normal test statis-
tics (ch. 1) are 0.54 and 2.55, respectively, indicating that stubble yields
are also more variable in a relative sense post-1974.

The era of semidwarf wheat cultivars in this part of southern New
South Wales does indeed seem to be characterized by higher variability,
even after some allowance has been made for variable rainfall and unspeci-
fied trends over time. This is in line with the findings elsewhere (ch. 2),
although at levels of aggregation beyond individual farms. Just why this
should be so is not obvious, and the result may be a low-chance realization
of phenomena that have not really changed inherently, or it may be a man-
ifestation of the confounding of periods and cultivars in the circumstances
observed, which surely do not constitute a well designed experiment to test
hypotheses about cultivar-environment interactions. Notwithstanding
such possible qualifications, the question remains as to whether any in-
creased variability is of concern to the decision makers involved?

The data of table 24.1 (and later) are not definitive in this respect
since they exhibit simultaneous increases in both mean and variance (and
cv). Can insights into this potential trade-off between mean yield and vari-
ability of yield be gleaned without knowing more about the decision
makers' attitudes towards risk and return? The answer is "maybe," if re-
sort is made to the most general framework for addressing questions of
changing risk, namely, to concepts of stochastic efficiency.
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Invoking Stochastic Efficiency

It is assumed that, since cost and returns have been unaffected by
cultivar choice, yield can serve as a surrogate for net returns. Accordingly,
the yield data can be arrayed as empirical distribution functions using the
"sparse data smoothing" procedure of Anderson (1973), and the compari-
son of yield distribution functions made for assessing stochastic domi-
nance, as illustrated by Anderson (1974b). This is done in figure 24.1 with
the data segregated as to crop type; stubble crops with broken lines, and
fallow crops with unbroken lines representing smooth cumulative distribu-
tion functions (CDFs).

The pairwise comparisons reveal an essentially unequivocal result, in
one case clearly (fallow) and in the other approximately (stubble): The
modern (semidwarf) cultivar distribution first-stochastically dominates the
traditional tall-cultivar distribution (nowhere lies to the left of the respec-
tive dominated distribution). Such a result means that, although the distri-
bution with the higher mean may be more variable, it is not more risky in a
very general sense, and it would be preferred by all decision makers (or at

FIGURE 24.1 Cumulative distribution functions for two cultivars and two crop
histories

Cumulative probability
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least all who prefer more to less of a desirable attribute, Anderson 1974b).
There is thus no conflict or trade-off between mean returns and risk.

For unexplained reasons, modern cultivars of crops that feature
dwarfed stature and other attributes, such as greater stem strength, dis-
ease resistance, and photoperiod insensitivity, often seem to perform not
only with higher average yields but also somewhat more variably. The pres-
ent single-farm case study over a 21-year period supports this typical obser-
vation but also suggests that the risk faced by the farmer is not effectively
increased. This finding is consistent with the rapid adoption of such mod-
ern cultivars in this region of the Australian wheat industry.

Analysis at the Level of Local Government Areas

The introductory example was chosen to be relatively straightforward
in several senses, including the simplicity of dealing with one decision
maker or unit. Interpretations of choice among aggregated probability dis-
tributions implicitly involving several or many decision units is much more
complicated, if not rather opaque. Notwithstanding these difficulties, the
same ideas of stochastic efficiency are invoked at the level of local govern-
ment areas (LGAs) using the New South Wales data described by Ander-
son et al. (1988).

Stochastic dominance analysis requires comparison of cumulative dis-
tribution functions. The data set of yields by local government area was
analyzed in terms of the two periods 1946-74 and 1977-84. Due to the
scarcity of yield observations for the second period, the sparse data method
(Anderson 1973) was again used in plotting the cumulative distribution
functions of yield for each of the 45 local government areas and for New
South Wales as a whole.

Assuming, this time less defensibly, that costs and unit returns are not
influenced by cultivar choice, the interperiod comparison of cumulative
distribution functions for each local government area reveals that the sec-
ond-period yield distribution (i.e., for modern wheat cultivars) rather
clearly first-stochastically dominates (FSD) the first-period yield distribu-
tion (i.e., for traditional tall cultivars) in seven of the 45 local government
areas (a representative example is shown in figure 24.2), and less clearly so
in 14 cases (another representative example is shown in figure 24.3). The
example of figure 24.3 exhibits essentially coincident distributions in the
lower range of yield but with the second-period cumulative distribution
function being otherwise to the right of that for the first period. For these
21 (= 7 + 14) local government areas in which second-period yield first-
stochastically dominates the first-period yield, it can be said that modern
cultivars offer at least the same and generally a greater probability of ob-
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FIGURE 24.2 Example of cumulative distribution functions with second-period
wheat yield that is first stochastic dominant over first-period yield, as found in seven
local government areas
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SOURCE: Based on Local Government Area 22.

taining more than any specified feasible yield than do traditional
cultivars.

Needless to say, there is considerable subjectivity in such appraisal
given the sparsity of the data, particularly for the second period. This is
especially so in the left-hand tails of the distributions, which depend cru-
cially on the single observation used as the estimate of the one-ninth frac-
tile, and the other smoothing procedures of Anderson (1973), which recog-
nize the strict non-negativity of yields. Caution must then be taken in
interpreting the comparisons of the distributions for the other 24 cases,
depicted here by the representative example of figure 24.4.

In such cases, there is a crossover of the cumulative distribution func-
tions in their lower tails so that the generally right-most distribution of
modern cultivars with the higher mean does not first-stochastically domi-
nate the earlier distribution. Beginning at the left tail, the potentially dom-
inant distribution is the one which has the highest zero tractile, that is, the
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FIGURE 24.3 Example of cumulative distribution functions with second-period
wheat yield that is first stochastic dominant over first-period yield, as found in 14
local government areas
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more favorable outcome for the most disastrous possibility. This distribu-
tion would second-stochastically dominate and be preferred by all risk
averse agents, if the area between the cumulative distribution functions
(which here are "simply related" or cross once only) to the left of the inter-
section exceeded the area between the functions to the right (Anderson,
Dillon, and Hardaker 1977, p. 285), but it does not.

Literal application of the simplest rules of stochastic dominance thus
does not order the distributions in more than one-half of the local govern-
ment area distributions. Strong statements of likely preferences over these
distributions by concerned decision makers are not immediately possible.
To make any such ordering requires further assumptions about underlying
preferences. In the present instance, there are two ready ways of resolving
the question in favor of the modern cultivars. Most arbitrarily, the position
can be taken that, since the left crossover area is relatively small, the mod-
ern distribution approximately first-stochastically dominates the tradi-
tional (Anderson 1974b). A more subtle approach is to argue that if the
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FIGURE 24.4 Example of cumulative distribution functions with second-period
wheat yield that is second stochastic dominant over first-period yield, as found in 24
local government areas

Cumulative probability
1.0

• Period 1
0.8

• Period 2

0.6

0.4

0.2

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Yield (metric tons per hectare)

SOURCE: Based on Local Government Area 24.

more complex ordering rules of stochastic dominance with respect to a
function were used (Meyer 1977, King and Robison 1981), the modern dis-
tribution would second-stochastically dominate the traditional for a re-
stricted range of mildly risk averse agents. At the level of aggregation of
local government areas (typically about 10s ha), very moderate levels of
risk aversion are indeed appropriate (Anderson 1983).

In summary it appears that, in all cases, it can safely be assumed that
the distribution of modern cultivars is to be preferred to (is less risky than)
that of traditional varieties. Perhaps unsurprisingly, this also holds at the
state (N.S.W.) level of aggregation (the CDFs are related in the same man-
ner as depicted in Figure 24.3).

Conclusion

Data from an individual farm, 45 local government areas, and the
state of New South Wales all support the view that in spite of the increasing
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variances and coefficients of variation of yields that seem to be associated
with the shift to modern cultivars in the past decade, advances in mean
performance have been sufficient to make the modern technologies not
more risky than the traditional varieties and farming practices, and thus to
be highly adoptable. This generalization is supported by rapid adoption of
modern cultivars to the present high levels of use. Presumably, similar
phenomena are to be found in many other parts of the world in which mod-
ern cultivars are widely used.



25 Yield and Household Income Variability
in India's Semi-Arid Tropics

THOMAS S. WALKER

Yield and production stability figure explicitly in the mandates of several
of the international agricultural research centers. Much of the investment
in breeding, pathology, entomology, and physiology at the centers is aimed
at developing higher and more stable-yielding, improved varietal technolo-
gies. These technologies have consequences for output, equity, and nutri-
tion. Could they also improve the welfare of farm households by generating
substantial reductions in the variability of household income and con-
sumption? Such potential welfare improvements, associated with smooth-
ing fluctuations in household income and consumption, are referred to as
risk benefits in the stabilization literature of economics (Newbery and
Stiglitz 1981). What is the potential for improved varietal technologies to
generate readily visible risk benefits? Should economists assign additional
positive benefits to varietal technologies that reduce yield or output vari-
ance over and above their consequences on mean yield or output, equity,
and nutrition?

This chapter responds to those questions by examining the nexus be-
tween crop yield stability and household income variability for resource-
poor farm households in India's semi-arid tropics (SAT). Typical of many
households in this area, those in the present sample are very poor. Mean
annual household income per person over the nine-year period of analysis
averaged about U.S.SIOO.

Conceptualizing Risk Benefits

Risk benefits are defined as how much mean income farmers would be
willing to sacrifice to obtain smoother income streams. How much farmers
would be willing to pay depends on (a) their preferences for risk taking,

I thank M. Asokan and E. Jagadeesh for carrying out the crop yield simulations in this chap-
ter. I am grateful to J. R. Witcombe, R. A. E. Mueller, and F. R. Bidinger for comments.
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TABLE 2S.1 Agroclimatic and technological features for three villages in India's semi-arid tropics from 1975/76 to 1983/84

Village (location, soils,
annual mean rainfall)

Aurepalle
(Mahbubnagar district,
Alfisols, 620 mm)

Shirapur (Sholapur
district, deep

Average Size of
Operational Holding

(ha)

4.3

4.8

Irrigated Area as
Percent of Gross
Cropped Area

21.4

9.4

Common Crops

Irrigated paddy,
castor, sorghum,
pearl millet

Sorghum

Improved
Technologies

Adopted

HYV paddy, HYV
castor, fertilizer on
irrigated land

Fertilizer on
irrigated land

Vertisols, 660 mm)

Kanzara (Akola
district, medium deep
Vertisol, 930 mm)

5.0 7.1 Cotton, sorghum,
mung bean,
pigeon pea

Hybrid sorghum,
fertilizer, insecticide
and mechanical
threshing
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(b) their perceptions of how much alternative technological options would
buy of lessened household income variability, and (c) their ability to adjust
to income risk through transactions in credit and asset markets and
changes in storage. Higher risk aversion, a perception that varietal stabil-
ity could significantly reduce household income variability, and an inabil-
ity to adjust cost-effectively to risk would increase the demand for more
stable yielding cultivars.

From microeconomics literature, one simple way to analyze variabil-
ity consequences is to compare the coefficient of variation (cv) of household
income with and without a stabilization policy (Newbery and Stiglitz
1981). Large risk benefits are obtained when the simulated household in-
come cv with the policy is substantially less than the cv without the policy.
Before this mean-variance framework is used to quantify the value that
farm households might place on yield stability, the data base is described.

Villages, Data, and Weather

The study is based on longitudinal data from three villages which are
representative of three broad soil, climatic, and cropping regions of India's
semi-arid tropics (table 25.1). Production risk is significantly greater in
drought-prone Aurepalle and Shirapur than in rainfall-assured Kanzara.

The institutional environment for risk adjustment also differs consid-
erably among the villages. Shirapur and Kanzara belong to Maharashtra
state which has invested heavily in public work projects, most notably the
Employment Guarantee Scheme (EGS). In Aurepalle, in the Mahbubna-
gar district of Andhra Pradesh, households do not have access to a govern-
ment employer of last resort, and the local labor market is less buoyant
than in the Maharashtra villages.

In 1975 a panel was drawn from a random stratified sample of small-,
medium-, and large-sized farming and landless labor households in each
village. Forty households were selected in each village, 10 from each stra-
tum (lodha, Asokan, and Ryan 1977). Household data on plot cultivation,
transactions, and labor market participation, wages, and employment
were collected by a resident investigator at three- to four-week intervals
(Singh, lodha, and Binswanger 1986). Information on eight other sched-
ules was updated annually.

Household income is estimated for nine cropping years from 1975/76
to 1983/84. Concepts and procedures used to estimate income are given by
Singh and Asokan (1981). Income conceptually refers to net household in-
come which represents returns from family labor, management, capital,
and land. Revenues and expenses from both farm and nonfarm activities
were included in estimating net household income. Dowry and other large
transactions pertaining to life cycle events were not included.



TABLE 25.2 Descriptive information on the common crops sown in the study villages in India from 1975/76 to 1983/84

Mean Coefficient of Variation1"

Crop

Irrigated paddy
Castor
Sorghum
Sorghum
Cotton
Hybrid sorghum

Village

Aurepalle
Aurepalle
Aurepalle
Shirapur
Kanzara
Kanzara

Number of Farm
Households'

9
23
21
21
26
18

Mean Years
Cropped

8.1
7.6
7.3
8.3
8.2
7.2

Percent of Gross
Cropped Area

12
34
18
58
51
8

Household
Income

0.47
0.45
0.41
0.34
0.33
0.34

Yield

0.31
0.68
0.66
0.69
0.44
0.66

Price

0.07
0.22
0.12
0.17
0.15
0.13

aThose that planted the crop for at least five years from 1975/76 to 1983/84.
""Simple means of the cvs. For income and yields the cvs are at the household level but for price they are based on village average harvest prices.
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The analysis relates to the "continuous" cultivator households who
remained in the panel over the whole period. For those 81 households, in-
formation on fluctuations in income was summarized by the cv of annual
net household income. A cv was estimated for each household based on
nine years of income data deflated by a village-specific consumer price in-
dex (Walker et al. 1983).

The Common Crops and Household Income Variability

To measure risk benefits generated by the reduced yield variability
associated with improved, more stable-yielding technologies, the most
common crops grown in each village were the subjects for analysis. Those
crops include irrigated paddy in Aurepalle and five dryland crops—sor-
ghum and castor in Aurepalle, post-rainy-season sorghum in Shirapur,
and cotton and hybrid sorghum in Kanzara. Included in the analysis were
those cultivators who planted the crop in at least five of the nine years.
With the exception of hybrid sorghum in Kanzara, many of the sample
farm households planted the crop each year, but in varying areas.

Descriptive information on the households cultivating the common
crops is presented in table 25.2. Many of the so-called common crops are
not really so common, reflecting a diversified cropping pattern typical of
dryland agriculture in India's semi-arid tropics. The most common village
cropping system is post-rainy-season sorghum in Shirapur, which accounts
for about 60 percent of gross cropped area in the village.

The mean household income cvs range between 0.33 and 0.47 and
reinforce the popular image of production uncertainty in dryland agricul-
ture in India's semi-arid tropics. Still, only 10 of the 81 continuous cultivar
households had cvs exceeding 0.50. It was not surprising to note that
household income was more variable in Aurepalle than in Shirapur, where
off-farm employment opportunities are more ample, or in Kanzara, where
the production environment is not as harsh. Lastly, yield variability on av-
erage was an order of magnitude three to five times greater than price vari-
ability. Prices were remarkably stable over the period of analysis.

Empirically Determined Risk Benefits

To assess the size of the risk benefits potentially offered by reductions
in crop yield variability, the most extreme possible scenario, perfect crop
yield stabilization, was examined. Under that scenario, each household
received its mean yield level each year that the designated common crop
was planted during the nine-year period of analysis. The cv from the simu-
lated household income based on perfect crop yield stabilization was then
compared with the cv from actual household income, the latter already



TABLE 25.3 Simulated risk benefits from perfect crop yield stabilization

Crop

Irrigated
paddy

Castor
Sorghum
Sorghum
Cotton
Hybrid

sorghum

Village

Aurepalle
Aurepalle
Aurepalle
Shirapur
Kanzara

Kanzara

Number of
Farms

9
23
21
21
26

18

Mean cv
of House-

hold Income

0.466
0.448
0.344
0.340
0.330

0.344

Mean
Percentage
Reduction
in the cv of
Household

Income

15.4
4.4
1.0

-3.9
0.8

0.6

Mean of
Individually
Computed

Risk Premiums
as Percentage

of Mean Income

2.9
1.2
0.2

-0.2
0.2

0.3
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embodying the effects of the household's own attempts to manage risks.
The assessment is based on the assumption that households do not

materially change their behavior in response to perfect crop yield stabiliza-
tion. That assumption would not hold for some crops and locations. The
assumption is strongest for Kanzara where opportunities for diversifica-
tion are much greater than in Shirapur and Aurepalle. In Kanzara, yields
in and revenues from hybrid sorghum production are considerably more
variable than those in competing cotton intercropping systems. If yield
variability were reduced in hybrid sorghum, farmers would shift some of
their cotton area into hybrid sorghum production (Walker and Subba Rao
1982). Nonetheless, because the demand for hybrid sorghum is very price
inelastic, those transfer benefits would be short-lived and ultimately would
go to consumers.

If perfect yield stability significantly decreases fluctuations in labor
demand, risk benefits will be underestimated. Similarly, to the extent that
improved yield stability results in increased area planted to the stabilized
crop, the results presented here could understate longer term risk benefits.
Nonetheless, perfect yield stabilization is an extreme assumption, which is
not remotely feasible in dryland agriculture in India's semi-arid tropics.
Such an extreme scenario should more than compensate for the partial
nature of the analysis to be biased toward underestimated risk benefits.

Risk benefits from perfect crop yield stabilization are measured in two
ways in table 25.3, namely, (a) mean percent reduction in the cv of house-
hold income and (b) what a household would be willing to sacrifice in
mean income to gain a reduction in income variability attributed to perfect
single-crop yield stabilization. This latter risk benefit is expressed as a pro-
portional risk premium which is calculated by multiplying the difference
between the squared cvs with and without perfect yield stabilization by
one-half of the relative risk aversion coefficient (Newbery and Stiglitz
1981, p. 93, equation (6.5), Kanbur 1984). The value of the latter is often
assumed to be unity (Newbery and Stiglitz 1981). Newbery and Stiglitz par-
tially justified this assumption with experimental evidence from study vil-
lages of the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) (Binswanger 1981).

To illustrate the computations summarized in table 25.3, consider a
household with an income cv of 0.5. For a reduction in variability of 60
percent (to cv = 0.2), the proportional risk premium is calculated as
(0.5)(1)(0.52 - 0.22)(100) = 10.5 percent.

The results in table 25.3 may be rather disheartening to plant breed-
ers pursuing stability. For the six common village crops, the risk benefits
from perfect single-crop yield stabilization range from modest to negligi-
ble. Ironically, risk benefits are highest in irrigated paddy, the crop with
the lowest mean cv of yield. Removing variability from the yield of only one



316 Impacts of Yield Variability and Implications for Policy

crop is simply not an effective way to reduce income variability for the vast
majority of farm households. For the dryland crops, the largest risk bene-
fits would accrue from stabilizing the yields of castor in Aurepalle; how-
ever, perfect yield stabilization would only reduce household income vari-
ability by about 5 percent. Such a modest change would be equivalent to
less than 2 percent of mean household income.

The results in table 25.3 are based on a mean variance approach. In-
come variability is measured from the continuous perspective of cvs.
Would the outcome have been more favorable to perfect crop stabilization
if a framework was used in which risk benefits were assessed in discontinu-
ous terms, such as disaster levels of income and minimum probabilities?
While there is an almost limitless number of threshold levels of income and
probabilities from which to choose, one intuitively appealing threshold
concept is the income level below which the household is compelled to
make a distress sale of land. That disaster level does not apply to the study
villages because, over the past 40 years, distress sales of land have been
rare. Moreover, land sales were not bunched in adverse rainfall years, sug-
gesting that household risk adjustment was at least minimally effective in
dealing with covariate weather risk (Cain 1981). Even during the massive
1971-73 drought in western Maharashtra, few households in Shirapur
parted with their land.

Rather than ignore the question of threshold changes in welfare, the
probability that a household would suffer a shortfall in income (in at least
one of nine years) below 50 percent of its median income was examined.
Many cultivators, particularly households in Aurepalle, fell into this short-
fall category. Could perfect yield stabilization have prevented them from
suffering such a steep decline in income? In fact, it would not have made
much of a difference. Without perfect single-crop stabilization, 45 of the
118 crop-household combinations belonged to the shortfall set; with it, 38
households comprised the shortfall set. This result is consistent with the
observation that yield risk was only one of several factors contributing to
such shortfalls in household income (Walker et al. 1983).

Another way to view single-crop yield stabilization is to use perfect all-
crop income stabilization as a point of reference. Stabilizing income from
all crops at its mean level for each household leads to appreciable reduc-
tions in income cvs. Mean cvs for farm households fall by from 27 percent
for cotton growers in Kanzara to about 60 percent for paddy producers in
Aurepalle. Stabilizing the yield of a dominant crop exploits at most only
about 25 percent of the potential risk benefits from perfect crop income
stabilization.
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Area Variability

Perfect single-crop yield stabilization does not much enhance risk
benefits for several reasons, including three in particular: (a) Most house-
holds rely on multiple sources of income and contain family members who
participate in the local village labor market, (b) Diversified cropping pat-
terns are the norm in dryland agriculture in India's SAT, and for many
households revenue from a single crop did not contribute an overwhelming
share to crop income, (c) Area variability in dryland agriculture severely
erodes the effectiveness of policies or technologies that work through yield
to reduce variability in household income and consumption. The first two
explanations are self-evident, but the third warrants further discussion.

A large share of area variability in dryland agriculture stems from de-
cisions taken by farmers to cope with agroclimatic risk. In the granitic
rock, drought-prone production regions of the Deccan, where irrigated
area depends on surface runoff into large ponds and on groundwater sup-
plied from dug wells, planned area for a crop often deviates markedly from
actual area sown. In Dokur, a study village in Mahbubnagar district, the
gross irrigated area fell from about 500 hectares in a normal year to about
200 hectares in 1985/86, a year of abnormally low rainfall. In a normal
year, about 60 percent of gross cropped area is irrigated in Dokur. Both
castor planted in July in Aurepalle and post-rainy-season sorghum planted
in late September in Shirapur are sown when farmers have some informa-
tion on soil moisture at the start of the cropping year. Both crops were
subject to sharp fluctuations in area planted during the nine-year period of
analysis. When the monsoon is late in Aurepalle, the potential for shootfly
to inflict yield losses on sorghum is greater. Farmers respond by substitut-
ing castor for sorghum. As a consequence of early season drought in 1977/
78, the average area sown to local sorghum was halved while mean castor
area increased by about 40 percent. Similarly, farmers in Shirapur react to
low rainfall years by planting less area to post-rainy-season sorghum which
is grown on residual soil moisture.

In table 25.2, yields are shown to be appreciably more variable than
prices from 1975/76 to 1983/84. When the cv of area for each household
was calculated as it was for yields and prices in table 25.2, it was found that
mean area variability exceeded mean yield variability for each of the six
common crops. Unless some means can be found to mitigate the role of
area variability in conditioning fluctuations in household income, policies
or technological changes that focus on reducing fluctuations in yield will
have only a limited effect on household income variability.
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Speculating on Risk Benefits in Africa's Semi-Arid Tropics

Risk benefits from less variably yielding varietal technologies may be
larger in Africa's semi-arid tropics because resource-poor households may
rely more heavily on crop income than do similar households in India's
semi-arid tropics. Moreover, those households may have fewer effective
means by which to adjust current income to consumption requirements. In
the more land-abundant African societies, local rural labor markets are
not nearly as well developed as in India. Land abundance also implies that
it would be administratively infeasible to establish a flexible public works
program such as the Maharashtra Employment Guarantee Scheme that
caters to local village employment.

India, being such a large country, also offers much greater scope for
risk pooling than the smaller African nation states. Largeness buffers the
labor market from locally covariate risk. Additionally, institutional stabili-
zation alternatives, such as crop or rainfall insurance, are more actuarially
attractive in India because an insurer has greater opportunities to diffuse
covariate risk within national boundaries. In India, risks are also to some
extent shared between the central and the state governments, both of
which have a strong voice in agricultural stabilization policy.

The size of risk benefits is ultimately an empirical question. House-
hold panel data are a rare commodity anywhere in the world, but they are
particularly sparse in Africa. Hopefully, data bases from village studies
started by ICRISAT in Burkina-Faso in 1980 and in Niger in 1982 can be
used in comparative analyses to address the issue of household risk bene-
fits in West Africa's semi-arid tropics.

Conclusions

Apparently little economic value should be attached to the supposed
risk-reducing attributes of improved varietal technologies for resource-
poor households in India's semi-arid tropics. Such technologies should be
evaluated primarily with regard to their impact on equity, nutrition, and
mean yield or output levels. Risk benefits arising from presumed reduc-
tions in variability in household income are likely to be too small in prac-
tice to be measurable. On average, it seems that households in the study
sample would be unwilling to part with more than 3 percent of their in-
come to obtain such benefits.

The results from the simple simulations do not support the popular
belief that crop yield stability should be prized highly for small farm house-
holds in India's semi-arid tropics. Increased yield variability is unlikely to
manifest itself in markedly heightened household income variability. Poli-
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cies such as crop insurance, which work through yields to smooth fluctua-
tions in household income, offer little protection from income variability
(Walker, Singh, and Asokan 1986). These concluding remarks may not,
however, apply to Africa's semi-arid tropics where more research on
household risk benefits is needed.



26 The Implications of Variability
in Food Production for National
and Household Food Security

DAVID E. SAHN AND JOACHIM VON BRAUN

This chapter discusses the effects of increased production variability on
food security at national and household levels. Three questions are ad-
dressed:

a. To what extent does increased production variability result in in-
creased variability in food consumption?

b. Which low-income groups are adversely affected by increased produc-
tion variability, and how?

c. What policy measures could cope with the adverse effects of increased
production variability, in particular for the poor?

Before examining the issues surrounding the consumption effects of
increased production variability, it is stressed that this chapter is con-
cerned specifically with fluctuations in production and the resulting fluctu-
ations in prices and incomes. This does not suggest that chronic undernu-
trition related to persistent levels of deficiency in food consumption is a less
heinous problem. Indeed, it is taken as given that increasing food avail-
ability and increasing demand for labor are corollaries to any agricultural
development strategy (Mellor 1976).

The fundamental policy issue addressed in this chapter is whether
policymakers should display a commensurate interest in the transitory
component of production, income, and prices in planning for and assess-
ing the performance of the agricultural sector. The point of departure is
that malnutrition is closely linked with poverty, and that poverty, to some
extent, is episodic in nature. Malnutrition and illness are often transient
states for individuals. Households that fall within the category of low-end
poverty one year may well be above that part of the spectrum the next year
(Scott 1980, Anderson and Scandizzo 1984, Srinivasan 1985).' Villages af-

1. Srinivasan points out that even though the proportion of poor in a population may
remain constant, this does not imply it is the same households that are falling in this category
from year to year or month to month. In considering this observation, however, one must be
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fected by natural or human-caused disasters in one agricultural cycle may
rebound to achieve high levels of success in the following harvest cycle
(Pinstrup-Andersen and Jaramillo 1985). Conversely, regions and coun-
tries displaying a dramatic reduction in hunger and poverty may quickly
revert to deficiencies in basic needs.

The causes of these fluctuations in measured poverty differ from one
country to the next, and from one circumstance to another. The proportion
of the poor in a population is, in fact, a function of many complex relation-
ships among exogenous events (for example, price shocks, deteriorating
terms of trade), domestic policy changes (for example, increases in the rel-
ative price of tradeables versus nontradeables due to currency devalua-
tion), and stochastic weather-induced events interacting with the existing
technology in a given resource endowment. The purpose here is to focus
attention on the stochastic fluctuations in agricultural performance, and
the consequences on the incomes and prices paid by the poor, acknowledg-
ing that there are other factors that contribute to instability in consump-
tion (for example, political instability and wars). The primary concern is
with weather-induced fluctuations in cereal yields, and thus, production,
although nonfood production variability is also recognized as having a
major impact on household food security both directly through effects on
wage labor, and indirectly through the multiplier effects of demand fluctu-
ations for food crops.

As part of the discussion of the consumption and nutritional implica-
tions of instability in foodgrain production on households, the macrolevel
effects of instability on market aggregates is first examined. Thereafer,
these effects can be linked with the microfood economy of households. The
initial hypothesis is as follows: a variety of factors may result in greater
output fluctuations, which, in turn, translate into greater variability in in-
come and prices of food and nonfood commodities; and income and price
variability results in greater fluctuations in food consumption and repre-
sents increased nutritional risk to the household.

Market-Level Effects

The process by which increased production variability affects com-
modity prices faced by consumers and producers is of particular impor-
tance. In figure 26.1, the global and national market-level effects are

careful to distinguish between real fluctuations in measured poverty and statistical problems.
For example, Scott (1980) discusses how instability in household memberships could affect
poverty determinations from one survey period to the next. Similarly, to the extent that con-
sumption expenditures are measured with error from one period to the next, it may falsely
appear that poverty arises out of a stochastic process, with some families doing well in one
year and badly the next.



322 Impacts of Yield Variability and Implications for Policy

FIGURE 26.1 Production, price formation, and consumption: tracing market-level
effects of instability for consumption
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traced through, and links between production variability and prices are
indicated.

In the context of the world food economy, changes in levels of food
production translate into price changes. Therefore, an increase in produc-
tion variability must be of concern, whether in developed or developing
countries (Mellor and Johnston 1984).2 Given the high share of grain trade
in industrial countries, fluctuations in export supply or import demand
will also have substantial effects on world prices and, therefore, on food
security in developing countries. Variations in trade volumes and stocks
and the extent to which exporters and importers responded to world mar-
ket price fluctuations in adjusting the volumes of trade were major deter-
minants of the high level of world price variability during the past two de-
cades (Siamwalla and Valdes 1980). In fact, table 26.1 exemplifies how
short-run price variability in the world grain markets occurs despite small
global production fluctuations.

As more countries exploit trade opportunities to stabilize domestic
prices, further volatility in international grain markets may result (John-

2. For example, Koester (1982) points out that since the European Community (EC)
storage does not fully compensate for EC production fluctuations, the rest of the world is
affected by these fluctuations.



Variability in Food Production and Food Security 323

TABLE 26.1 World cereal production, trade, and price of wheat during the
"food crises," 1970-1976

Crop Year

1970/71
1971/72
1972/73
1973/74
1974/75
1975/76

Cereal Production
(million metric tons)

1,104
1,194
1,161
1,266
1,213
1,239

Cereal Trade
(million metric tons)

110
110
134
142
136
152

Wheat Price
($/ton)

74
70

100
203
204
187

Source: USDA, Foreign Agricultural Circular, Washington, D.C. (April 15, 1982).

son 1975, Koester 1984). As Johnson (1975, p. 823) remarks, "there has
been little recognition of the extent to which one nation or region achieves
stability at the expense of instability to others." Given that governments
are interested in domestic stability and far less with price stability abroad,
it reduces the likelihood that sovereign nations will work together to stabi-
lize global supply and prices.

At the individual country level, the effects of increased production
variability on domestic prices and supply can be examined in the context of
two distinct international grain trade regimes. The first case is the open
economy that participates actively in grain markets. Domestic prices will
not be affected directly by increased production variability at the national
level, unless other factors, such as foreign exchange constraints, limit par-
ticipation in grain markets. Instead, the effects of increased production
variability will be felt in the coffers of the treasury which must have foreign
exchange to purchase commodities on international markets in years of
low production.

The second case to be considered is the "closed economy" trade re-
gime. Many landlocked African countries resemble the closed economy
case in that they do not participate extensively in grain trade because of
prohibitive transport costs. Here, increased production variability will in-
evitably result in increased variability in domestic supplies and prices.
However, two qualifications must be considered when trade opportunities
are not exploited. The first is that the price responsiveness of stockholders
will determine the extent to which increased production variability affects
availability and prices. The second determinant of the effect of increased
production variability on prices is the relationship between the cereal sec-
tor and the rest of the farm production system, especially livestock and
nonfood crops, as indicated in figure 26.1. It is likely that the intrasectoral
changes in production patterns will become more responsive to prices
when subsistence agriculture becomes more market integrated. Farmers at
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TABLE 26.2 Coefficient of variation for per capita cereal production, cereal consumption, and total food consumption

Country

Bangladesh
India
Pakistan
Sri Lanka
Burma
Indonesia
Philippines
Thailand
Vietnam
Iran
Turkey
Egypt
Nigeria
Mexico
Brazil
Argentina

Cereal
Produc-

tion

0.078
0.075
0.113
0.152
0.093
0.106
0.117
0.078
0.069
0.082
0.113
0.050
0.098
0.065
0.098
0.114

1966-80

Cereal
Consump-

tion

0.058
0.057
0.077
0.049
0.057
0.103
0.078
0.048
0.070
0.122
0.012
0.057
0.032
0.014
0.072
0.027

Total
Food

Consump-
tion

0.059
0.053
0.066
0.039
0.053
0.077
0.103
0.042
0.031
0.119
0.015
0.053
0.023
0.009
0.032
0.038

Cereal
Produc-

tion

0.094
0.079
0.126
0.119
0.059
0.101
0.088
0.078
0.061
0.081
0.101
0.029
0.111
0.049
0.061
0.102

1966-74

Cereal
Consump-

tion

0.056
0.061
0.078
0.035
0.040
0.089
0.069
0.012
0.031
0.074
0.012
0.031
0.032
0.016
0.032
0.034

Total
Food

Consump-
tion

0.058
0.057
0.066
0.031
0.047
0.068
0.057
0.010
0.027
0.073
0.011
0.030
0.024
0.009
0.030
0.034

Cereal
Produc-

tion

0.050
0.063
0.054
0.166
0.115
0.075
0.105
0.089
0.072
0.077
0.126
0.047
0.059
0.078
0.103
0.122

1972-80

Cereal
Consump-

tion

0.048
0.055
0.032
0.055
0.052
0.062
0.052
0.063
0.078
0.070
0.014
0.059
0.033
0.007
0.073
0.025

Total
Food

Consump-
tion

0.044
0.051
0.027
0.040
0.047
0.051
0.092
0.056
0.029
0.068
0.016
0.054
0.004
0.007
0.014
0.024
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the margin may shift, for example, from subsistence crops to food or non-
food cash crops. This intrasectoral substitution will tend to smooth out
price peaks and troughs in a closed economy.

Finally, the diagram indicates that the extent of increased production
variability is also influenced by the linkage effects of production with agri-
cultural and nonagricultural labor demand. For example, if lower yields
imply lower wages and fewer hours worked, and vice versa, increased in-
come fluctuations due to increased production variability will tend to
dampen price fluctuations.

Empirical Analysis of Market Aggregates at the Country Level

In a given year, the following staple food balance identity must hold in
a country:

Food consumption = Production + Imports — Exports + (26.1)
Stock changes — Feed —
Waste — Seed — Processing

As intimated in the previous discussion, mitigation of the effects of in-
creased production variability on food consumption can be achieved
through policies that adjust any of the components on the right-hand side
of equation (26.1). Thus, increased production variability may, in princi-
ple, be balanced by trade policies, stockholding policies, or adjustments in
the use of staple food for feed and processing.

The relationship between production variability and its effect on con-
sumption were analyzed for 16 countries using Food and Agriculture Or-
ganization (FAO) food balance sheet data. In table 26.2, coefficients of
variation (cvs) for linearly detrended cereal production per capita, cereal
consumption per capita, and total food consumption per capita (in calorie
equivalents) are presented.3 The most telling feature of these data is that
the level of variability in cereal production is generally greater than con-
sumption variability, when measured in terms of either total calories or
calories from cereals. In fact, the average of the cv of cereal production in
the 16 countries was 0.094, nearly twice as high as that of total food con-
sumption, 0.051, during the period 1966-80. Whether through trade poli-
cies, domestic stocking behavior, or other means identified above, the ag-
gregate level of variability in production does not translate fully into
consumption variability.

These data have also been disaggregated according to two overlapping
time periods to determine how the variability in cereal production and con-

3. A similar analysis was done by Valdes and Konandreas (1981) for staple food con-
sumption and production. The differences herein are that the data are in per capita terms,
cover a more recent time period, examine a different set of countries, and employ a different
source of data.
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sumption have changed over time.4 No overt trend from one time period to
another clearly emerges in the cvs presented in table 26.2, although nine of
the 14 countries registered a decline in cv for total food consumption.5

In order to understand better the relationship between production
and food consumption variability, simple correlation coefficients were cal-
culated between the detrended per capita values of cereal production and
cereal, noncereal, and total food consumption, respectively (see table
26.3). In most of the low-income countries, cereal production and total
food consumption are highly correlated.6 Egypt and Sri Lanka, having
massive interventions in the food markets with consumer-oriented food
subsidies, appear as exceptions. Also in the middle-income countries, such
as Mexico, Brazil, and Argentina, the variations in cereal production do
not correspond to variations in total food consumption. For some of the
countries, there is a negative correlation between cereal production and
calories derived from noncereals. This suggests a pattern of substitution
between cereal and noncereal commodities.

To probe these relations more fully, a regression analysis was under-
taken of the patterns of variability in food consumption across a sample of
38 countries (Sahn and von Braun 1987). The following model was
estimated

CYC* = f(CVQit, [CVQ,,}2, GNP, D) (26.2)

where CVCit denotes the cv of per capita calorie consumption in country i
over time period t, CVQ denotes the cv of production per capita, GNP
denotes gross national product per capita, and D is a dummy variable
which equals one for Sub-Saharan Africa and zero elsewhere. Regressions
for two overlapping time periods as well as for the entire time-series were
analyzed (table 26.4).

The results indicate that an increase in production variability leads to
an increase in consumption variability. Evaluated at the mean for 1961-
83, a one unit increase in the average level of the cv of production increases
the cv of consumption by 0.14 units; an elasticity of 0.41. However, as indi-
cated by the negative and significant quadratic term on CVQ, food pro-

4. The periods are overlapping so as not to be biased by the years of the oil shock and
world food shortage in 1972-74.

5. It should be stressed that the changes in cv only indicate tendencies, since statistical
significance has not been tested.

6. For some countries, lagged production is correlated with consumption. If the lagged
variable had a higher correlation, it is reported. The justification is that the timing of the
harvest varies dramatically from one country to the next. So, a late harvest in one year can
have implications in consumption during the following calendar year.

These correlations are generally lower than those reported by Valdes and Konandreas
(1981). This can be attributed to the factors discussed in footnote 3.
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TABLE 26.3 Correlation coefficients for cereal production, cereal consumption,
total food consumption, and noncereal consumption, 1966-1980

Country

Bangladesh
India
Pakistan
Sri Lanka
Burma
Indonesia
Philippines
Thailand
Vietnam
Iran
Turkey
Egypt
Nigeria
Mexico
Brazil
Argentina

Cereal Production
and Cereal

Consumption

0.76"
0.86"
0.77
0.71
0.53
0.79
0.49"
0.56
0.59
0.75
0.49

-0.19
0.05"
0.44"

-0.005
-0.01"

Cereal Production
and Total Food
Consumption

0.75«
0.90"
0.78
0.48"
0.52
0.72
0.37
0.57
0.54
0.73
0.77

-0.15
0.32"
0.30«
0.14"

-0.02"

Cereal Production
and Noncereal
Consumption

0.58"
0.59"
0.20

-0.52"
0.46"
0.04
0.39"

-0.09
-0.49

0.37"
0.60
0.40"
0.22
0.24
0.20"
0.11

•Cereal production has been lagged by one year. The correlations are based on detrended
values. The correlation coefficients were calculated with and without production being
lagged one year. The higher one was chosen. The reason for following this procedure is that
the timing of the harvest may often be toward the end of the year. If that is the case, the
higher level of consumption would be expected in the calendar years following years of higher
production. It was not possible to determine the timing of the harvest for each country.
Therefore, it was assumed that if the lagged correlation coefficient was higher, it was attrib-
utable to the timing of the harvest and the time delay before prices were lower and higher
producer incomes resulted in increased consumption.

duction variability has a decreasing marginal impact on the level of con-
sumption variability. Countries with high levels of production variability
apparently use various policy measures to contain the impact of produc-
tion variability on consumption variability.

The regression results also indicate that consumption variability de-
clines as per capita incomes increase, For the period 1961-83, each 10 per-
cent increase in GNP per capita reduced the cv of consumption by 2 to 5
percent. Middle-income developing countries are obviously more capable
of using trade and storage policies to reduce the impact of instability in
domestic food production on consumption variability. The parameter of
the dummy variable for Sub-Sahara African countries indicates that in the
period 1961-74, consumption variability was lower in Sub-Saharan coun-
tries than elsewhere. This appears counterintuitive and may result from
poor quality data.
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TABLE 26.4 Regressions of the coefficient of variation of daily calorie consumption
on gross national product and the coefficient of variation of food production, and
resulting elasticities

Dependent Variable:
Coefficient of Variation of Per

Capita Daily Calorie Consumption for

Independent Variables 1961-83 1961-74 1972-83

Intercept
Mean GNP per capita

Coefficient of variation of
per capita food production

(Coefficient of variation of
per capita food production)2

Dummy for Sub-Sahara
African countries

R2

5.190
-0.0030

(2.54)
0.2863

(2.354)
-0.0038
(2.317)

-1.840
(1.60)
0.2504

3.399
-0.0039

(4.758)
0.2471

(4.791)
-0.0036
(4.610)

-1.1153
(2.436)
0.5738

3.429
-0.0105
(1.431)
0.1416

(1.474)
-0.0022
(1.711)
0.436

(0.433)
0.1515

Elasticity of cv calorie
consumption with respect
to GNP -0.253 -0.270 -0.196

Elasticity of cv calorie
consumption with respect
to cv production 0.41 0.48 0.27

Source: Sahn and von Braun (1987).
Note: t statistics are in parenthesis. (Elasticities are computed at the mean of the respective
variables.)

Consequences of Market-Level Instability

In the above macrolevel analysis, the distributional consequences,
and therefore the nutritional consequences, of increased production vari-
ability were not considered. However, just as aggregate consumption is not
evenly distributed, transitory shortfalls in consumption are not either
(Green and Kirkpatrick 1982).

There is evidence from a limited number of regional- or country-level
studies that instability measured at the market level does have implications
for nutritional status. This should come as no surprise since declines of
only 10 or 15 percent of energy intake would likely have deleterious nutri-
tional consequences on marginally nourished individuals. Anderson and
Scandizzo (1984) employ data on macrolevel production variability and re-
late them to variables, such as life expectancy and child mortality at the
national level. In their cross-country comparison, they found that the cv of
production was a significant variable in explaining life expectancy and
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child mortality when gross domestic product (GDP) and income distribu-
tion variables were controlled for. Presumably, this is explained by the ef-
fects of production variability on consumption instability. It could be hy-
pothesized that individuals were more likely to become sick and die in
countries where lean times were more pronounced and more likely.

While these types of data analyses do not make clear the dynamics of
the relationship between increased production variability at the household
level and nutritional and health outcomes, they provide a tentative indica-
tion of its deleterious impact. The need to consider the consequences of
increased production variability at the household level is manifest.

Household Level Effects

The important issues to be discussed here are (a) to identify the cir-
cumstances under which an increase in yield instability will bring about a
combination of movements in prices and incomes that results in greater
variability in real income and effective demand for food at the household
level; and (b) to determine why increased production variability may be of
little consequence for some but may represent a truly worrisome state of
affairs for others, entailing serious nutritional risks.

Short-Term Effects of Increased Production Variability on Real Income
Variability

There is a need to distinguish between how the earnings of different
types of households are affected by instability in agricultural production-
including surplus farmers, deficit and marginal farmers, agricultural la-
borers, and nonagricultural workers. Moreover, an analysis should be able
to determine the impact of increased production variability on real income
under at least three possible trade regimes:

a. The closed economy with flexible prices;
b. The open economy with alternate phases of being a net exporter or net

importer of its major staple. In this case, fluctuations in output will
cause marked shifts in the marginal price, from a c.i.f. to an f.o.b.
situation;

c. The open economy where yearly output variability does not cause a
shift from an exporter situation to that of an importer, or vice versa.

In the first two cases, prices are assumed to vary dramatically from
one year to the next in response to changes in the level of production—
increasing in years of relatively lower output and decreasing in years of
high domestic output. In the last case, prices are assumed to be relatively
fixed, although affected by international prices.

In addition to distinguishing between socioeconomic groups and price
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policy, determining the effect of increased production variability requires
knowledge concerning a variety of other characteristics of the mi-
croeconomy. In assessing the effects of variability on the landless laborer,
small farmer, and nonagricultural worker, one must consider how wages
and employment are determined.

SURPLUS FARMER. In order to assess the effect of increased production
variability on the surplus farmer, one must examine the variances from one
year to the next, as well as the covariances in yields between farmers and
between food crops in a given region. It is the intercrop and interregional
covariances that largely determine commodity prices and thus real farm
income.

Surplus farmers have at their disposal a variety of important options
to smooth out earnings from one year to the next, including intercropping
and sequential production decisions (successional sowing and crop selec-
tion). A second set of alternatives for reducing the effects of increased pro-
duction variability on earnings is the allocation of labor outside food pro-
duction. However, once again the success of this strategy is contingent
upon interfarm and interregional covariances in production not being
high. This will increase the likelihood that off-farm opportunities exist in
those years when a farmer's output falls.

In an environment where prices are fixed (for example, where borders
are open or government intervenes to reduce variability in prices), in-
creased or decreased levels of production do not influence prices. There-
fore, variances in the production of the large-scale farmer will translate
into major increases in income variability, regardless of interregional co-
variances. Intercrop covariances will further exacerbate the instability of
incomes of the surplus farmer. In the flexible price case, the surplus
farmer's real purchasing power is likely to be more stable if there are co-
variances in yields.

Regardless of the effects of increased production variability on real
income, surplus farmers usually meet most of their foodgrain needs from
home production. Thus, the surplus farmer can choose to maintain ade-
quate levels of food consumption, even if real earnings fluctuate.

LANDLESS AGRICULTURAL WAGE LABORER. The landless wage labor-
ers are distinguished from the small producers by the fact that all of their
real earnings are determined by market wages, hours worked, and com-
modity prices in retail markets. All these factors are highly susceptible to
the effects of increased variances in production.

The vulnerability of the wage laborer stems from the possibility that in
years of low production, an upsurge in food prices will not be matched by
the wages received. In examining these relationships and the implications
of increased production variability, the case of the flexible price environ-
ment is clear. As stated by Mellor (1985, p. 21): "Good weather increases
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output and employment and reduces food prices: all serve to raise the real
incomes of the laboring class. Poor weather, on the other hand, has an
effect analogous to a decrease in the land area; it reduces output and the
associated demand for labor. It thereby increases the proportion of output
paid as rents, as higher prices transfer the reduced income of laborers to
landowners." The implication is that the variability in the income of the
wage laborer will increase in the face of increased production variability in
a flexible price environment.

In the open economy case, or where measures are adopted to stabilize
food prices, increased fluctuations in output will exhibit less real-wage ef-
fects because of smaller fluctuations in food prices than in the closed
economy.

A further issue is the importance of increased interregional and in-
tercrop covariances on the demand for labor and wages. High intercrop
covariances reduces the possibility of labor demand being maintained
through the substitution of work on one crop for another; and an increase
in interregional covariances limits the potential for workers to migrate to
other areas in search of work. Likewise, the increased price variability
from increased production variability, which would adversely affect the
wage laborer as a consumer, will be considerably less if interregional covar-
iances are low.

SMALL MARGINAL FARMER. In certain circumstances, the marginal
farmer may be especially subject to output variability even in a stable price
environment. In any given year where the household produces less than
demanded for home consumption, the marginal price faced by the house-
hold is the retail price. In a good year, production increases result in an
excess of supply over demand. In this case, the appropriate shadow price is
the farmgate price. Given that the retail and farmgate price can diverge by
30 percent or more, any increase in production variability will result in a
greater likelihood of shifts from being a net producer to net consumer.
Thus, increased production variability raises the probability that the mar-
ginal farmer simultaneously faces: (a) a decline in income because of lower
levels of production and possibly reduced opportunities for off-farm work,
and (b) a rise in prices due to the shift from the status of net food supplier
to that of net demander.

NONAGRICULTURAL WORKER. Nonagricultural workers are affected by
variability in agricultural production, primarily in their role as consumers.
In an environment of flexible prices, increased production variability will
result in increased variability in real-wage effects that accompany price
changes.

The demand for nonagricultural goods and services could be affected
by increased production variability as mediated through the increased
variability in incomes and expenditures of those in the agricultural sector.
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The extent of these multiplier effects in rural areas is largely determined by
the effect of increased production variability on the surplus farmer whose
nonfood purchases are of greatest magnitude. If prices are fixed, the sur-
plus farmer's income is most variable and so is the induced demand for
manufacturing and services. In such an environment, the real wage effects
on nonagricultural workers due to price variability are small.

The Relationship between Income and Consumption Variability

The concern over income fluctuations stems largely from its putative
relation to consumption. Increased production variability may, however,
have other deleterious effects on the economy, such as delays in the adop-
tion of new technologies, disaccumulation of wealth, and risk to nutri-
tional well-being of marginal households in the lean production years.

Households also have the ability to adjust the consumption bundle
and the typical pattern of expenditures in years of low income; and con-
versely, the purchase of durables and semi-durables can be timed to years
of plenty. While many nonfood expenditures are not discretionary (for ex-
ample, shelter, agricultural inputs), others are amenable to reductions in
accordance with the household's means. However, the poorest households
face severe limits to the ability to substitute between food and nonfood
expenditures.

In a similar vein, households can adjust their food basket to periods of
duress. The desire for diversity, for example, is revealed in the preferences
of most households. Such tastes may become secondary to achieving nutri-
tional adequacy in years of scarcity. Regardless of the capacity and skill of
the household in coping with increased variability in earnings, expecta-
tions about future income and prices are a crucial element of its intertem-
poral utility function. Increased production variability makes correct an-
ticipations more difficult to form. This is especially problematic for the
poor household, which is likely to have very high internal rates of
discount.

Few household level studies allow the analysis of intertemporal con-
sumption patterns. The data requirements for such longitudinal research
are simply too ambitious for widespread application. One exception is the
International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) multi-purpose village-level studies (Walker et al. 1983). Find-
ings indicate that consumption variability was much less than income vari-
ability—that is, the elasticity of the cv in consumption with respect to the
cv in income was in the range of 0.3 to 0.5. The high-income households
displayed greater consumption fluctuations. A similar finding was made in
North Arcot, India (Pinstrup-Andersen and Jaramillo 1985). Households
with a higher intake of food energy in a year of good production saw a
greater fall in intake, both in absolute and proportional terms, in a year of
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drought and low output. Jodha (1975) observed that farmers first and fore-
most protect their productive assets—the source of their future income—
even at the expense of current consumption.

Household to Individual Consumption

The above discussion focuses on methods by which the household is
able to compensate for the transitory nature of earnings so as to limit the
potential implications for consumption variability. The link between
household consumption variability and that of the individuals therein re-
mains largely a mystery. Just as there is considerable latitude in terms of
intertemporal adjustments, so can the household adjust the intrahouse-
hold allocation of resources to maximize an objective function such as nu-
tritional well-being.

These relationships are extremely difficult to model for a single year,
and the data requirements for a longitudinal investigation are prohibitive.
Nevertheless, one must be aware of such potential adaptive mechanisms
before drawing any definitive conclusions on the nutritional implications
of increased production variability.

Individual Consumption, Nutritional Status, and Productivity

Variability in an individual's consumption portends swings in nutri-
tional status. However, some qualifications need be considered. First, the
human body can play a role in storage. The building up of fat in times of
plenty can be followed by its mobilization in lean times. Similarly, the liter-
ature on auto-regulation suggests a potential for metabolic adjustments in
periods of decreased intake (Srinivasan 1981, Sukhatme and Margen
1982). And, of course, the reduction of energy expenditures—an adjust-
ment mechanism that certainly does have costs in ability to work and qual-
ity of life—is another form of regulation (Beaton 1983). These forms of
coping with variability are complex and remain the source of considerable
controversy in the medical and biological sciences.

Perhaps the most troublesome aspect of increased production vari-
ability is that it potentially compounds itself through the link between low
output in a given year leading to lower productivity and reduced output in
the subsequent year. There is a growing literature indicating that nutri-
tional status affects worker productivity (Immink and Viteri 1981a,b;
Deolalikar 1984; Strauss 1984; Latham 1985). These findings support
Kumar's (1987) study in Zambia, where she found that the size of the food-
crop, cash crop, and total area planted are related to the duration of the
maize supply from the previous year.
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Policy Options to Reduce the Effects of Instability in Agriculture

In considering measures to reduce the deleterious effects of increased
production variability, one may intervene either through production-re-
lated strategies, or through mechanisms that buffer the impact. Concern-
ing the former, there are potential conflicts between yield variance-reduc-
ing and mean-increasing measures. This conflict reinforces the notion that
if output can be raised sufficiently, thereby generating employment and
reducing prices, fluctuations become less consequential in terms of nutri-
tional well-being.

In terms of strategies to assure access to food for households, a dis-
tinction can be made between targeted and nontargeted methods. Non-
targeted efforts, such as price and supply stabilization measures and infra-
structure development, are discussed first, followed by an examination of
targeted measures, which may be prohibitively expensive at a national
level, but when targeted to at-risk households the cost may be within man-
ageable boundaries.

Price and Supply Stabilization

Domestic prices can be smoothed by keeping supply and demand in
proportion to achieve a targeted price. Price stability, however, does not
represent a goal that implies that consumption variability is minimized.
Supply and demand may fluctuate up and down synchronously and thus
keep prices stable. Similarly, the stabilization of prices may increase fluc-
tuations in demand for certain segments of the population.

Stabilizing the supply of food at the national level can be achieved
through a combination of stocking policy and trade. This relationship is
captured in the identity for consumption defined in equation (26.1). If the
government chooses to reduce the present and future gaps between con-
sumption and production, there are two options—the first is to change the
stocks either by increasing storage or drawing down existing reserves; the
second is to adjust the levels of net imports.

As for trade, many developing countries lament that the instability in
world grain markets has been a major cause of food insecurity. The ques-
tion arises as to whether the prospect for increased global instability in
production and prices represents a hazard to developing countries. And, is
stabilization of world prices an important or affordable proposition for
food security in developing countries?

First, the cost of stabilizing world prices would be extremely high,
probably exceeding $10 billion per year (Svedberg 1984). Second, even if
this were feasible, in few countries did cereal import bills represent more
than 10 percent of total import expenditures in the early 1980s (Svedberg
1984). Therefore, smoothing prices on world foodgrain markets would do
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little to stabilize foreign exchange requirements given the importance of
the prices of other imports.

Third, Valdes (1981) indicated that national-level food security prob-
lems do not arise primarily out of price instability on international mar-
kets. Rather, real income variability due to domestic production variability
and changes in the volume (not price) of imports are the major constraints
to national food security.

It has been extensively argued that trade is a better and cheaper way
to address this problem than buffer stocks (Mclntire 1981, Reutlinger and
Bigman 1979). Siamwalla (1984, p. 5) stated that "the central message is
thus for the individual country to eschew a policy of holding large volumes
of domestic stock to cope with possible harvest shortfalls, because the fis-
cal costs of doing so can be quite high." Instead, reliance primarily on the
market is commended, although maintaining a well-managed small secu-
rity stock of around 5 percent of grain consumption is suggested as an ele-
ment of a national food security program (Mclntire 1981). But note that
public storage operations may supplant private stores (Newbery and
Stiglitz 1981).

Furthermore, if a country follows an open economy approach to stabi-
lizing supplies, this does not necessarily result in unstable prices at home
due to unstable import prices. Rather, there is the potential for insulating
domestic prices from the vagaries of widely fluctuating world prices
through import subsidies and import tariffs applied in years of high or low
international prices, respectively (Reutlinger 1982).

There are exceptions to this logic of using trade rather than storage to
stabilize consumption. The first exception is caused by a precipitous rise in
grain prices. The obvious response to this problem is that countries can
hedge against such possibilities by trading in futures. The second excep-
tion occurs in the case of landlocked countries with poor transport infra-
structure, where trade may be prohibitively expensive. A third exception
would be when a country's imports represent such a large volume that
world price may be affected by its trade activities. This prospect of inelastic
supply of imports is limited to a few, although important, cases. Fourth,
and most significant, is the case of those countries that are nearing self-
sufficiency. A good harvest may mean it would be a net exporter; a bad
harvest means it would be a net importer. Increased variability may cause
more frequent shifts in a country's market-clearing price, from the f.o.b.
to c.i.f. price. Given the evidence that these price differences can be on the
order of 100 percent in some African countries (Koester 1984), this
strongly commends relying on stock holding between periods and promot-
ing intraregional trade, rather than international trade, so that a country
can avoid switching from an f.o.b. to a c.i.f. price.

The question then arises as to why countries still suffer the conse-
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quences of food insecurity when trade and storage opportunities exist. One
answer is found in the difficulty of financing food imports. This can be-
come quite a burden in successive years where foreign exchange earnings
and domestic production are low, and international prices are high, result-
ing in large import bills. In the case of small and poor countries, these
difficulties are further compounded by the problems of gaining access to
needed capital from the international financial community.

One response to such problems has been the extension of the Interna-
tional Monetary Fund (IMF) Compensatory Finance Facility. This facility
is basically designed to provide balance-of-payments support to compen-
sate for precipitous increases in the cost of cereal imports. It enables coun-
tries to stabilize demand for cereals, in both urban and rural areas, where
it was previously impossible. There may be drawbacks to this scheme and a
need for further modification (Huddleston et al. 1984).7 Nevertheless, it
represents an important complement to other food aid measures.

Infrastructure Development

Improved marketing infrastructure, both for agricultural inputs and
foodcrops, is another fruitful method for reducing consumption instability
in the face of increased production variability. More integrated factor mar-
kets will provide an outlet to cope with the potential adverse effects of co-
variances which accompany increased production variability. Integrating
product markets will mitigate the impact of local production variability on
local prices by facilitating the flow of goods and services from one geo-
graphical area to another. This reduces the link between supply and price
in a given locality, thereby addressing the problem of fluctuations due to
local market conditions. It is also likely that market investments will en-
courage risk sharing over a broader population and will facilitate the im-
plementation of targeted and nontargeted schemes to reduce the effects of
fluctuations.

Reducing marketing margins through improved infrastructure will be
especially advantageous to the marginal farmer who may be a net con-
sumer or producer of a cereal grain in any given year. To the extent that
the difference between farmgate and market prices can be reduced, so
would the magnitude of the price change when a marginal producer
switches from being a surplus to deficit farmer.

7. See Huddleston, Johnson, Reutlinger, and Valdes (1984). Included among the more
important problems they identify are that foreign exchange constraints often stem from fluc-
tuations in the prices of noncereal exports, that there are constraints to full compensation for
the poorest countries, and that, of course, such a scheme has no effect on incomes of house-
holds, and supply or price stabilization may not have the desired distributional consequences
in terms of assisting the poor, for whom consumption fluctuations are most serious.
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Targeted Programs

If a government stabilizes aggregate demand through a combination
of buffer stock and trade policies, the nutritional well-being of certain
household types may still be in jeopardy. This could occur, for example, if
the households consisting of marginal consumers and wage laborers face
increased variability in purchasing power. Consideration should, there-
fore, be given to implementing targeted programs to assure food security
for vulnerable households.

Income-generating schemes and transfer programs, such as employ-
ment guarantee, food subsidies, and food-for-work, are types of appropri-
ate programs to address the problems of at risk households becoming in-
creasingly food insecure. Nonetheless, the difficulties of employing such
measures should not be overlooked. For example, food aid allocations tra-
ditionally are not responsive to year-to-year fluctuations in food in recipi-
ent countries. In fact, given the surplus disposal element of food aid pro-
grams, the quantity of food aid globally programmed is counter-cyclical to
the needs of developing countries. A situation can arise, such as in the
early 1970s when food aid allotments were reduced despite acute need (von
Braun and Huddleston 1984).

Employment generation schemes are another mechanism to counter-
act cyclical variability in production. Few countries, however, have either
the managerial or financial resources to operate flexible employment pro-
grams. Food-for-work projects, which use donated resources, may have
the advantage of being viable in a time of severe domestic resource con-
straints caused by a year of low production.

The use of targeted food subsidies is also an important policy option.
They have been shown to be an effective way of transferring income to the
poor (Pinstrup-Andersen and Alderman 1984). Consideration could be
given to employing a "flexible price wedge," which could be made rela-
tively larger in lean years and smaller in years of high output. Another
targeted strategy possibly worthy of consideration is crop insurance, which
however, runs the risk of promoting greater inequality and doing little to
help those in greatest need.

A further type of intervention is to improve access to consumption
credit or to enhance the ability to save through stocking behavior. As fluc-
tuations increase, the ability to adjust intertemporal consumption be-
comes more urgent. The goal is to reduce the elasticities of consumption
variability with respect to income variability. This requires that financial
markets function well and that they do not discriminate against the poor.
Special arrangements for repaying loans and procuring credit may be re-
quired for the poor with little collateral. The ability of the poor to smooth
consumption is constrained not only by lack of access to institutions and
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facilities but also by their short planning horizon. They may be more con-
cerned with survival and coping in the present than with conjecturing
about the future.

Conclusion

This chapter has discussed the effects of increased production vari-
ability on consumption and nutrition. The major concern is the impact on
various household types. However, national level data and policy options
were explored because of the direct link between the macrofood economy
of the country and the microfood economy of the household. The lack of
data on interyear fluctuations in consumption and nutrition at the house-
hold level, however, limited the empirical basis for this chapter. Neverthe-
less, the interplay between stochastic events, government policy, and the
combined impact on household food security illustrates the importance
of policy analysts taking into account that increased variations in output
do have potentially deleterious consequences. These can be addressed
through trade, storage, and pricing policies that mitigate the consequences
of instability on the consumption and nutrition of poor households. In ad-
dition a variety of targeted strategies to protect the nutritionally vulnerable
population from nutritional problems arising out of variability were
presented.

The unspoken theme is that the negative consequences of fluctuations
are another manifestation of underdevelopment. Poor countries and poor
households are beset with constraints, structural or otherwise, which limit
their ability to prevent and cope with increased production variability.
These constraints will largely be overcome in the course of agricultural de-
velopment and economic growth. Technological changes that increase out-
put, create employment, moderate prices, improve market integration,
and so forth are the goals of development. They represent long-term solu-
tions, which in general, do not conflict with measures to protect the poor
from the short-term effects of increased production variability.



27 Synthesis and Needs in Agricultural
Research and Policy

JOCK R. ANDERSON AND PETER B. R. HAZELL

This volume has brought together available evidence on patterns of vari-
ability in world cereal production, and how this variability has changed in
recent years. The biological, climatic, and economic factors underlying
these patterns of yield variability have also been probed. We now summa-
rize this and related material and then attempt to draw implications for
improvements in both agricultural research and policy.

Patterns of Production Variability among Countries

Any attempt to measure baseline levels or changes in the variability of
cereal production at an aggregate level encounters immediate methodolog-
ical difficulties.

a. Available time-series data tend to be short, especially for the modern
technology era. Results are therefore susceptible to one or two un-
usual events. Changes in the definition of periods can substantially
change the results in some cases.

b. Time-series data contain trends which add to variability when mea-
sured around the mean. It is thus necessary to remove such trends,
but this is a subjective process and no single method is ideal; for ex-
ample, should cyclical fluctuations be viewed as part of the variability
or as part of a systematic trend? Results can be sensitive to the func-
tional form chosen for detrending, and whether periods are pooled or
detrended separately.

c. Available data sources are not always consistent. For many countries,
data are available from the Food and Agriculture Organization
(FAO), U.S. Department of Agriculture (USDA), and national

Sections of this chapter draw heavily on conference summary remarks prepared by Lloyd T.
Evans at the Feldafing meeting, November 1985, reported in Evans (1986).
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sources, and results on changing patterns of variability sometimes
vary with source.

d. Methods of data collection within countries sometimes change over
time, for example, yield measurements, and political boundaries
(especially for regions within countries) are occasionally redefined.

e. Measures of production variability around trend may not be relevant
measures of risk for decision makers if they are able partially (or fully)
to forecast fluctuations each year, and to adjust their resource use cor-
respondingly. Fluctuations should be measured from expected (antic-
ipated) production rather than from trend. Depending on how they
are measured, different results about changing patterns of production
risks can be obtained.

f. A statistical measure of variability inevitably has to be chosen. The
most common measure used in this book is the coefficient of variation
(cv), which expresses variability relative to the mean. It is a fairly good
measure because, if the cv is constant or diminishes over time, the
chance of a major shortfall in production below trend will very likely
not increase, and any food security "problem" remains manageable.
Variance is a more relevant measure for policymakers concerned with
the size of grain stocks, or with absolute fluctuations in prices.

Notwithstanding all these difficulties, what emerges from the data analyses
presented in this volume and related studies in the literature?

Weber and Sievers (1985a) show that baseline levels of production
variability are high in many countries, especially in Africa, the Middle
East, and Australia. The level of variability is clearly related to climatic
factors and is greatest in the semi-arid areas, and lowest in humid areas.
Southeast Asia has especially low cvs, but North and South America and
Europe are also relatively stable. Unfortunately, the high cv areas also tend
to have low average yields and have done least well in increasing yields in
recent years.

Production variability also tends to be greater in small than in large
countries, due to lack of risk-pooling effects across crops and regions.
Many small African countries are disadvantaged in this regard.

Hazell (ch. 2) shows that production variability increased globally be-
tween the 1960s and 1970s, as measured by the variance (F = 2.78) or the
cv (from 0.028 to 0.034). The probability of a major (say, 5 percent) short-
fall below trend in world cereal production also increased, from 0.035 to
0.068. These changes are real in the sense that they have presented prob-
lems for farmers, consumers, and policymakers, but they are not statisti-
cally significant at the conventional 5 percent level. There is some reason to
believe that the recent decade has been an "unlucky" sample rather than
the result of increasingly unstable structural changes. But such aggregate
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statistical tests do not capture the effects of individual structural changes
that are known to have taken place (for example, the green revolution and
increased irrigation), and many individual factors are at work, some of
which have a stabilizing effect at the aggregate level, while others are de-
stabilizing. Whether the future will turn out to be more or less variable
depends on the particular configuration of structural changes that will
take place in cereal production, and their combined effects on variability.

At the global level (excluding China), the cv of production increased
for maize (0.033 to 0.044), barley (0.048 to 0.075), and sorghum (0.052 to
0.057), but decreased for wheat (0.054 to 0.048) and rice (0.039 to 0.038).
This suggests that much of the impact of the increased instability at the
global level may have been in the feed and livestock sectors, though clearly
there will have been important exceptions in some of the semi-arid devel-
oping areas where coarse grains are important human foods.

Increases in production variability (cv) are not obviously related to
baseline levels of variability, or to increases in average production. When
measured across countries, the correlation between the change in average
production and the change in the cv is —0.15 between the 1960s and
1970s. This correlation is not significantly different from zero at the
5 percent significance level (Hazell 1985a,b).

The lack of any such simple correlation is due to a complex constella-
tion of factors as illustrated by some of the chapters in this volume. In
China (ch. 3) and the U.S.S.R. (ch, 4) the problem has been less one of
increased variability within regions, and more one of unbalanced growth
between regions that have compensatory relations in production. In Syria
(ch. 5) the increase in the cv seems more related to changes in land reform
and quota systems than to biological or climatic factors. In Australia (An-
derson et al. 1988), changes in cv seem more directly associated with tech-
nological change, especially for spring wheat in the major wheat-growing
areas.

Patterns of Yield Variability among Countries

Weber and Sievers (1985a) showed that baseline production variabil-
ity is due primarily to yield variability. In chapter 2 it is shown that the
increases in the variability of world cereal production since the 1960s are
also due to increases in the variances and covariances of yields. The focus
of this book on yield variability is therefore justified as being the major
variable of interest in understanding production variability. It is also a
simplifying focus, enabling abstraction from the complexities of area vari-
ability, which undoubtedly encompasses a wider range of economic and
policy considerations.

Baseline yield variability follows similar geographic patterns to those
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for production variability (Weber and Sievers 1985a,b). African countries,
in particular, suffer from some of the highest yield cvs. Yield variability
has also increased at the global level (excluding China) since the 1960s; the
cv of total cereal yield increased from 0.026 to 0.034 (ch. 2), although this
change is not statistically significant at the 5 percent level.

There were considerable differences in the changes for individual ce-
real yields at the global level. The cv decreased for rice (0.033 to 0.026) and
millets (0.073 to 0.058), changed little for wheat (0.050 to 0.049), and in-
creased for maize (0.030 to 0.046), barley (0.043 to 0.064), and sorghum
(0.040 to 0.046). These results probably reflect differences in the variabil-
ity of the conditions under which they are grown rather than inherent dif-
ferences between the cereal species.

The fact that so much rice is grown intensively with irrigation or deep
bunds probably accounts for that crop having one of the lowest cvs in both
periods. Analogously, an increasing proportion of the world's wheat crop
is grown under irrigation and with high levels of purchased inputs. At the
other end of the scale are the millets, grown in marginal conditions under
low and variable rainfall. Moreover, there is a tendency in many arid re-
gions for maize to displace sorghum, and for sorghum to displace millet
toward the least favorable environments. Barley likewise may be displaced
by wheat into more marginal environments, as Nguyen (ch. 5) shows, and
this could account for the rise in its cv.

Another factor contributing to greater variability in some cases may
be the growing of a crop under both intensive irrigated and marginal dry-
land conditions, the relative proportions of which may change from year to
year.

Yields tend to be more highly correlated between adjacent countries
and regions because of climatic factors (Weber and Sievers 1985a,b).
Moreover, they have also become more positively correlated between crops
and countries since the 1960s (ch. 2), between regions within countries
(Hazell 1984; ch. 3, 4, 6), and between farms (ch. 8). These increased cor-
relations have been a major factor contributing to increased variability in
national yields in some countries, as well as at the global level. The country
data do not suggest any strong relationship between increased cvs for yields
and the growth in average yields.

In England (ch. 7) and Bavaria (ch. 9) wheat yields have increased
impressively in recent decades, yet the cv has changed little. Indeed, the cv
of wheat yields has not changed substantially in England since the early
1800s. This stability is probably attributable to the relatively stable and
temperate climate, and the intensive and continually improving standards
of management. In contrast, the cv of wheat yields has increased in New
South Wales (N.S.W.), Australia, since the introduction of semidwarf va-
rieties and the sharp rise in average yields that they seemingly induced
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(Anderson et al. 1988). The difference may lie with the more variable cli-
mate and the extensive management practices used. Walker (ch. 6) also
shows that the cvs of sorghum and millet yields have increased in the semi-
arid areas of India since the introduction of high-yielding varieties
(HYVs). These contrasting experiences suggest that yield increases in the
semi-arid areas are more likely to be accompanied by increases in variabil-
ity (cv) than are yield increases in more humid areas. Differences in man-
agement intensity are likely to accentuate these contrasts.

Sources of Yield Variability

Yield variability is determined by variety (genotype), variability and
level of agronomic inputs (fertilizers, irrigation, pesticides, etc.), variabil-
ity in climatic factors (rainfall, frosts, temperature, etc.), and variability in
policy and economic variables (prices, land reforms, etc.). Interactions be-
tween these factors are important although difficult to analyze, especially
between variety and other factors.

Variety and Yield Variability

Under controlled (farm trial) conditions, modern varieties typically
have higher mean yields and variances than local varieties, but their cvs are
either lower or about the same. Evidence is provided in this volume for
pearl millets in India (ch. 16) and upland rice in the Philippines (ch. 20).
Similar results seem to emerge for modern varieties of wheat and maize
under experimental conditions when their performance across contrasting
sites (environments) is compared (ch. 13, 14, 15).

These favorable results reflect the success of plant breeders in select-
ing genotypes that combine high-yield performance with stability. Some of
the elements of genetic improvement are as follows (Evans 1986):

ADAPTABILITY. Shortening of the life cycle of cereal crops and reduc-
tion of their sensitivity to seasonal signals such as day length allow crops to
perform more evenly across a range of sites, latitudes, and climates,
thereby increasing their adaptability. So too does wider tolerance of soil
conditions.

HARDINESS. Another important source of improvement has been in
the ability to withstand drought, cold, heat, and other climatic extremes,
especially at the most sensitive stages of the life cycle. Such hardiness is
sometimes highly specific, sometimes more general. Specific resistance to
extremes of heat or cold has been improved in many crops (for example,
rice and millet in Japan to cold), and although the changes may seem small
in a physiological sense, they may be of considerable significance in reduc-
ing downside variability. Hybrids may exhibit a more general hardiness in
that, although they may be no more productive than inbreds under optimal
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conditions, they may perform substantially better than their parents at
both high and low temperatures (Me William and Griff ing 1965; Me Wil-
liam, Latter, and Mathison 1969).

REDUCED VULNERABILITY. Reducing the vulnerability to pests and
diseases through the incorporation of genetic resistance—wide or nar-
row—to their current biotypes is a major preoccupation of plant breeders
and a significant contribution to yield stability. In general, it has been eas-
ier to achieve than resistance to climatic stresses.

RESPONSIVENESS. In addition to these characteristics, there is the de-
sirability of enhancing the ability of a variety to give a return on favorable
conditions or higher inputs with greater yield or quality.

COMPETITIVENESS. This is another desirable characteristic, especially
in marginal environments or where weed problems are serious.

All of these characteristics can influence the variability of yield: re-
sponsiveness especially on the "upside," hardiness and reduced vulnera-
bility on the downside. However, they are not always compatible with one
another, and trade-offs between them often must be made by the plant
breeder—for example, between hardiness and responsiveness, or espe-
cially in the case of tall versus dwarf selections, between competitiveness
and responsiveness.

The claimed stability of modern varieties is not always reflected in
farm, regional, or national yield data. There are several reasons for this.
First, some of the early modern varieties proved to be highly susceptible to
specific pests and diseases. Because of their high yields, these varieties
were widely adopted in a very short time and when pest and disease out-
breaks occurred, they had a sizable and negative impact on farm and ag-
gregate yields. This problem has been contained in recent years by the
availability of a greater range of modern varieties, many of which have a
wider range of resistance to pests and diseases (ch. 10, 11, 12, 13, 14, 15,
16, 20). Continuing strong emphasis is given to "maintenance" research,
whereby replacement varieties are developed and kept in reserve. Pest and
disease resistance breeding is now so sophisticated that the more rapid
turnover of varieties in time has effectively substituted for the larger num-
ber of traditional varieties used at any one time.

Another reason why observed yield variability may increase with the
introduction of modern varieties lies in their greater responsiveness to
modern inputs. Modern varieties seem to perform about as well as tradi-
tional varieties in poorer environments, or under low input conditions
(ch. 13, 15), but their yields are much higher under favorable conditions
and with greater application of inputs. Consequently, if farmers adjust in-
put use from year to year in response to changes in price signals, or in
response to limited supplies of inputs, this may induce a higher degree of
yield variability in modern varieties. Such behaviorally induced yield vari-
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ability may have become an important factor in some countries, particu-
larly in developing countries, where the greatly increased demand for pur-
chased inputs that accompanied the green revolution outstripped the
possibilities for adequate and timely supplies, given limited infrastructure
and foreign exchange shortages (Jain, Dagg, and Taylor 1986). The prob-
lem may also have been aggravated by the sharp increases in the cost of
fertilizers and other agrochemicals with the oil crises of the 1970s, and by
an increase in the variability of cereal prices in world markets.

A further reason why aggregate yields may have become more variable
with the introduction of modern varieties is the increased correlations
among yields between farms (and regions). These increased correlations
may be related to varietal choice, as, for example, with millets and sor-
ghum (ch. 6). By screening for genotypes that perform well in many loca-
tions at the same time, breeders may inadvertently be increasing the
chances of greater yield correlations between locations, and hence between
farms and regions. This need not be a problem for farmers, but it can add
to the variability of national yields.

The widespread adoption of a few varieties may also lead to increased
correlations through a common susceptibility to pests and diseases and a
common responsiveness to weather conditions. This problem may have
been aggravated by more homogeneous cultural practices (ch. 12), and by
an increased dependence on purchased inputs. Whereas synchronization
of the crops in a region may make them all susceptible to extremes of heat,
cold, or drought at particular stages, it may also spread the risk of losses
from birds or rodents, as with rice crops in Asia. It is also true that many
modern varieties bring together a wider range of genotypes into their an-
cestry than traditional varieties and are better able to cope with a wide
range of climatic and pest problems (ch. 10, 11, 12).

Climatic Factors

A major source of yield variance in all cases, but especially for the
cereals grown in more arid areas, is the variability in crop weather. Carter
and Parry (1986) conclude, however, that there is no indication that recent
changes in cereal yield variability can be ascribed to climatic change.

Interannual variations—such as those associated with the El Nino/
Southern Oscillation phenomenon or with the Sub-Saharan droughts of
1972,1977, and 1983-84—have certainly influenced global cereal produc-
tion and variability, but there is seemingly a need to look elsewhere for the
causal factors of changes in variance and covariance in recent years, even
though long-term climatic changes associated with rising atmospheric CC>2
levels are likely to have important implications for cereal production in the
future.

Weather patterns may, however, be partly responsible for increases in
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inter-regional correlations, as shown by French and Headley (ch. 22) for
maize in the United States, and by Walker (ch. 6) for millet and sorghum
in India.

Agronomic Inputs

Under trial conditions, the more intensive use of purchased inputs
seems to be associated with increases in the mean and variance of yields,
but with little or no change in the cv. For example, with nitrogenous fertil-
izer application to wheat and barley in Germany, Hanus and Schoop
(ch. 21) found that the cv actually declined with heavier applications until
the yield asymptote was approached. The cv then increased sharply at
higher rates of application as diseases increased but could successfully be
reduced by the application of fungicides. Roumasset et al. (ch. 17), how-
ever, report that nitrogen generally tends to increase yield variability both
absolutely and relatively on irrigated rice in the Philippines.

Conflicting forces may be at work in the changes in yield variability
under farm conditions as agriculture becomes more intensive. On the one
hand, variability tends to fall as agronomic control of the environment be-
comes more complete, as in the case of wheat in Western Europe. On the
other hand, selection for higher yield potential is dependent on enhanced
agronomic support for the crop, and when this is unreliable, the higher
yielding varieties may be vulnerable to greater variation. The latter may be
particularly true during the early stages of more widespread and heavier
use of a particular input, but then fall as its use becomes more uniform and
as its rate of application approaches the response asymptote. With irriga-
tion, for example, Mehra (1981) found that variability had fallen as tube-
well irrigation of wheat crops in the Punjab became more extensive, but
with rice in the Philippines, while wet season crops were less variable, the
limited, uneven, and unreliable irrigation of dry season crops may increase
variability (Rosegrant 1986).

In general there may be considerable scope for the reduction of vari-
ability by more flexible, better informed, and more diversified and specific
use of inputs. This will not, however, always be consistent with reducing
inter-regional yield correlations. Pandey (ch. 18) provides evidence that
irrigation that is stabilizing at the local level may increase correlations,
thereby having a mixed effect on variability at aggregate levels. Webster
and Williams (ch. 8) also suggest that the recent but widespread adoption
of fungicides on wheat in Southeast England may be a major contributor of
increased interfarm yield correlations.
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Consequences of Yield and Production Variability

The worry that modern varieties may be more risky and therefore less
attractive to farmers does not seem to hold up in practice. Stochastic domi-
nance tests of the distribution of returns from improved and traditional
varieties typically show new varieties to be dominant (millets, ch. 16;
wheat, ch. 24 and Anderson 1974b). Walker (ch. 25) also shows that im-
proving the stability of yields of individual cereals in the semi-arid tropics
(SAT) areas of India would have negligible effects on the stability of farm
incomes, and hence on farmers' willingness to bear risks.

Risk considerations can be a problem for the adoption of a new variety
in the short term if farmers initially hold exaggerated perceptions about
the riskiness of returns. But as expectations are revised over time, these
problems should diminish (O'Mara 1983). In the longer term, risk consid-
erations are likely to remain important if (a) the new variety is indeed more
risky and has only a marginal advantage in mean returns (Perrin and
Winkelmann 1976), or (b) the new variety is riskier and also requires sig-
nificantly greater amounts of working capital to be invested in seed, fertil-
izers, and so forth. Capital considerations can be especially constraining to
small-scale farmers if there is a real risk of capital loss. They may be un-
willing to borrow or unable to find lenders willing to take the risk (Bous-
sard 1981; Hazell, Bassoco, and Arcia 1986). Both these situations seem
more likely to arise in Africa than in most other regions of the world,
though there have been few studies of technology adoption in that conti-
nent to verify this. In fact, there has been a definite bias in adoption stud-
ies toward the humid and irrigated areas of the world, perhaps reflecting
the preference of analysts to be confident that there is something to mea-
sure before attempting to do so.

As Sahn and von Braun (ch. 26) show, production variability gener-
ally adds to national food insecurity problems, though some governments
do seemingly take effective action through storage and trade policies to
dampen fluctuations in domestic consumption, and consumers substitute
between foods in response to their relative scarcities. But, even in countries
where aggregate food consumption is relatively stable, the consumption of
some of the poorer households can still be at risk, particularly when their
incomes are tied to agricultural production (smaller scale farmers and
landless workers). Food security problems therefore continue to be a prob-
lem in many developing countries, even where the cv of aggregate produc-
tion has not increased to aggravate the problem.
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Implications for Agricultural Research

With these concluding remarks, the task of suggesting recommenda-
tions for agricultural policy and research is addressed, both with a view to
reducing baseline levels of variability, and to containing increases where
they occur.

What can be done through technological approaches to reduce yield
variability and yield correlations?

Plant Breeding and Crop Improvement

Plant breeders have long recognized the importance of selecting "sta-
ble" varieties. They have achieved, especially for wheat and rice but also
many other crops, significant gains in adaptability, hardiness, and re-
duced vulnerability to pests and diseases, but the gains in stability compo-
nents may be somewhat compromised by selection for responsiveness. As
Arnold and Austin (ch. 10) note, plant breeders may be seeking several
different things under the broad objective of stability.

Insofar as variability faced by farmers is concerned, it may well be
that additional improvements might follow if there were better proxies to
variability over time than cross-site differences within years. The possibili-
ties include experimentation under diverse, particularly unfavorable or
stressed, conditions in controlled environment chambers (such as phyto-
trons) or under specially selected and possibly modified microenvironmen-
tal conditions (for example, administered pest and disease infections or
induced drought) in experimental and possibly farmers' fields.

There are some implicit problems with time-consuming approaches in
that new varieties can have short lives, so they would tend to be obsolete
before adequately tested if several years were required in the evaluation.
Perhaps more penetrating, but seemingly yet-to-be-developed analytical
methods beyond the Russell-Eberhart type of model will eventually prove
useful in more cogent assaults on the problem (ch. 10, Evans 1986).

Contemporary plant breeding is seemingly not explicitly addressing
the yield correlation problem and may be worsening it by more-or-less rou-
tinely screening across sites and thereby, unwittingly perhaps, moving un-
favorably in the direction of increasing genetic vulnerability. A potential
solution is for more localized breeding endeavors, with most of the selec-
tion effort addressed to achievements under rather specific agroecological
and particularly edaphoclimatic circumstances. This approach might also
help to improve performance in farmers' fields, though obviously it could
involve greater expenditures for agricultural research, depending on the
extent of agroecological diversity encountered in the crop-growing regions
that are the targets of national or regional research programs and on the
cost-effectiveness of the crop improvement approach adopted. There is evi-



Agricultural Research and Policy 349

dently a need for more local work and less concentration of selection activi-
ties at the relatively few major centers of plant breeding, including the in-
ternational agricultural research centers.

There are implications for bodies such as the Consultative Group on
International Agricultural Research (CGIAR) at the World Bank. Where
feasible and economical, breeding work should be decentralized as much
as possible. This would mean shifting many activities to national breeding
programs and, indeed, moves are already underway to do this. Activity
must also be increased in nations which do not yet have very effective capa-
bilities, and aiding this process of development will be a continuing task
for institutions such as the CGIAR centers.

Even with recent changing emphasis, there has still been relatively
little attention given to breeding for "marginal" conditions, notwithstand-
ing progress on Striga resistance, tolerance of crops to adverse soil condi-
tions, and so forth. The reasons are understandable and probably defensi-
ble, as impacts tend to be less dramatic than are achievable in more
favorable circumstances. There may be a good case for continuing involve-
ment of the CGIAR centers in such targeted work, recognizing the unat-
tractiveness of work on relatively unpromising resources and environmen-
tal niches to many national programs with very scarce resources.

Genetic Vulnerability

The extent to which the genetic base of modern cereal varieties and
hybrids influences the downside risks is difficult to assess. Outbreaks of
pests and diseases have had an impact, sometimes disastrous, throughout
recorded history. Problems still occur, such as presumably with downy
mildew on millet in India, but major disasters, such as the earlier stem rust
epidemics in North American wheat crops, have been contained in recent
years. Southern corn leaf blight on T cytoplasm maize hybrids had been
predicted by Mercado and Lantican (1961) and was pandemic in 1970, but
within a year, the genetic base was changed enough to deal with the patho-
gen. Other problems loom as possible threats, such as the failure of brown
plant hopper biotype 2 resistance in IR36 rice, or of leaf rust resistance in
some Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT)
maize varieties, or the widespread cytoplasmic uniformity of International
Rice Research Institute (IRRI) rices (Coffman and Hargrove, ch. 11), but
replacement varieties are already in reserve.

However, the fact that several wheat and rice varieties, such as Bezos-
taia wheat in Eastern Europe and IR36 rice in Asia, are grown on more
than 10 million hectares each, inevitably means that their sudden failure
would raise the covariance in yield, as could their similar response to
weather conditions common to a large region. This element of covariance
would decline in the future if plant breeding—whether public, private, or
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in the international centers—were to evolve toward greater emphasis on
regional and local adaptation (Evans 1986).

Beyond Plant Breeding

There is growing evidence that yield variability can be reduced or
moderated through improved management practices (Evans 1986), for ex-
ample, fertilizer (ch. 17), water (ch. 18), pesticide (ch. 19) management,
fallows for moisture conservation (ch. 20, 24), and so forth. As reviewed in
chapter 18, the potentially important investment in irrigation can be stabi-
lizing, but this depends on the source of water and the type of power used
in its application. There is also a need for greater emphasis on stability in
farming systems work as it is practiced.

The CGIAR system of international research centers has been praised
as being the most significant coordinated effort in plant breeding in history
but the system has also been criticized for not being more than this. In
particular, much of the criticism centers around the proposition that plant
breeding can only do so much, and while it is usually of low cost in terms of
each potentially affected unit of cropland area, the way forward for many
areas is probably not, in the first instance at least, via breeding. The areas
of concern are typically those in parts of the world not so far influenced by
any green revolution impacts associated with (often irrigated) rice and
wheat. Such areas are to be found in many parts of the tropics, especially
in Africa and in regions of countries with relatively undeveloped infra-
structure and irrigation. Such regions often have poor soils and inadequate
and variable rainfall.

There are many technological possibilities for improving the effi-
ciency of production that are not directly dependent on new genotypes, and
argronomic research can serve to identify them (Evans 1986). Some of
them do not require much research. Good quality seed is a fairly basic
requirement that can be met by either a well-developed seed industry or a
well-developed degree of farmer perspicacity. Early growth depends
greatly on nutrient and water status, as noted above. Crop managers, de-
pending on their economically effective access to agricultural chemicals
and possibly also to hired labor, can significantly affect the inroads made
by fungi, insects, and weeds in their crops. There is thus much scope for
reducing variability by wiser, more flexible, and perhaps also more diversi-
fied use of inputs. Research and extension have very significant roles to
play here, if worthwhile technological advances are to be established and
implemented.
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Implications for Agricultural Policy

Rural societies have been contending with variability of production of
their basic staples for millennia. The difficulties associated with this are
probably increasing in many parts of the world. As is shown herein, there
are several regions where variability and riskiness of productivity are in-
creasing, and there is also rapid population growth so that greater num-
bers of people are affected.

In considering the various possibilities for intervention, caution is
called for in not aggravating the situation by, perhaps unwittingly, making
it more difficult for households to cope. The credit market is one case in
point. Resource-poor farmers use a variety of informal adjustments to deal
with variability, including participation in various credit markets. Inter-
vention by governments in credit markets often has the effect of making
the risk management of such farmers less effective than it would otherwise
be (Walker and Jodha 1986). Clearly, there is a role for authorities to en-
rich the mix of credit availabilities, but any regulatory role needs to be
exercised sensitively with good understanding of the needs of participants
who face possibly extreme levels of downside risk.

Another danger is that government policies may cause or exacerbate
poor decision making with respect to both investment and resource alloca-
tion in areas that are suffering permanent climatic or ecological decline.
Intervention should be couched in such a manner as not to shield individ-
ual decision makers from reality, whatever that may be, and whatever pro-
cesses of change in the natural, economic, or social environment may be
underway.

Related to the possibility of interventions discouraging appropriate
learning is the exacerbation of uncertainties faced by farmers. There is
relatively little analytical attention addressed to this, but the pioneering
works of MacLaren (1980, 1983) on the effects of policy uncertainty are
instructive and insightful. Policy-induced risks may add to the decision-
making burden of affected individuals—even when policies have the stated
objective of modifying or mitigating risks. For example, in the United
States, Wilhite, Rosenberg, and Giant/ (1982) found that government re-
action to drought crises was generally ad hoc and often resulted in the im-
plementation of hastily prepared assessment and response procedures that
gave ineffective and poorly coordinated results. The difficulties related in
part to the multitude of agencies involved in administration and the diver-
sity of procedures and criteria used by such agencies. Much the same situa-
tion has prevailed in Australia (Anderson 1979, Freebairn 1983).
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Crop Insurance

Unfortunately, past experience with crop insurance is not encourag-
ing, and the costs of publicly provided insurance have usually far exceeded
their benefits (Hazell, Pomareda, and Valdes 1986). Nor should the effi-
ciency with which farmers and traditional village institutions cope with
risks be neglected. Walker and Jodha (1986) have provided cogent infor-
mation on these issues, and they point out that crop insurance might some-
times simply provide a more costly substitute for existing private risk-shar-
ing arrangements. Improvement of financial institutions might be a viable
approach, particularly if these involve an expansion of medium-term con-
sumer credit so that farmers can borrow money in bad years and pay it
back in good years.

The possibility of an insurance market addressed to random environ-
mental driving forces, such as rainfall, is somewhat more promising than
direct insurance of outputs such as crops. There have been some experi-
ments with rainfall insurance, and indeed, this matter is being carefully
assessed in the Australian context (McBride and Edwards 1986). If there is
a reliable meteorological service upon which such a scheme can be based,
at least the problem of moral hazard is solved. Similarly, if the scheme is
well designed there may be relatively few difficulties associated with ad-
verse selection. Administration costs can, accordingly, be kept relatively
low, and such an insurance service may well prove to be widely applicable,
attractive to farmers, and commercially viable. The fact that few, if any,
such schemes have arisen spontaneously must leave something of a ques-
tion mark over their inherent viability (Dillon 1986). The explanations
probably lie in the imperfections of rainfall insurance as a risk-bearing
device, including nonuniform distribution of rainfall over administrative
domains, the lack of correspondence between simple temporal aggregates
of rainfall and reali/ed crop yields, and the elements of uncertainty that
are little influenced by rainfall experience.

Marketing Systems

For mitigating farm-level risk, the more that individual farmers can
link with the rest of the world in their economic realizations, the more they
can "exploit" society at large for self-insurance. Effective marketing sys-
tems for farm inputs and outputs must be seen as a necessary condition for
improving the opportunities of farmers to manage their risks. Just as for
financial institutions, marketing systems by their very nature must gener-
ally be expected to work best when they are unregulated so that buyers and
sellers are unconstrained and can interact freely.

The concept of marketing systems in this context is broad, ranging
over availability of physical space and entrepreneurial operators, the provi-
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sion of effective financial institutions, and transportation infrastructure
and facilities. The systems must feature flexibility to function in highly
variable environments, which may well switch from being net exporters to
net importers from season to season. Physical access to markets on a con-
tinuing basis by adequate road and other transport facilities is a strong
advantage in meeting seasonal contingencies, whether they are of a favor-
able or unfavorable nature.

Improvement of marketing systems will generally feature in whatever
development approach is followed. It is some consolation for planners to
know that they will also be mitigating the risks faced by most farmers if
they can be successful in improving the effectiveness of the marketing sys-
tem at large.

Buffer Stocks and Price Stabilization

At the national level, increased variability in prices and food con-
sumption can be contained through buffer stock schemes. However, the
International Food Policy Research Institute's (IFPRI's) work shows that,
in most cases, it is more cost-effective for governments to use world mar-
kets to stabilize domestic consumption (Siamwalla and Valdes 1980),
sometimes using the International Monetary Fund's (IMF) food facility as
a source of funding for food imports when appropriate (Huddleston et al.
1984). Interventions can also be targeted on specific socioeconomic
groups, such as food subsidies for the poor or on relief employment and
food-for-work schemes. The efficiency of these and other direct interven-
tions is elaborated by Sahn and von Braun (ch. 26).

In terms of farm-level risk mitigation, the major disadvantage of com-
modity price stabilization is that farmers are not so much concerned with
price variability as with income variability. Stabilizing prices may even
lead to increased income variability. This possibility is likely if farmers
grow several crops for which returns, though individually unstable, are col-
lectively relatively stable. A price stabilization program for just one com-
modity might then induce a large supply response and have an adverse
effect on prices and returns without reducing income risk (Newbery and
Stiglitz 1981, p. 27). There may also be situations where price risk is not all
that important. Further, as discussed by Siamwalla (1986), government
intervention to reduce price risk will be more difficult to sustain the larger
the share of the commodity in the world market, the more important the
commodity in the economy, the longer the period of production of the com-
modity, and the more porous the national border.

Price support or "underwriting" (Quiggin 1983) is a particular form
of commodity price stabilization which may be specifically aimed at miti-
gating farm-level risk by putting a floor under output price, while not di-
rectly restricting price above the floor level. To be effective in terms of farm
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decision making, the floor price must be both guaranteed and announced
before the growing season commences. Implementation is generally ef-
fected by government standing ready to purchase all quantities that may be
offered at the floor price.

Both to farmers and government, price stabilization is an attractive
concept and, theoretically, may possibly be beneficial in its risk-reducing
effects (Quiggin and Anderson 1979). Practice, however, is likely to be a
different matter. The difficulty lies in choosing the level at which prices are
to be set so as to gain the potential benefits of stability without at the same
time nullifying the natural role of the market in guiding resource use. Not-
withstanding such practical considerations and the theoretical niceties, a
pragmatic matter of considerable significance is the very modest extent of
"risk benefits" obtainable from (even complete) price stabilization as doc-
umented extensively by Newbery and Stiglitz (1981), particularly using
their approximation of 0.5/?D(cv2), where R denotes relative risk aversion
and D() denotes the variability change (in squared cv of income). Such
benefits are typically of the order of 3 percent, although the caution of
Kanbur (1984) as to the neglect of macroeconomic benefits of stabilization
in such calculations should be borne in mind. Another comment by
Kanbur (1984, p. 351) to the effect that "it is the coefficient of variation of
(income) that matters, not just its variance" is relevant in considering any
of the interventions related to variability that are discussed in this volume.

Diversification

Another approach is to take advantage of less-than-perfectly covari-
ate production patterns between regions in establishing production priori-
ties. It is possible to derive an optimal pattern of regional diversification to
minimize the standard deviation of production of a crop given a desired
level of average output (Hazell 1982). However, in seeking more risk-effi-
cient production strategies, one would not want to distort unduly the work-
ings of markets or to violate the principles of comparative advantage, but
only to bear the correlations in mind as a secondary factor when establish-
ing priorities for investing public funds in agricultural research, extension,
irrigation, and the like. In this spirit Tarrant (ch. 4) argues that a better
balance in the growth of major cereal-producing regions in the U.S.S.R.
should be a policy consideration for the Soviets if regional compensation
effects are to be exploited in attaining more stable aggregate production.

Public Provision of Information

The quality of decision making in highly variable and risky environ-
ments depends crucially on the information available to decision makers.
In the food systems of the world that are influenced by variable yields of
cereals, decision makers are involved at many levels ranging from individ-
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ual farms, through local marketing agents and food security administra-
tors, regional and national authorities concerned with input and output
delivery systems, and food policy authorities to international counterpart
agents and interventionists. Better information is required at all these
levels.

The fact of the variability of natural and economic environments ex-
plains much of existing public investment in information gathering and
processing systems. If weather, production, prices, and so forth were de-
terministic and thus easily known by all concerned, there would be little
need for national meteorological services, national statistical services, and
interpretative research agencies such as bureaus of agricultural eco-
nomics. As well as describing variable environments in insightful ways that
add to the stock of knowledge, such agencies can work toward further as-
sisting decision makers by attempting to forecast uncertain futures—in the
present context, droughts, frosts, pest and disease attacks, crop marketing
volumes, trade volumes, flows of food aid, prices, and so forth. The diffi-
culty of such work and its inherent inaccuracy do not mean that it may not
be extremely valuable (Byerlee and Anderson 1982).

The key policy issue is the extent to which existing investment, both
public and private, in the provision of information is optimal. The public-
good nature of much of the relevant information ensures that private in-
vestments will be much less than is socially optimal. There is, however, a
dearth of research on how adequate have been the public initiatives. One
thing is certain, given the diversity of level of investment around the globe,
namely that, if the level in industrial countries is somewhere near the so-
cially optimal intensity, most developing countries are still severely under-
investing. Thus, as they muster their scarce national and external re-
sources to address developmental priorities, due attention must be devoted
to easily neglected (service industry) information and research and exten-
sion systems, along with the more basic infrastructural and directly pro-
ductive enhancements.

Conclusions

We have considered a number of things that agricultural researchers
and policymakers can do to reduce yield variability. Some of these, for
example, plant breeding and input management, represent direct at-
tempts to increase yield stability. In contrast, policy interventions, such as
crop insurance and price stabilization schemes, seek only to mitigate some
of the undesirable consequences of yield variability.

An important issue, and one which we have not been able to shed
much light on in this book, concerns the relative economic efficiency of
alternative approaches. Not only will alternative approaches differ in their
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effectiveness in reducing yield variability, but they will also differ in their
costs. For example, plant breeders could, by giving more emphasis to sta-
bility, reduce yield variability but only by sacrificing perhaps sizable in-
creases in average yields. Such sacrifices could prove costly to society, and
a full social benefit-cost analysis might show alternative approaches to be
better.

It seems likely that more careful management of inputs and improved
agronomic practices may be a relatively cost-effective way of reducing yield
variability. However, to the extent that these require sizable increases in
public investments in research, extension, credit, and input delivery sys-
tems, these investments may also need to raise average productivity to be
justified.

Perhaps relatively more is known about the costs and benefits of pub-
lic policies, especially crop insurance (Hazell, Pomareda and Valdes
1986), price stabilization (Newbery and Stiglitz 1981), food subsidies
(Pinstrup-Andersen 1988), and food-for-work programs (Ahmed and Hos-
sain 1985). Experience shows that these can all be very expensive unless
carefully targeted on the households most adversely affected by production
variability.

Attempts to draw more definitive conclusions about the cost effective-
ness of different approaches in reducing yield variability seem doomed to
flounder until more quantitative information is available about the costs
and benefits of each approach. Collection of this kind of information will
require more carefully focused research on yield variability than has been
common in the past. It is our hope that this volume may stimulate such
work.
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