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Foreword

World food security is a serious and pressing contemporary issue. This book examines
the extent to which future crop yield increase can continue to feed the world. It
highlights for scientists and policymakers the role of technological innovation as a

key driver of past and future yield gains. It considers the broader consequences and
challenges for these gains through intensified crop production.

Improving global food security and alleviating poverty through agricultural innovation

is central to the mission of the Australian Centre for International Agricultural Research
(ACIAR). As part of the Australian Government’s overseas aid program, ACIAR supports
collaborative agricultural research in developing countries of Asia, the Pacific region
and Africa. Since 1982 ACIAR has funded research into crop production and has often
contributed to the technological progress referred to in this book. Examples include

the strengthened wheat rust resistance breeding across South Asia, the dramatic
increase in rice production in Cambodia, the spread of direct seeding and conservation
agriculture in several Asian countries, and improved efficiency of nitrogen fertiliser
management for wheat-maize systems in China. Moreover, the CGIAR centres,
supported by ACIAR, have played a major role in lifting the yields of wheat, rice,

maize, coarse grains, cassava, sweetpotato and some grain legumes in developing
countries, and sometimes farther afield. It is therefore fitting that ACIAR publish this
book highlighting the importance of technological innovation for crop yield increase
and world food security.

The book looks beyond just the crops and countries that are of greatest interest

to Australia and ACIAR. It considers all the important crops in all major production
regions, including those in developed countries. Food security is advanced by
increasing production by subsistence farmers for home and local consumption, by
boosting commercial smallholder farmer output for national markets, and by raising
exportable surpluses from countries and regions with global comparative advantage.
By comparing crop yield and current yield increases in the bread baskets of the world,
and at the national and sub-national levels, this book reveals both commonalities and
considerable diversity in constraints to yield progress. This in turn points to different
investment priorities for agricultural development in different regions, but everywhere
greater investment in research and development is a necessary condition to lift rates of
crop yield increase.
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The book is for scientists who daily confront issues concerning the modernisation
of world crop production. It is also for those who are more generally interested in
agriculture, natural resource management and food security. The book will also
inform and inspire tertiary students regarding the challenges and exciting rewards
in agricultural research and development. It takes a multidisciplinary approach to
the possibilities for continuing crop yield advance, with attention to fields ranging
from plant molecular biology and genetics to rural policy and political economics.
We hope it will serve as a contemporary and comprehensive guide to a subject
that, while lately becoming so topical, has been central to ACIAR’s mission since its
inception more than 30 years ago.

Al __

Dr Nick Austin
Chief Executive Officer
ACIAR
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Preface

More than 200 years have passed since Thomas Malthus, author of ‘An essay on

the principle of population’ published in 1798, and highlighted 200 years later in

Evans (1998), argued that world population expansion would outstrip growth in food
supply, resulting in starvation. In the intervening period these gloomy predictions have
reappeared from time to time, only to be banished again by arable land expansion in
the New World, massive growth in global food trade, and (more recently) crop yield
increase. The latter effectively buried the dire 1960s predictions from the Club of Rome,’
and similarly from the Paddock brothers in their book ‘Famine-1975!" (Paddock and
Paddock 1968).

Nonetheless, L.T. Evans in his introduction to ‘Feeding the ten billion’ (Evans 1998)
pointed to the prevailing excessive complacency over world food supply at that time.
And indeed many believe that the Malthusian spectre has returned in the wake of
sharp price increases for food commodities in 2008 and 2011; these persistent price
increases point to a failure of supply to meet demand.

Renewed concern, even alarm, is reflected in the host of conferences and research
publications on world food security appearing in the past 5 years. The popular
science book ‘The coming famine’ (Cribb 2010) captures the mood, raising alarm over
shortages of land, water and research products, and over mounting pressure from
demand growth and climate change. However, it was our June 2009 participation in
an expert meeting at the Food and Agriculture Organization of the United Nations that
provided the catalyst for this book—this meeting was entitled ‘How to feed the world’,
and its proceedings were later published (Conforti 2011).

Farm boys from the Antipodes and graduates in agricultural science, we had come
together in Mexico in the 1980s at the International Maize and Wheat Improvement
Center—known as Centro Internacional de Maiz y Trigo (CIMMYT)—but after a number
of years working together we went our separate ways. Our distinct experiences are now
brought together to bear on the critical issue of crop productivity, as reflected in the title
of this book.

1 The Club of Rome is an international think tank established in 1968 and famous for publicising
views on the limits to world growth.
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World population surpassed 7 billion in late 2011; population is expected to reach
9.3 billion by 2050, and per-capita demand is likely to increase along with income
growth. Across the scientific literature, global food demand is predicted to increase
between 50% and 100% over 2000 levels by 2050. At the same time, growth in food
production is slowing.

The take-off in crop yield increase in the mid 1960s averted the predictions of
widespread famine of the time. This yield increase, until the turn of the millennium,
led to steadily reduced real prices of food and a dramatically slower expansion of
arable area. If this desirable situation (with respect to price and arable area) is not
to deteriorate under the pressure of relentless growth in demand, further substantial
increases in crop yield are essential. Real prices cannot be allowed to rise greatly,
because (as seen recently) this translates into increased malnutrition and misery in
the world’s two billion poorer people, and to civil unrest. Meanwhile, in most cases,
for environmental reasons, crop area increase is a difficult and undesirable option.

There have been many analyses of this dire scenario, but few contain a balanced
and detailed dissection of the central issue—the prospects for further crop yield
increase. This topic, considered from now out to 2050, is therefore the subject of

our book. It recalls the concluding sentence of an interesting article on the subject of
world food security:

‘Few things matter to human happiness more than the yields of staple crops.’
The Economist (26 February 2011)

Claims regarding crop yield prospects abound, and range widely, causing much
confusion and uncertainty. As an example, in 2008 Monsanto (the multinational crop
breeding company) optimistically projected that US maize yields would double between
2000 and 2030, largely driven by new biotechnology (including genetic engineering).
This means farm yield would rise from an already high 9.4 t/ha to 18.8 t/ha—equivalent
to an unprecedented rate of linear growth equal to 3.3% p.a. of the 2000 yield.

On the other hand, Duvick and Cassman (1999) argued that the potential yield for
maize (in the same US Mid West region) has already reached a plateau, despite the
huge investment of research dollars targeting this crop. Furthermore, co-author and
leading US agronomist Cassman predicts that farm yield is fast approaching this
potential yield plateau (K.C. Cassman, pers. comm.). A plateau in yield conjures up
visions of an approach to biological limits to yield—Ilong foretold and usually ‘disproven
even before they are forgotten’ as Evans (1993) wryly commented—but there is little
doubt such limits exist.

A totally different scenario can be found with maize in Sub-Saharan Africa, where it is
widely agreed that farm yields are (at best) no more than one-third of their potential
under reasonable assumptions. Bright prospects thus exist for yield progress through
closing of the gap between farm and potential yields, although proposed solutions are
diverse, challenging and controversial. The other key food crops tend to fall between
the extremes highlighted here for maize, and reflect (as with maize) huge variation in

CROP YIELDS AND GLOBAL FOOD SECURITY



(and understanding of) cropping scenarios around the world. Such variation is totally
hidden in the deceptively simple linear growth of world average yield for most crops.

Our approach here is to dissect crop yield growth and its drivers in time and space, and
to focus on the world’s four most important crops—rice, wheat, maize and soybean—
which indirectly (as feed grain) or directly provide around two-thirds of the calories and
protein consumed by humans. The dominance of these few crops is unlikely to change
but, nevertheless, we also give limited attention to other important crops (e.g. millet,
cassava, other oilseeds, sugarcane, oil palm and pulses) especially where these crops
play important roles in developing countries.

We also consider climate change, resource use efficiency, cropping sustainability and
the environmental effects arising from intensification of cropping. Included is information
from the fields of crop physiology, breeding, biotechnology and agronomy, especially
regarding its influence on prospects for potential yield. Discussion is further broadened
to include other key influences on farmer innovation—rural socioeconomics, institutions,
infrastructure and policy. Thus our book ranges from genetics and crop physiology at
one extreme to the socioeconomics of agricultural development at the other. The former
are fundamental to the limits on yield and resource use efficiency of crops, and the
latter is essential for discussing the likely farm-level effects of technological change.

At the same time, we have endeavoured to discuss these diverse fields at levels that
are understandable to the informed but non-specialist reader.

To conclude, we draw together seemly disparate threads to articulate unreserved
support for sustainable intensification of cropping around the world, and for the
increased investment in agricultural research and rural development that this will
require. We are cautiously optimistic that increased investment will be forthcoming and
that world food security will continue to improve.

Tony Fischer, Derek Byerlee and Greg Edmeades
March 2014
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Key points

* Because of population and per capita income growth, and usage in biofuel,
world demand for staple crop products should grow by 60% from 2010 to
2050, with greatest increases in the next 20 years.

* Crop area is likely to grow by approximately 10% over the same period,
through net increase in arable area and increase in cropping intensity.

* World wheat, rice and soybean yields have been increasing linearly over the
past 20 years, but progress is declining in relative terms to reach 1.0% per
annum (p.a.), relative to 2010 yields; for maize the figure is 1.5% p.a.

* In order to hold real grain price increases by 2050 to no more than 30% over
the low levels of 2000-06, published modelling suggests that a minimum
acceptable rate of yield progress of staple crops is 1.1% p.a. (linear relative
to 2010 levels).

* Higher rates of increase (e.g. 1.3% p.a.) would be wiser targets to drive
faster reductions in world hunger and guard against unanticipated negative
contingencies.

* The subject of this book is the prospect for progress in crop yield to achieve
this minimum rate, the conditions required for this to be realised, and the
consequences for resource use and the environment.




Introduction

1.1 The problem

The late 19th century author, Mark Twain, noted that ‘prophecy is a good line of
business but full of risks’. Indeed projecting crop yields—especially as far as

40 years ahead to 2050—is fraught with uncertainty at every turn. Despite the obvious
challenges, three stylised facts about world food needs have emerged from several
recent studies.

First, given climate change and rising energy prices on the supply side, growing
demand for food, feed and fuel on the demand side, and increasing land and water
scarcity generally, global grain markets are widely projected to be tighter in the future
than over the past 40 years.

Second, future area expansion for agriculture will incur a significant risk to remaining
forests and savanna, so agricultural growth must rely more than ever on productivity
gains through increased crop and animal yields.

Third, although the absolute rate of cereal yield increase has been remarkably linear
over the past 50 years, the high relative rates of yield increase during the green
revolution® years—a period of progress that saved the world from serious food
shortages—have since been steadily falling as yield rises (Figure 1.1).

Figure 1.1 suggests inevitability about the absolute rate of ~53 kg/ha/yr increase in
average cereal yield. However, given many factors are involved in yield progress in
these (and other) crops, it would be misleading to simply project forward the progress
trends of the past 50 years. Thus the major objective for this book is to analyse the
likely trends for future crop yields. The following chapters consider whether, as some
suggest, a technological plateau for crop yields has or will soon be reached, or whether
large unexploited sources of yield gains remain to be accessed immediately ‘off the
shelf’ or from the research pipeline.

2 The ‘green revolution’ refers to the dramatic increase in wheat and rice yields in Asia beginning
in the mid 1960s with the introduction of high yielding semi-dwarf varieties of these crops. This
lead to widespread adoption (>50%) of these crops within two decades, accompanied by
substantial improvements in agronomic management.



4

45 4.5

Slope 52.6 kg/ha/yr -~
4.0 40 ®©
o
35 i/ G/
Grain yield o
_ 30 3.0 §
© o
= /25 25/ A=
= k)
3 20 20 2
©
£ 15 15 @
S Grain yield increase ©
1.0 10 o
2
05 05 3
o
0.0 « . : : . . . . : . . 0.0
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 1.1 World yield of wheat, rice and maize (arithmetic average) and the annual
relative rate of yield increase between 1960 and 2010. Standard error of
slope = 0.7 kg/ha/yr, qu = 0.992. Source: FAOSTAT (2013)
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Figure 1.2 Change in real grain prices (2005US$/t) for wheat, rice, maize and
soybean from 1960 to 2011. Source: World Bank (2012a)
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Of course food security is not dictated by crop yield alone. Changes in the real price®

of agricultural commaodities (Figure 1.2) constitute a key yardstick for world food
sufficiency. Generally, real grain prices have declined in the past 50 years, but the

sharp peak in prices in the mid 1970s—Ilargely driven by an oil price spike—notably
interrupted the decline. However, after the late 1980s the real price declines steadied
and record low levels were reached around 2000—06. Since then, there have been rises
significant enough to again highlight the question of world food security.

Thus, expanding on the initial question of future yield trends, later chapters in this book
consider how quickly unexploited yield progress can be realised: whether the speed of
realisation will be sufficient to meet growing demand and limit the kind of rises in real
prices that have been experienced in recent years.

1.2 Growing demand for crop products

Demand for crop products is determined by four main forces, with increasing
uncertainty moving down the list:

1. population growth
2. increased income per capita
3. biofuels
4. prices.

The global population is projected to reach ~9.3 billion by 2050 (United Nations
2011, medium variant). This is a large addition (33%) to the current population of

7 billion—reached at the end of 2011—and reflects a relative growth rate of 1.11% p.a.
in 2011.# The relative growth rate has declined from 1.71% p.a. seen between 1960 and
2000, and is projected to decline further to 0.73% p.a. between 2011 and 2050, falling
to 0.47% in 2050 (US Census Bureau 2013). The decline in population growth largely
reflects the influence of growing per capita income and expanding female education.

A fair amount of uncertainty surrounds future increases in income, especially in the
current economic environment. Predictions by the World Bank used by the Food and
Agriculture Organization of the United Nations (FAQ) assume a baseline compound rate

3 Real prices over a period are the actual prices corrected for general cost of living change.
They are expressed in constant dollars of a given year when the real and observed prices were
assumed to be the same (e.g. dollars of 2005 in Figure 1.2).

4 Population growth rate is always calculated on an exponential basis, even though world
population is now growing at a steadily declining relative rate. The average growth rate
between two dates is the exponential rate that gives the observed or predicted population
change.
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of income increase of 1.4% per capita per year to 2050 (Alexandratos and Bruinsma
2012). For high-income countries, and most middle-income countries, per capita direct
consumption of cereals declines as incomes rise; the effect is largest for coarse grains
and smallest for wheat.

The major effect of higher income is greater demand for feed for livestock, especially
in developing countries. Demand for vegetable oils, fruits, vegetables and sugar is also
income elastic (highly responsive to income) until countries reach high-income status.
It is the combined demand for both vegetable oils and feed grains that stimulates the
high increase in demand for soybean, which shows the strongest increase of the four
staple crops (see Table 1.1), followed by maize.

Demand for feedstock to produce biofuels (and other industrial materials) depends on
energy prices, grain prices, biofuel policy mandates and the speed with which second-
generation (cellulose-based) biofuels become available. Currently 130 Mt of grain—
comprising mostly maize—is used as biofuel. Alexandratos and Bruinsma (2012)
project this grain figure will reach 182 Mt by 2020, with further contribution from 118 Mt
of other plant products (mostly sugar and palm oil).

Biofuel predictions thereafter are highly uncertain. FAO assumes that demand will
stabilise after 2020, but another scenario proposed by the International Institute for
Applied Systems Analysis (IIASA), based on continuing delays in the introduction of
second-generation biofuels, puts grain demand at 450 Mt by 2050 (G. Fischer 2011).
It is even uncertain whether second-generation biofuel feedstock can be harvested
without interfering with cropping for other purposes.

In 2010 about 30 Mt of plant oil was used in industrial processes, substituting for

fossil fuel. This represents an increase of more than double over the previous 20 years
(Carlsson et al. 2011). Predictions are for this figure to increase to 250 Mt by 2030, but
this will require large technical breakthroughs in modifying plant oil composition and will
depend on prices relative to fossil fuel.

The way in which demand and supply play out in world markets sets prices. When
demand growth exceeds supply growth, markets are cleared by higher prices. Actual
fulfilled demand then depends on the supply side response as well.

FAQO (Alexandratos and Bruinsma 2012) provides individual supply and demand
predictions, but apparently with real prices assumed constant (Table 1.1). Others—such
as the International Food Policy Research Institute (IFPRI) and IASA—use equilibrium
models that balance demand and supply, and hence the balancing price is a key part
of their predictions. These latter predictions will be discussed in Section 1.5.

While uncertainties surround the demand predictions, note that even the observed
numbers for production, area and yield—largely drawn from FAOSTAT (2013)—carry
uncertainty. FAOSTAT figures can sometimes differ from national statistics and can be
revised as time passes; thus models can notably differ even in their observed starting
statistics (Alexandratos 2011).
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Table 1.1 Summary of the Food and Agriculture Organization of the United Nations
(FAQ) observed and projected world crop demand and supply at
‘constant’ prices, considering the 44 years before and after the 2005-07

base period
1961-63  2005-07 2050 Increase (%)
1961-63 to 2005-07 to
2005-07 2050
Cereals? (rice as paddy) 919 2,282 3,284
Wheat 614 161
Riceb 230 644 827 180 28
Maize 210 736 1,178 250 60
Soybean 217
Wheat
Rice 118 158 155 34 —2
Maize 106 155 194 46 25
Soybean 124
Wheat 1.14 2.77 3.82 143
Riceb 1.94 4.07 5.32 110 31
Maize 1.99 4.74 6.06 138 28
Soybean 1.13 2.31 3.15 104 36
a ‘Cereals’ for FAO include wheat, rice, barley, sorghum, millet, oats and rye plus some other
very minor crops. The major cereals (wheat, rice and maize) were (in 2007-09) 87% of the
production of all cereals (see Table 1.2).
b Itis customary to use ‘milled rice’ weights (i.e. 67% of the weight of ‘paddy rice’) on the

demand side of the ledger. As this book uses paddy rice weights throughout, the FAO values
in Table 1.1 have all been adjusted back to paddy weights to avoid confusion.

Source: Alexandratos and Bruinsma (2012)

Overall, Table 1.1 shows a 44% projected increase in demand of all cereals
from 2005-07 to 2050. This is equivalent to a compound growth rate of 0.83% p.a.
Because the composition of demand shifts as incomes rise, the growth in value of
total agricultural production is estimated to be closer to 60% (Alexandratos and
Bruinsma 2012); other studies tend to estimate higher values for growth in demand
for cereals and for all agriculture (see Section 1.5, below). Total agricultural demand
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growth exceeds that of cereals because there is greater demand growth for high-value
non-staples; for example, Alexandratos and Bruinsma (2012) project the demand

for meat to rise by 76%, sugar by 75% and vegetable oil by 89% between 2005-07
and 2050. Similarly, greater demand growth is projected for other animal products,
vegetables and fruit.

Of the staples, the use of maize and soybean for feed and biofuels leads to significantly
higher projected demand growth for these commaodities, with increases of 60% (maize)
and 80% (soybean) from 2005-07 to 2050 (Table 1.1). Across all cereals, rice shows the
lowest projected increase in demand. Demand for rice from 2005-07 to 2050 increases
by only 28% (less than the world population rise), caused by per capita consumption
peaking with income increase in Asia, then declining as incomes increase further, as
happened in Japan. However, others argue that this decline may not happen in China,
India or Indonesia, and not for a long time in Sub-Saharan Africa where per capita
consumption is rising rapidly (e.g. Mohanty 2013a).

Note that the predictions shown in the 2050 columns in Table 1.1 are based on
demand growth with no attention to price (termed ‘constant’ price growth). Also
note that very low real prices persisted (Figure 1.2) into 2005-07 (the base period
used in Table 1.1). Despite these important points, the FAO predictions shown in
Table 1.1 are not expected to lead to elimination of hunger. In fact, predictions
suggest that some 318 million people—that is, 4% of world population—will remain
hungry in 2050 (Alexandratos and Bruinsma 2012). Furthermore, this unacceptable
level could actually be underestimated since real food prices are unlikely to stay

as low as those seen 2005-07 (see also Section 1.5). Of course, and as is discussed
in Section 13.6, when it comes to world hunger, much also depends on where food
is produced (and by whom) and other measures to ensure food access (such as
safety net programs).

1.3 Supply side—our major crops

Increases in crop supply—that is, increased production to meet projected demand
growth—will come from both crop area and yield increase (Table 1.1). Crop area is
a function of arable land area and intensity of cropping, where ‘arable’ refers to land
used regularly for crops with a growth cycle of less than one year (Box 1.1 provides
further definitions).

Yield progress was more important than area increase in the 44 years between
1961-63 and 2005-07, accounting for 85% of the increase in production of the three
major cereals, or 77% of the four staples (calculated from Table 1.1). Table 1.1 also
predicts that yield progress—rather than crop area increase—is likely to remain the
primary mechanism for production increases until 2050. The validity of this important
prediction is the substance of this book.
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This book primarily concentrates on the big three cereals—rice, wheat and maize—
and soybean, now the fourth major grain crop in the world. Cereals account for 58% of
annual harvested crop area globally, and directly provide ~50% of world food calories
(Nelson et al. 2010). Through indirect paths, cereals provide even more food calories as
stockfeed, supporting production of animal products for human consumption. Following
cereal calories, the next biggest sources of world food calories for direct consumption are
vegetable oils (12%) and sugar (8%) (Nelson et al. 2010).

Globally, per capita calorie and protein intake increased ~27% between 1961 and
2007 (Figure 1.3)—most of that increase was due to even greater relative increases in
developing countries. Rice and wheat alone accounted for about half of the increased
per capita energy intake (Figure 1.3a). Maize has been the major source of energy to
support the rapid increase in consumption of animal products (Figure 1.3), accounting
for more than 60% of energy in commercial animal feeds. Soybean greatly contributes to
the supply of animal feed in the form of high-protein meal (in turn boosting food protein
consumption) and is the second-most important component of the rise in vegetable oil
consumption (Figure 1.3) after palm oil. Together the three major cereals are projected
to provide ~85% of the increase in food cereal consumption to 2050, and maize and
soybean will continue to drive growth in animal food calories and protein supply.

Of course, the ‘big four’ staples are not the complete solution to world food
security. Diversification of cropping and food production is needed and any
comprehensive review should include relevant data from coarse grains, roots and tubers,
pulses and oilseeds (Table 1.2). Many of these additional crops are critical for food security
in some countries.

These ‘other crops’ have been considered in this book, albeit in much less detail since
relevant data are generally sparse. Some of these crops show weak yield trends, while
others—such as sugarcane, canola (rapeseed) and oil palm—are booming commercial
crops serving multiple uses for food, feed and fuel. Vegetables and fruits contribute
less to intake of calories and protein (Table 1.2), but play an important role in providing
micronutrients and generating income; however, these crops fall beyond the scope of
this book.

The 2008-10 global area and production figures for the world’s main food crops—most

of which are considered in this book—are shown in Table 1.2. Data include that portion of
production going to biofuel or other industrial uses. Table 1.2 also calculates calories and
protein from crop production, but it should again be noted that not all these calories or
protein amounts are consumed directly by humans. Large portions of calories and protein
are used for animal feed—particularly from coarse grains (like maize) and from meal
produced by processing oilseeds. Similarly, large portions are used for industrial purposes
(particularly biofuel).

Table 1.2 shows that maize is now first in energy supply, with wheat second and rice

third. Meanwhile, soybean is first for protein supply and maize second. For vegetable oil
production (a higher energy food not shown in Table 1.2), oil palm is now first and soybean
second, palm fruit having higher oil content than soybean grain.
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Table 1.2 Production of the world’s major crops shown against global harvested
area in 1988-90 and 2008-10, area change, and food calorie and protein
amounts

Harvested area Area Production Food values
(WLEY change 2008-10
(%)
1988-90 Relative  Relative
1988-90 2008-10 to calorie protein
2008-10 amount®  amountP
Wheat 2255 221.3 -2 674.4 100.0 100.0
Maize 130.9 161.8 +24 833.4 133.5 107.6
Rice (paddy) 147.4 160.2 +9 691.6 87.2 49.7
Soybean 56.9 99.3 78 239.8 35.8 124.0
Pulses 68.8 73.2 +7 65.0 9.9 19.4
Fruits 411 55.4 +35 599.0 12.3 4.3
Vegetables 31.8 541 +70 1,019.4 10.9 17.2
Barley 74.3 52.3 -30 143.4 14.4 14.6
Sorghum 442 42.3 -4 60.3 10.0 9.0
Millet 38.3 35.4 -7 3.8 4.2 3.4
Rapeseed 175 315 +80 60.2 13.2 16.1
(including canola)
Cotton (seed only) 33.1 31.2 -6 41.3 5.1 12.9
Sunflower seed 15.8 24.4 +54 33.4 4.5 9.1
Peanut (in shell) 20.2 24.4 +21 38.7 6.6 9.2
Sugarcane 16.7 239 +43 1,705.2 22.8 0
Cassava 151 19.0 +26 234.7 11.4 29
Potatoes 17.9 18.5 +3 332.7 9.9 7.3
Oil palm (fruit) 5.8 15,3 +161 219.4 15.6 6.8
Coconut 9.9 11.4 +15 60.5 3.7 1.1
Bananas + plantain 7.7 10.4 8355 136.0 4.7 1.5
Sweetpotato 9.1 8.1 =11 103.3 4.2 1.0

a Crops ranked by current area

b Values expressed relative to wheat. Calorie and protein amounts corrected for non-food and/or
non-feed portions (i.e. husk for rice, barley, peanut, coconut; non-sugar portion for sugarcane;
non-kernel portion of fruit in oil palm), with results given relative to the wheat amount set at
100. One kilogram of wheat is assumed to have 3,330 kcal (13.9 MJ) of food energy and 109 g
of protein. Food calorie and protein compositions used for other crops are global averages
relative to the global wheat average but, in reality, compositions can vary considerably among
regions for any given crop.

Source: Calculated from the FAOSTAT (2013) Food Supply Table
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1.4 Supply side—crop area and its
prospects

For the following discussion of crop area changes, a clear understanding of land
definitions is needed; FAQO definitions are used and explained in Box 1.1.

Box 1.1 Definitions of crop areas

Arable land: Land under annual (sometimes termed ‘temporary’) agricultural
crops, temporary meadows or pastures, market gardens and land temporarily
fallowed for less than 5 years. Thus, it is land expected to be often planted to

annual crops.

Cropland: Land under crops as the sum of arable land and permanent
cropland. This is also sometimes known as ‘cultivated land’.

Cropping intensity: Crop harvested area of annual crops as a percentage
of arable land. It may be less than 100% due to resting (fallow or pasture) and
crop lost between planting and harvest, or greater than 100% due to multiple
cropping (more than one crop per year).

Harvested area: The crop area actually harvested; for annual crops often less
than the area planted (due to crop failure), but in some regions can exceed
arable area where there is multiple annual cropping. FAO does not publish
detailed statistics on crop area sown.

Permanent crops: Long-term crops, which do not have to be replanted for
several years (these are tree crops, but plantation forestry is not included for this
discussion).

Temporary (or annual) crops: All crops with a less than one-year growing
cycle and which must be newly sown or planted for further production after the
harvest. Sugarcane and cassava may occupy the land for more than 12 months,
but are nevertheless considered as arable-land crops (not permanent crops).
Source: FAOSTAT (2013)

Current crop area and past changes

Considering both annual and permanent crops for the 2008-10 period, total
harvested area amounted to 1,450 Mha. Of this figure, permanent crops comprised
150 Mha, while the remaining 1,300 Mha represents the harvest area of annual crops
(Figure 1.4).
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Figure 1.4 Changes in global areas for arable land, for harvested area of annual
crops and of permanent crops, and for land area equipped for irrigation
(1991-2010). For definitions, see Box 1.1. Source: FAOSTAT (2013) but
annual (temporary) crop area was from a FAOSTAT file now unavailable;
2009 and 2010 have been estimated by authors

Table 1.2 lists the top 21 food crops; these are mostly annual crops (including
sugarcane and cassava; FAOSTAT 2013), but there are also some permanent crops
(i.e. oil palm, coconut, bananas and plantain, and some fruits). These top food crops
comprise 81% of the total harvested area (annual + permanent crops); the remainder is
made up of nut tree crops, industrial (non-food) crops (e.g. jute) and hundreds of other
minor food crops.

Figure 1.4 shows that in the past 20 years, arable land has decreased very slightly
(<0.1% p.a.), essentially remaining steady at —1,400 Mha.® This suggests that—on
a global basis—the opening of new arable land to cropping approximately
balances arable land lost to urbanisation, new tree crops, permanent pastures,
degradation, and to plantation forestry and reserves (a likely small part of which may
occupy arable land). On the other hand, area for permanent crops has increased

5 These absolute numbers sourced from FAOSTAT do not agree exactly with Bruinsma
(2011), also from FAO, who reported arable land to be 1,562 Mha in 2005. Bruinsma (2011)
agrees that arable area is increasing only very slowly (up 14% since 1961) and the discrepancy
arises because he included permanent tree cropland in the ‘arable’ total (J. Bruinsma,
pers. comm. 2012).
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by ~30 Mha in this same period by an annual rate of 1.45 Mha or 1% p.a. (Figure 1.4).
Contribution from permanent crops has meant that total global cropland has increased
to reach ~1,550 Mha; this figure exceeds the total harvested area because the area of
arable land exceeds the harvested area of annual crops.

Harvested area of annual crops has increased on average only very gradually at an
annual rate of 3.3 Mha (0.25% p.a.) over the past 20 years (Figure 1.4). The trendline,
however, disguises a decline in area to 2003, followed by an upturn, giving a jump of
~6% through to 2010 when area reached 1,300 Mha. Over the 18 years from 1990 to
2008, with a steady arable area (1,400 Mha) dedicated to annual cropping, the increase
in crop harvested area can be explained by the increase in cropping intensity from
88% to 93% (Bruinsma 2011).

Figure 1.4 highlights the very small net change in world arable area in the past

20 years. This phenomenon goes back much more than that; arable land area was
1,287 Mha in 1961-63, so the increase in almost 50 years has been only ~100 Mha

(or 7%). The area of the ‘big four’ staples has increased by much more than 7%

(Table 1.1)—as has the area for some other crops (Table 1.3)—but some of this crop
area increase is derived from increased cropping intensity (such as with the increase in
rice-wheat double cropping in South Asia and maize-soybean in the Brazilian Cerrado).
Other crop area increases have been at the expense of less popular crops, like the
coarse grains barley, sorghum and millet (Table 1.2).

Globally, land equipped for irrigation has also increased annually by 3.25 Mha

(—1% p.a.) to reach ~300 Mha; although in 2005-07 observed operated irrigated
land was only 257 Mha. Irrigated lands have an average cropping intensity of around
127%, which points to a significant portion of irrigated land under double cropping.®
Irrigation permits higher cropping intensity and yields, so although irrigation comprises
only 17% of cropland, irrigated areas deliver 42% of all cereal production and also of all
crop food production (Bruinsma 2011).

Small net area changes in global arable land disguise both gains and losses. Annual
declines of 2.9 Mha in cropland from 1990—comprising 2 Mha from the transitional
countries (those of the former USSR) and 0.9 Mha from other developed countries—
were more than outweighed by annual increases of 5.5 Mha in developing countries.
Expansion was concentrated in Sub-Saharan Africa, Latin America, and South-East
Asia, but there was also notable recovery specifically in the sunflower area of the
Russian Federation and Ukraine. Soybean, maize, canola, rice, oil palm, sunflower and
sugarcane were the key commodities driving expansion, amounting to a total harvested
area increase of 125 Mha over 20 years (Table 1.3).

6 Bruinsma (2011) calculated cropping intensities in 2005-07 to be 79% (rainfed), 134%
(irrigated) and 87% (overall), but as pointed out in footnote (4), his figures consider the sum
of arable land and permanent cropland. The area of permanent crop that is irrigated is not
readily available, but allowing for, say, 50% irrigated, the annual cropping intensity on rainfed
arable land (as defined here) is slightly underestimated, and that on irrigated arable land is
overestimated by a few per cent.
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Expanded trade in agricultural commodities led to shifts of production. Countries

that had potential to increase cropland (such as Argentina and Brazil) could increase
production to meet booming demand from China and other emerging economies.
During this same period, plantation forests (which are not included in the FAO definition
of permanent crops) also expanded relatively rapidly (2.2 Mha p.a.) to reach 139 Mha in
2007; one-third of this expansion was in China.

Table 1.3  Key commodities driving global crop expansion from 1990 to 2007

Commodity Area change Major contributors (% of net increase)
1988-90 to

2008-2010 (Mha)
Soybean 42.4 Argentina (33), Brazil (28), India (19)
Maize 309 China (29), USA (29), Brazil (9)
Canola 14.0 Canada (32), India (15), France (8)
Rice 12.8 Myanmar (38), Thailand (21), Indonesia (18)
Oil palm 9.5 Indonesia (50), Malaysia (26), Nigeria (11)
Sunflower 8.6 Russian Federation (41), Ukraine (38), Myanmar (10)
Sugarcane 7.2 Brazil (47), India (29), China (9)

Source: FAOSTAT (2013)

In summary, the historically low rate of arable area increase points to the role of yield
progress as the primary driver of past production gains, with a small contribution from
increased cropping intensity. However, despite past trends, we cannot ignore future
possibilities for increasing crop area, or threats to current arable area.

Prospects for crop area increase

Predictions of future increases in annual crop area driven by demand are quite
variable. Table 1.1 indicates FAQ thinking on extra harvested area (including biofuels),
with projected future expansion to 2050 of ~39 Mha for the staple cereals, entirely due
to maize, and 32 Mha for soybean alone. Considering all annual crops collectively,
Alexandratos and Bruinsma (2012) projected ~134 Mha extra harvested crop by
2050—an increase of 9% from 2005-07 harvested area. Further projected small
increases in cropping intensity would meet half of this projected crop area increase;
the remainder would be met by ~70 Mha net increase (+ 5%) in arable land.

Another estimate for crop area increase, this time from Deininger and Byerlee (2011),
includes plantation forests (which are not included by FAQ). Each year, >6 Mha of new
land is expected to be brought into production globally until 2030 (a total of 120 Mha).
Improved world trade would encourage greater production from low-cost producers
and could double the amount of new land (Deininger and Byerlee 2011).
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The Deininger and Byerlee (2011) estimates agree with the recent synthesis by Lambin
and Meyfroidt (2011), as shown in Table 1.4. The low estimate for additional land for
crops, biofuels and plantation forests was projected to be 181 Mha from 2000
to 2030 (equating to 120 Mha from 2010 to 2030 pro rata). The high estimate given in
Table 1.4 is little more than double the minimum estimate.

Table 1.4  Projected increases in global land uses from 2000 to 2030

Additional land use Low estimate High estimate
(Mha) (Mha)

Crops other than biofuels 81 147

Biofuels 44 118

Industrial (plantation) forests 56 109

Total 181 374

Source: Lambin and Meyfroidt (2011)

The estimates in Table 1.4 are generally higher than those of FAO, which projected

to 2050 a net increase in arable area of 70 Mha, or a net increase in total cropland of
113 Mha (Alexandratos and Bruinsma 2012)—a 7.3% increase from the 2007-09 figure
of 1,550 Mha. The main reason for the difference is that FAQO refers to net increase in
arable land (net of arable land losses); the other authors refer to new (or additional)
cropland, which must therefore add up to the needed arable land increases plus the
arable land losses.

Loss of arable land is occurring from:

* urban and infrastructural encroachment (as seen in China, India and many high-
income countries)

* land degradation
e conversion of marginal areas to forestry

* conservation of other areas in protected reserves.

For example, Nelson et al. (2010) projected declines in arable land from 2010 to 2050 of
~20 Mha in China and ~10 Mha in India—essentially irreplaceable losses because little
new land is available. For the period between 2000 and 2030, Lambin and Meyfroidt
(2011) projected minimal global estimates for loss of cropland totalling ~100 Mha;

this comprised urban expansion (48 Mha), land lost to degradation (30 Mha), and land
converted to protected areas (26 Mha) and plantation forestry (56 Mha). Note that some
or much of the projected losses to protected areas and plantation forestry are unlikely
to come from current arable land.

A key question in this issue is how much (if any) suitable land remains available
to bring under cultivation? Based on the IIASA agroecological zones, FAO estimated
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that some 1,400 Mha of currently uncultivated land—that is not currently forested or
protected—is suited to crop production (Alexandratos and Bruinsma 2012).

Using the same IIASA database, Deininger and Byerlee (2011) provided a more
conservative estimate of available land (Table 1.5). Their estimate of 449 Mha of
worldwide available land—which is based on land that is non-forested and non-
protected, with a population density of <25 persons/km?—is equivalent to ~30% of
current global cropland. However, this available land is concentrated in just seven
countries—Sudan, Brazil, Australia, Russian Federation, Argentina, Mozambique and
the Democratic Republic of Congo—and is often far from ports and roads. This global
estimate also probably overlooks other micro-level constraints on land and is an upper
estimate of available land (Lambin et al. 2013), as seems to be the case in Australia,
but it is the best top-down global estimate available. Table 1.5 also reveals that little new
land is available in East and South Asia, the Middle East and northern Africa.

Table 1.5  Potential availability of uncultivated land around 2010 in different world
regions with suitability to crop production

World region Current cropland Uncultivated area
area (Mha) suited to crop

production (Mha)?

Sub-Saharan Africa 221 201

Latin America and Caribbean 164 123

Eastern Europe and Central Asia 254 52

East and South Asia 454 15

Middle East and northern Africa 97 3

Rest of world 360 52

(of which, Australia) (46)° (26)°

World total 1,550 446

a Based on data from the International Institute for Applied Systems Analysis (IIASA). Data refer
to uncultivated land with high agroecological potential in areas with population density of
<25 persons/km? and which is not forested or protected. Cropland area equals arable land as
defined by the Food and Agriculture Organization of the United Nations (FAO) plus permanent
crops, noting that some of the arable land may not be cultivated every year.

b In Australia only about 70% of cropland is cultivated annually (FAOSTAT 2013). The remainder
is in temporary pasture, but new arable land is probably less than 1 Mha according to local
sources (Linehan et al. 2013).

Source: Deininger and Byerlee (2011)

The numbers on available new land in Table 1.5 can be compared with the earlier
discussion of projected crop area increase matching 2050 demand and supply.
Regardless of the variation among predictions (see Section 1.5), the demand for
additional arable land is relatively small (~70 Mha) compared with the potentials shown
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in Table 1.5. This conclusion does not change even though the projected crop area
increase is net of land loss (which would perhaps total 100 Mha by 2050 and increase
the needed amount of new arable land to ~200 Mha). However, to open 200 Mha
of new cropland—even that which can meet criteria for potential land as shown in
Table 1.5—would carry environmental costs that many would wish to avoid (see

also Section 10.5 on greenhouse gases and Section 11.6 on other off-site effects of
cropping intensification).

Expansion of irrigation also needs to be considered here. Despite the current slow
increase of global irrigation area and the high investment costs involved, Alexandratos
and Bruinsma (2012) projected a further expansion of 20 Mha (8%) from 2005-07

to 2050, occurring entirely in developing countries. This is a net expansion and the
prediction assumes that losses of existing irrigated land due to water shortages or
degradation (from salinisation and/or waterlogging) will be sufficiently compensated by
rehabilitation and substitution of other areas.

In addition, Alexandratos and Bruinsma (2012) projected a small increase in irrigation
cropping intensity (from 127% to 132%), which together with area expansion would
lift irrigated crop area by 12% relative to that in 2005-07. The projected increase in
the percentage of irrigated crop area relative to total crop harvested area is
unfortunately so small (<1%) as to have an insignificant effect on global yield
increase (+0.44%) to 2050. An additional observation here is that in irrigated lands,
some lower value staples (e.g. wheat and maize) may gradually lose area to higher
value crops (e.g. vegetables).

In concluding this discussion of the pressure for crop area increase—including

likely arable land losses and the availability of suitable new land—the predictions of
Alexandratos and Bruinsma (2012) for 134 Mha of global crop area increase by 2050
are accepted as accurate, even if the values for maize in Table 1.1 seem high. Such
crop area increase will arise by cultivating more arable land more intensively, and
amounts to an increase of approximately 10% on the 2008-10 annual average
harvested area of 1,300 Mha, or about 3 Mha/yr over the 40-year period.

Figure 1.4 shows that the FAO projected rate of 3 Mha/yr crop area increase is about
the same as the average increase over the past 20 years. Even though this means
opening of new arable land at about twice this rate (to allow for arable land losses),
land availability and arable land losses are unlikely to be constraints on such a rate of
crop area increase.

Although projected crop area increase somewhat lessens the pressure for yield
increase alone to meet production demands by 2050, yield increase will remain as the
driving force behind the majority of production gains in the future. Based on the FAO
numbers given for the ‘big four’ staples in Table 1.1, projected crop area increase would
account for only one-quarter of the projected production increases to 2050.
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1.5 Supply side—crop yield, price
questions and trade

Given the key role that further crop yield increase must play in meeting the expected
increase in demand to 2050, this book closely examines crop yield prospects. The
following chapters trace sources of yield increase, focusing on the last 20 years
because of the greater relevance of this recent period to the future.

Recent increases in yield

Figure 1.5 shows current trends for global yield of staple crops over the last 20 years.
As was foreshadowed in Figure 1.1, yield increase has been strongly linear for the
key crops. Expressed as a percentage of the estimated yield in the last year of the
series (2010), the relative rates of gain are 1.0% p.a. for each of wheat, rice and
soybean, and 1.5% p.a. for maize.
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Figure 1.5 Linear trends in global yield of wheat, (paddy) rice, maize and soybean
for last 20 years (1991-2010). Slopes of the linear relationships and the
standard error of slopes are given. Source: FAOSTAT (2013)
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Figure 1.5 appears to suggest that yield increase at a fixed linear rate is an inexorable
force, easy to project forward but difficult to move to a new higher trend rate. This is
deceptive, however, as the global average for a crop aggregates many diverse rates

of progress from different regions, as discussed in the commodity chapters of this
book. Nevertheless, because a linear model adequately fits most of these trends, linear
slopes are calculated and presented, while noting their statistical significance. These
annual linear rates are expressed as a percentage relative to the most current yield in
order to allow for differences in yield levels among crops and regions and provide a
better basis for comparisons.

Because linearity with respect to time predominates in crop yield change, forward
predictions given in this book are considered to be driven by the linear rates (not the
relative ones). This contrasts with most agricultural economics research publications
(at least until the late 2000s) in which increases are considered to be compound or
exponential, implying a constant relative or annual percentage increase.” Exponential
growth in crop yield is now rare.

Future yield increase and prices

A key question in relation to food security is: what level of yield increase will be required
to meet future food demands? The FAQO ‘constant’ price predictions of Alexandratos
and Bruinsma (2012) in Table 1.1 indicate that after allowing for modest crop area
increase, the projected 2050 demand in the ‘big four’ staple crops would be met by an
overall yield increase (relative to 2005-07) of 33% (Table 1.6). Broken down by crop,
the FAO percentage vyield increase needed to 2050 is shown, followed by conversion to
linear annual rates of yield gain and then as per cent per annum, expressed relative to
the 2005-07 yield base used in Table 1.1:

e wheat = 38% or 24 kg/ha/yr (0.86% p.a.)

* rice = 31% or 28 kg/ha/yr (0.70% p.a.)

* maize = 28% or 30 kg/ha/yr (0.64% p.a.)

* soybean = 36% or 19 kg/ha/yr (0.82% p.a.).

These FAQ projected rates represent a significant decline in both relative and absolute
terms when compared to the 44 years from 1961-63 to 2005-07 (see Table 1.1), and
the rates of yield increase recorded for the 20 years from 1991 to 2010 (Figure 1.5).
These future rates of yield increase are quite modest, and in the case of maize and

soybean are low, because of the predicted substantial crop area increase shown in
Table 1.1.

7 The difference between the relative and linear rates can be seen by the example of 40% yield
increase from say 2010 to 2050; this result can be achieved with exponential increase of
0.84% p.a., or with linear increase starting at 1% p.a. of the 2010 yield.
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Because the overall FAO predictions to 2050 are based on the assumption of ‘constant’
price, they need to be compared to the results of equilibrium modelling. Using its
IMPACT partial equilibrium model to explore scenarios under real price changes that
balance supply and demand, IFPRI has already pointed to the notable sensitivity of real
price outcomes in 2050 to assumptions regarding yield predictions (e.g. Rosegrant

et al. 2008). Several other more recent studies are reported in Table 1.6 and briefly
discussed along with the FAO predictions.

Table 1.6  Summary of predictions of world staple grain and/or agricultural demand
and supply growth to 20502

Source® Commodities Base year Change relative to base year (%)

Demand Crop area Cropyield Real price

1 Big four staples¢  2005-07 +47 +11 +33 Not
considered

2 All agriculture 2000 +79 0 +57 +44d

8 Big four staples® 2010 +36 -8 +47 +256

4 Cereals 2000 +59 +21 +31 +30

5f Cereals 2007 +42 -9 +56 +18

69 All crops 2006 +102 +18 +72 +10

a Demand and yield relate to quantities of commaodities, not values; also biofuel is included and
climate change excluded in all cases.

b 1 Alexandratos and Bruinsma (2012) (FAO); 2 Tweetin and Thompson (2009); 3 Nelson et al.
(2010) (IFPRI); 4 G. Fischer (2011) (IIASA); 5 Linehan et al. (2013); 6 Lobell et al. (2013b)

¢ Wheat, rice, maize and soybean

Relative price increase at equilibrium assumed by authors to be twice the demand less supply
gap relative to demand

e Excluding soybean and using a modelled 2010 real price somewhat lower than observed
f  Reference scenario S1
g Scenario S2 in which climate change is perfectly countered by extra research

Tweetin and Thompson (2009), in a relatively simple approach, paid most attention

to extrapolating current linear yield increase across commodities, weighted by their
share of diet, to reach an aggregate yield (supply) figure of +57% by 2050. This fell
short of predicted demand growth (+79%) and real prices were estimated to rise 44%
(Table 1.6). This high demand growth prediction has been surpassed by only Tilman
et al. (2011) and Lobell et al. (2013b); the latter is shown in Table 1.6. Tilman et al.
(2013) used the past association of food demand with per-capita income across seven
categories of economically similar countries to predict their future per-capita demand
in response to ongoing per-capita income growth, along with their population growth,
to estimate total food demand in 2050 to be 105% above the 2005 level. Various
supply scenarios were investigated (not shown in Table 1.6, but see Section 10.5 on
greenhouse gas emissions).

INTRODUCTION

21




22

The results of Nelson et al. (2010) may be more reliable than Tweetin and Thompson
(2009), since Nelson et al. (2010) used the IMPACT partial equilibrium model. In the
absence of climate change—because climate change scenarios were also studied—
they balanced projected demand forces to 2050 with a 36% increase in production
of the ‘big four’ staples (Table 1.6). The balance required real prices of the cereals to
increase by 2050 (relative to their estimated 2010 baseline) by 23% for wheat, 20%
for rice and 32% for maize (soybean is not calculated) for an average increase of
25% (Table 1.6). Because these authors used greater per capita economic growth
rates (2.5% annual increase) than assumed by FAO (1.4%) and incorporated
greater constraints to crop area increase (including area loss in China and India),
their supply growth relied on greater yield increase than that assumed by FAO
(except for rice). Thus the rates of yield increase (calculated as above, relative to
2010 values) were 1.5% p.a. for both wheat and soybean and 1.0% p.a. for maize,
but only 0.8% p.a. for rice.

The sensitivity of balancing price to yield increase in Nelson et al. (2010) is especially
striking when a mere 5% reduction in the predicted global cereal yields for 2050
(caused by a ‘climate change’ scenario compared with ‘no climate change’) is
predicted to boost real price increases (again relative to 2010) to 55% for each of wheat
and rice, and 101% for maize (not shown in Table 1.6).

AtIIASA, G. Fischer (2011) also performed equilibrium modelling of future cereal
production growth. G. Fischer predicted that 2050 cereal production would be 59%
above the 2000 total, which is somewhat greater than the Nelson et al. (2010) result
mentioned above, accompanied in the IIASA case by large crop area increases
(Table 1.6). The strong tendency for real prices to increase is emphasised by the
similarity between G. Fischer’s (2011) prediction of 30% increase in real cereal price
and the 25% predicted increase of Nelson et al. (2010).

Linehan et al. (2013) used the agrifoods partial equilibrium model of the Australian
Bureau of Agricultural and Resource Economics and Sciences (ABARES) and the
assumption of strong linear cereal yield increase (equivalent to 1.3% p.a. relative to
2007 yields). Linehan et al. (2013) came up with quite modest real price increases
(Table 1.6), and a notable shift of consumption to higher value products (meat, dairy,
vegetables and fruit). The outcome was sensitive to the yield increase assumption:
10% lower yield increase lifted real cereal prices in 2050 to 25% above the base year.

Finally in Table 1.6, Lobell et al. (2013b) projected large increases in yield and
production of all crops, and modest changes in real prices (+10% over 2006) in what

is effectively a baseline scenario of strong productivity growth. However, in a climate
change scenario, when circumstances affecting crop productivity were changed such
that yield increase slowed to +60% of 2006 yields, real prices jumped to +32% of 2006.
This latter scenario again illustrates the high sensitivity of price to yield.

The latest effort with IMPACT comes from Rosegrant et al. (2013) who modelled
demand, supply and prices—but only from 2010 to 2025. They allowed for 300%

CROP YIELDS AND GLOBAL FOOD SECURITY



increase in crop-based feedstock for biofuel and a 40% increase in real oil prices

(M. Rosegrant, pers. comm. 2013). This modelling exercise assumed a 2% growth

in real per capita income and achieved supply and demand balance by 2025 with a
20% increase in cereal production between 2010 and 2025, and a 13% increase in
real price above a 2009-11 base. Rosegrant et al. (2013) predicted that 93% of the
projected gains in production could be achieved from annual yield increases, which
amounted to linear rates of cereal yield increase of 1.24% p.a. (relative to 2010 yields).
Even so, real cereal price rose to 13% above the 2009-11 base.

Although the target date for prediction differs, the Rosegrant et al. (2013) numbers
(when extrapolated to 2050) are in reasonable agreement with Nelson et al. (2010).
However, because the Rosegrant et al. (2013) prediction period is shorter, the results
are less uncertain, and the real price increases are clearer given that the price base

is the observed average 2009-11 price. Note that this price base already represents
a substantial increase on the lowest real prices that occurred around 2000-06

(Figure 1.2), and the decrease (2010 to 2025) in the number of people at risk from
hunger is small (<5%) relative to the total of around 800 million people. In a sensitivity
analysis, Rosegrant et al. (2013) also showed that if yield increase for cereals could
be lifted by 0.6% p.a. to reach 1.84% p.a. linear (relative to the 2010 yield), their real
price increase would be held to only ~5% above the 2009-11 base, and the number at
risk from hunger in 2025 would be reduced 13% (but would still be around 700 million
people in 2025).

The results discussed here highlight the sensitivity of real prices to assumptions
regarding yield increase, and the tendency for real prices to increase in all
scenarios. None of the models include a future rate of yield increase high enough to
hold real crop prices anywhere near the lows of 2000-06. Earlier Rosegrant et al. (2008)
did find that an exponential yield increase somewhere between 1.0% and 1.4% p.a.
from 2000 to 2050 would hold real cereal prices constant. However, 1.0% and 1.4%
exponential would be equivalent, respectively, to 1.3% and 2.0% linear relative to 2000
yields, over the whole period. These are much higher than current rates.

The somewhat conflicting predictions on demand and supply to 2050 in Table 1.6
make it difficult to settle on a minimum satisfactory target for future crop yield
increase. The Alexandratos and Bruinsma (2012) predictions in Table 1.6 can be
considered as somewhat conservative for several reasons: the low economic

growth rate used, cropland expansion providing nearly half of maize and soybean
production increase, and the lower assumption on use of grain for biofuels (compared
with other estimates, such as those by G. Fischer 2011). Alexandratos and Bruinsma
(2012) also noted that their predictions of demand growth to 2050 are generally

less than those that appear in recent scientific literature (some mentioned here).
However, the FAO figures provide some advantage to this discussion, as these are
most thoroughly documented. Further, the other equilibrium modelling estimates
from IFPRI and [IASA corroborate Alexandratos and Bruinsma (2012) in terms of
predicted demand growth.
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Disagreement also continues over what should be considered as the minimum
satisfactory tolerance limit for hunger risk and child undernourishment. The above
modelling attempts to estimate the effect on this of real prices (e.g. changes in
numbers ‘at risk of hunger’ in Rosegrant et al. 2013)—because it is inversely linked
to real prices of staple foods. However, the relationship is not strong, with hunger
influenced by other factors as well. The equilibrium modelling suggests that the yield
increases in Table 1.6 will neither prevent real price increases, nor the persistence

of high levels of world hunger (Nelson et al. 2010; Rosegrant et al. 2013). Even
Alexandratos and Bruinsma (2012) admit their predictions leave around 350 million
undernourished people in 2050.

Given that ~900 million undernourished people remain in the world now
(Alexandratos and Bruinsma 2012)—and given the commitment enunciated in 2000
in the UN Millennium Development Goals to halve hunger and undernutrition—it is
assumed here that real price increases need to be no more than 30% above the
2000-06 minimum. This suggests that the minimum supply increase for staples
to 2050 would be 60% (relative to 2010) with a somewhat higher increase for
high-value non-staples. Allowing for 10% increase in staple crop area (Section 1.4),
to achieve the projected 2050 minimum staples supply will require that 45% of the
supply increase be derived from future yield increase. This means the minimum
target for global yield increase for staple crops should be 1.1% p.a. relative
to 2010 yield.

Undoubtedly, however, it would be most beneficial for all lower income consumers if
the world aimed for higher target rates of yield progress (e.g. 1.2-1.3% p.a.). Higher
targets would also protect against rare but unanticipated factors that may mean the
minimum yield target has been underestimated. These include:

* population growth at the upper estimate (e.g. 10.6 billion by 2050)

* further policy-driven biofuel demand

e constraints or prohibitions on further land clearing

* land loss due to sea level rise or nuclear contamination

* widespread exceptionally adverse weather events (perhaps accompanied by a

return to protectionism and greater trade barriers).

In addition, higher target rates of yield progress would prepare the world for rare but
unanticipated factors that could create brakes to achieving the minimum target for
yield progress specified here. These include:

* worse than anticipated adverse climate change effects

* loss of irrigation water

* another energy crisis (such as that which occurred in the mid 1970s)
* widespread disease epidemic in a major crop

* banning of genetically engineered (GE) crop varieties.
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Achieving rates of yield progress beyond the minimum required yield increase would
thus buffer the world against the risk of price spikes and food-price driven civil disorder
(Rosegrant et al. 2013). Rates of yield increase greater than 1.1% p.a. were common
between 1960 and 2000 (Figure 1.1). However, the current rates of 1.0% p.a. for wheat,
rice and soybean sit below the minimum target required to attain world food security by
2050. The current rate for maize is higher at 1.5% p.a.

Finally it is worth noting that in meeting future demands, the biggest challenge will
come over the next 20 years to around 2030. After that point, most of the developing
world outside of Africa and South Asia will see only modest increases to consumption
of livestock products; global population growth will have slowed to near 0.6% per year;
and use of grains for biofuels should have peaked as newer, more efficient cellulosic
technologies become commercially viable.

Beyond 2050, the rate of increase in demand will be very much reduced and would

not be difficult to supply—at least in a global aggregated sense (Alexandratos and
Bruinsma 2012)—were it not for the predicted constraints on yield increase that climate
change may pose by then. Note that none of the predictions shown in Table 1.6
considers climate change, because in Chapter 10, which concerns climate change, it is
argued that climate change is unlikely to have large negative effects on yield increase
before 2050.

Trade in agricultural commodities

In a globalising world, in which the advantages of trade are more widely accepted,
many countries will increasingly depend on trade to provision their food needs, as

has been the trend in the past. In 2010, a total of ~400 Mt of staples was traded
internationally—comprising 38 Mt of rice (in paddy rice equivalent), 161 Mt of wheat,
108 Mt of maize and 93 Mt of soybean—and equivalent to about one-sixth of the
aggregate supply. Such dependency will thereby encourage production in the lowest
cost regions and increased trade (barring significant trade barriers). This is in accord
with the modelling discussed here (e.g. Nelson et al. 2010) and in Chapter 13 ‘Policies
and farmers’. World price is strongly linked to yield and yield prospects, and nowadays
as trade expands, national prices are in turn more strongly linked to world price.

However, there are situations where trade will be inadequate to assure food supplies.
The ‘mega-countries’ of China and India have little choice but to domestically produce
most of their staple foods (especially rice) given relatively small world markets in relation
to their huge domestic markets. In many countries of Africa too, poor infrastructure,
landlocked locations, lack of foreign exchange and low incomes necessitate that much
of the food be produced near where it is to be consumed. The 2008 food price spike
(Figure 1.2)—induced in part by export bans—uwill likely lead many countries to put a
greater premium on local supply. Increase in yield (and sometimes crop area) assumes
even greater importance in these countries.
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1.6 Yield progress and prospects—
the focus for this book

Clearly further yield progress is critical for food security, and the faster the progress the
better the outcome for food security. Unfortunately, many scientific publications on food
security do not provide much detail on yield or the yield predictions they necessarily
make. Further, many recent research publications have been overly optimistic, with
limited references to the biological limits to yield.

Because of the limitations of existing research publications, the primary subject for

this book is yield and yield increase, and to this end, both local and global assessments
of crop yield have been used. This book explores current crop yield progress across
many commodities in considerable depth (Chapters 3 to 7) before considering future
yield prospects (Chapters 8 and 9).

With its focus on crop yield, this book cannot consider many of the other important
aspects of the current broader debate about world food security, such as access

to food, food nutritional quality, diet control, post-farm-gate food systems and food
wastage. For a broader picture, the reader is referred to a valuable comprehensive
global scientific review of the United Kingdom Government Office of Science, entitled
‘Foresight. The future of food and farming’ (2011).

Looking towards 2050, there are obviously many uncertainties, but there are also

some fairly reliable physiological relationships that underlie progress in and limits

to crop performance (see Chapter 2 ‘Definitions, procedures and underlying crop
physiology’)—this is the rationale behind the emphasis on crop physiology, where
appropriate, in the book.

The penultimate topic of interest is the potential for productivity growth (see Chapter 11
‘Resource use efficiency’ and Chapter 12 “Trends in total factor productivity’), as this
reduces food prices and improves the welfare of people with lower incomes—it is
closely linked to (but not the same as) yield increase. Input efficiency is discussed as
a critical component of productivity, leading to consideration of the sustainability of
more-intensive cropping and of the minimisation of its environmental footprint. Finally
attention is given to the investments and other changes needed to boost agricultural
productivity growth (Chapter 13 ‘Policies and farmers’).

The conclusion is that greater rates of yield increase are possible through further
intensification of agriculture, especially in Sub-Saharan Africa where intensification has
barely begun and the scope for closing the yield gap is large. This will mean a much
greater effort in research, development and extension, especially in the developing
world. The increased (and hopefully more efficient) use of inputs will be challenging
for scientists and farmers alike, especially in high-potential, high-input environments
where innovations to reduce environmental impact are required. If world governments
seriously commit to this vital objective, substantial increases in capital investments in
agriculture will be needed.
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Definitions, procedures and
underlying crop physiology




Key points

* This book aims to measure and understand crop yield increase in key crops and
regions in terms of the development and adoption of new varieties and agronomic
technologies.

* Farm yield (FY), potential yield (PY) and water-limited potential yield (PY,) are
defined as fundamental concepts in this chapter. The difference between PY and
FY is known as the yield gap. FY is increased as the consequence of PY increase
(resulting from the invention of new technology) and/or through a decrease in the
yield gap (resulting from the adoption of the technology).

* FYincrease is calculated from the linear regression of yield against year over the
past 20-30 years. The linear slope is expressed as a percentage relative to the
estimated FY in the most recent year.

* Many confounding factors, apart from adoption of new technology, can cause FY
change over time. These include:

— changes in crop location within a region

— changes in cropping intensity or emphasis on grain quality, not yield
— trends in levels of carbon dioxide and ozone

— trends in the weather and the natural resource base of farming

— shifts in regulatory policy, costs and/or prices.

* PY is measured in well-managed trials under representative environmental
conditions, often conducted by breeders. PY increase is calculated as the linear
regression of variety yield against the year of variety release, again considering
releases only in the past 20-30 years. The linear slope is expressed relative
to the estimated PY of the most recent varieties. Breeding, novel agronomic
practices, and their interaction with variety, all increase PY.

* The relative progress in PY is assumed to apply to FY change for the same
varieties and practices, if and when adopted on-farm. However, the maximum
economically attainable FY defines a minimum yield gap of about 30% of FY.

* Key concepts in crop physiology are briefly explained since they are fundamental
to explaining PY increase and understanding the limits to crop yield and input use
efficiency.



Definitions, procedures
and underlying crop

physiology

2.1 Yields and yield gap definitions

Despite the rich general literature on measures of yield and yield progress, these terms
have often been loosely used. To aid clarity throughout this book, this chapter defines the
following key terms and their interpretation:

e cropyield

e farmyield (FY)

e potential yield (PY)

e record and contest-winning yields
* water-limited potential yield (PY,)
e theoretical yield

e attainable yield

e yield gap.

The discussion relies largely on Byerlee (1992), Evans (1993), van Ittersum and Rabbinge
(1997), Evans and Fischer (1999) and Connor et al. (2011).

Crop yield

‘Crop vyield’ is the weight of grain or other product, at some agreed standard moisture
content, per unit of land area harvested per crop. Standard moisture content varies
between countries and crops but is 8-16% in grains. This is usually the maximum limit

for marketing of grain and may vary slightly among countries—typical values are wheat
(12-14%), paddy rice (14%), maize (15.5%), soybean (13%) and canola (8%). When
harvest moisture exceeds the maximum limit, grain must be dried after harvest and before
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delivery; where harvest weather is dry, grain moisture can be 1-2% below the maximum
limit. In all cases, moisture content is calculated on a fresh weight basis.® Complications
abound (as already seen in rice). These are discussed in following chapters relevant to
particular commodities. The term ‘crop yield’ is used in this book when greater specificity
is not required.

Farm yield

The central yield figure used throughout this book is the field, district, regional or
national average yield given in kilograms or metric tonnes per hectare (kg/ha

and/or t/ha). This figure is reported in surveys and/or local or national statistics, and is
referred to throughout this book as ‘farm yield™” (FY). FY and many related crop statistics
for all countries are collated annually by the Food and Agriculture Organization of the
United Nations (FAO) and are disseminated through the publically accessible database
FAOSTAT.™® FY is expressed relative to harvested land area, noting that this area can fall
well below planted area in some situations (e.g. after winter kill in winter wheat).

Although FY is quoted and used widely, it may not be as accurate as it appears, due
to poor data collection, uncertain grain admixtures and other complications with data
processing. With survey data, sampling error and bias can also arise.

In warm climates, more than one crop may be grown each year, so that yield per year

or per day can be more important than individual crop yield. For example, Indonesian
rice systems may produce three crops per year, a situation in which ‘cropping intensity’
(defined as the harvested area of all crops each year as a per cent of the cultivated area)
is given as 300%.

Potential yield

At the high end of the yield scale it is critical to define ‘potential yield" (PY). PY is the
yield to be expected with the best-adapted variety (usually the most recent release),
with the best management of agronomic and other inputs, and in the absence of
manageable abiotic and biotic stresses. Evans and Fischer (1999) provide this
definition, although they use the term ‘yield potential’. Many complications are hidden
within this apparently simple definition but PY remains a key yardstick for understanding
yield change. It may be difficult to measure, but PY and its surrogates are frequently

8 Grain dry weight is given by grain weight multiplied by (100 — ‘% moisture’)/100.

9 Some call this ‘actual yield’ (e.g. Connor et al. 2011). In addition, where FY is determined from
the average of a population of fields or farms, this has interesting statistical properties related
to distribution (normality, standard deviation, quantiles, skew, etc.), some of which arise in later
chapters. Where the average comes from aggregated districts, states or countries, it is always
the area-weighted average.

10 <faostat3.fao.org/home/index.html>

11 In this book ‘yield’ is retained as the noun, and ‘potential’ as adjective, to avoid confusion with
the term ‘yield potential’ which appears often in published literature with various meanings.
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reported in the general crop science literature—although often without adequate
attention to complications.

PY is usually determined in field plots, but to be applicable to the surrounding district,
the natural resource base (climate, soil type and topography) of the plots needs to

be comparable (not superior) to the district. This includes consideration of any long-
term management improvements (e.g. liming or tile drainage). Water supply must be
adequate for PY to be determined otherwise it is necessary to instead consider ‘water-
limited potential yield' (PY, ), which is described further in a subsection on PY, , below.
Adequate water can come from well-distributed in-crop rainfall sufficient to satisfy most
or all of the crop potential evapotranspiration (crop water use from sowing to harvest
without water limitation) or from full or supplemental irrigation. Similarly, pests, weeds
and diseases must be held at negligible levels through use of biocides if necessary.
Finally, crops experiencing relatively rare weather damage (such as crop lodging or
unseasonal frosting) are excluded from PY measurement.

Since PY is usually measured in plots, sampling errors will occur. Also, edge effects
arising from extra solar radiation reaching border plants—or extra soil moisture in the
case of PY —must be avoided, ideally by discarding the plot edges (up to a width

of 25 to 100 cm, depending on crop height). If adjacent plots are harvested without
discarding longitudinal edges, at the very least interplot path area must be included in
the yield calculation.

PY as defined here is obtained from two sources: comparative variety trials and single
variety experiments. The first source of PY data, variety trials, typically comprises well-
managed experiments for the purpose of comparing new varieties against previously
leading varieties (usefully called ‘vintage trials’). All varieties may be present in all
locations and/or years (termed a ‘balanced trial’). Alternatively, multiyear unbalanced
trials in which varieties gradually change over time—the situation for many breeding
programs—are another source of PY information. The most useful comparative

trials measure yields with fungicide protection—a good example is the wheat trials
conducted by the UK Home Grown Cereals Authority (e.g. HGCA 2011). Yields from
variety trials can only be considered as a true measure of PY where protection has been
used, but around the world fungicide protection is not yet a common treatment in such
trials. However, visible disease levels are usually reported, and if not negligible or too
serious, this information can be used to correct PY.

The second source of PY data comes from careful field experiments conducted by
crop physiologists, often to calibrate and/or validate crop simulation models that are
largely driven by solar radiation, temperature and water supply applied to key crop
physiological processes. Crop modelling is then often used to predict PY in other
environments (e.g. different sowing dates, years and/or locations) and is especially
useful for estimating PY across a relevant sample of seasons. Modelling accuracy

has steadily improved for such purposes, but significant errors are still revealed when
different models are compared (e.g. Palosuo et al. 2011). Models need to be updated
for the latest varieties every few years, since breeders are steadily altering varieties (e.g.
changing phasic development and improving PY). In this book, it is only when reliable
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measurements are unavailable that modelled yields are used to estimate PY. Thus, the
primary estimates of PY and PY in this book are based on measured yields. However,
in discussing the broader implications of these results, analyses based on modelled PY
values are often cited.

Record and contest-winning yields

Sometimes crop contest-winning yields or record crop yields are considered in the
scientific literature to be synonymous with PY. Even if verified independently, these
yield values need to be treated with caution because they refer to very favourable
circumstances (e.g. soils, weather and/or management) relative to the district or
regional average conditions. With cautious interpretation, record and contest-winning
yields can provide useful information, and some key examples are discussed in
Section 5.2 on the US Corn Belt and Section 9.5 on modelled predictions of PY.

Water-limited potential yield

Much of the global grain crop is grown in rainfed situations where water supply from
stored soil water at the start of the crop season, plus precipitation during the crop
season, is much less than potential evapotranspiration (where crop water use is
unlimited by water shortage). Thus for the purposes of measuring yield, it is useful

to define a water-limited potential yield (PY, ). This is the yield obtained with no other
manageable limitation to the crop apart from the water supply. Obviously crop yield
will depend on the amount of available water, so PY is usually plotted relative to water
supply (or use). The slope of the relationship is considered to reflect the potential ‘crop
water use efficiency’ (or ‘water productivity’), commonly reported in kilograms of grain
yield per harvested hectare per millimetre of water (kg/ha/mm).

Complications can arise from variation in rainfall distribution with respect to crop
development stages, but PY_ (defined as a linear function of the water supply) is

a valuable and simple benchmark as argued in an in-depth review (Passioura and
Angus 2010). Simulation modelling has been especially useful in dealing with expected
deviations caused by variation in the distribution of water supply.

Theoretical yield

Models, such as dynamic crop simulation models, are also used to calculate yields
that would result if certain physiological processes could be altered favourably within
realistic bounds: such yields are here called ‘theoretical yields'.

Attainable yield

In any given region, ‘attainable yield’ is another important yield benchmark between FY
and PY (or PY ). Itis defined here as the yield attained by a farmer from average natural
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resources when economically optimal practices and levels of inputs have been adopted
while facing the vagaries of weather."

Since risk of financial loss almost always forms part of a farmer’s decision to invest

in increased inputs, the attainable yield definition must temper ‘optimum level’ with
‘prudent attention to risk’. As an example this could mean input investments must be
expected to return a risk premium over and beyond the cost of capital. This premium is
usually low in developed countries and/or where water supply is assured, but is higher
in developing countries and under rainfed conditions.

Of course attainable yield will reflect the economic circumstances of the crop and
region—particularly grain prices relative to input costs, all measured at the farm gate.
Although it is not easy to establish an appropriate attainable yield, general experience
suggests that it will be ~20-30% below PY in situations where world prices and
reasonable transport costs operate. Where this does not occur—for example, in much
of Sub-Saharan Africa where infrastructure and institutions are weak—attainable yield
(as defined above) may be much lower. Alternatively, where inputs and grain prices are
heavily subsidised, it could more closely approach PY.

Yield gap

Because of the uncertainties surrounding attainable yield, it is easier to discuss the
yield gap in terms of that between FY and PY, bearing in mind that even in the most
advanced cropping situations in developed economies operating at close to world
prices, FY will remain significantly below PY because of farm economic considerations
surrounding attainable yield. Also it is more appropriate to express yield gap as a
percentage of FY because when it comes to discussing food security, observed world
grain production and likely increases are directly linked to FY (not PY). Other ways of
estimating yield gaps are presented in Box 8.1.

General literature suggests that there is a minimum yield gap when FY equals attainable
yield (as defined above), depending largely on prices. Assuming that future prices will
be reasonably favourable for the farmer, this book considers that the minimum yield
gap to be 30% of FY, meaning attainable yield is 23% below PY."® Any larger gap is
often defined as an ‘economically exploitable yield gap’. However, as shown in following
chapters, the expected exploitation can be as much a task for national and local
governments and agribusinesses, as one for farmers.

12 ‘Attainable yield’ is a term also defined by FAO and Connor et al. (2011), and somewhat
differently by van lttersum and Rabbinge (1997). The definition used in this book aligns more
closely with that of FAQ.

13 Here, if FY equals 100, and the minimum yield gap is 30%, then PY must equal 130. Thus, the
difference as a percentage of PY is 30/130 = 23%.
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2.2 Measuring progress in farm yield
and potential yield

Yield progress can be measured in terms of improving FY and PY.

Farm yield progress

It is common to plot FY, the dependent variable, against year for given regions, states
or nations. Economists look at exponential or compound rates of change (or the linear
fit of log FY vs. time) expressed as annual per cent change. In contrast, crop scientists
tend to calculate the linear fit of FY vs. time, coming up with a slope in kilograms (or
tonnes) per hectare per year (kg/ha/yr or t/ha/yr). As change in FY over time in most
cases resembles a linear relationship more closely than an exponential one (Figure 1.5),
this book uses the linear slope as the basis for calculating and reporting annual rate of
FY progress.

Over the last century, bilinear fits were adequate for major grain crops in most countries
(Evans 1993; Calderini and Slafer 1998; Hafner 2003). Thus, slow or zero initial FY
increases were replaced by rapid linear increases that often commenced in the 1950s
or 1960s with the onset of modernisation of agriculture (e.g. the ‘green revolution’ in
rice and wheat yields in Asia). Recently, many rising yields have slowed and some have
even shown another break—this time to zero ongoing FY improvement, such as has
occurred with wheat yields in parts of western Europe (Lin and Huybers 2012) including
France (Brisson et al. 2010; see Section 3.8 on wheat mega-environment 11 (WME11)).
In one case, maize in the USA, there has been a recent acceleration in the linear FY
increase (see Section 5.2 on the US Corn Belt).

Since this book considers potential for yield gain into the future, progress is calculated
using only the past 20 years (or 30 years if the data are very noisy, as with rainfed
crops and/or small growing regions). This approach largely avoids the previous period
of most rapid yield improvement, but also reduces the chance of picking up abrupt
changes in slope (as in Lin and Huybers 2012). Linear relationships are fitted because
in no case was a quadratic relationship significantly better.

Figure 2.1 illustrates a typical situation for FY progress. The linear slope and its level
of significance are reported. The standard for statistical significance adopted
throughout this book is:

* not significant (ns) for P > 0.10—although sometimes the observed P-value is given
for the estimated slope of observed data if it is close to 0.10

* significant (*) for 0.05 < P < 0.10
* highly significant (**) for 0.01 < P < 0.05
* very highly significant (***) for P < 0.01.

CROP YIELDS AND GLOBAL FOOD SECURITY



815

3.0
PY., slope 14 kg/ha/yr***

24 * =
g’ 0/‘_:4_——’/,—”
5 20
2
>
f=
S 145
(6]

10 FY slope 18 kg/hafyr**

0.5

0
1980 1985 1990 1995 2000 2005 2010 2015

Year
**0.01 < P < 0.05, ***P < 0.01

Figure 2.1 Typical plot of progress in farm yield (FY) and water-limited potential yield
(PY,) using example of spring wheat yields in Western Australia. FY is
plotted against year and PY, is plotted against year of variety release.
Source: Source: PY, from NVT (2009); FY from ABARES (2012) (see also
Section 3.5)

In order to estimate the relative rate of change of yield (and crop area), throughout
this book, the linear slope (yield or area change per year) is expressed as a
per cent of current FY, estimated from the trendline in the last year for which there
are statistics (usually 2009 or 2010)."* This percentage is abbreviated to per cent rate
of yield progress wherever the meaning is self-evidently an annual rate. The statistical
significance is assumed to be the same as that of the linear slope, and is usually not
repeated. These rules are applied also to slopes and relative rates of change obtained
or calculated from other scientific literature.

Using the estimated FY for the latest year as the denominator to calculate the relative
rate of progress reduces the influence of weather-induced fluctuations in FY. In the

14 Note that when FAO Crop Statistics refer to a given year, it is the year of harvest for all crops
everywhere, with the exception of the Southern Hemisphere where it is the year of sowing
of autumn-sown crops whose harvest can spill into January to February of the following
year. In the US Department of Agriculture (USDA) and Australian systems, (yearnton + 1
notation), the first year (n) is the year of harvest of all crops except: (1) again for some late
harvested southern hemisphere autumn-sown crops; and (2) for southern hemisphere summer
crops, when the second year (n + 1) is the year of harvest. The FAO dating system is used
throughout this book.
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example used as Figure 2.1, the estimated FY (shown by the black trendline) in 2010
was 1.8 t/ha and thus—calculated from (18/1800) x 100—the rate of progress is 1.0%.
A slope expressed relative to recent yield will also prove far more relevant to the future
than a rate of progress inflated by a lower selected denominator: either the average
yield of a time series or, worse still, the yield in the first year, is often used in research
publications. For the same reason, where progress is linear the relative rate of increase
will not be constant as in compound growth; rather, a given relative rate of progress will
inevitably decrease as FY increases.'®

Calculations in this book make no allowance for outliers or for heteroskedasticity in
fitting the data, as have some authors (e.g. Finger 2010). Heteroskedasticity in this
case refers to changing variance of yield with year, which is likely to be small over
20-30 years; not allowing for it should not bias the determination of slope.

Potential yield progress

PY (or PY,) is plotted not against year (as for FY), but against year of variety
release (see Figure 2.1). This is the first year in which farmers could avail themselves
of the potential offered by that variety.’® As with FY, the linear slope of PY vs. year

of release is calculated by linear regression and shown in a figure. The rate of PY
progress is given by this slope expressed as a per cent of estimated PY in the latest
year of variety release (which is hopefully close to the present). In the example shown
in Figure 2.1, estimated PY from the trendline was 2.6 t/ha in 2008 and the rate of
progress is 0.5%—calculated from (14/2,600) x 100. Again, recently determined data
have been sought to relate variety releases during the past 20 years. Where such data
could not be found, longer release periods have been considered with attention to the
duration of the linear relationship (i.e. consideration of whether the relationship remains
linear through to the latest year of variety release).

As previously described, vintage trials—in which newer varieties are compared
alongside older ones—represent the simplest situation in which to measure PY
progress. Unbalanced multiyear trials have also been used to measure rate of
progress, relying on recurrent control varieties that appear every year, and against
which the yields of non-recurrent varieties are expressed as ratios or percentages.
These ratios are then regressed against year of release. Both approaches assume that
the older varieties, or the recurrent control varieties, always react in the same manner
to any environmental changes over time (e.g. new disease races in unprotected

trials). Obviously if varieties become more susceptible to disease with time, the rate of
progress will be overestimated (see Section 3.8 on WME11, for example).

15 A 50% increase in yield over the next 50 years (e.g. from 3 to 4.5 t/ha), requires a linear
increase of 30 kg/ha/yr throughout. Another way of describing this progress would be a relative
rate of progress starting at 1% and falling to 0.7% in the final year.

16 Sometimes researchers use year of first entry in widespread trials, perhaps 2-3 years before
official variety release.
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More recently, new statistical techniques can calculate effects from the unbalanced
multiyear datasets now more common. With regular variety turnover (old varieties
replaced by newer ones) over long time series, very few of the potential number of
pairwise comparisons are present (e.g. <10% in Mackay et al. (2010) using multiyear
Home Grown Cereal Authority (HGCA) data in the UK). Using linear mixed-model
regression statistics, a coefficient for year of release can be directly fitted (e.g. Nalley
et al. 2008), or variety effects can be determined and then regressed against year

of release in a two-step process (e.g. Mackay et al. 2010). These procedures do

not entirely reduce risk of bias due to breakdown of disease resistance with age in
unprotected trials (again see Section 3.8), but bias is lessened as the residence period
of varieties in the trials shortens. Again, some authors in this situation have allowed
for heteroskedasticity (e.g. Nalley et al. 2008) but others do not consider this to be a
significant issue (. Mackay, pers. comm. 2012).

As explained, PY trials need to be performed under conditions representative of the
target region, and such trials usually receive the best agronomic practices of the day.
Advancing agronomic practice has generally contributed to PY progress, usually to
the same extent as breeding,'” and a positive interaction between the two has often
delivered a major part of the progress (de Wit 1992; Evans 1993; Evans and Fischer
1999; Fischer 2009). For example, to cover two of the major interactions in modern
agriculture (see Box 2.1), the rate of PY progress is higher in wheat when measured

at high nitrogen levels (e.g. Ortiz-Monasterio et al. 1997), and higher in maize when
measured at high plant density (Duvick 1997).'® The balanced vintage trials mostly
used for PY progress in this book were all conducted under recent environmental
conditions and with the latest agronomy, even if some of the varieties involved were
released (sometimes more than) 20 years ago. As a consequence, agronomy-by-variety
interactions, if significant, become part of the measured ‘breeding progress’ in vintage
trials, and are referred to in this book as such; however, the analysis misses any effect
of changed agronomy on older varieties (see Box 2.1).

In the linear mixed-model approach with unbalanced datasets (see above) the
agronomy-by-variety (and year-by-variety) interactions are in fact ignored and stay in
the error term, but progress due to both breeding and to year (= agronomy plus any
weather trends) are estimated and their sum gives PY progress correctly (see also
Box 2.1). This approach is now becoming more popular; several are cited in the book,
wherever possible specifying the separate components.

17 Note that throughout this book ‘agronomy’ refers to crop management, as distinct from crop
breeding.

18 Note that it is impossible to mathematically separate the breeding and agronomic contributions
in such interactions, an important point often overlooked in the attribution of progress.
However, the effort taken to breed higher PY is clearly more than that required to raise the
level of an agronomic input like nitrogen or seed; an entirely new agronomic intervention like
conservation agriculture is, however, no effortless endeavour!
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Box 2.1 Variety-by-agronomy interaction and
potential yield progress

Ideally, vintage trials should be conducted under old and modern agronomy,
because the examples used in the figure below show that estimates for PY
progress under only modern agronomy miss the response of older varieties to
changed agronomic conditions. This response could be either positive, shown
in part (a) of the figure, or negative (part b). In both examples, point A represents
the old variety under old agronomy, and point D represents the new variety
under new agronomy: thus line AD measures true PY progress. But a vintage
trial under modern agronomy would measure progress represented by BD, a
lower slope than AD for the wheat example (figure part a) but a higher slope for
the maize example (part b).
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(@) Wheat potential yield (PY) progress at two levels of nitrogen per hectare,
and (b) maize PY at two plant population densities. In each case an old and
a modern variety are shown. Note: line AC represents the response to variety
under old agronomy, line BD the response under modern agronomy and line
AD the overall progress in PY. Source: (a) Ortiz-Monasterio et al. (1997),

(b) Duvick (1997)

Continued next page
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Continued

Since PY trials are usually conducted under the best available agronomy for
the latest varieties, yield results of latest varieties are likely to sit close to the
top of their response curves. Thus when previously ‘new’ varieties become
‘older’ varieties in subsequent trials at a later date, these varieties are unlikely
to respond greatly to higher agronomic input; hence the difference (or error)
between lines AD and BD is unlikely to be large. It is not easy in modern
agriculture to envisage an agronomic innovation that could lift yield of both old
and new varieties by the same amount. However, this may be the response

to increased carbon dioxide (CO,) (see below in Section 2.4 on confounding
factors), an effect that is missed by the measure of PY progress given here. To
the extent that such PY progress estimation does miss agronomic innovation
liting all yields, this method underestimates PY progress and overestimates the
rate of yield gap closing.

The situation is different in multiyear variety trials because yield increases not
only through variety improvement but also better agronomy (and any positive
interactions). This is because the trial is a measure of PY of the year of trial, not
year of variety release. Linear mixed-model regression analysis can be used to
separate the year effect (agronomy and/or environment change assuming no
substantial change in trial locations) from the breeding effect (year of release).
Again, the work of Mackay et al. (2010) with 59 years of Home Grown Cereal
Authority (HGCA) variety trials in the UK provides a valuable example of this
approach.

To date, however, progress through variety-by-agronomy interaction in such trials
has not been separated in any of the cases cited in this book. The Mackay et al.
(2010) analysis found no evidence for agronomic progress in UK winter

wheat trial yields between 1982 and 2007, suggesting no significant variety-
by-agronomy interaction contributing to the identified variety progress; this is
common in other such analyses. However, Mackay et al. (2010) found both
variety and agronomic progress between 1949 and 1981 when nitrogen levels
increased notably. In this case the likely positive interaction would contribute to
the estimates of both components of progress.

The estimated current values of FY and PY determined above also form the basis of
the yield gap calculation. Using a current estimate for PY means that an inevitable

part of yield gap is the time taken for the latest varieties (and any accompanying novel
agronomy) to dominate in farm fields. Even in the best situations this lag time probably
equates to around 5 years: with PY progress of 0.5% per annum (p.a.), this would
inevitably lead to a small yield gap of ~2.5%. For many reasons the lag in new variety
adoption can be longer—as is also common for the adoption of new agronomy—and
this can partly explain much larger exploitable yield gaps reported in later chapters.
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Yield gap with respect to delayed and variable variety adoption has been incorporated
into some analyses of progress. For example, Silvey (1981) and Bell et al. (1995) took
the breeding yield progress contained in each variety grown (relative to a standard
control variety), then weighted it by the proportion of the region grown to the variety.

In this way these authors built a variety weighted index of PY for the mix of varieties
in farm fields in any year. The index was then plotted against time to estimate the
relative progress that might be expected at the farm level from variety change. This
process required statistics on which varieties are grown—data that are not often
available—but the method does eliminate uncertainty arising from assuming that the
best varieties are always adopted (after an appropriate lag). This approach is used in
Section 4.2 for rice in some South-East Asian countries.

2.3 New technology, farm yield
progress and yield gap closing

Many factors can be involved in the change in FY over time. The importance of each
factor will change with region and crop (see Section 2.4 on confounding factors in FY
change). The premise in this book is that the main driver of FY progress is the adoption
of steadily improving technologies: new varieties, new agronomic or management
techniques, and better timeliness and decisions by the farmer (e.g. Cardwell 1982; Bell
et al. 1995). PY trials are conducted under the best current management and should
therefore capture the latest in technical progress.

Furthermore, this book proposes that FY progress can be usefully divided into two
components: increasing PY and closing of the yield gap between PY and FY. Figure 2.1
might indicate that the rate of increase in FY (18 kg/ha/yr) can therefore be considered
the sum of the rate of increase in PY (14 kg/ha/yr) and the rate of yield gap closing

(4 kg/ha/yr). This may be mathematically correct but it is more realistic to assume
that the relative rather than absolute rate of increase of PY applies to farm
fields. Thus the annual rate of FY progress of 1.0% is more usefully disaggregated into
the rates of 0.5% PY increase and 0.5% vyield gap closing, noting that gap closing is a
negative rate of change. The critical assumption is that the relative change in FY to be
expected from full adoption of PY varieties and practices is the same as the relative
change in PY. This assumption has been confirmed by most on-farm testing where
relative yield gains with new technologies (particularly new varieties) appear to hold

up even where some management deficiencies exist. Note that this is not necessarily
the case if management deficiencies are major, especially in the area of weed control.
Note also that in the methodology used in this book, PY progress is always measured
independently of any factors that change with time (for example, weather trends or CO,
increase). FY remains subject to all factors that change with time (see Section 2.4),

but such time trends can be used to correct changes in FY to better determine the
contribution to yield progress from adopted technologies.
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2.4 Confounding factors in farm
yield change
Besides the major role of the discovery, development and uptake of new technologies,

the following potentially confounding factors need to be considered when examining
change with time in FY:

e crop area and location

e grain quality

e cropping intensity

e carbon dioxide (CO,) and ozone

* seasonal weather

* change in the natural resource base
* government policy

e input costs and grain prices.

Crop area may change within regions, bringing the possibility of crop shifts within
aregion to poorer or better environments, even if there is no change in total crop area.
These changes arise as land is newly cropped, old land retired, or when one crop
replaces another. A key change in land use that can confound yield is the adoption of
irrigation, and it is often impossible to disaggregate yield data into rainfed vs. irrigated
yields. In New Zealand, for example, national wheat yields have doubled in the past
20 years but the main cause has been a shift from zero to 80% irrigated area over the
period. The adoption of irrigation is better considered a land-use change, not a yield
gap closing technology.

The importance of grain quality, through price signals to the breeders and farmers,
means there can be progress in economic output with relatively less (or even without)
yield progress. Economists consider this a ‘product mix" contribution to productivity
growth. This often arises because of the common negative relationship between PY and
several aspects of grain quality that originate from either genetic (e.g. protein content

in wheat) or agronomic (e.g. rice eating quality in Japan, as discussed in Section 4.5)
influences.

Farmers switching to earlier maturing varieties can increase cropping intensity (crops
grown per year). Although crop yield may not increase through increased cropping
intensity, productivity may benefit (e.g. many Asian paddy rice systems). Farmers who
abandon intercropping practices would record higher yields for the main crop without
any other change in technology. This has happened with wheat-mustard intercropping
in north-western India because of rising labour costs.

At least two atmospheric gases, CO, and ozone, may cause yield change over
time. The atmospheric concentration of CO, in parts per million (ppm) is steadily
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increasing, and over the past 20 years has risen at ~2 ppm/yr or 0.5% p.a. The
influence of increased CO, on yield has been widely studied and, although the crop
yield response depends somewhat on growing conditions (moisture, temperature and
nitrogen), it is reasonable to assume that the yield of crops with C, photosynthesis
(see Section 2.6 under ‘Crop growth, photosynthesis and respiration’) is currently
increasing at ~0.2% p.a. due to CO, rise (Horie et al. 2005a; Tubiello et al. 2007); C,
crops are assumed unaffected (see also Section 10.3 on direct measurement and crop
modelling). Results presented in this book have not been corrected for CO, increase,
so that observed gap-closing progress in C,crops (FY change less PY change) must
be discounted by 0.2% p.a. to determine true technical progress on-farm.’ Changes
in ozone concentration in the lower atmosphere are much more variable in time and
space, but can be high enough to reduce crop yields in some locations where modern
industrial activity is intense, and thereby counter yield trends from other causes;
alternatively, reducing ozone levels (e.g. with pollution control) could bias upwards
estimates of yield progress resulting from technology (see Section 10.3).

Variation in seasonal weather causes deviations from any yield trend. Seasonal
variations can also change the slope of the trendline if the changed weather correlates
with year. This effect can be critical for FY determination (e.g. see Section 3.2 on WME1
and Section 10.2 on time series and climate change). Crop simulation models or
simple empirical relationships permit correction for such weather changes to improve
estimates of the yield slope and thus permit a better estimate of true technological
change. Such weather trends may or may not be associated with human-induced
climate change.

Gradual change in the natural resource base of cropping in a region can influence
yield change. This is commonly the result of soil deterioration due to fertility or structural
decline or salinisation—but equally, cropping soils can be gradually improved (e.g.
through liming, applying phosphorus in excess of removal, and/or reducing tillage).
Availability and quality of irrigation water can decline with overuse or poor system
maintenance. Pressure from weeds, disease and pests can change as a result of
new pest arrivals, pest evolution or changes in farming practice (e.g. the appearance
of herbicide-resistant weeds). These changes are by definition gradual and their
occurrence is often invoked as indicators of sustainability of the natural resource base
of cropping when no other explanation for yield change is evident. The possibility of
such impact should not be ignored, but definitive proof of such change is hard to
secure. By the definitions used here, these are causes of exploitable yield gaps and
are therefore manageable by proper use of technology. Often, however, the period

of poor management has been decades. In such cases, management to reverse the
degradation may take more than a year. Further, any particular farmer is unlikely to
have caused some types of resource degradation (e.g. aquifer overuse, exotic pest
invasion), and it is therefore difficult (or impossible) for one farmer to change their
farm’s management practice to overcome the problem.

19 Inreality, in C, crops CO, rise lifts both PY and FY at 0.2% p.a. and does not directly affect the
yield gap. The rates of change in PY estimated here do not include this effect but those in FY
do, leading to the apparent yield gap closing effect due to CO, rise.
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Farm yield can also be influenced by change in government policy directly
impacting farm practices such as regulations and/or incentives. Limitations on the
use of nitrogen fertiliser, or subsidies for low-input farming, are examples now found in
western Europe (see Section 3.8 on WME11).

Farmer decision to adopt a new technology or practice is generally slow but can be
strongly influenced by input costs and grain prices (both calculated at the farm

gate) and also by availability and cost of credit. However, the allocation of already-in-use
inputs by farmers responds more quickly to price shifts at the farm gate than the adoption
of entirely new technologies. Economists refer to this as the price elasticity of yield
(Chapter 13 ‘Policies and people’). Hertel (2011) estimates this elasticity as 0.2 for

maize in USA, meaning that a 1% rise in prices would lift yield by 0.2%. Elasticity may

be greater if input use is lower.

Finally it should be noted that when PY progress is plotted against the year of release,
the PY values refer to the soil, weather and management levels under which the variety
comparisons were conducted—normally meaning those of recent times. It is possible
that plant breeding has unwittingly adapted varieties to some of the gradual changes
discussed above (e.g. to take greater advantage of CO, increase, or to resist increasing
salinity or ozone concentration). In analyses presented in this book, this effect is simply
lumped into another positive variety-by-environment interaction contributing to breeding
progress. Properly measured and calculated PY progress is not, however, inflated by the
direct effect of increasing CO, on yield of C, crops, because all variety comparisons are
made in the same years; if multiyear unbalanced data are used, these are corrected for
the effect of year in the statistical analysis.

2.5 Other measures of efficiency and
productivity under technical change

The next seven chapters (Chapters 3-9) deal with changes in FY and PY, the common
currency of breeders and agronomists. Economists and farmers, however, look beyond
yield to also consider efficiency, productivity and profit. Thus, in a finite world it is also
essential to pay attention to yield per unit input, whether the input is nutrients, energy,
water or labour—issues that will be covered in Chapter 11 on resource use efficiency.

Another economic measure, total factor productivity (TFP), considers productivity
across all inputs. This measure is mainly useful because changes in TFP drive long-term
price trends. TFP is a measure of physical output in relation to the aggregate quantity

of all inputs. In this way, changes in agricultural production are disaggregated into one
component relating to change in the amount of inputs, and a second relating to change
in productivity. TFP is explained in Box 2.2 and further in Chapter 8 "Yield gap closing’

in connection with efficiency gaps between farmers, and Chapter 12 Trends in total
factor productivity'.
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Box 2.2 Efficiencies, profit maximisation and
total factor productivity (TFP) under
technical change

Economists define efficiency as the average cost for producing a given yield
relative to the lowest cost option with the best current technology. They generally
distinguish technical and allocative efficiencies. ‘Technical inefficiency’ refers to
failure to operate at the yield frontier. ‘Allocative inefficiency’ refers to failure to
meet the marginal conditions for cost minimisation where the marginal returns

of applying an additional unit of input (the marginal return divided by the price of
the input) are equal for all inputs. Profit is maximised when this marginal return is
equal to the marginal cost across inputs, as determined by grain to input price
ratios at the farm gate. The box figure illustrates a useful framework for identifying
these economic measures as farmers adopt new varieties and practices.

MV3

Mv2

v

Grain yield (t/ha)
(SRR=CUNNIOARCORE SN TR GRS RN CD)

Inputs ————

Stages in the adoption of technology by farmers and effect on yield.
Source: Derived from Byerlee (1992)

The figure is derived from Byerlee (1992) using an example of the green
revolution in South Asia—where, in the mid-1960s, high-yielding semi-dwarf
wheat and rice varieties were first introduced. The figure plots yield against the
sum of inputs (such as nutrients, seeding density, water and biocide) used after
suitable adjustments for costs. TFP is the slope of the line joining any point in the
figure to the origin, which will here lie to the left of the y-axis (because fixed inputs
are not included). Four technical frontiers in time are shown, starting with the

era before the green revolution shown by the curve TV for ‘traditional variety’,

and passing to the curves MV1-3 for ‘modern varieties” and technologies.

Continued next page
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Continued

The PY corresponding to the final technical frontier (which is shown by line
MV3) is shown some 30% above the line for MV3.

Initially, an innovative irrigated wheat or rice farmer (i.e. 100% technically
efficient) could have moved from position A (on curve TV) to position B1

(on curve MV1, representing the first semi-dwarf modern varieties). Then, in
what can be termed the first post — green revolution phase, the farmer could
have intensified input use to attain position B2 on curve MV1, thus seeking
greater allocative efficiency. The FY progress from A1 to B2 might involve an
improved variety, improved fertiliser input, or their positive interaction.

In consecutive waves of technology—such as improved second and later
generation semi-dwarf varieties of the 1980s and beyond (represented by
frontier MV2 and finally MV3)—the farmer could move to position C and

then position D1. The 100% efficient farmer could also increase TFP (input
efficiency) by moving closer to the y-axis (point D2), but if D1 represents
profit maximisation, a shift to reduce inputs to point D2 will sacrifice allocative
efficiency, yield and profit.

Technically inefficient farmers will occupy positions below the prevailing
technical frontier, and their efficiency is measured by the ratio (or per cent) of
their yield relative to the frontier yield at their level of inputs. For example, the
farmer at position D3 has the same level of inputs as another at position D1,
but operates at about one-half the technical efficiency.

Establishing the technology frontier is not easy and, just as with yield gaps,
site specificity and seasonal conditions influence efficiency gaps. These tend
to be ignored by economists, leading to overestimations of inefficiencies
(e.g. Ali and Byerlee 1991). Of course the frontier moves upwards with new
technologies, but it may also shift downwards if there are serious long-term
problems of resource degradation.

Yield gaps and efficiency gaps are often measuring the same things, but
efficiency gaps may exist even in the absence of yield gaps. As with yield
gaps, factors related to farmer characteristics and system-wide constraints
explain variation in efficiency across farmers and fields. Technical efficiency
relates largely to timing and technical skills in input use, and is often
explained by farmer-specific knowledge and skills. However, system-level
factors (such as management of irrigation systems) can also explain
technical inefficiency. Allocative inefficiency can be caused by similar
factors, as well as by differential risks of input use, input market failures
and financial constraints.
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2.6 Weather and soil parameters and
physiological determinants of
yield

To better understand crop yield progress—and in particular, future prospects for yield
progress—this book relates yield to a number of common crop physiological concepts,
considered alongside standard weather and soil parameters. Defined and described
briefly below, these concepts and parameters form the building blocks for crop
simulation models, to which reference is often made.

Weather parameters

The key weather parameters driving crops, and their units (and means of measurement,
where appropriate) are:

e air temperature in degrees Celsius (°C)
e humidity as vapour pressure deficit (vpd) in units of kilopascals (kPa)
* solar radiation in units of megajoules per square metre per day (MJ/m?#/d)

e precipitation as depth of liquid water in millimetres (mm) accumulated over a

given interval.
The range in daily air temperature is seen in the maximum (T,__,) and minimum (T _.)
daily temperatures. Temperature is generally summarised as daily mean temperature
(T ean) Which is the average of T__ and T ., and sometimes as diurnal temperature
range (DTR), which is the difference between T__ and T _ .

More detail can be obtained with hourly temperatures, which (if not measured) can
be interpolated from T__and T __ . Temperature sums over time above a defined base
temperature (T,,_,), below which development stops, are often calculated in units of
‘degrees Celsius days’. Temperature sums can be calculated using either T___ . or

a daily sum that is produced by dividing the sum of hourly temperatures above the
base by 24. The duration of given development periods (see below) is often a cultivar-
dependent number of growing degree days (GDD).

Air humidity refers to moisture in the air, usually reported as vapour pressure deficit
(vpd) given by the measured water vapour pressure of the air subtracted from the
saturated vapour pressure at air temperature. Saturated vapour pressure increases as
an exponential function of temperature.

Since water vapour pressure is fairly steady over the course of a day, vpd peaks at T__
The dewpoint is the temperature at which the air becomes saturated with the water
vapour it contains; in the absence of measurement of vpd, it is often assumed that T_
is the dewpoint. One important aspect of micrometeorology is that leaves can modify
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temperature and vpd within the crop canopy. Also, transpiring leaves can be cooler
(and non-transpiring leaves warmer) than the air.

The daily solar radiation is the total incoming solar radiation incident on a horizontal
surface (R,) given in units of megajoules per square metre per day (MJ/m?/d). Leaf
photosynthesis over short intervals is often expressed as a function of irradiance,
meaning the perpendicular component of solar radiation reaching the leaf surface
expressed as power in watts per square metre (W/m?) in which one watt is equivalent to
one joule per second (1 W = 1 J/s).

Measured above Earth’s atmosphere, perpendicular to the Sun’s rays, average solar
irradiance is 1,360 W/m? (Connor et al. 2011). However, at ground level and even when
the Sun is high in a very clear sky, peak irradiance is only about 1,000 W/m? for a leaf
perpendicular to the solar beam. On a clear day most of the radiation is direct beam
radiation from the Sun, with a small proportion (<15%) arriving as diffuse radiation

(i.e. scattered solar radiation from the rest of the sky). The proportion of the total
irradiance that arrives as diffuse radiation increases with cloudiness, with important
positive consequences for crop photosynthetic efficiency (see below in the section
‘Crop growth, photosynthesis and respiration’). Not determined by weather, the angle
of the direct solar beam is also important for crop photosynthesis; the solar elevation
angle is expressed relative to the horizontal and varies predictably by time of day, date
and latitude.

About one-half of the solar radiation energy (direct and diffuse) occurs in wavelengths
that can be used by photosynthesis—this portion, termed photosynthetically active
radiation (PAR), can also be measured in units of megajoules per square metre per
day (MJ/m?/d). The assumption made in this book is that the ratio of PAR to daily solar
radiation (R)) is 0.50 (Mitchell et al. 1998; Sinclair and Muchow 1999).

Photoperiod is determined by date and latitude, and is measured in hours and
minutes. Critical for influencing the rate of development of many crops, photoperiod
is closely related to day length (the interval from sunrise to sunset), but is somewhat
longer because twilight, which is sensed by plants, is not included in day length.

The sum of all water reaching the ground (rain, hail and snow) is termed precipitation
(P) and is measured as the depth of liquid water in millimetres (mm) accumulating over
an interval (which could be a day, month, crop growing season or year). One millimetre
per hectare is equivalent to 10 m? or 10 kL of water. Irrigation is often measured in
megalitres per hectare (ML/ha), with one megalitre equivalent to a depth of 100 mm of
water over a hectare.

An important aspect of weather in the water balance of crops is potential
evapotranspiration (ETP), measured in millimetres per day (mm/d), or per growth
interval. ETp refers to the water that evaporates from a green crop surface completely
covering the ground and well supplied with water. The value of ET is a moderately
complex function of daily solar radiation (R,), temperature (T), vpd and wind speed;
crop type exerts little effect.
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Soil properties

Soil provides physical support to crops and supplies roots with nutrients and water.
Nutrients are found mostly in the topsoil (ftop 10-30 cm). They are largely supplied from
breakdown of soil organic matter, which is measured as soil organic carbon (SOC)
and expressed as per cent of soil dry weight (weight of soil organic matter is about 1.67
times that of soil organic carbon).

Topsoil texture is important and depends on the proportions of sand, silt and clay.
Sandy topsoils are termed ‘light textured’ and have a low maximum water-holding
capacity—that is, ~5% moisture by weight of dry soil, or only ~7 mm per 10 cm of soil
depth (considering a sandy topsoil might have a density of 1.4 g dry soil/cm?). At the
other extreme, clay topsoils are termed ‘heavy’ and can hold much water—that is, up to
50% moisture by weight of dry soil, or ~70 mm per 10 cm of soil depth.

Total water-holding capacity of the soil profile is a critical consideration for rainfed
cropping. For these purposes, water-holding capacity is usually considered in terms
of plant available water-holding capacity (PAWC), measured in millimetres (mm).
PAWC is the maximum amount of water that a crop (with a fully extended root system)
can extract from a fully wetted and drained soil. Thus PAWC is specific not only for soil
type, but also for crop type because root depth and density vary. PAWC is always less
than the maximum water-holding capacity to the full root depth, because even dense
root systems in the topsoil physically cannot extract all the soil water, and there are
never enough roots at depth to extract all the available water. PAWC for annual crops
can range from 50 mm in poor water-holding, shallow, sandy soils to >250 mm in deep
silty soils (e.g. Loess soil).

Solar energy reaching the soil surface—especially when the surface is wet—causes
soil evaporation (E_) measured in millimetres (mm). Microbiological processes in

the soil can also result in the release of important greenhouse gases such as CO, and
nitrous oxide (N,O) to the air, as well as nitrogen (N,) and ammonia (NH,). These gases
are usually measured in grams per hectare per day (g/ha/d) or kilograms per hectare
per day (kg/ha/d), but N, release is very difficult to measure.

Crop development

Crop development and growth are distinct and important processes. Development
refers to the occurrence in time of major morphological events and periods in the life
of the crop. Crop development is often termed ‘crop phenology’ and the life periods
termed ‘phenophases’. The designation of periods of crop development is influenced
somewhat by whether the crop is a monocot or dicot. Crops that first emerge above
the soil with a single leaf are termed ‘'monocots’ and examples include cereals and
sugarcane. Crops that first emerge above the soil with two leaves are termed ‘dicots’
and include all broadleaf crops.
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Table 2.1 summarises the development of cereals. The events and periods marked in
bold are critical to the determination of yield in cereals, and divide the life cycle of all
such crops (sowing to physiological maturity) into three general periods:

1. true vegetative period from sowing to floral initiation

2. reproductive period from floral initiation to anthesis (literally the release of pollen)

3. grain-filling period from anthesis to physiological maturity.

Table 2.1

Event or process

Definition

Major events and periods in the development of cereal crops

Comment

Sowing? Beginning of water uptake by seed Assume soil moist
Germination Appearance of radicle (first root) from seed na
Emergence First appearance of leaf above soll na

Leaf initiation

Regular appearance of leaf primordia
(microscopic bud) on apex of the main stem
or shoot

Needs dissection to
detect

Leaf appearance

External appearance of leaves on main stem
at regular rate between emergence and last
leaf appearance

Fixed number of
leaves on main shoot,
between 6 and ~25

Tillering

Appearance of new stems in axils of leaves on
main stem (and on other tillers)

na

Floral initiation

First appearance of floret primordia
(microscopic buds) on main shoot apex
(needs dissection to detect); signals end to
leaf initiation on main shoot

In maize the tassel is
formed at the shoot
apex, the cob in a leaf
axil several leaves
below the final leaf

Onset stem
elongation

Internodes (interval between nodes or joints)
on main stem begin to elongate

na

End of floret initiation

Last floret primordia appears at apex of shoot

Many florets are
initiated; few grow to
complete florets

Onset inflorescence
growth

Beginning of rapid accumulation of dry matter
in inflorescence (spike, panicle, tassel or cob)
structure

na

Meiosis

Production of haploid nuclei for pollen (in
anthers) and ovule (in carpel) in developing
florets

Pollen are the male
equivalents, carpels the
female

Final leaf emergence

Appearance of last leaf on main stem

In wheat called the flag
leaf

Spike (head)
emergence

Appearance of the main shoot inflorescence

Tassel in maize, panicle
in rice

Continued next page
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Table 2.1 Continued

Event or process Definition
Anthesis or Appearance of first burst anthers, shedding
flowering pollen, and occurrence of pollination of the

ovules (except maize)

Comment

Often known as
flowering (or pollen
shed in maize)

Silking (maize only) External appearance of styles (silks) from
female flowers on maize cob, receptive for

Under stress in
maize, silking may be

pollen significantly later than
pollen shed on the
same plant
End of Soon after anthesis and pollination In maize the cob grows
inflorescence more after pollination
growth than before
Onset grain-filling Beginning of rapid dry matter accumulation Always some lag
in grain between pollination and
onset of rapid grain
growth
Grain-filling Period of rapid grain growth na
Physiological End of grain growth, as can be seen by Upper leaves may or
maturity changes within grain may not still remain
green
Harvest ripeness na Crop dry enough to

mechanically harvest

a Bold text represents major events
na = not applicable

Unfortunately there are complications and confusions in the naming of these periods

of crop development—sometimes the period from sowing to anthesis is termed
‘vegetative’ and grain-filling is considered ‘reproductive’ (a practice avoided in this
book). Importantly, key periods for the determination of yield can be more sharply
defined for individual crops and can overlap the key events of floral initiation and
anthesis. Table 2.1 refers to development on the first or main shoot of the cereal plants.
Many cereals have tillers, which are shoots or branches formed in leaf axils. The
development stage of the tiller apices is initially a little behind that of the main shoot, but
by the flowering development stage, differences between main shoots and tillers are
usually small (a few days), and are negligible by physiological maturity.

Two additional periods are defined for the purposes of this book (see Chapter 9

‘Increasing potential yield’), which largely determine:

1. number of grains (GN) measured per square metre of crop (#/m?)

2. potential grain weight (GW) measured in milligrams (mg).
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Depending on the crop, these two periods can occur either side of (but always close
to) flowering. Note that in North America, GN and GW are often referred to as ‘kernel
number’ and ‘kernel weight’, respectively.

The picture outlined in Table 2.1 is for cereals, which are determinate monocot
crops—'determinate’ because a floral structure terminates the main stem (and each
tiller, if present). The situation is somewhat different in dicot crops, with the exception of
modern sunflower, a strictly single-stemmed and determinate plant. Most other dicots—
such as soybean, pulses, canola and peanut—have an indeterminant habit in which
branching, leaf appearance and internode elongation overlap with stages of flowering.
Branches or flowers arise as axillary buds of leaves. Floral initiation, flower appearance
and anthesis can occur over an extended period (even if flowers eventually terminate
the shoots); however, there are clear development events for first floral initiation and
first flower opening. Reproductive development of the indeterminant dicots is thus quite
asynchronous; pods form and begin to grow slowly, but flowering finishes only with

a sharp onset of pod growth and seed-filling across all pods. Physiological maturity
occurs relatively synchronously over all seed pods.

Finally there are root and tuber crops for which flowering is not a part of yield formation;
rather, for these crops, flowering is incidental and best avoided to maximise yield. The
onset of yield formation—the swelling of storage roots in cassava (and lower stem or
tap root in sugar beet) and the formation of tubers in potato—usually occurs early in
the life of the crop and follows similar environmental signals as (but independent from)
flowering.

The rate of crop development is the reciprocal of the duration of specific
development periods. It is driven strongly by a linear response to temperature,

such that durations are usually a constant GDD sum above the appropriate base
temperature for a given crop variety. The duration of crop development at a given
temperature can, however, differ notably among crops (and among crop varieties), as
many genes control the response to other environmental factors—notably photoperiod
and vernalising cold (hours below ~15 °C). Longer photoperiod generally speeds
development in some crops (long-day plants like wheat and barley) and slows it in
others (short-day plants like rice, soybean and maize), but within short-day plants,
some varieties are unaffected by photoperiod (these varieties are termed ‘day neutral’).
In some varieties of wheat, barley, rapeseed (including canola) and sugar beet,
exposure of the plant to vernalising cold can shorten specifically the true vegetative
period by accelerating the onset of floral initiation. In so-called ‘winter varieties’ the
need for vernalisation is obligate, because without vernalisation there is no flowering; in
‘facultative varieties’, floral initiation is merely accelerated. Genes can also influence the
GDD sum independently of photoperiod and vernalising cold.

Suffice it to say here that unfavourable photoperiods for floral inititiation will prolong the
vegetative period; the number of leaves formed around the main stem will increase, and
crop development will be delayed both during the vegetative and reproductive periods.
The lack of vernalisation in sensitive genotypes also increases the number of leaves,
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but usually does not delay development after the true vegetative period. Grain-filling
duration shows much smaller differences among varieties of any crop and no response
to photoperiod or vernalisation.

Crop development rates become especially important when considering the effects of
higher temperature as may arise with climate change. Chapter 10 on climate change
expands somewhat on this subject since there are limits to the linear response of
development rate to increasing temperature.

Crop growth, photosynthesis and respiration

Crop growth refers to the accumulation of dry matter (DM), which sometimes known as
‘biomass’ and is measured in weight per unit area (g/m?, kg/ha or t/ha). DM is the sum
of carbon compounds from net daytime photosynthesis plus a small proportion of other
elements from the soil, less night-time respiratory loss of carbon compounds. Nitrogen
and minerals from soil usually comprise less than 6% of DM, but the proportion is
greater for high protein grains because of the nitrogen therein (Connor et al. 2011).
Crop growth rate is determined as DM accumulation per day (g/m?/d). Since roots are
difficult to measure and unless stated otherwise, DM refers to above-ground parts of
the crop.

Photosynthesis is the conversion of CO, to simple sugars by green leaves (and

other green tissues) driven by energy from PAR. It is usually expressed as net
photosynthesis because respiration (the breakdown of sugars into CO,) continues

in leaves even in sunlight. Respiration is an essential process for building the simple
sugars from photosynthesis into the multitude of compounds found in plants (complex
carbohydrates like cellulose and starch, and proteins and lipids), and for maintaining
and defending the integrity of living cells. It continues day and night and for this reason
is sometimes known as ‘dark respiration’.

Respiration has two components: growth respiration and maintenance respiration.
Growth respiration can be quantitatively related to the compounds being synthesised.
Thus 1.2 g of glucose is required to synthesise 1 g of carbohydrate, 2.5 g of glucose

to synthesise 1 g of protein (starting with nitrate nitrogen), and 2.7 g of glucose

to synthesise 1 g of lipid (Connor et al. 2011). Maintenance respiration is less

well understood but relates to maintaining cellular processes. It is approximately
proportional to the amount of living DM and highly sensitive to temperature
(approximately doubling for each 10 °C increase).

Crop plants are divided into two groups according to their initial photosynthetic product.
C, crops include wheat, barley, rice and almost all dicot crops, while C, crops are
largely confined to tropical monocots such as maize, sorghum, millet and sugarcane.
Between these two groups (C, and C,), there are substantial differences in the response
of leaf net photosynthesis to PAR. As seen in Figure 2.2, C, crops reach PAR irradiance
saturation at about 200 W/m?, but C, crops mostly never quite saturate in sunlight and
have a higher maximum value of net photosynthesis (P__) at full irradiance, given

ax:
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in grams of CO, per square metre per day (g CO,/m?/d).* The light response curve for
C, leaves also has a higher initial slope above about 25 °C. Notwithstanding Figure 2.2,
there is considerable variation in P__ within the C, and C, groups of crop species.

Differences between C, and C, leaves reflect processes that evolved in C, plants

over the last 40 million years to eliminate the apparently wasteful so-called
photorespiration of C, leaves. In photorespiration, Rubisco (the central photosynthetic
enzyme) takes up oxygen at the same site in the enzyme as CO,, but the fixed oxygen
eventually cycles back to be released in photorespiratory CO,, thereby reducing net
CO, uptake. C, crops eliminate this apparently wasteful photorespiration by a unique
leaf anatomy termed ‘kranz anatomy’. For initial fixation of CO,, C, crops use a different
enzyme, phosphoenol pyruvate (PEP) carboxylase, which has no affinity for oxygen.
Rubisco remains the ultimate fixer of CO, in C, leaves, but the kranz anatomy ensures
that the Rubisco is surrounded by high CO, concentrations released from the product
of PEP carboxylation. This means C, Rubisco can fix CO, efficiently without
photorespiratory wastage, as was presumably the case when C, photosynthesis first
evolved several billion years ago, under high CO, and low oxygen levels.

There are other important differences between C, and C, crops. C, crop leaves are
better adapted to higher temperatures (above ~15 °C, C, leaves tend to achieve higher
photosynthetic rates than C, ones), less responsive to increased external CO, and more
efficient with respect to photosynthesis per unit water lost (transpired) and per unit
nitrogen invested in the leaf.

The last two mentioned differences between C, and C, photosynthesis serve to
introduce the important (but here simplified) concepts of stomatal and mesophyll (or
internal) conductance to CO, diffusion. ‘Conductance’ is the reciprocal of resistance
to diffusion in gas physics. In photosynthesis, CO, diffuses from the air across the leaf
boundary layer, through the stomatal pores into the air-filled leaf intercellular spaces,
and then to the primary ‘fixing" enzyme: Rubisco in C, plants and PEP carboxylase

in C, plants (both located in the loose green mesophyll cells of every leaf). If the CO,
movement in the mesophyll is assumed to also behave according to diffusion, and the
CO, concentration is assumed to be zero at the site of initial CO, fixation, then the law
of diffusion means that the intercellular CO, concentration is controlled by the stomatal
relative to the mesophyll conductance. There is also a small influence of the boundary
layer surrounding the leaf, but this influence can be ignored here for the sake of simple
explanation.

Thus C, plants—with more efficient mesophyll photosynthetic machinery (i.e. higher
mesophyll conductance) and a tendency for lower stomatal conductance—have under
full irradiance markedly lower intercellular CO, concentrations of around 150 ppm

(vs. 280 ppm with C, plants) when air CO, concentration is 370 ppm. This is the basis

20 The most common unit for P these days is micromoles of CO, per square metre per second
(umol CO,/m?/s) obtained by multiplying grams of CO, per square metre per day (g CO,/m?/h)
by 6.31.
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of the higher innate transpiration efficiency of C, crops. It is achieved with a lower
investment in nitrogen-rich photosynthetic enzymes, the reason for higher nitrogen
efficiency of C, photosynthesis. These concepts are also important for understanding
the smaller, but possibly more important, genotypic differences within crops.
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Figure 2.2 Response of leaf net photosynthetic rate to photosynthetically active
radiation (PAR) expressed as irradiance. Source: adapted from Connor
etal. (2011)

The leaf net photosynthetic rate vs. PAR irradiance response curve in Figure 2.2 is
the principal building block for determining the photosynthesis of any crop canopy.
However, the canopy comprises many leaves of different age and nutrient status
(hence different photosynthetic capacity, as reflected in different P__ values),
orientated at many angles to the vertical and illuminated by various angles of direct
solar beam, which change with time. Moderately complex models can integrate all
these factors if they can be measured, but crop physiologists usually take a simpler
approach to the problem. To understand this, several aspects of the leaf canopy
require definition.

A simplified quantification of the crop canopy is contained in the measure known
as leaf area index (LAI), which is the dimensionless ratio of the area of green
leaves to the area of ground (m?/m?); if other green parts like stems and spikes are
included, this measure can be called ‘green area index’. Further, the penetration
through the green canopy by solar PAR fits well a physical law: the proportion of
PAR not intercepted at the bottom of the green canopy is an exponential function
of the LAl (equation (1)).
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equation (1) Interception of photosynthetically active radiation (PAR) by crop canopy

Foiq = 1-exp(-K x LAI) (1)

where

F_. is the fraction of incident PAR intercepted by the canopy

PAR
K is the extinction coefficient (a unitless parameter between 0.3 and 1.0)

LAl is the leaf area (or green area) index (m?/m?).

The extinction coefficient increases with more horizontal leaves (i.e. with lower leaf
elevation angle or inclination). The more erect the display of the leaves, the greater the
LAl needed to maximise PAR interception. An LAl of 4-5 is sufficient for 90% interception
of daily PAR in typical monocot crops at middle latitudes (K = 0.5, F_,. = 0.9). Where
LAl > 4-5, the crop is considered to have reached ‘full light interception’ because any
greater LAl captures little extra PAR—thus, LAl would have to double in order to reach
99% interception (or F,,, = 0.99). Adding greatly to the use of equation (1) was the
advent of portable instruments that facilitate the measurement of F,, . by green canopies.

Monteith (1977) proposed that crop growth rate be related to daily intercepted PAR, and
crop DM accumulation to the cumulative daily intercepted PAR, finding that the slope of
this relationship tended to be a stable number across the crop life cycle and reasonably
stable for any crop across environments. This slope is defined as the radiation use
efficiency (RUE) measured in grams of dry matter produced per megajoule (g DM/MJ).
Notwithstanding limitations fully discussed in Mitchell et al. (1998), Monteith’s (1977)
ideas have subsequently become the basis of much relatively simple modelling of crop
growth and yield under non-water-limiting conditions (equations (2) and (3)).

equations (2) and (3) Daily crop growth rate and accumulated crop growth. Source:
Monteith (1977)

dDM/dt = PAR, x RUE 2
where
dDMY/dt is the dry matter accumulated daily (g/m?/d)

PAR is the daily intercepted photosynthetically active radiation; in other words, daily incident
PAR given by (0.5 x R,), multiplied by F_, .

RUE is radiation use efficiency measured in grams of DM produced per megajoule of PAR
intercepted (g DM/MJ).

DM = YPAR, x RUE (3)
where

DM is dry matter accumulated (g/m?) over some period

YPAR is the accumulation in daily time steps of intercepted PAR over the same period

RUE is as given in equation (2).
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With progression from CO, uptake in photosynthesis to DM accumulation in RUE, dry
weight of the initial sugar product (from photosynthesis) will be only 68% of the mass of
CO, fixed because of oxygen released by photosynthesis. In addition, (dark) respiratory
losses must be subtracted and minerals added. Finally, since RUE usually refers to
above-ground DM, no account is made for net translocation of DM to roots. Early in the
crop life cycle, DM investment in roots is significant—starting at root/shoot DM ratios of
0.5 to 1.0—but by anthesis in grain crops, this ratio is usually less than 0.15, after which
there is little root growth.

Despite these caveats, many measurements subsequent to Monteith (1977) confirmed
that RUE is a relatively robust crop-specific parameter (Mitchell et al. 1998; Sinclair and
Muchow 1999; Stéckle and Kemanian 2009) very useful in crop modelling. Obviously
canopy net photosynthesis—and by inference, RUE—is equal to the sum of net
photosynthesis across all leaves in the canopy, but only some are exposed to the full
solar beam perpendicular to the leaf surface (giving P_ ). Many leaves in a canopy
receive low levels of irradiance because they are at oblique angles to the solar beam
and/or due to degrees of shading within the canopy. The situation under cloud, when
diffuse radiation dominates, is even more complex.

It is obvious that leaves in a canopy operate at various levels of efficiency with respect
to PAR depending on where they sit on the curve in Figure 2.2 and that this efficiency
changes throughout the day. Nevertheless, three important general points are apparent:

1. Canopy photosynthesis does not saturate at high light—unlike individual leaves
(Figure 2.2)—therefore canopies reach higher net photosynthesis rates per square
metre than sunlit leaves (e.g. up to 10 g/m?/h).

2. Canopy RUE responds to change in P__ of the constituent leaves, other things
equal. Detailed canopy models suggest that if leaf P__ increases by 1%, RUE in
a wheat canopy at LAl = 6.5 will also increase but by a lesser relative amount
depending on solar elevation (~0.2-0.4% according to Day and Chalabi 1988).

3. Most sun angles in most cropping environments are such that canopies with erect
leaves are likely to achieve higher RUE, other things equal.

Thus C, crops, with higher P __ . show generally higher RUE values than C, crops. For
growth before grain-filling under optimal conditions, the following general average
RUE?' values and ranges were reported by Mitchell et al. (1998) and confirmed in
Sinclair and Muchow (1999):

* maize (C,) 3.3 g DM/MJ (range 2.3-4.1)

e wheat (C,) 2.7 g DM/MJ (range 2.4-3.1)

* rice (C,) 2.2 g DM/MJ (range 2.0-2.5)

* soybean (C,) 1.9 g DM/MJ (range 0.9-2.7).

21 Note this refers to above-ground DM and was more correctly termed as the ‘radiation
conversion factor’ in the thorough review by Mitchell et al. (1998). However, RUE is now the
accepted term, and RUE is always expressed in this book relative to PAR.
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Ranges in crop RUE, or within-crop variation, may seem to challenge the validity of
RUE as a concept—especially as all the reported ranges related to well-managed
and well-watered crops. Such challenge is countered by ease of RUE measurement
and application of RUE in simple models to disaggregate crop growth into major
and independent components (as in equation (3)). Also there is a reasonable

(if empirical) understanding of RUE variation, attributed largely to environmental
factors (i.e. higher RUE values with a higher proportion of diffuse radiation, or

lower vpd). There have been few reports of effects due to variety in side-by-side
comparisons, except that RUE tends to decline during grain-filling in older varieties.
The generally lower RUE for soybean probably reflects the larger respiratory load
associated with nitrogen fixation, and (during grain-filling) the higher energy content
of soybean seed arising from high oil and protein content.

Regarding RUE and leaf inclination, again detailed canopy photosynthesis models
provide evidence favouring erect leaves. Photosynthesis of a leaf at high irradiance
is at or close to PAR saturation and thus uses PAR inefficiently (Figure 2.2). Erect
leaves reduce the angle of incidence of the solar radiation—and hence the effective
irradiance seen by the leaf—so PAR is used more efficiently. An early example is
the canopy modelling of Loomis and Williams (1969), which shows the advantage
of vertical leaves (leaf angle 90°); LAl needs to be greater than 3 to benefit from
this effect, otherwise F_,. may be too low. An ideal canopy would have erect leaves
at the top, with less-erect leaves at depth. Small leaves and green structures, with
relatively larger penumbral effects, also have the beneficial effect of scattering
sunlight deeper into the canopy.

Crop growth, partitioning of dry matter and
determination of potential yield

As the crop canopy is built, the products of photosynthesis are distributed by a
process called ‘partitioning’, by which DM is distributed among major crop parts.
Figure 2.3 illustrates this for irrigated spring wheat in north-west Mexico. Crop
development (or phenology) is shown on the x-axis to set the temporal framework
within which partitioning occurs.

As well as total DM production, Figure 2.3 shows the partitioning of DM into

key crop parts. Thus crops first produce leaves (with an area to DM ratio of
200-300 cm?/g DM, depending on crop) in an exponential phase of growth until
100% PAR interception is approached (40-60 days after sowing under irrigation and
high fertility). After the crop has reached full light interception, total DM accumulation
becomes strictly linked to incident PAR and RUE—that is, extra leaves produced
beyond this point will not much increase the proportion of light interception,
because interception is already above 90%, a situation which continues until leaves
start to senesce towards the latter half of grain-filling.
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Figure 2.3 Evolution of green area index, photosynthetically active radiation (PAR)
interception (%) and dry matter (DM) accumulation in crop parts as a
function of days after seeding in spring wheat. Example for spring wheat
grown under irrigation and high fertility in north-western Mexico. Crop parts
are shown as the cumulative dry weights of leaf, stem, spike and grain.
Source: adapted from Fischer (1984)

Stems begin to grow soon after floral initiation and then (some 20 days before
anthesis) the spike (or inflorescence) also becomes an important sink (destination)
for DM. Accumulation of grain DM begins soon after anthesis in Figure 2.3, reflecting
the warm environment of north-west Mexico. Towards the later stage of crop
development (in the latter half of grain-filling), the downturn of trendlines for stem

and leaf suggests sources for some of the final grain DM. Studies with radiocarbon
(**C)-labelled carbohydrates confirm that DM accumulation in later grain-filling occurs
largely through translocation of stored carbon compounds to the grain. This process
is known as the contribution of pre-anthesis stored carbohydrate (and protein) to grain
yield, commonly expressed as a percentage of total DM at anthesis or, alternatively,
percentage of the grain yield.

A key outcome in Figure 2.3 is the harvest index (HI), which is the ratio of grain DM, or
yield (g/m?), to final total crop DM above ground (g/m?) at physiological maturity (often
called ‘biomass’) expressed as a percentage or dimensionless ratio. As with RUE, HI

is a robust crop parameter. Hl depends on crop and variety, but less on environment
under good management. Hl is easy to measure, provided all senesced crop parts can
be collected at physiological maturity, and provides a measure of breeding progress to
which it is frequently referenced.
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As with crop development, the exact pattern of crop growth varies among crops

and varieties under the influence of the genetics-by-environment interaction, but the
general pattern is similar for all grain crops. Thus the simple relationship of PY to DM
and HI becomes useful to understanding yield changes in all grain crops (equations
(4) and (5)).

equations (4) and (5) Potential yield (PY) as a function of dry matter (DM)
accumulation

PY = DM x HI @)
in which DM (final dry matter in this case) can be substituted by equation (3) to give:

PY = YPAR, x RUE x HI (5)
where

PY is potential yield in grams per square metre (g/m?) at zero grain moisture in
this equation

YPAR, is the cumulative intercepted photosynthetically radiation given in megajoules
per square metre (MJ/m?)

RUE is radiation use efficiency given in grams of dry matter per megajoule of PAR
intercepted (or simply g/MJ)

HI is the harvest index, the ratio of grain dry weight to crop dry weight (above ground)
at physiological maturity.

Equation (5) is the most common simple model of PY, and it is used as the basis for
discussing breeding and agronomic progress in this book. Reference is also often
made to P__ (and sometimes stomatal conductance) as surrogates for RUE when the
latter may not have been measured.

Numerical components of grain yield

Before leaving the general physiology of PY determination, it is useful to present another
simple model for grain crops that is used by many physiologists as equation (6).

equation (6) Potential yield (PY) as a function of numerical yield components

PY = GN x GW (6)
where

PY (commonly in this case) is grain dry weight in grams per square metre (g/m?)

GN is grain number, the number of grains per square metre of land area

GW is grain weight, the dry weight of individual grains in grams (g), but also often reported
in milligrams (mQ).
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As with equation (5), the relative physiological independence of the components (in this
case, GN and GW) makes equation (6) useful for understanding causality of PY; GN

is usually the dominant determinant. An added advantage is the ease with which GW

can be measured, and that grain number can be estimated from yield divided by GW
(provided that errors are small). There is little advantage, however, in dissecting GN into its
traditional numerical components (e.g. plants per square metre, inflorescences per plant
and/or grains per inflorescence) because of their strong interdependence.

As mentioned, there is a critical period for grain number determination: that period
of 20-30 days leading up to and shortly following flowering. Potential GW is determined
by events at and after flowering. The critical GN period is demonstrated by the increased
sensitivity of GN to environmental change (e.g. solar radiation) during this stage of crop
development, and further aids yield analysis by linking GN to equation (2) and Figure 2.3.
Thus grain number has been related to one or more of the following traits:

e crop growth rate in the critical period for grain number—that is, from 20-30 days
before flowering to 10 days afterwards in determinate crops or, in maize, from 15 days
before silking to 15 days afterwards

* ability of the variety to partition photosynthetic products to the developing reproductive
organs in this critical period—along with crop growth rate, partitioning ability
determines dry weight of inflorescences

e ability to build many fertile florets per unit inflorescence dry weight.

It is notable that the critical period for grain number (at least in wheat and rice) is also
when the aforementioned water-soluble carbohydrates are being accumulated in stems
for later translocation to the growing grains. Therefore grain number and grain weight in
such crops may not be as independent as originally proposed because carbohydrate
availability per floret around flowering also affects the survival of florets (Slafer et al. 2009)
and potential weight of grains, at least in wheat (Calderini et al. 2001).

Determination of key yield components in relation to flowering holds well for determinate
crops (like wheat, rice or maize), but may seem less clear-cut in indeterminate crops

(like soybean, rapeseed or pulses) with long flowering periods. Nevertheless, the
determination of grain number in soybean (e.g. Slafer et al. 2009) and canola (Mendham
and Salisbury 1995) does seem to fit this model relating grain number to DM accumulation
during flowering.

Reference to grain number raises one final important notion with respect to
photosynthesis: that of source-sink relations, a term commonly used by crop
physiologists. The source is considered to be the photosynthetic tissue (but can also
include temporary storage tissues), while the sink is the growing organ to which the
products of photosynthesis are being translocated. During grain-filling the sink clearly
comprises the grains growing to reach some given potential size. It is often argued
that during this period, crop photosynthesis can actually be limited by the grain sink (or
demand) for the products of photosynthesis. This appears to be the case when there is
a large photosynthetic area relative to the number of grains; artificially decreasing the
photosynthetic area can increase the photosynthetic rate of the remaining leaves, or
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artificially increasing grain number in novel experiments can have the same effect.

It remains uncertain whether sink limitation of photosynthesis can occur before
grain-filling. The relative stability of RUE before grain-filling suggests that such sink
limitation at that time is unlikely, but RUE is often observed to decline during grain-filling.

Determination of water-limited potential yield

Some changes to the above schema for PY determination are needed to deal with
performance under water-limited conditions (i.e. PY, ). Water limitation implies insufficient
supply of water for crop evapotranspiration (ET) to reach the maximum for the particular
crop (i.e. ETp). For water-limited crops, total ET may lie between 5% and 80% of ETp.

For PY  determination, again it is easiest to relate DM production to the limiting resource,
which in this case is water. A simple expression, coming originally from Passioura (1977),
facilitates this and lies behind much of the simulation modelling of PY, (equation (7)).

equation (7) Simple expression of water-limited potential yield (PY, ). Source:
Passioura (1977)

PY, = Tx TE, x HI @)
where

PY, is the water-limited potential yield measured in kilograms per hectare (kg/ha)

T is transpiration (amount of water transpired by the crop) measured in millimetres (mm)

TE, is transpiration efficiency, measured in kilograms dry matter (DM) produced per hectare
per millimetre of transpiration (kg/ha/mm)

Hl is the harvest index.

Furthermore, a simple but useful and robust variant of equation (7) was developed for
wheat crops in South Australia by French and Schultz (1984) (equation (8)).

equation (8) Water-limited potential yield (PY, ) from water supply, transpiration efficiency
and harvest index. Source: French and Schultz (1984)

PY, = (ET-E,) x TE, x HI (8)
where

PY, is the water-limited ‘potential’ yield in kilograms per hectare (kg/ha), using kg units to
accommodate the common units for transpiration efficiency (TE)

ET is evapotranspiration (crop water use) measured in millimetres
E. is soil evaporation in the crop from seeding to physiological maturity

TE, and HI are as defined for equation (7). Note that French and Schultz (1984) originally
called TE, x HI the ‘maximum water use efficiency’, but this term has since come to mean
many things and is not used in this book.
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ET is equal to transpiration (water consumed through the plant) plus evaporation from
the soil (E)). ET of a field crop is only weakly dependent on crop leaf area index (LAI)

as long as the soil surface is wet. This is because the solar radiation that reaches

an unshaded wet soil surface (i.e. in the absence of a growing crop, crop residue or
mulch) will drive as much soil evaporation as would have occurred as transpiration if
the soil surface had been shaded by leaves. Thus transpiration and soil evaporation are
relatively independent, but the latter decreases markedly when the soil surface dries.
Note than transpiration (T) in equation (7) equates in equation (8) to ET less E_.

French and Schultz (1984) set E_at 110 mm, a reasonable assumption for many soils
and annual crops. E_is essentially a loss to the crop. For wheat in southern Australia

at the time, French and Schultz (1984) found that the maximum slope (TE, x HI) for
yield vs. ET attained by the best crops was ~20 kg grain/ha/mm. Note, however, that
the original French and Schultz equation (from which equation (8) is derived), defines a
‘grain yield frontier’ (at 12% grain moisture) attained by farmers with the best varieties
and management; strictly speaking, this ‘frontier’ is the water-limited attainable yield (as
defined in Section 2.1), which may lie somewhat (~30%) below true PY, as defined for
this book.

Equation (8) was developed to demonstrate a target water-limited attainable yield

for farmers, but, as reviewed by Passioura and Angus (2010), the equation proves
valuable as a simple model for understanding PY, given that the three components
(i.e. (ET - E), TE, and HI) remain relatively independent. Equation (8) emphasises the
notion that water supply is central to PY , as reflected in the ET term (discounted by E,).
Thus equation (9) offers a description of ET.

equation (9) Determination of evapotranspiration (ET) by water supply

ET = AS + P — losses 9)
where

AS is equal to the change in millimetres (mm) in soil water between seeding and
physiological maturity, thereby picking up the contribution of any soil water stored in the
fallow period prior to seeding. AS can reach (but never exceed) the plant available water-
holding capacity (PAWC) for the particular crop—soil combination if seeding occurs into a
‘full” profile of soil water

P is precipitation in millimetres (mm) during the crop cycle

losses refer to precipitation in millimetres (mm) lost to deep drainage below the root zone
or surface run-off during the crop cycle.

In concluding discussion of crop physiology through simple equations, determination
of transpiration efficiency (TE) is now explored. Apart from water supply, TE is the main
factor in equation (8) that links PY_ to climate. Crops transpire water largely through
open stomata in their leaves. This is an inevitable consequence of opening stomata

to permit CO, uptake for photosynthesis, a process that exposes the water-saturated
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inner leaf surfaces to water loss to the atmosphere. TE is linked to the ratio of CO,
taken up to water lost, but the CO, uptake is converted to weight of carbohydrate
photosynthesised to calculate TE. As for RUE, TE is also subject to upper limits. The
limit is higher for low intercellular CO, concentration of the photosynthesising leaves,
and is separately modified by the relationship between transpiration rate and the
prevailing dryness of the air (equation (10)).

equation (10) Inverse relationship between transpiration efficiency (TE) and the
prevailing dryness of air in crop canopies. Source: Tanner and Sinclair (1983)

TE, = k/vpd (10)
where

TE, is the dimensionless ratio between weight of dry matter accumulated to that of water
transpired (reciprocal of the longstanding transpiration ratio)."

k is a crop-dependent efficiency factor between vpd and TE,, given in pascals (Pa). It is
negatively related to the intercellular CO, concentration in the leaf, which (being less than
ambient CO, concentration) determines the rate of diffusion of CO, into leaves.*

vpd is vapour pressure deficit given in pascals (Pa). It refers to the appropriate daytime
average vpd (when stomata are open) and is about two-thirds of the daily maximum vpd
(Stockle and Kemanian 2009). Since the intercellular spaces of the leaves are always
saturated with water vapour, vpd determines the gradient for water diffusion out of the leaf.

Dimensions given to TE in equation (7) (kg/ha/mm) conveniently convert to a
dimensionless weight ratio simply by dividing by 10,000 (because 1 mm of transpiration
over 1 hais 10,000 kg of water). Thus 50 kg/ha/mm (a typical value for DM production)
becomes 0.005 kg/kg or simply 0.005 (a transpiration ratio of 200).

*Apart from being higher for C, than C, crops, k is considered to be relatively stable for
each crop and hence is a valuable term for crop models.

The lower intercellular CO, in C, leaves means a greater gradient for CO, diffusion

into the leaf, causing higher k and TE,, other things equal. Thus the value of k is about
9 Pa for maize and sugarcane, 6 Pa for wheat and rice and 5 Pa for soybean (Sinclair
2010). Since the original work of Tanner and Sinclair (1983), it has been recognised
that stomata tend to close in response to increasing vpd—this decreases intracellular
CO, concentration and thus k increases as daytime vpd increases across the whole
range of values encountered (e.g. 0.5-3.0 kPa). Therefore, the decline in TE, with rising
daytime vpd is somewhat less than equation (10) would predict (Kemanian et al. 2005).
This is not the same as stomatal closure in response to soil water shortage, which
also increases TE, (other things equal), but it can be difficult to distinguish between
the two responses.

Important general considerations for crop transpiration efficiency are the spatial
variation in vpd (increasing markedly from humid to arid regions), and the seasonal
march in vpd (lowest in mid winter or in the wet season; highest in midsummer or the
dry season).
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Harvest index (HI)—the last component in the water-limited conditions shown in
equation (8)—becomes less stable and tends to be lower because water becomes
scarce during grain-filling. Thus transpiration is often constrained at a time when TE
is lower due to vpd increase during grain-filling, and grain growth and HI suffer in

a reasonably quantifiable way (Sadras and Connor 1991). Other aspects of water
limitation bearing on HI, such as the sensitivity of grain number to water shortage, are
introduced in Section 9.6.

Agronomic studies often refer to water productivity or water use efficiency (WUE), given
as yield per unit of water use (kg/ha/mm). It is important to define water use in this
context: it is commonly ET but can refer to other measures (e.g. water supply such as
rain or irrigation).

2.7 Concluding remarks

To cover the broad principles of crop physiology in a few pages inevitably cuts many
corners, but the aim is to provide a foundation for much of the following discussion of
yield progress and prospects. The interested reader is referred to Sadras and Calderini
(2009) and Connor et al. (2011) for greater detail. The terms introduced here (and a few
others that appear elsewhere in this book) are listed in the Glossary.

Chapters 3—-7 move to looking at the yield performance of individual crops to seek

the genetic, agronomic and socioeconomic factors behind yield progress. This is
facilitated by defining (at the outset of each single commodity chapter) the major
mega-environments around the world in which the commodity is grown. This is a
term developed by the International Maize and Wheat Improvement Center—otherwise
known as Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT)—to facilitate
research targeting maize and wheat, but it is a useful tool for all crops. Mega-
environment is a commodity-specific term, and refers to broad (but not necessarily
contiguous) areas facing similar agroecologies in terms of weather, abiotic and biotic
stresses, and cropping system requirements for the crop under consideration.

b4 CROP YIELDS AND GLOBAL FOOD SECURITY



1ESYM



Key points

* World wheat production in 2010 approached 675 Mt. Harvested area has
remained steady, but global average farm yield (FY, at close to 3 t/ha) is
increasing at a current rate of 1% p.a. (relative to 2010 yield).

* For each of the major wheat mega-environments (WMEs), detailed case studies
presented in this chapter have explored farm yield (FY), potential yield (PY) and
yield gap, and their respective rates of change over the past 20-30 years. Twelve
of these case studies contributed to the values quoted in the key points below.

* The current rate of wheat FY increase ranged between 0.3% per annum (p.a.)
and 1.7% p.a. (relative to FY around 2010); northern France at 0.3% p.a. was the
only non-significant (P > 0.10) slope.

e The current rate of wheat PY increase showed a global average of 0.6% p.a.
(relative to PY around 2010); it ranged between 0.3% p.a. and 1.1% p.a. and was
significant (P < 0.10 or better) in all cases. Progress rates did not appear to vary
between dry and humid environments, or for spring vs. winter wheat.

* The global average wheat yield gap was 48% of FY. The range was surprisingly
narrow (26-69% of FY), but the gap was clearly smaller in developed countries
(especially western Europe, with a low average of 30% of FY).

* Wheat yield gaps appear to be closing very slowly; the global average rate of
change is -0.2% p.a. (range -1.0% p.a. to +0.8% p.a.). Notable adoption of
yield-increasing agronomic technologies has been observed in only some cases
(e.g. Western Australia and parts of China). In western Europe, wheat yield gaps
are increasing where regulations may be slowing FY progress.

» The results emphasise the importance of raising PY as the primary means for
future wheat FY increase. Further FY increases from yield gap closing through
adoption of better agronomy will be possible (especially in developing countries)
but will involve complex incremental changes in multiple technologies.

* Increased PY in wheat is associated with increased grain number (GN) and
harvest index (HI) and, lately, increased grain weight (GW) and total dry
matter (DM). There have also been several reports of increases around spike
emergence in radiation use efficiency (RUE), leaf photosynthesis (P__) and
stomatal conductance, and greater stem-stored carbohydrate at anthesis.




Wheat

3.1 World wheat and its
mega-environments

In 2008-10, annual world production of wheat (bread wheat, Triticum aestivum, plus
durum wheat, Triticum turgidum) was 674 Mt (Table 3.1)—a 24% increase from 544 Mt
20 years prior. The major producers shown in Table 3.1 are listed in order of dominance,
with China leading (at 17% of global production), followed by India (12%), the United
States of America (USA) (9%) and the Russian Federation (8%).

Table 3.1 Annual wheat production, harvested area and yield in 2008-10 for major
producing countries and annual rates of change from 1991 to 2010

Rate of change®

Average 2008-10

Country (% p-a,)
Production (Mt)  Area (Mha) Area

World 673.7 221.5 3.04 ns -0.1 1.0
China 114.3 241 4.75 2.0 1.7
India 80.0 28.1 2.85 0.7 0.9
USA 62.8 20.7 3.04 -1.6 0.9
Russian Federation 157/ 24.8 2.22 ns 0.3 1.6
France 38.5 5.4 7.20 0.5 ns 0.3
Canada 26.2 9.3 2.81 -25 1.1
Germany 251 3.2 7.74 1.4 0.7
Pakistan 22.8 8.9 2.55 0.5 1.7
Australia 21.7 13.6 1.60 2.3 ns-1.0
Ukraine 21.2 6.7 818 ns 0.6 ns 0.4

a What FAOSTAT calls ‘yield’ this book calls ‘farm yield" (FY); see Chapter 2 on definitions.

b Relative to 2008-10 average; ns = not significant at P > 0.10; all others significantat P < 0.10
or better

Source: FAOSTAT (2013)
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The distribution of world wheat area around 2000 is shown in Map 3.1. World wheat
area peaked in 1981 at 239 Mha, then fell steadily to a low of 208 Mha in 2003, after
which began a slow rise to 222 Mha in 2008-10. Over the past 20 years there have
been significant declines in wheat area in Canada, China and the USA, partly balanced
by rises in India and Australia (Table 3.1).

Among the major producers, average wheat yield ranges from <2 t/ha to >7 t/ha.
Of special interest over the last 20 years is the apparent absence of significant yield
increase in France, Ukraine and Australia (Table 3.1); the situation for Australia and
France will be discussed in Sections 3.5 and 3.8, respectively.

Wheat is widely traded, with exports amounting to 134 Mt (2008-10) or 20% of global
production. Major net exporters according to FAOSTAT (2013) are the USA (27 Mt),
France (18 Mt), Australia (16 Mt), Canada (15 Mt) and the Russian Federation (14 Mt).
Although traditionally a large exporter, Argentina has fallen to eighth place, with only
6 Mt of exports in 2008-10.

Map 3.1 Global distribution of wheat area circa 2000. Source: Harvest Choice
project, International Food Policy Research Institute; data from You
et al. (2009a)

CROP YIELDS AND GLOBAL FOOD SECURITY



The global wheat mega-environments (WMEs) presented in Table 3.2 are derived
from those delineated in the 1980s for developing nations by the International Maize
and Wheat Improvement Center—otherwise known as Centro Internacional de
Mejoramiento de Maiz y Trigo (CIMMYT)—to assist targeting of its wheat breeding
program. The WMEs have been refined several times since (e.g. Lantican et al. 2005;
Braun et al. 2010) and are presented in Table 3.2 in an updated and slightly modified
form to include the whole world.

The growth habits of wheat varieties form the basis of the WME system. Thus spring
wheats show little or no need for (or response to) vernalising cold (T_ < about 15 °C)
to switch from vegetative to reproductive growth (see Section 2.6 on weather and soil
parameters). At the other extreme, winter wheat varieties have an obligate need for
many hours of vernalising cold, while facultative cultivars are intermediate in habit,
responding notably to vernalising cold. Thus WME1 to WMES comprise late autumn
to early winter sown spring wheat environments, with T___ between 5 °C and 17.5 °C
in the coolest month for WME1 to WME4, but greater than 17.5 °C for WMES5, which is
found only between latitudes 25 °S and 25 °N. WMES follows with spring-sown spring
wheats at high latitude. Then finally in Table 3.2, there are autumn-sown facultative
(WME? to WME9) and winter wheats (WME10 to WME12) grown at middle latitudes.

Several WMEs in Table 3.2 arise from divisions made according to moisture

supply, where low to moderate rainfall (WME4 and WME12) limits average crop
evapotranspiration (ET) to less than about two-thirds of potential evapotranspiration
(ET )—less than ~350 mm. Note that the contribution of irrigated and high rainfall
WMEs to global production will be more than the area proportion shown in Table 3.2
because of their higher yields (see the section ‘Estimated wheat yield and yield
change by wheat mega-environment’, below).

Some major producing countries contribute to several major WMEs. China, the
world’s largest wheat producer, has 64% of its wheat area in WME10 and 26% in
WME1. The Russian Federation has about 50% in WME6 and 50% in WME11. The US
wheat area includes contributions in WME1 (2%), WME6 (30%), WME11 (16%) and
WME12 (52%).

The shaded cells in Table 3.2 highlight the ‘breadbasket’ regions vital to wheat food
security. Yield progress and prospects in representative cases within each region
are discussed in detail according to WME categories (WME1 to WME12) later in
this chapter. Where WME separation has not been possible, some lumped national
statistics are presented. Attention is given to the latest reports, preferably with
varieties from the last decades for up-to-date estimates of yield potential progress.
Readers are referred to Lantican et al. (2005) for a global listing of wheat breeding
progress studies up to the late 1990s.

WHEAT 69



70

Table 3.2  Wheat mega-environments (WMEs), relative areas and major

producing regions

Moisture®  Latitude® Global wheat area (%)° Major regions

Developing Developed® Developing Developedd

Mexico,
. Indo-Gangetic
1 Irrigated Low 17 0 Bk, @ouiE
China, Egypt
. Wet northern
2° ngh Low 5 0 Africa,
rainfall )
southern Brazil
Low-— Drv northern Australia,
4 moderate Low 8 7 Y Mediterranean
. Africa
rainfall Europe
Bangladesh,
5 Irrigated Low, hot 2 0 SUd?ﬂ’
Brazilian
Cerrado
Low-— Canada,
6 moderate  High 2 18 North-eastern  £i-ang,
. China .
rainfall northern Asia
100 Imigated  Middle 5 1 NI QTS
Plain
High . Eurasia
f )
1 rainfall Middle ! 22 eastern USA
Great Plains
Low- and Pacific
12f moderate Middle 6 ) Anatolia, Iran
rainfall North-west
(USA)
Total 47 53
a ‘Low-moderate’ rainfall is 200-500 mm,; ‘high’ rainfall is >500 mm.
‘Low latitude' is less than about 35°-40°; ‘middle latitude’ is about 35°-50°; ‘high latitude’ is
greater than about 45°; ‘hot’ refers to environments with T___ > 17.5 °C in the coolest month,
January in the northern hemisphere and July in the southern.
¢ Shaded areas refer to major wheat regions (or ‘bread baskets’) vital to wheat food security.
d ‘Developed’ includes countries of the former USSR (‘transitional economies’)
e WME2 includes WMES3, which has an acid soil component but is otherwise similar to WME2.
f Inthis simplified analysis, WME10, WME11 and WME12 include WME7, WME8 and WME9,

respectively, where facultative rather than winter wheats tend to be grown.

Source: CIMMYT Wheat Program (e.g. Braun et al. 2010, see text), but updated with
percentages of the global 2008-10 wheat harvested area (average 222 Mha)
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3.2 WME1—Yaqui Valley, Mexico

Introduction

Irrigated spring wheat of WME1 occupies ~34 Mha in the developing world (especially
in northern South Asia, southern China and Egypt; Table 3.2) and is probably the

most important WME for world food security. The Yaqui Valley in the state of Sonora in
north-west Mexico (Map 3.2) is representative of WME1 and has been the site of the
wheat breeding operations of CIMMYT and its predecessor organisation for more than
50 years.

. Yaqui Valley irrigation area

. Centro Experimental Norman E Borlaug
(Norman E Borlaug Experimental Centre)

Map 3.2 Yaqui Valley irrigation area in Sonora, Mexico, and Centro Experimental
Norman E. Borlaug (CENEB) research station

Irrigated spring wheat is the main crop in the Yaqui Valley and is grown each winter—
spring season (i.e. November—April, when average total rainfall is only 60 mm). The
region is near a seaport, and grain and input prices now appear close to world parity.
However, there are several differences between this wheat environment and other
regions of WMET:

*  Overall, the climate of the Yaqui Valley is somewhat more favourable than most
other WME1 areas—proximity to the coast provides a cooler grain-filling spring
environment and the desert environment means higher solar radiation.

WHEAT
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* By the standards of developing-world irrigated areas, farm size ranges from
medium to large—average farm size is about 20 ha, with a range from less than
10 ha to more than 150 ha. Typical field size is about 10 ha (Lobell et al. 2007).

e Unlike Asia—where wheat is usually double cropped with summer paddy rice—
there has been little summer cropping in the Yaqui Valley since 1996 because of
lack of irrigation water.

The Yaqui Valley has been heavily targeted by wheat research and development since
the late 1940s and is the birthplace of the wheat varieties of the green revolution (see
Section 1.1). Moreover, wheat performance in the valley has been well documented in
the past 20 years, including a recent substantial publication on both this and related
agricultural issues of the region (Matson 2012).

The Cajeme Irrigation district (latitude 27 °N) dominates irrigated cropping in the Yaqui
Valley and its statistics are those to which this section refers under the heading ‘“Yaqui
Valley'. The district is relatively uniform topographically, with a current annual wheat
area of 150,000-180,000 ha. From 1945, wheat there became the object of substantial
research and development effort by Dr Norman Borlaug and the Oficina de Estudios
Especiales (Office of Special Studies), later merging into the CIMMYT Wheat Program
in 1966. This program has continued ever since, operating at the central Yaqui Valley
research station, Centro Experimental Norman E. Borlaug (CENEB),? in collaboration
with the Mexican government agricultural research institute—known as Instituto
Nacional de Investigaciones Forestales, Agricolas y Pecuarias (INIFAP).

The impact of the green revolution can be seen quite clearly when Yaqui Valley farm
yield (FY; see Chapter 2 on definitions) is plotted from 1950 to the present (Figure 3.1).
FY increased dramatically in the first 30 years, from 1.4 t/ha in 1950 to almost 5 t/ha in
1980 (equivalent to >4% p.a. exponential growth). FY increase occurred more slowly
thereafter, although 2011-12 delivered a record yield of 7.2 t/ha. Progress in potential
yield (PY; see Chapter 2) in the valley has been measured many times in sets of historic
and new varieties grown side-by-side at the CENEB research station. Figure 3.1
presents measurements between 1990 and 2010, as explained in the caption, using
optimal agronomy and fungicide for complete disease control. Figure 3.1 combines
bread wheat (BW) and durum wheat (DW) varieties, the latter assuming major
importance in the last 30 years in the valley, caused especially by higher durum prices.
These recent changes in FY and PY, and the gap between them, are now examined

in considerable detail because the Yaqui Valley is a critical bellwether for world wheat,
especially in WME1.

22 Before 2010, CENEB was known as Centro de Investigaciones Agricolas del Noroeste
(CIANO).
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Figure 3.1 Wheat farm yield (FY) plotted against year, and potential yield (PY) plotted
against year of release, in the Yaqui Valley, Mexico, from 1950 to 2012. PY
values are for both bread and durum wheat varieties (see text) determined
in numerous on-station protected vintage experiments from 1990-91
to 2009-2010, under optimal agronomy (K.D. Sayre and R.A. Fischer,
unpublished data 2010). Results were corrected for year of experiment
by use of a common control cultivar (Siete Cerros 66). Regressions refer
to the past 30 years only (shown as solid symbols) and are given for
1983-2012 for FY and 1979-2008 for PY. Source: FY values for the Cajeme
Irrigation District from SIAP (2012)

Wheat farm yield and potential yield progress in the
Yaqui Valley

Modern semi-dwarf varieties first appeared in 1962 and in less than 5 years occupied
the whole district. Bell et al. (1995) analysed sources of progress from 1968 to 1990
when varieties were further improved. They concluded that variety improvement
contributed 28% of FY increase and increased use of nitrogen fertiliser—which rose
from 80 to 230 kg N/ha—contributed 48%.

The average annual rate of FY increase has clearly slowed since 1950 (Figure 3.1).
Because of surprisingly large annual fluctuations for an irrigated crop, current FY
progress is estimated over the past 30 years (rather than 20 years as generally
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shown throughout this book). The rate of FY progress from 1982 to 2011 was

60 kg/ha/yr, or 0.9% of the estimated 2011 FY of 6.4 t/ha. However, persistent
weather changes in the Yaqui Valley—warming (Bell and Fischer 1994) and later cooling
(Lobell et al. 2005a)—can confound the interpretation of yield change over time.

Remarkably, average minimum temperature (T ) (January to April) fell from about
10.2 °C to 8.2 °C across the 30-year period 1983 to 2012 (slope —0.070 °C/yr;

R? = 0.393; P < 0.01); average maximum temperature (T__ ) and solar radiation (R,)
showed no significant trend. Wheat yield usually increases when T declines (Fischer

1985a), which suggests that FY progress in Figure 3.1 ought to be corrected for this
unusual cooling.

Lobell et al. (2005a), using the first difference method, determined a slope between the
annual anomalies in yield and those in T_ - of about -456 kg/ha/°C for the Yaqui Valley
FY from 1988 to 2002. Sensitivity to T was confirmed by their independent simulation
modelling, but there appeared to be no significant effect of T__ or R_ fluctuations on
yield. For the longer regression period 1982-2011 of Figure 3.1, the first difference
analysis showed a slope of -368 kg/ha/°C change in T_ . Applying this number to the
steady decline in T_, in the 1982-2011 period suggests a yield increase of 26 kg/ha/yr
in the Yaqui Valley due to cooling alone. By difference this leaves only 34 kg/ha/yr
(or 0.5% p.a.) progress in FY from other factors, including technical progress.

PY progress was initially rapid, estimated at greater than 1% p.a. (Fischer and Wall
1976; Bell et al. 1995; Traxler et al. 1995; early years in Figure 3.1). Traditionally, BW
and DW varieties have shown similar PY to each other, but when the varietal releases
over the past 30 years are analysed separately, BW varieties showed a lower slope of
progress of 10 kg/ha/yr (P < 0.10) or 0.1% p.a. of their estimated 2007 release PY of

8 t/ha, while DW varieties achieved a higher slope of 38 kg/ha/yr (P < 0.01; 0.4% p.a.),
while reaching a 2008 release PY of 9 t/ha. Since the Yaqui Valley presently grows both
BW and DW, for the purposes of this book, a combined PY slope of 28 kg/ha/yr
(0.3% p.a.) is used as the estimate of current PY progress at CIMMYT in the
Yaqui Valley (Figure 3.1).

Nalley et al. (2010), using the same BW data source as in Figure 3.1 to estimate PY,
derived a slope of 38 kg/ha/yr, or 0.4% p.a. of the estimated 2001 release PY. The
somewhat higher slopes may reflect the inclusion of older varieties (releases between
1962 and 2001) and of plots without (as well as with) fungicide. Lopes et al. (2012)
reported yield progress for the best CIMMYT advanced BW lines tested in the Yaqui
Valley and at three other high-yielding WME1 locations: taking lines released during
1994-2008 gave a PY slope of 0.6% p.a. of the estimated 2008 release PY. Other recent
independent estimates of PY progress at CENEB show 0.4% p.a. PY increase in BW
varieties released between 1966 and 2009 (Aisawi 2011), and 0.4% p.a. for 1966-2012
BW and DW releases together, with a somewhat higher rate for BW compared with DW
(K.D. Sayre and B. Goevarts, unpublished data 2012). All these estimates are slightly
more than that derived from Figure 3.1, probably because they have not met all the
conditions applied to calculating the PY value (0.3% p.a.) settled above.
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Considerable attention has been given here to estimating the current rate of PY
progress in the Yaqui Valley because the CIMMYT wheat breeding effort, focused inter
alia on this target, is one of the largest and most critical for WME1. It is noteworthy

that all estimates point to slower progress now than in the past, but also that this

slow progress does not support the claims (without supporting evidence) that progress
has ceased.

Wheat yield gap in the Yaqui Valley

Calculation of yield gap requires confidence in the PY estimate. Certainly experimental
management at CENEB for the PY data in Figure 3.1 was appropriate for PY estimation.
However, when a single central site (the CENEB experiment station) is used to estimate
the PY, it needs to be representative of the Cajeme District. The station’s soil type
(compacted clay) is less favourable to wheat than the district average. Farm yields
across soil types in the district (Lobell et al. 2002) and the proportions of each soil type
suggest that, other things equal, compacted clay would yield 6% less than the overall
district average. Given this and the fact that Cajeme District grew 80% durum wheat in
2009-12, it is concluded that the relevant PY for 2012 is probably close to 9 t/ha.
With FY estimated at 6.4 t/ha, this gives a yield gap of about 2.6 t/ha (or 41% of
FY); Figure 3.1 also indicates that the yield gap is closing very slowly. Although recent
FY and PY values have been favoured to some extent by unusually low T . values, this
does not affect the yield gap estimate.

High-resolution satellite images of the Yaqui Valley (two to four measurements of
green groundcover per wheat season) offer a unique approach to understanding the
yield gap. When combined with an algorithm using observed R_ and temperature, the
images permit a reasonably accurate estimation of crop yield at high resolution (pixels
30 m x 30 m), from which the yield of each field can be calculated (Lobell et al. 2002;
2003). Aspects of the FY distributions for all wheat fields in the Yaqui Valley are shown
for three years in Table 3.3. Field FY showed negative skewness (i.e. more low yields
than expected from a normal distribution). This is common with such samples and is
attributed, in favourable environments, to the existence of a maximum district yield,
which limits all farmers (e.g. Park and Sinclair 1993). Lobell et al. (2002) concluded that
the spatial yield variation was dominated annually by management variation between
fields (see below), while soil class effects were relatively small.?®

23 Later analyses have looked at the temporal variation in yield (across years in given fields,
controlled for change in annual average regional yield), which is smaller than the spatial
variation across fields in any year (Lobell et al. 2007). More striking is the gap of about
2.5 t/ha in any year between the maximum and average yields. As more years are added to
the sample for these same ‘maximum’ fields, this value declines at a rate equal to what would
be expected if field-to-field yield variation were random (Lobell et al. 2009). Surprisingly,
therefore, successful management influences do not appear to persist in a given field, possibly
because the ‘best’ management changes with the observed weather of each year, which is
difficult to anticipate.
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Table 3.3  Wheat potential yield (PY) and key statistics of remotely sensed individual
FY of each wheat field in the Yaqui Valley, Mexico, in 3 years

Yield measure Year and yield (t/ha) Average

T relative to

1993-94 12%%%' 2000-01  Mean me(‘j‘,/:‘) o
PYa 8.88 8.72 9.49 9.03 159
Average FYP 5.40 5.66 5.98 5.68 100
90th percentile FY© 6.92 7.05 7.37 7.11 125
Median FY® 5.72 5.99 6.27 5.99 106
10th percentile FY® 3.80 4.31 4.53 4.21 74

a Measured at CENEB in the same given year (12% moisture), under best agronomy and
weighted by varieties grown by farmers that year in the Yaqui Valley

b Same source as Figure 3.1
¢ Remotely sensed; 90th percentile means 90% of fields have a lower FY than this value
Source: Remote-sensing results from Lobell et al. (2002)

Table 3.3 indicates an average yield gap (as defined here) of 59% of average FY,

a figure that is somewhat higher than that estimated earlier for 2012 (41%). It also
suggests several yield intervals comprise this yield gap, for example: (1) from average
FY to the 90th percentile FY, which varied across the 3 study years from 23% to 28% of
average FY; and (2) from the 90th percentile FY to PY, which varied from 30% to 36%
of average FY. In addition, inspection of the results of Lobell et al. (2002) reveals that
in each of the 3 years the absolute maximum FY of any field is no more than 0.7 t/ha
above the 90th decile yield, and still about 1.2 t/ha below PY. Since the study area is
quite uniform in its natural resource base, management probably dominates this yield
variation. Thus the average gap of 1.4 t/ha from average FY to the 90th decile FY (or
25% of average FY) should be readily exploitable with better management. However,
this may not be the case for the gap of 1.9 t/ha (0.7 + 1.2 t/ha) from the 90th percentile
FY to PY (or 33% of average FY).

The gap from the 90th percentile FY to PY should reflect rational on-farm economic
constraints plus the small factors discussed in Chapter 2, which can give an upwards
benefit to on-station trial yields. As mentioned in the first paragraph of this section,
the soil type itself probably does not benefit yield in the CENEB research station, but
beneficial factors could include:

* use of small plots (although adequate edges were always removed)
e faster irrigation and drainage (less temporary waterlogging)
* more careful harvesting

* lodging protection (although, according to surveys, lodging is not a very significant
constraint in the valley)
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* extra agronomic inputs, including:

— legume summer crop before the wheat (up to 2001-02) plus chicken manure
(up to 2004-05)

— preventative (prophylactic) fungicide application

— usually five or six post-germination irrigations (compared with the recommended
three or four).

For economic reasons, farmers of the Yaqui Valley use almost none of the special
practices employed at the research station, except in fairly rare situations when
varietal resistance to leaf rust breaks down and farmers resort to fungicide application.
Crop rotation could be one desirable option but is currently not in practice due to

few non-wheat options. Adopting the notion from Section 2.1 (on yield and yield gap)
that the attainable yield is 23% below the PY, this value is 7.0 t/ha for the years

studied in Table 3.3. This is only 0.1 t/ha below the average 90th percentile FY and
gives some support to the idea of the 90th percentile as a useful predictor of the
attainable yield.

Farm yield constraints for wheat in the Yaqui Valley

FY constraints can be revealed by associated variation in yield and practices between
fields in any year and across years. In this respect a great deal is known about

the Yaqui Valley. There have been regular field surveys (D. Byerlee and D. Flores,
unpublished data 1981; R.A. Fischer, unpublished data 1990, 1991; Meisner et al. 1992;
D. Flores, unpublished data 2001), and more recently these have been combined with
the powerful new tools of remote sensing (Lobell et al. 2005b).

The turnover of wheat varieties has always been rapid in the valley and adoption lag
has never been a significant constraint, while agronomic improvement was rapid early
on (Bell et al. 1995), and has continued. For example, since 1980, nitrogen fertiliser
rates have increased from 175 kg N/ha to ~300 kg N/ha (D. Flores, pers. comm. 2013).
Phosphorus fertiliser rates have increased to ~50 kg P/ha and use of herbicide and
pesticide has also increased. But these recent changes may not have contributed much
to FY increase. Nitrogen and phosphorus rates appear very adequate, while the switch
to integrated pest management (IPM) for aphid control and almost complete adoption
of bed and ridge planting since 1980 may have been more significant in reducing costs
than increasing yield. Tillage practices appear to be unchanged, with little adoption

of reduced tillage on permanent beds, despite the demonstration of its cost-saving
advantages.

One clear change has been the disappearance of cotton and soybean from the crop
rotation due to lack of water and to pest problems. Up until the mid 1990s most of

the wheat followed a broadleaf crop; now more than 90% follows wheat and a short
summer fallow (1. Ortiz-Monasterio, pers. comm. 2012). This sort of rotational change
could facilitate the carryover of soil diseases and wheat pests. One indicator of the state
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of the soil, soil organic matter, appears low but stable (~0.5% organic carbon), while
soil salinity has been controlled through a system of deep drains to the sea.

Turning to the large yield variation among farmer fields so evident in Table 3.3, the
following agronomic variables have been found to be important, and are discussed in
more detail below:

* timing of planting
* water

* nitrogen

* weeds

e other factors.

Although the Yaqui Valley is totally mechanised, some fields can still be planted
late, mainly due to untimely rain at planting. Ortiz-Monasterio and Lobell (2007) used
satellite images to estimate both planting dates and yields. Despite 30-50% of crops
being planted after the optimal planting window (15 November to 15 December) in
the study periods 1999-2000, 2001-02 and 2002-03, the only significant yield loss
attributed to late planting (averaging 11% of FY) occurred in 1999-2000. Year-to-year
variability in response to late planting is not unusual, but many experiments—and
modelling with historic data (Fischer 1985b)—suggest that, on average, yield will
peak when flowering occurs around 1 March, and will fall sharply if flowering occurs
after 15 March (equivalent to a late planting, i.e. after 15 December).

Thus a significant proportion of the area planted after 15 December would
significantly lower average yield; some such delays have been indicated by the
ground surveys, while Ortiz-Monasterio and Lobell (2007) across 3 years with satellite
images estimated on average 35% of area planted with an average delay of 1 week.
Later, Lobell and Ortiz-Monasterio (2008) suggested 9% average yield loss from late
planting across years. Rain at (or just before) planting can cause these delays, as
can institutional factors such as irrigation water availability and tardy credit or contract
seeding. Agronomic research or breeding is unlikely to lessen this constraint on yield,
but better functioning institutions could. Timeliness of harvesting is not considered a
problem because dry weather prevails then.

Even on the less-favoured compacted clay soil of the CENEB experiment station,
water-holding capacity is favourable, so grain yield is relatively insensitive to
irrigation timing, except around flowering (Fischer et al. 1977). Nevertheless, satellite
estimations of yields of fields across five seasons (2001-06) suggested that fields
that—contrary to recommendation—received a second irrigation more than 75 days
after seeding (as is common for a pre-irrigated seed bed), or received fewer than
four irrigations (including the pre-seeding one), yielded significantly less and overall
appeared to have lowered valley average FY by 0.29 t/ha, or about 5% (Lobell and
Ortiz-Monasterio 2008). Irrigation limitations arise because of institutional reasons.
Limitations also tend to occur in seasons when reservoir availability is low at the
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outset, despite efforts to reduce planted area to match water availability. Switching
to dry seeding and germination on the first irrigation (with greater reliance on
herbicides for weed control) could save irrigation water and allow a greater area to
be planted, but is unlikely to increase yield.

The current average application rate of total nitrogen fertiliser is ~300 kg N/ha, with
three-quarters applied before planting, and the remaining one-quarter applied with
the first irrigation after planting. Although organic matter contents of Yaqui Valley
soils are low, the average application rate should be more than sufficient for wheat
yields of at least 8 t/ha (Ortiz-Monasterio 2002). Furthermore, ground survey and
remote sensing by Lobell et al. (2005b) in 2001 indicated only a weak association
between yield and nitrogen rate across fields (slope 5 kg grain per kilogram of
nitrogen applied) and only a few fields significantly short of nitrogen. Repeating the
survey in 2003 found no relationships between yield and nitrogen fertiliser (Lobell
et al. 2005b).

Ortiz-Monasterio and Raun (2007) showed farmer nitrogen applications in 2002-03,
2003-04 and 2005-06 to be excessive in all of 21 random fields. These authors
proposed a strategy that saved ~70 kg N/ha without any loss of yield and delivered
a significant lift in profit (based on a nitrogen price of 5 kg grain per kilogram of
nitrogen). The strategy was to reduce basal application, with greater supplemental
nitrogen as a function of response seen in a high basal nitrogen strip. The proposed
strategy has since been confirmed in a detailed modelling study across the Yaqui
Valley (Ahrens et al. 2010), which showed that scope exists to double the efficiency
of nitrogen fertiliser by avoiding heavy basal applications and tailoring nitrogen
application to the residual nitrogen supply of the soil; nitrate and gaseous nitrogen
losses were reduced and profits increased, while yield did not change.

Thus it appears that improved nitrogen management tactics could significantly
increase nitrogen use efficiency, and notably reduce environmental pollution and
greenhouse gas emissions, with little effect on yield (<5% reduction). Surveys
suggest excessive nitrogen use is related to risk avoidance, driven partly by credit
suppliers (McCullough and Matson 2011). Efforts to promote reduced pre-plant
nitrogen, and post plant nitrogen based on crop appearance (through a nitrogen
sensor), saved an average of 68 kg N/ha without yield loss on 8,500 ha in 2010-11
(I. Ortiz-Monasterio, pers. comm. 2012).

Early surveys identified weeds as an important limitation (Meisner et al. 1992) but
today most farmers use herbicides, and those who plant on beds (currently ~90%
of farmers) can also use early mechanical weed control or even hand weeding.
Thus recent surveys suggest that less than 6% of fields have enough in-crop
weeds to economically affect yields (Ortiz-Monasterio and Lobell 2007). Overall
it appears that alleviating existing in-crop weed constraints will not lift average FY
by very much. Now that summer fallow is the general precursor to wheat, Ortiz-
Monasterio and Lobell (2007) used remote sensing to investigate the relationship
between summer weeds and wheat yield. The authors found that weedy summer
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fallow was associated with 12% lower yield compared with wheat after unweedy fallow.
Since only 37% of the fields fell in this category, average Yaqui Valley FY was depressed
4.5% by weedy summer fallow or factors associated with it (e.g. disease carryover). In
contrast, soil pathogens have been little studied, although there is some evidence for
build-up of the wheat parasitic nematode Pratylenchus spp.

Plant stand is generally not considered limiting, with farmers adopting unnecessarily
heavy seeding rates (~145 kg/ha), even on raised beds which need less seed (Lobell
et al. 2005b). Sometimes there are gaps in the plant stand due to bed erosion or
waterlogging in low spots. Occasionally, early lodging can reduce yield and can cause
some harvest loss. However, none of these factors appear to be reducing average yield
in the Yaqui Valley by more than a few per cent.

The limiting factors discussed above vary in importance from year-to-year and
interact with one another. This was clearly shown when regression-tree analysis

was applied to field survey data (Lobell et al. 2005b). Although the individual effects
of late planting and late watering after planting, and unknown factors associated with
summer weeds, are small, when taken together the total effect amounts to ~18% of
FY. This explains almost one-half of the FY to PY gap, and the exploitable yield gap
would likely close if these constraints were to be overcome—meaning FY would

shift very close to attainable yield. Lobell and Ortiz-Monasterio (2008) reach a fairly
similar conclusion.

From the above analysis, completely closing the gap to attainable yield would seem
quite difficult, especially given that individual constraints interact with seasonal variation,
which arises largely without warning. A recent review of the knowledge system for
agricultural progress in the Yaqui Valley (McCullough and Matson 2011) revealed most
farmers are intricately connected to the various technology providers through strong
credit unions. However, the study also indicated that smaller farmers (<10 ha) who
often operate land from the now-abandoned collective land-use system (the gjidos) are
likely to be poorly connected and lagging in innovation. This group probably represents
a prime source of the exploitable yield gap in the Yaqui Valley.

Physiological basis of yield progress

The physiology of wheat improvement has been intensively studied at CENEB since
1970. The influence of weather and agronomic management on crop yield is now
soundly understood, and there is some confidence in predicting the way forward for
increased PY.

Current knowledge is based largely on retrospective studies of improved vs. older
varieties, but is supported somewhat by more recent selection studies in modern
recombinant populations (R.A. Fischer 2007, 2011; Reynolds et al. 2009). Thus
breeding progress in PY started with increase in harvest index (HI) and grain number
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(GN) coming from the dwarfing genes, and has continued along this path without
further height reduction. Most interesting is the fact that increased stomatal
conductance and photosynthetic rate (P, ) appear associated with progress

within both the semi-dwarf bread wheats (Fischer et al. 1998) and durum wheats
(Fischer 2007). Aisawi (2011) reported that crop growth rate, radiation use efficiency
(RUE) and stomatal conductance before flowering all increased with year of release in
bread wheats.

Harvest index, at ~0.45, does not seem to have reached the likely limit (see

Section 9.2 on physiological components of PY progress), but at the same time
there is some evidence that the latest progress in the Yaqui Valley is associated with
greater dry matter (DM) and, surprisingly, greater grain weight (GW) (Aisawi 2011).
As attention turns to greater DM, whether leading to greater GN or GW (or probably
both), considerations of limits to RUE become critical. An alternative way to increase
DM is to increase crop growth duration—easy to achieve and not limited in the Yaqui
Valley by multiple cropping constraints—however, it is argued that this offers little
scope for yield improvement (see Section 9.3 on increasing accumulated intercepted
photosynthetically active radiation).

Conclusions for wheat in the Yaqui Valley

The Yaqui Valley is an important bellwether for wheat in WME1 around the world.

It is of great concern that—despite a relatively large research and development
investment as a result of CIMMYT’s presence—PY improvement has slowed to only
0.3% per annum (p.a.), although it has not ceased. Improvements in FY continue

in response to new technology, but at 0.5% p.a. the rate of FY increase is not much
greater than PY increase. In the hands of the valley’s generally capable farmers
working with good communications and infrastructure, the yield gap, currently 41% of
FY (6.4 t/ha FY vs. 9 t/ha PY), has been closing slowly over the past 30 years.

The estimated yield gap suggests that FY is now not very far below attainable yield,
and agrees with there being no single major agronomic constraint identified despite
many land-based and recent satellite surveys of Yaqui Valley crops. These have,
however, pointed to several small manageable agronomic constraints (late sowing,
irrigation delays and summer weeds) that together could explain about one-half of
the yield gap. Three other worrying developments over the past 30 years are the
almost complete loss of cropping diversity, excessive use of nitrogen fertiliser and the
degree to which current yields (but not yield gaps) have been inflated by unusually
cool seasons (i.e. T_, is currently running 1.2 °C below the 30-year average, giving a
0.5 t/ha boost to yields). This last-mentioned bonus may not persist.
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3.3 WME1—Indo-Gangetic Plain and
the Indian state of Punjab

Introduction

From Pakistan, across India, Nepal and Bangladesh, at low altitudes between latitude
33 °N in the north-west and 23 °N in the south-east, a relatively mild, dry winter—spring
is followed by a warm to hot summer with monsoonal rains; this area is known as the
Indo-Gangetic Plain (IGP) (Map 3.3). Having a flat topography with soils developed
on alluvial deposits, conditions in the IGP are ideal for double cropping, typically with
irrigated spring wheat in the winter season followed by irrigated or rainfed lowland
rice in the summer. This vast so-called rice-wheat cropping system occupies about
13.5 Mha (Ladha et al. 2003b). More than 10 Mha of rice-wheat double crop is

also found in eastern China, but this latter area is somewhat distinct and discussed
separately in Section 3.7. The populous IGP produces more than 60% of the calorie
intake of the nations involved (Timsina and Connor 2001).

. Indo-Gangetic Plain

CHINA

Map 3.3 Indo-Gangetic Plain of South Asia and key locations and states of India.
International borders are approximate.
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Apart from the warmer south-eastern portion, including much of Bangladesh, which
belongs to WMES5, wheat in the IGP comprises the largest contiguous area of WME1.
The north-western IGP first experienced the green revolution in wheat and rice,

starting in the mid to late 1960s, and this part of the IGP now contributes substantial
surpluses of wheat (and rice) to the rest of India and Pakistan. The IGP has remained
the target of large national wheat research programs since the 1960s. Collaboration
with CIMMYT and the International Rice Research Institute (IRRI) remains strong, and
in the past 20 years this collaboration has included a special focus on natural resource
management in the rice-wheat farming system (Harrington and Hobbs 2009). The
discussion in the next section considers irrigated wheat in the Indian portion of the IGP,
which produces most of India’s wheat. About one-half the wheat planted is within a
rice-wheat system.

Indian state of Punjab

The most advanced agriculture and highest wheat yields of the Indian portion of the
IGP occur in the north-west in the state of Punjab and in the adjacent Indian state of
Haryana. Punjab has the most favourable wheat climate in India, and in comparison
to the average Indian FY of 2.8 t/ha, achieves an average FY of 4.5 t/ha. The climate
is similar to the Yaqui Valley, Mexico, although with a more northern latitude (31 °N)
and more continental climate, Punjab experiences a little more winter rain (total
100-150 mm) and cloud, and a more rapid rise in spring temperatures. Punjab’s total
wheat area is steady at 3.5 Mha. Cropping intensity is close to 200%, with mostly
rice-wheat rotation but also some cotton-wheat in the west.

The rice—wheat system is now largely irrigated (>90%) from shallow tube wells, which
became important in the latter half of the 20th century. Canal irrigation, established

in the 19th century, remains the dominant form of irrigation in the south-west where
the cotton-wheat system is more common. Farm size in Punjab is small to moderate
(average ~4 ha), with growing consolidation of operational areas. Wheat prices are
now close to world parity, although several inputs—particularly nitrogen fertiliser and
electricity for tube wells—have been subsidised for many years.

Wheat farm yield, potential yield and yield gap
progress in Punjab

FY in Punjab has shown significant growth over the past 20 years. As has occurred

in the Yaqui Valley, progress in Punjab has slowed in comparison to the green
revolution period—when the FY slope was 90 kg/ha/yr (1965-1990)—but certainly
has not ceased. Since 1990, growth in FY has occurred at 30 kg/ha/yr to reach
an estimated FY of 4.5 t/ha for 2011 (Figure 3.2), with relative progress currently
0.7% p.a. This comes despite a record yield of 4.7 t/ha in 2000 (after very favourable
February weather) and a flat period of poorer yields from 2003 to 2007. Reaffirming
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the yield progress trend of Punjab, to the south the state of Haryana—uwith less wheat
following rice, and more wheat following cotton or millet—has achieved similar FY
progress over the past 20 years (relative progress 0.8% p.a. and current FY 4.25 t/ha).

PY slope 24 kg/ha/yr*
*

o

& & >

5 FY slope 30 kg/ha/yr***

5 M

Grain yield (t/ha)

1990 1995 2000 2005 2010 2015
Year

*0.056 < P < 0.10, ***P < 0.01

Figure 3.2 Wheat farm yield (FY) plotted against year for the Indian state of Punjab,
and potential yield (PY) for the North West Plains Zone (NWPZ) of India,
plotted against year of variety release from 1992 to 2011. Source: FY from
DACNET (2013), PY for North West Plains Zone varieties in S.S. Singh
et al. (2011) and |. Sharma (pers. comm. 2013) for the 2011 release

Average annual weather data for the period January to April in Punjab over the 20-year
span 1992-2011 shows very highly significant (P < 0.01) increases to both minimum
(+0.105 °C/yr) and maximum (+0.159 °C/yr) temperatures.? This trend is also seen

in several other parts of the IGP, but no significant change in R_ has been observed

(at least in Punjab). Using the method of correlation of year-to-year differences, it
appears that annual yield fluctuations are especially sensitive to change in average
minimum temperature during the period February to March (slope —148 kg/ha/ °C,

0.01 < P < 0.05). This is not surprising given that February—March is the most critical
growth period for wheat in Punjab (Ortiz-Monasterio et al. 1994). The slope is less than
that for the Yaqui Valley, but this may be due to other weather variables associated with
change in minimum temperature.

24 Data from Punjab Agricultural University, Ludhiana, courtesy S. Yadav (pers. comm. 2012)
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Applying the above correction to the trend in minimum temperature for the period
February—-March 1992-2011 (4+0.105 °C/yr) suggests that increased minimum
temperature has reduced FY progress by 15 kg/ha/yr. The weather change correction
adds 0.3% p.a. to estimated technological progress in Punjab, which becomes
45 kg/ha/yr, or 1.0% p.a. of the 2011 estimated FY. This weather correction due to
warming is somewhat less than estimated by others using simulation modelling (with
constant variety and agronomy) for the Ludhiana district. For example, for the 1970-2006
period, Timsina et al. (2008) estimated a PY decline of 41 kg/ha/yr, equivalent to 0.6%
p.a. of their final PY. For a shorter period, 1985-99, Pathak et al. (2003) found simulated
PY for the Ludhiana district of Punjab to decrease at 20 kg/ha/yr, but this was not
statistically significant (P > 0.05). Currently February—March minimum temperatures are
running ~0.5-1.0 °C above the 20-year average and are certainly reducing yields relative
to more average weather.

As for PY progress in the Punjab, Nagarajan (1998) reported for the North West Plains
Zone (NWPZ)—an Indian wheat testing zone, of which Punjab is a major portion—that
PY progress was 0.9% p.a. across semi-dwarf varieties, starting with the first green
revolution semi-dwarf variety in 1965, and ending with the 1995 release of PBW343,
which became a very widely grown cultivar in the whole NWPZ for the next 20 years.
Recently S.S. Singh et al. (2011) presented measured PY values for outstanding NWPZ
variety releases between 1992 and 2006 (Figure 3.2); to these can be added a 2011
release. Thus PY progress is 24 kg/ha/yr (0.05 < P < 0.10) and the slope is
0.4% p.a. of the estimated PY in 2011 (6.5 t/ha).

Figure 3.2 shows an estimated PY value of 6.5 t/ha in 2006 but this may include other
lower yielding parts of the NWPZ; simulation modelling generally produces higher

values for Punjab locations. For example, Aggarwal and Kalra (1994), using their own
WTGROWS simulation model, estimated PY for the whole of Punjab to be 7-8 t/ha.

Other modelling has targeted the Ludhiana district, where current average wheat yield

is 10% higher than the Punjab average due to more favourable climate and better
management (outweighing the effect of poorer soil). Pathak et al. (2003) used the DSSAT
v3.5 model to estimate PY at Ludhiana to average 7.9 t/ha for the 1985-99 period. Later
Pathak et al. (2009)—this time using DSSAT v4.1, parameterised for cultivar PBW343—
calculated average PY to be 8.4 t/ha for the 2002-06 period. Independently the earlier
mentioned Timsina et al. (2008) study (also parameterising for PBW343) estimated PY for
Ludhiana for the 1970-2006 period to be only ~6.5 t/ha. As should occur, all the above
models estimated PY without water or nitrogen limitation. Reasons for the differences in
estimated PY remain unclear and point to the limitations of current simulation models.

For the purposes of this book, the PY relevant to Punjab is taken to be 7 t/ha

in 2011. This estimate accounts for the above modelling, while recognising that
experimental yields >6 t/ha are rare in Ludhiana, and noting that recent yield
maximisation experiments in the rice—wheat zone of Haryana, immediately south of
Punjab (30 °N), failed to produce wheat yields above 5.5 t/ha (Coventry et al. 2011a). The
implication of this PY estimate is that the yield gap for the Punjab is 56% of FY; the
more confident conclusion is that PY is advancing very slowly.
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It is notable that PY in Punjab is ~2 t/ha (or 22%) below that seen in the Yaqui Valley,
despite a more northerly latitude (31 °N vs. 27 °N). Correction for climate around the
critical flowering period—somewhat more favourable in the Yaqui Valley—does not
appear to explain much of this difference (Ortiz-Monasterio et al. 1994). A possible
explanation is the likely greater frequency of hot spells (T > 34 °C) during grain-filling
in Punjab (Lobell et al. 2012a).

On-farm yield constraints for wheat in Punjab

There are many possible causes of the moderately large yield gap in Punjab, and few
data on the relative impacts of the various yield constraints. However, the three main
constraints appear to be low sail fertility, delayed sowing and irregular water supply.
Extensive surveys have also identified these same three principal constraints for the
rice-wheat system in adjacent regions of Pakistan (Byerlee et al. 2003).

For many years only 120 kg N/ha was recommended for wheat. This rate is barely
adequate for a 5 t/ha crop, especially given commonly light-textured soils that contain
extremely low organic carbon (generally <0.5%) and are subject to leaching losses.
Soils often also have possible deficiencies of potassium, sulfur and zinc (Ladha

et al. 2003a). Statistics show that wheat in Punjab received 240 kg/ha of fertiliser
nutrients? in 2003, and that this amount may be still increasing. Recommendations
for the neighbouring state of Haryana have recently risen to 150 kg N/ha, and surveys
in the rice—wheat zone (Singh et al. 2010) suggest that farmers are using nitrogen

at ~160 kg N/ha (with most adopting more efficient multiple splitting of nitrogen
topdressing), as well as phosphorus (P) fertiliser at 58 kg P,0,/ha and zinc sulfate

at 8 kg/ha; use of potassium (K), however, was still well below that recommended.
On-farm experimentation in the same part of Haryana found no response to
supplementation with boron (B), copper (Cu), iron (Fe), sulfur (S), zinc (Zn) or
manganese (Mn) (Coventry et al. 2011b). However, 15 t/ha of farmyard manure added
to the recommended nitrogen, phosphorus and potassium (NPK) did lift yields by
~0.5 t/ha, possibly because of the extra phosphorus provided.

Many observers point to late sowing as a constraint that often arises because of late
harvest of the preceding cotton or rice crops. Both experiment and simulation have
pointed to yield loss from delayed sowing—a more severe loss in the IGP than in the
Yaqui Valley because of the continental climate. Aggarwal and Kalra (1994) indicated
yield loss of ~0.8% per day from planting after 15 November, while Timsina et al. (2008)
claim about one-half of this. Ortiz-Monasterio et al. (1994) measured a decrease of
~1% per day after 15 November at Ludhiana. Satellite imagery of Punjab over the
2000-09 period (Lobell et al. 2010) estimated that, depending on year, 20-50% of the
wheat crop was planted after the optimal date (15 November) in the cotton-growing
district of Punjab. However, across the whole state the imagery and surveys suggest

25 N+ PO, + K,O since Indian statistics do not separate elements and continue to use
phosphorus pentoxide (P,0,) and potassium oxide (K,0)
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that the average sowing date for Punjab is optimal at around 10 November (Lobell et al.
2012b), although there is no comment on the proportion that is late sown at the state
level. Lobell et al. (2010) also report that sowing date was more likely to be post-optimal
in the adjacent states of Haryana and Uttar Pradesh, even if (over the last decade)
average sowing date has become 10 days earlier, with likely benefits for yield.

In the low-rainfall winter of the IGP, simulation shows that another variable constraint,
poor irrigation water supply, greatly reduces yields (Aggarwal and Kalra, 1994; Timsina
et al. 2008). The effect was seen in yield decline with increased distance from the canal
in a canal-irrigated district of Punjab (Lobell et al. 2010). Yield is additionally constrained
by increasing salinity of tube well water (especially in the south-west) and irregular
power supply for tube wells.

Because rice-wheat potential evapotranspiration (ETp) exceeds rainfall, the watertable
is declining at 0.2-1.0 m/yr, notwithstanding that there is some lateral recharge from
canals and rivers. It is estimated that by 2025, 30% of the watertables of Punjab will
have fallen below 30 m (Humphreys et al. 2010). However, declining water levels in tube
wells are probably not yet directly limiting FY.

A 2007-08 survey of the NWPZ concluded that the greatest constraints were weeds
(including herbicide-resistant Phalaris minor) and insects (including termites), followed
by soil fertility and poor plant stands (data supplied by R. Singh Poswal, pers. comm.
2011); curiously, late sowing and poor water supply did not feature. Finally many
have pointed to soil compaction—aggravated by the soil puddling for paddy rice—as
another problem for the following wheat crops, especially as soil compaction slows
traditional land preparation for planting.

Most of the constraints mentioned above are amenable to amelioration (i.e. they are
exploitable). It is noteworthy that in Haryana in 2008, the top 15% of farmers (across a
sample of more than 1,000) achieved yields of 1.5 t/ha or 36% above the average state
FY of 4.16 t/ha; several reached 6 t/ha (R.K. Malik, pers. comm. 2009). Furthermore, in
2007-09 in Punjab, some farmers’ fields were close to 7 t/ha (Frontline Demonstrations
2007-09, data supplied by R. Singh Poswal, pers. comm. 2011).

Direct seeding of wheat after rice (and cotton) is an effective new technology that
offers great scope for ensuring timely sowing, conservation of water and fuel, and less
Phalaris minor pressure because this weed thrives with soil disturbance. Adoption of
this practice—catalysed by the development and subsidisation of simple minimum-ill
seed drills—rose rapidly to reach 2.4 Mha in the north-western IGP by 2005-06, mostly
in Haryana (Harrington and Hobbs 2009). Such plantings in Haryana in the last week
of October have even out-yielded plantings at the recommended optimum date of

15 November by —~10% over the last four seasons (R.K. Malik, pers. comm. 2011).

The next challenge for wheat seeding is direct planting into the rice crop residue, which
is no longer collected by farmers and is often burned (leading to serious atmospheric
pollution). Seed drills that can handle this residue are becoming available (although at
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more expense), but the presence of mulch is unlikely to raise yields of irrigated wheat,
although it could save some scarce water by reducing soil evaporation early in the
wheat crop cycle.

Wheat across the Indian Indo-Gangetic Plain

The Indian portion of the IGP shown in Map 3.3 contains notable climatic and
socioeconomic gradients. Pathak et al. (2003) simulated PY at the optimal planting
date at locations along the IGP using the model GENERIC CERES v3.5, calibrated to a
1985 cultivar (HD2329) and holding variety and agronomy constant. PY ranged along
this climate gradient from 7.9 t/ha at Ludhiana to 5.2 t/ha at a location in West Bengal,
24-Paragan, steadily decreasing a total of 34% from the cooler north-west to the warmer
south-east. Erenstein (2012) reported on the socioeconomic gradient by surveying
villages from the north-west to the south-east: rural population density increased from
300 to greater than 1,000/km?, population below the poverty line rose from 7% to 50%,
farm size decreased from 4 ha to less than 1 ha and the informal annual interest rates
rose from 21% to greater than 90%!

Pathak et al. (2003) also studied FY across the whole IGP; although the period studied
(1985-99) is not recent, the results still shed some light on the gradient. In eight Indian
IGP districts, from Ludhiana district in Punjab (31 °N) to the 24-Paragan district in West
Bengal (23 °N), Pathak et al. (2003) found average district FY ranged from 4.3 t/ha in
Ludhiana to 2.1 t/ha in 24-Paragan, with an overall average FY of 2.8 t/ha. FY increased
significantly with time in most districts (average 50 kg/ha/yr), amounting to 1.5% p.a.
relative to the 1999 estimated average FY for the whole region, and suggesting good
progress at the farm level. Wheat season solar radiation fell annually on average

0.12 MJ/m?/day. This decline is probably the result of atmospheric pollution, but
temperature tended also to decline (—0.04 °C/yr); thus the average simulated net effect
of these weather changes on yield was close to zero. These district FY numbers, and
those of simulated PY, also from Pathak et al. (2003), suggest a large yield gap, ranging
from 83% of FY in Ludhiana in the west,?® to well over 100% in most eastern districts.
Earlier simulations of Aggarwal and Kalra (1994) support this conclusion.

Twenty-three long-term rice-wheat experiments, conducted across the IGP—from
Ludhiana (Punjab) to Dinajpur (Bangladesh), and finishing around 2000—were
summarised by Ladha et al. (2003a) and bear heavily on the question of productivity
and sustainability. Recommended NPK fertiliser rates (120 kg N/ha for wheat) and best
varieties of the day were used in experiments maintained for 7-23 years. On average
wheat yields increased 15 kg/ha/yr, but only four sites showed significant positive
slopes, and two showed significantly negative ones. Ladha et al. (2003a) ascribed slow
yield progress to generally low soil organic carbon contents, combined with inadequate
fertiliser application (especially insufficient potassium, but also nitrogen and zinc in

26 This is larger than the aforementioned calculation of 55% for Punjab today, primarily because
this latter figure refers to an earlier period and uses a higher value for PY (7.9 vs. 7 t/ha).
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some places); most trials showed, in their final year, linear fertiliser responses up to the
maximum NPK rate.

Two other facts from the Ladha et al. (2003a) study stand out. First, the average

trial yields were often only marginally better than the surrounding district average

FY. Second, the experimental treatment at Ludhiana that received more nitrogen

(150 kg N/ha) reached a highly significant rate of yield increase of 201 kg/ha/yr, to give
a FY of 6 t/ha in 2000. This is to be compared with other experiments at Ludhiana with
only 120 kg N/ha, and for which yield increased at only 55 kg/ha/yr. So although Ladha
et al. (2003a) described the yields in these long-term IGP experiments as ‘stagnant’, the
cause might be attributed to poor experimental agronomy rather than anything else.

Concluding with a comprehensive review of the IGP situation, Ladha et al. (2003a) listed
and discussed all likely causes of yield gaps. As well as those related to inadequate
nutrition mentioned above, these authors added shortage of irrigation water (plus
waterlogging in the east), rising salinity, delayed sowing and (especially in the centre

to east) poor land levelling, pests and disease, and slow variety turnover. Despite a
tendency for decreased winter—spring solar radiation over time, weather change did

not feature as a consistent factor in simulated IGP wheat yield trends (noting that these
studies finished in 2000). Chauhan et al. (2012) reviewed constraints in the rice-wheat
system, coming to similar conclusions as Ladha et al. (2003a), but also discussing
many opportunities for relief of constraints.

Since most of the on-farm yield constraints identified for the IGP would appear to be
amenable to exploitation, there is a good possibility of substantial yield gap closure,
especially in the less-developed but generally wetter central and eastern IGP. This

is the region targeted by the new Cereal Systems Initiative for South Asia (CSISA)
project, managed by IRRI and CIMMYT. It is exciting to learn of validated field wheat
yields in excess of 7 t/ha in eastern Uttar Pradesh (in the middle of the region) when
farmers have been able to eliminate all these constraints (R.K. Malik, pers. comm.
2012). However, yield gap closure will be also constrained by the socioeconomic
circumstances of the south-eastern IGP. Erenstein (2012) argues that innovations suited
to capital scarcity will be needed, more so than the labour-saving innovations that are
increasingly being developed and adopted in the north-west.

Conclusion for wheat in the Indo-Gangetic Plain
and Punjab

FY in Punjab is progressing by 0.7% p.a. (or 1.0% p.a. if corrected for warming) to
reach around 4.5 t/ha in 2011, and it is not stagnant as popularly reported. In contrast,
PY progress appears to be slower (0.4% p.a.), notwithstanding considerable resources
devoted to wheat breeding.

PY in 2010 was estimated to be around 7 t/ha, but there is some uncertainty around
this number, which would indicate a yield gap of 55%. Simulation modelling, surveys
and anecdotal evidence suggest that delayed sowing, inadequate nitrogen and other
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fertiliser elements (i.e. K, B 'S and Zn), along with interruptions to irrigation water supply,
may be the largest constraints on FY in Punjab. Most of these constraints, amounting to
at least half of the current yield gap, are exploitable. For example, direct drilling of wheat
after rice will facilitate sowing at the optimal time and should lead to some yield gap
closing, but this adoption process appears to have stalled in the past 5 years or so (Lobell
et al. 2012b). Future negative influences also loom, including continued deterioration of
the climate for wheat (due to warming) and overexploitation of the watertable by tube well

pumping.

Across the Indian IGP as a whole, many of the cited IGP studies used data series that
ended more than a decade ago. The larger yield gaps there may have since begun to
close, as the Punjab section above concludes, because FY in the central and eastern
states is also progressing slowly. However, it is likely that the yield gap remains greater
than in Punjab, and steadily increases towards eastern Indian IGP (Bihar, West Bengal),
where additional constraints on yield are more evident (i.e. poor land levelling, pests and
diseases and low variety turnover).

3.4 WME1T—Egypt

Wheat is grown in Egypt between latitudes 25 °N and 31 °N (Map 3.4). Most of the
wheat area (57%) lies in Lower Egypt (the Nile Delta), but there are small areas in Middle
Egypt (18%) and Upper Egypt (17%). Although only 1.2 Mha of wheat is grown, several
aspects of wheat in Egypt are noteworthy.

With an estimated 2010 FY of 6.5 t/ha (Figure 3.3), Egypt has the highest national
wheat yield of the developing world. All wheat is irrigated and the WMET climate is
extremely favourable, with winter temperatures ~2 °C lower than the Yaqui Valley,
Mexico, and with mostly cloudless days (although spring temperatures in Egypt rise
more rapidly, especially in Upper Egypt). It is also notable that high yields have been
achieved on very small farms (average ~0.6 ha) with a high cropping intensity (180%)
according to FAO (2005). Further, a diversity of crops is found in the wheat system
(e.g. maize, rice, berseem clover, potatoes and vegetables), but double cropping
wheat-rice is difficult to achieve.

The most notable additional observation from Egypt is that after years of negative rates
of farmer price assistance in order to keep food prices low, policy reforms in the late
1980s dramatically reversed the situation to one of strong positive assistance, which
has subsequently gradually declined to price neutrality (Cassing et al. 2007). As a result,
starting in 1985, wheat area has doubled to reach the current 1.2 Mha (Figure 3.3, right-
hand axis). Moreover, modern varieties were widely planted and yield rose dramatically
during the first 12 years following the policy reforms (slope 135 kg/ha/yr between 1987
and 1999, or more than 2% p.a.). Since 1999, growth has slowed notably, probably
because of deteriorating wheat profitability (S. Sabry, pers. comm. 2012).
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wheat in Egypt plotted against year from 1961 to 2009. Source: FAOSTAT
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Egypt has had an active public wheat breeding program for many years and introduced
semi-dwarf varieties soon after the green revolution, but detailed data on recent PY
progress are unavailable. However, 2003-09 demonstrations in farmers’ fields with the
best varieties and management averaged 7.9 t/ha (Figure 3.3), and 8 t/ha appears to be
the PY of the latest cultivars, Misir 1 and Misir 2 (Mosaad 2009). This indicates a yield
gap of only about 22%.

The future of PY and FY in Egypt presents another important bellwether for the
developing world. It will be the outcome of the combined effects of huge political
pressure to reduce wheat imports (currently ~8 Mt p.a.), uniformity and predictability
of the wheat environment, and substantial local research effort.

3.5 WME4—Australia, notably
Western Australia

Introduction

Australian cropping and cropping research has always been dominated by wheat;
55% of Australian cropland is occupied by the current wheat area of ~14 Mha. The
wheat crop is almost entirely contained within rainfed WME4, and largely comprises
spring wheat varieties planted in late autumn to early winter. The dry Australian climate
ranges from winter rainfall dominant (Mediterranean) in the west, to summer rainfall
dominant in the north-east where stored soil moisture plays a key role in augmenting
the water supply from in-crop rainfall (Map 3.5).

Parts of the Australian wheat environment are very relevant to WME4 in the developing
world. In particular, the western region of the Australian Wheat Belt is relevant to northern
Africa and Chile, and the north-east to Argentina. In contrast, however, farms in Australia
are usually mixed (typically crops plus livestock and pasture, ideally leguminous); farm size
is very large; and substantial public investment in research, development and extension
has been as high as 5% of agricultural gross domestic product in the past (currently 3%).
From such research, there have been many lessons for semi-arid cropping regions.

Despite recurring droughts and generally low yields, Australia has experienced
substantial wheat yield progress, with FY increasing over the 20th century from 0.5 t/ha
to ~2.0 t/ha (Figure 3.4), even as wheat area has increased almost sixfold, largely through
expansion into drier areas. A great deal is known about this yield progress (summarised
in Figure 3.4), and is described in many recent research publications (e.g. Fischer 2009).
National statistics are, however, too broad for detailed interpretation, and recently were
heavily distorted by the ‘Millennium’ drought between 1997 and 2009 in south-eastern
Australia (Figure 3.4); the noise created in the data by this event is why, in Table 3.1, no
significant FY progress is recorded for the past 20 years. Thus, Western Australia, with a
Mediterranean climate and less recent drought, was chosen for analysis here. Brief
mention is made of relevant results from elsewhere.
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Wheat farm yield and water-limited potential
yield in Western Australia

Wheat in Western Australia encounters a rainfed Mediterranean environment with low to
moderate average annual rainfall (275-500 mm), concentrated in the April to October
growing period, but nonetheless very variable. Soils are generally infertile and erodible with
light surface textures, and are especially variable. Plant available water-holding capacity
(PAWC) is commonly poor for the deep, light soils (50-60 mm) and only moderate where
the topsoil is underlain by heavy clay (duplex soils, 70-80 mm). For less common deep
loam soils, PAWC may reach 130 mm.

In 1950 wheat area was about 1 Mha and FY only 0.8 t/ha. Since then area has increased
at a rate of 3% p.a. until 2000, after which it changed little, with an average area around

5 Mha. Even though area expanded onto generally poorer land, FY has also risen
strongly since 1980 (Figure 3.5), with a rate of progress of 1.0% p.a. of the

2010 estimated FY of 1.8 t/ha; the rate of progress was more than 2% for the first two
decades of this period.

In the last decade, FY in Western Australia has been subject to serious rainfall variability, in
particular drought in 2002, 2006, 2007 and 2010 (Figure 3.5). FY can be corrected using
growing-season rainfall (GSR) (May—October) over the 30 years shown in Figure 3.5 as a
better measure of technological progress—the corrected FY slope becomes 21 kg/ha/yr,
equivalent to a rate of progress of 1.2% p.a. of the estimated 2010 FY of 1.8 t/ha.

3.5
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Figure 3.5 Change in farm yield (FY) plotted against year, and in water-limited potential
yield (PY, ) plotted against year of release, for wheat in Western Australia from
1982 to 2011. Source: PY, from NVT (2009); FY from ABARES (2012)
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In fact, growth in average farm total factor productivity (1989-2004)—also corrected

for moisture availability—was an impressive 2.5% (Kokic et al. 2006), primarily due to
improved technology and management decisions. Farm size has grown steadily so that
by 2006-09 each farm operated on average ~2,550 ha, annually cropping ~1,400 ha
(60% planted to wheat), and running 3,600 sheep or equivalents in cattle.?” Western
Australia is therefore of interest as a technically advanced semi-arid wheat system in
which grazing animals play a significant role.

Apart from the recent gradual drying and droughts, a unique feature of the Western
Australian wheat environment is that average GSR fell sharply around the mid 1970s to
be about 10% less in the following 30 years, relative to the previous 30 years; totals in
the wettest months, June and July, in particular have decreased (Ludwig et al. 2009).
However, this step change happened before the periods considered here. A second
climatic factor—for which there is no easy correction of yield—is the remarkable
increase in damaging spring frosts in the last decade or so in the central-southern
portion of the Western Australian Wheat Belt (Stephens et al. 2011).

The genetic component of progress since 1980 includes the complete adoption of
semi-dwarf varieties. Data from Western Australian trials grown over the relatively dry
2000-07 period and containing key 1990-2008 varieties (all semi-dwarf) appear as the
state-wide estimated average PY, in Figure 3.5. All PY values were adjusted upwards by
5.5% to allow for the lower general yield during the trial period. Water-limited potential
yield (PY,) shows a slope of 14 kg/ha/yr and an estimated 2008 PY  value of

2.6 t/ha. Thus the rate of PY  progress is 0.5% p.a. of the estimated 2008 yield,
and the yield gap 0.8 t/ha (45%).

The above rate of progress of 0.5% p.a. for PY_ agrees well with earlier studies of
historic sets of varieties under rainfed conditions in Australia (range 0.4-1.0%, average
0.5%; Fischer 2009), with the higher rates over shorter periods in the 1970s and 1980s
when semi-dwarf wheat varieties were released. Relevant to this are also two recent
reports from neighbouring South Australia: rate of breeding progress was reported

as 0.3% p.a. by Saunders (2008) and 0.5% p.a. by Black et al. (2008). The Saunders
(2008) rate is especially interesting since side-by-side comparisons were conducted
under very dry conditions (309 mm annual rainfall, 230 mm GSR) yet progress was very
highly significant (7.2 kg/ha/yr, P < 0.01) with estimated PY_ for the latest (2002) vintage
variety being 2.3 t/ha.

Modelling of yield under water limitation can be used as another approach to estimate
the current observed level of PY, for Western Australia. Much work has been done with
the APSIM wheat model, extensively validated in this environment (e.g. Asseng et al.
1998), and with simple evapotranspiration (ET) based models (e.g. Stephens et al.
2011). APSIM modelling with a properly representative sample in time and space for

27 Data consolidated from 2011 reports to the Grains Research and Development Corporation
(GRDC) prepared by the Australian Bureau of Agricultural and Resource Economics and
Science (ABARES), available from <www.abares.gov.au>
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Western Australia (e.g. Asseng et al. 2001; Ludwig et al. 2009) points to PY, at least
over 2 t/ha, but greater confidence is thwarted by at least two issues.

First there is a lack of knowledge of the exact proportions of soils of different PAWCs,
and PAWC is so critical for rainfed performance. Second there is uncertainty about
dealing with droughted crops; all appear in the modelled average PY, but in reality,
some droughted crops would not have been harvested (being grazed out instead) and
thus would not be included in district and regional FY yield statistics, which are based
on harvested area (S. Asseng, pers. comm. 2011). ET modelling with a good spatial
spread suggests the PY, is ~3 t/ha (Anderson 2010; Stephens et al. 2011). However,
for the purposes of this chapter, the variety trial-derived estimate of 2.6 t/ha (as shown
in Figure 3.5) is accepted as current PY .

Closing the wheat yield gap in Western Australia

Figure 3.5 suggests that there has been considerable yield gap closure over the past
20 years related to improved crop agronomy: the gap was 70% in 1990 and only 45%

in 2008. In fact, genetic PY progress at ~0.5% p.a. explains less than a half of the FY
progress since 1980, estimated above to be ~1.2% p.a. The main agronomic advances
contributing to gap closure have been:

* earlier seeding (particularly associated with large-scale mechanisation and a shift to
direct seeding)

* improved soil water storage through retention of crop residues
* increased use of nitrogen fertiliser
* Dbetter weed control before and in-crop

* break crops (such as lupins and canola) for suppression of wheat root diseases.

Direct seeding (a form of zero-till) has now passed 90% adoption (Llewellyn and
D’Emden 2009), nitrogen use is up from 10 kg/ha in 1980 to ~45 kg/ha in the past
decade (Stephens et al. 2011) and seeding dates have advanced 14 days between
1978 and 1990 (Stephens and Lyons 1998). Seymour et al. (2012) showed benefits
from break crops of approximately 0.5 t/ha for wheat following lupin, field pea or
canola (compared with wheat following wheat), and 0.3 t/ha for wheat after oats or
fallow. Part of the benefit is derived from extra nitrogen after legumes, and part due
to improved root disease control (a function boosted by good control of grass weeds
in the break crop).

Looking to future FY progress, modelling has clearly confirmed the variability of grain
yield at any site as a function of GSR and distribution. Modelling has highlighted the
importance of higher PAWC—as affected by soil type, and sometimes other factors
like compaction and deep acidity—and of soil surface texture, as it relates to soil
evaporative losses. Modelling has also confirmed the critical role of earlier sowing,
and of nitrogen supply, especially in wetter seasons.
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Modelling by Asseng et al. (2008) has suggested that farm yields are well below PY
in the good seasons (largely due to lack of nitrogen); this reflects farmer risk aversion
towards greater input use (particularly nitrogen fertiliser) in this dry and variable
environment and is an obvious area for further yield gap closure. This challenge is
illustrated in a second, simpler approach developed by Anderson (2010), and using
equation (11) to determine PY, in Figure 3.5. This equation is based on a relationship
between PY, and GSR first promoted in South Australia by French and Schultz (1984)
and which is discussed in detail in Section 2.6.

equation (11)  Water-limited potential yield as a simple function of
growing-season rainfall

PY, = 20 x (GSR - (GSR x 0.30)) (11)
where
PY,, is water-limited potential yield given in kilograms per hectare (kg/ha)

GSR is growing-season rainfall given in millimetres (mm), and GSR x 0.30 represents
water lost (direct soil evaporation, deep drainage) in Western Australian soils

20 is kilograms per hectare per millimetre of water (kg/ha/mm), estimated to be the best
efficiency by which the crop converts transpiration to dry matter and on to grain.

Source: Anderson (2010)

Anderson (2010) estimated PY in nine local representative districts in Western Australia
(1997-2006), shown plotted against average GSR in Figure 3.6 along with the district
FY. The average FY was 2.02 t/ha, and the average yield gap was 1.55 t/ha (77% of FY),
a result that is somewhat greater than that estimated in Figure 3.5, even if taken at the
mid-point (2001) in that figure..

Figure 3.6 reveals the important finding that absolute and relative yield gaps increase
as GSR increases. Yield gap varied from only 0.4 t/ha (30% of FY) in the driest district
(average GSR of 141 mm), to as much as 2.0 t/ha (91% of FY) in the wettest district
(average GSR 317 mm). This sensitivity to geographic variation in GSR seen in

Figure 3.6 may amplify the response to GSR somewhat relative to the above APSIM
modelling (which also allows for deep drainage, nitrate leaching, waterlogging and
rainfall distribution) but there is no doubt yield gap increases with average GSR. In
addition both approaches suggest that at a given site, FY fell relatively further below
PY,, in those years with greater GSR. This is a common observation in rainfed cropping:
FY is smaller relative to PY_ in wetter years because farmers are very averse to risking
higher input levels (e.g. nitrogen, foliar fungicides) that might return nothing (or a loss)
if the rains fail. With this attitude, farmers lose the opportunity for greater input
responses that occur in wetter years.

Consistent with Figure 3.6, Anderson (2010) points to greater opportunities for closing
the yield gap in wetter districts (and wetter years). He discusses possible strategic and
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tactical management interventions, emphasising manageable soil constraints such as
acidity and compaction in certain soils, weed management, disease and pest control,
and crop nutrition. Taken together, the generally additive effects of better management
alone could lift FY by 10-15%, which would close the current yield gap by one-quarter
to one-third, and probably bring it close to the attainable yield.

Skilful seasonal rainfall forecasts should be added as a means by which risks at a
given location can be reduced, thereby encouraging farmers to manage each year
according to its potential. Unfortunately, seasonal forecasting skill, based on statistical
models, has been barely adequate to justify considering this technology at planting
time (Moeller et al. 2008). However, new seasonal forecasts, now based on global
circulation models, have reached skill levels in parts of Western Australia that would
significantly reduce risk levels surrounding pre-planting nitrogen decisions (Asseng

et al. 2012). In addition, tactical mid-season nitrogen fertiliser decisions can be a
satisfactory compromise, relying on rain already received and shorter term forecasts.

Precision agriculture—including spatially variable rates for inputs, aided by crop and
soil sensors, inter-row seed placement (i.e. between last year’s rows) and controlled
traffic—brings another set of agronomic technologies currently receiving attention

in Western Australia. However, this seems more likely to deliver cost decreases and
resource use efficiencies, rather than yield increases.
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Figure 3.6 Average wheat farm yield (FY) from 1997 to 2006, and water-limited
potential yield (PY, ), for nine districts across Western Australia as a
function of average growing-season rainfall (GSR) (May—October) of
the districts (calculated using equation (11)). Source: Adapted from
Anderson (2010)
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Physiology and progress in water-limited potential
yield in wheat in Australia

Studies of the physiology of genetic yield progress in Western Australia (Perry and
D’Antuono 1989; Loss and Siddique 1994) have pointed to the importance of earlier
flowering, reduced plant height, increased grain number (GN) and higher harvest index
(HI) arising over the past century. There is good evidence for more erect canopies and
increased RUE before flowering in more modern varieties (Yunusa et al. 1993). These
results are generally confirmed by research in eastern Australia, but comparisons

with the most recent varieties are generally lacking. Similar physiological associations
with year of release have been reported in Mediterranean Spain for varieties of bread
wheat (Acreche et al. 2008) and durum wheat (Royo et al. 2008), but again few modern
varieties were included, and there appeared to be little breeding progress after 1975.

Sadras and Lawson (2011) in South Australia did, however, focus on a more restricted
‘modern’ variety set (releases 1958-2007). Notwithstanding the very favourable

season (average yield 4.9 t/ha across three sites), they found that relative progress

in PY, was similar to that shown in Figure 3.5. In this detailed study, PY progress was
also associated with increased HI, with greater GN for early vintages, and greater

grain weight (GW) for later vintages. There was no change in flowering date and only
small reductions in height early in the vintage series. Crop growth rate between stem
elongation and anthesis increased with year of release, in parallel with increased RUE
(with peak values of 2.7 g/MJ), greener leaves, greater stomatal conductance and more
stem water-soluble carbohydrates at anthesis.

Conclusion for wheat in Australia including Western
Australia

Western Australia is a particularly marginal version of WME4, both in terms of climate
and soil; yet breeders, agronomists and farmers have delivered a remarkable rate of FY
progress in the past 30 years (at least 1.2% p.a.). Earlier planting, better control of biotic
stresses and better soil fertility have permitted fuller expression of PY of modern semi-
dwarf varieties. This is an excellent example of exploitation of the interaction between
agronomic management and variety.

PY,, continues to show a modest rate of progress (0.5% p.a.), and there is a reduced
but still significant yield gap (about 50% of FY). The yield gap could be closed a little
more with fine-tuning of crop and system management, but the period of rapid FY
progress may be ending. The biggest impact in the future could come from reducing
the statistically small, but greatly feared, risk of economic loss from investing in higher
inputs—a dominating feature of marginal rainfed cropping. Steadily improving seasonal
forecasts could play a role in reducing risks associated with higher input use.

Wheat cropping systems in eastern Australia (comprising the southern and northern
cropping regions) are somewhat more complex than those in Western Australia (the
western region). This is partly because of the greater proportion of rainfall outside the
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wheat season, and hence greater system options and challenges. Despite differences
among the regions, conclusions for progress are likely to be similar. However, Stephens

et al. (2011) reported somewhat lower values for water use efficiency (WUE) and for recent
WUE progress in the southern and northern wheat regions.

Finally, for all three wheat regions, the Australian Bureau of Agricultural and Resource
Economics and Sciences (ABARES) has regularly used farm survey data to analyse
the sources of the significant but declining total factor productivity progress in
cropping enterprises (dominated by wheat). Hughes et al. (2011) is the latest and most
comprehensive example, and will be referred to in the case studies in Section 12.4.

3.6 WMEé6é—spring wheat at high
latitudes

Introduction

WME6 comprises a vast area of high-latitude environments in the Northern Hemisphere
where winters are too cold for autumn-sown winter wheat to consistently survive,
especially in situations where protective snow cover is not assured. Thus spring wheat
is planted in April-May and harvested after mid August. The crop is rainfed and, in most
locations, often water-limited. At the southern limits of the WME6 region—where the
January mean temperatures reach as high as —8 °C to —5 °C—uwinter wheat is often
found alongside spring wheat and, if there is no winter killing, will substantially out-yield
spring wheat.®

Major production in WMESG is found in North America and northern Asia, with northern
Europe making a smaller contribution. Western Canada and the northern Great Plains
states of the USA are the major producing areas in North America (Map 3.6). In northern
Asia, major producing areas include half of the Russian Federation wheat area largely in
Siberia, as well as northern Kazakhstan (Map 3.7), and Mongolia and north-east China.

WMES is of special interest because global warming would likely permit a northern
expansion of this mega-environment. Warming and other factors favouring winter wheat—
such as greater genetic winter hardiness and better snow trapping with conservation
tillage—may at the same time lead to contraction of the WMEB southern boundary.

Trethowan et al. (2006) summarised climatic conditions across the major regions of WMEG
in the world and characterised leading wheat varieties from each, but did not discuss

yield progress. Fortunately there are some recent detailed studies of progress from North
America as well as Finland and Western Siberia.

28 Wheat will be killed by extreme T_occurrences in the absence of snow cover

(T < approximately 20 °C), so g\m/erage T can be taken as only an approximate guide.

min mean
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Wheat in North America—Saskatchewan, Canada

During the 2007-09 seasons, Canadian wheat area comprised 68% spring BW and 23%
spring DW. About half of spring BW is found in the driest prairie province, Saskatchewan,
which in 2004-08 (latest available data) grew 3.3 Mha of spring BW. Due to rotational
diversification, the area of spring BW is now about half what it was 30 years ago. In
contrast, canola area has expanded fourfold to reach 2.7 Mha, DW area has increased
modestly to 1.7 Mha and broadleaf crops (including pulses, flaxseed and sunflower) now
total ~2.3 Mha.

In Saskatchewan crops were traditionally grown on summer fallow (one crop every

2 years) but the proportion of those crops has declined to less than 15%, while the
proportion under conservation tillage (stubble retention, chemical weed control during
fallow, zero-till seeding, crop every year) has grown to more than 60% (Veeman and
Gray 2010). This has happened in the past 20 years or so; thus there has been a true
agronomic revolution in Saskatchewan. Although quite variable due to periodic droughts,
spring bread wheat FY has registered significant progress of 19 kg/ha/yr

(0.01 < P < 0.05) over the past 30 years (data sourced from STATCAN 2011). This is
equivalent to a gain of 0.8% p.a. relative to the 2010 estimated FY of 2.25 t/ha.

Using spring BW registration trials (unprotected, mostly on summer fallow) at 13-15
locations across Saskatchewan, DePauw et al. (2007) showed rate of yield increase
from breeding (1980-2003) to be 0.74% p.a. of the yield of the control cultivar Katepwa
(released 1980). With data given in that paper, this can be converted to PY  progress
of 25 kg/ha/yr, or 0.6% p.a. relative to the 2003 estimated PY  of 3.8 t/ha in this
water-limited environment. This is an improvement over only 6.5 kg/ha/yr from trials
covering 1947-92 (McCaig and DePauw 1995), equating to 0.2% p.a. relative to a 1992
PY, of 3.2 t/ha. These two numbers agree with a variety index—calculated from varieties
observed to be grown by farmers and their relative PY advantage (see Section 2.2)—
which showed a 0.3% p.a. rate of progress between 1976 and 2006 (Veeman and

Gray 2010). The increase in rate of breeding progress seen in DePauw et al. (2007) is
notable given the stringent quality requirements for variety release (such as maintaining
high protein content). Among other features, increased progress has been attributed to
doubling population sizes in the breeding program.

The above PY results suggest that the yield gap for spring BW in Saskatchewan
in 2003 was ~75% of FY, with PY,_ and FY showing similar relative rates of progress.
The gap is somewhat surprising given the widespread inclusion of canola and pulses

in the crop rotation, the adoption of conservation tillage and the apparent appropriate
use of nitrogen fertiliser (DePauw et al. 2010). The gap estimate could have been biased
somewhat due to inflated values of PY, because of the tendency to grow the trials on
summer fallow and to plot edge effects in wet seasons. For example, the breeders’
practice of planting plot borders to winter wheat (R. DePauw, pers. comm. 2011)

may balance underground moisture competition, but in good seasons is unlikely to
compensate for the benefits of extra light intercepted by plot edges.
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For spring BW in Saskatchewan, McCaig and DePauw (1995) noted that grains per square
metre (GN) increased with year of release, but that time to maturity, plant height, grain
weight (GW) and hectolitre weight (weight per hectolitre, an important measure of grain
plumpness and predictor of milling yield) had not changed. More recent studies show
increases to GW and grain-filling rate (Wang et al. 2002), and nitrogen HI (the proportion
of total nitrogen uptake in grains at maturity), with faster and more complete mobilisation
of nitrogen to the grain (Wang et al. 2003). Interestingly—given the emphasis placed on
deep rooting by an early Saskatchewan wheat breeder, E. A. Hurd—recent studies show
no change in soil water extraction to 120 cm depth at maturity (Wang et al. 2007), which
was also the case with DW wheat varieties (see next paragraph).

This analysis of spring BW in Saskatchewan is strengthened by a report on spring DW
progress (Clarke et al. 2010). These authors showed that over the 1964-2009 period,
FY increased at a rate of 16 kg/ha/yr (P < 0.01), or 0.7% p.a. of the estimated 2009 FY
of 2.2 t/ha. From 6-12 trials annually across the main durum area—unprotected, largely
disease-free, all on summer fallow (C. Pozniak, pers. comm. 2011)—rate of breeding
progress was strongly linear at 0.7% p.a. of the yield of control cultivar Hercules (released
1969). Quality parameters (protein and pigment concentration, and gluten strength)
steadily increased, while disease resistance was maintained. The average PY, of
Hercules was 2.5 t/ha (C. Pozniak, pers. comm. 2011) and the estimated 2009 PY was
145.5% of the Hercules PY  value. Thus the relative rate of PY  progress converts
to 17 kg/ha/yr, or 0.5% of the estimated 2009 PY, of 3.6 t/ha, and the yield gap
is 65%. As for BW varieties mentioned above, Veeman and Gray (2010) calculated a
variety index for DW varieties grown by farmers, which increased at 0.4% p.a. between
1976 and 2006. Thus the yield gain for DW wheat in Saskatchewan is fairly similar to
spring BW, with the same concerns regarding possible inflation of the PY, estimate.

Given the agronomic revolution in Saskatchewan, it is surprising that FY progress for
both bread and durum wheats has not exceeded breeding progress as reflected in PY
progress. This trend is most likely explained by increased cropping intensity with the
decline of summer fallow, a phenomenon that is likely to occur throughout the lower
rainfall parts of WME6 with the adoption of conservation tillage.

Wheat in North America—North Dakota, USA

Thirty-one per cent of the harvested wheat area in the USA is in WMEB. North Dakota
to the immediate south-east of Saskatchewan and in the northern Great Plains is the
major spring BW producing state, with a steady annual area of ~2.6 Mha of spring BW.
This rainfed crop is grown in rotation with a large diversity of broadleaf crops including
canola, sunflower, pulses and flaxseed (total area ~1.3 Mha), plus soybean (1.7 Mha).
Only ~0.6 Mha of spring DW and minor amounts of winter wheat are grown. FY rate of
progress for spring BW wheat is 1.0% p.a. of the estimated 2010 FY of 2.5 t/ha
(Figure 3.7).

Underdahl et al. (2008) reported breeding progress across 33 varieties (1968-2008)
grown unprotected at five representative sites over two representative years (2004 and
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2005). While genetic resistance to leaf rust and Fusarium head blight (FHB) improved
with time, both were evident in most tests and influenced yield. It is possible to correct
progress in PY, for change in genetic disease resistance by fitting a multiple linear
regression with year of release and disease as independents. For varieties released
after 1985 there was a good fit for yields (R? = 0.66), with significant but small
coefficients for leaf rust index (Roelfs et al. 1992) and FHB score (Underdahl et al.
2008), and a highly significant coefficient for year of release (28 kg/ha/yr).

Yields (PY,) corrected for leaf rust and FHB are shown in Figure 3.7. The estimated
2008 PY in Figure 3.7 is 4.0 t/ha, giving a rate of 0.7% p.a. PY, progress.
Without correction for disease, there was a biased and higher linear slope for year

of release (39 kg/ha/yr) because older varieties had become more susceptible to
disease. Assuming that PY  is representative in space and time, the yield gap

in North Dakota therefore is ~1.5 t/ha or 60% of FY (Figure 3.7). The yield gap in
Figure 3.7 appears to be closing only gradually, perhaps for the same reasons as given
for Saskatchewan, and despite the fact that springs are becoming warmer and spring
wheat planting dates earlier in the North Dakota region (Lanning et al. 2010), something
that should favour FY, other things equal.

Underdahl et al. (2008) found that breeding between 1968 and 2008 did not change
plant height or days to heading, but did increase GN, GW and hectolitre weight.

5.0
PY,, slope 28 kg/ha/yr***
.

4.5
4.0 * . tee o
845
3.0
255
2.0

Grain yield (t/ha)

1.5
1.0
0.5

0.0
1980 1985 1990 1995 2000 2005 2010 2015
Year

FY slope 25 kg/ha/yr**

***P < 0.01

Figure 3.7 Change in farm yield (FY), plotted against year, and corrected (see text)
water-limited potential yield (PY, ), plotted against year of variety release,
for spring bread wheat from 1981 to 2010 in North Dakota, USA. Source:
NASS (2012) for FY; Underdahl et al. (2008) for PY
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Wheat in Finland

At very high latitudes (60 °N and 65 °N) and under mostly humid conditions, Finland
now grows 0.20 Mha of wheat, 95% of which is spring bread wheat. The area has
doubled since Finland joined the European Union (EU) in 1995. FY increased between
1980 and 1996, then dropped away sharply in 1995 (from 4.0 to 2.0 t/ha) as farmers
adjusted to the new regime, before recovering to a long-term trendline showing
steady progress of 35 kg/ha/yr (0.01 < P < 0.05) over the past nine years
(equating a rate of 1.0% p.a. FY progress), with an estimated FY of 3.7 t/ha

in 2008.

Progress has been analysed by Peltonen-Sainio et al. (2009a) using the Official Variety
Trials conducted during 1976-2006 at 28 locations across the country; trials appeared
to follow good farmer practice, but were unprotected. A mixed-model statistical
technique determined the fixed effect of variety, which was then plotted against year of
variety introduction into the trials. Breeding progress was linear throughout (36 kg/ha/yr)
but average yield of these trials fell away after 1995 before recovering to be closely
parallel to FY, although a few hundred kilograms per hectare above FY (Peltonen-Sainio
et al. 2009a).

Peltonen-Sainio et al. (2009a) ascribe levelling-off of yields to the EU agricultural policy
and changes in markets (for example, poorer farmer terms of trade as support shifted
from grain price support to direct income payments). Nitrogen use has been restricted,
so fertiliser rates have declined and practices have become less intensive. The
Peltonen-Sainio et al. (2009a) data suggest that PY (with the best agronomy)
was at least 4.8 t/ha in 2006; PY was somewhat greater in the south than in the north,
in proportion to the change in growing-season length (P Peltonen-Sainio, pers. comm.
2011). From these data, the rate of PY progress in 1976-2006 was 0.8% p.a. and
the 2006 yield gap is ~30% of FY.

PY increase in Finland in spring bread wheat has been associated with increased GN
rather than increased GW (Peltonen-Sainio et al. 2007). Harvest index (HI), currently
only 0.40, is seen by Peltonen-Sainio et al. (2009a) to offer scope for further PY
increase through breeding. Climate change effects have been minor to date, although
warming has permitted earlier spring cereal sowing (by 1-3 days per decade since
1980) (Kaukoranta and Hakala 2008). Future warming is expected to increase wheat
yield through earlier planting and a longer growing season, as well as increasing the
cultivable area for wheat (Peltonen-Sainio et al. 2009b).

Wheat in Western Siberia, Russian Federation

The Russian Federation grows ~14 Mha of spring wheat (2006-08 average; ROSSTAT
2012), approximately as shown in Map 3.7. The western Siberian region, lying between
latitude 54 °N and 56 °N and longitude 60 °E and 90 °E, grows about one-half of the
14 Mha of spring wheat grown in the Russian Federation (Morgounov et al. 2010).
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Focusing on the centrally located Omsk district, annual precipitation is low (325 mm)
and wheat is generally grown on summer fallow (one crop every two years). FY is quite
variable (as might be expected in a low-rainfall region), but during 1980-2011 has
nevertheless grown significantly (0.01 < P < 0.05) at a rate of 1.1% p.a. relative to the
estimated 2011 FY of 1.6 t/ha (data supplied Y. Zelenskiy, CIMMYT, pers. comm. 2012).

At the Siberian Institute of Agriculture (SRIA) at Omsk, vintage trials over seven

years (2002-08) compared 47 varieties grown in the region between 1900 and 2000
(Morgounov et al. 2010). Plots were unprotected and received no fertiliser, but the
Chernozem soil was very fertile with 6-7% organic matter. Since leaf rust levels and
heading date were recorded and had effects on yield, a multiple regression was again
made but using grain yield of only the most recent 26 varieties (1976-97) along with
the independent variables: leaf rust score, days from seedling emergence to heading
and selection year. The regression coefficient for leaf rust was significant (5.5 kg/ha/%;
P = 0.03), while both that for days to heading (84 kg/ha/d; P = 0.008) and year of
release (56 kg/ha/yr; P < 0.001) were very highly significant (overall R? = 0.702). For
an average number of days from emergence to heading (44 days) and zero rust, the
predicted PY, was 4.4 t/ha for a variety selected in 1997. Thus the rate of increase in
PY  of 56 kg/ha/yr amounts to an impressive 1.3% p.a. of the 1997 variety PY .
The yield gap was large, at ~175%. There is, however, insufficient information to ensure
that the soil and climate at SRIA are representative of the region, and thus to ascribe
this gap solely to management.

The strong breeding progress seen at SRIA, Omsk, may explain why varieties from
western Siberian performed best across all WMEBG environments in the study of
Trethowan et al. (2006). The Siberian varieties tend to be tall (average 106 cm, no
major dwarfing genes used) and late flowering because of their photoperiod sensitivity.
Neither of these traits has been changed consistently by breeding at Omsk and both
are probably critical for high-latitude adaptation in spring wheats (Morgounov et al.
2010). Breeding progress was, however, highly significantly associated with both
increased GN and GW, the former driving about three-quarters of the PY, yield increase
seen at Omsk.

Immediately south of the western Siberian region are the vast rainfed spring wheat
lands of northern Kazakhstan. Under drier conditions than in Western Siberia,

currently 12 Mha of spring BW is grown for a FY of about 1.2 t/ha (Petrick et al. 2013).
Data on progress are currently unavailable, but Omsk varieties are among those grown
in the region. Northern Kazakhstan is adopting conservation tillage rapidly, with very
positive results.

Conclusion for spring wheat at high latitudes

Progress in FY (0.7-1.0%) appears quite respectable across the WMEG examples
studied, as does PY and PY_ progress (0.6-1.3%); the latter progress is largely from
breeding and has been achieved in the face of strong emphasis on grain quality in
the North American situations. The adoption of conservation tillage has been a major
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agronomic innovation in the past 20 years in North America and Kazakhstan; however,
its contribution to PY is not clear because it has reduced the proportion of wheat grown
after summer fallow, especially in western Canada. Yield gaps range from 30% to

85% of FY, with the exception of a likely larger yield gap in Western Siberia that needs
further investigation. Not enough information was available on farm-level constraints
anywhere, except that a less yield-positive European Union (EU) policy environment

is reported from Finland. WMEG in North America is unique for the generally high
degree of rotation of wheat with broadleaf grain crops (canola, pulses, sunflower

and flaxseed). Such rotation is also facilitated by conservation tillage, but when
compared to wheat, most of these rotation crops have the disadvantage of leaving
little residue for snow trapping. The plant phenotype for best performance under spring
sowing at high latitude appears to be unique, as exemplified by the most recent tall
day-length-sensitive Siberian varieties.

3.7 WME10-dominated wheat in China

Introduction

China is the world’s biggest wheat producer. However, driven by policy aimed to
balance supply and demand, and by competition from higher value cropping, wheat
area has decreased by ~2% per year since 1990 (Table 3.1), levelling out at almost

24 Mha during 2009-12. As the contraction of wheat area has been greater in the lower
yielding north-east than in the major high-yielding wheat provinces of the central north,
the overall value for FY progress may be slightly inflated by this effect.

Since 1991, national FY has shown a strong rate of progress (81 kg/ha/yr; P < 0.01,

or 1.7% of the estimated 2010 FY of 4.7 t/ha). In the past decade, there has also been
notable progress in the industrial quality of new varieties (He et al. 2010). Undoubtedly
most of the yield gain reflects increased fertiliser use and improved varieties.

Both technologies have been encouraged by the economic system of ‘household
responsibility’ introduced in 1979, and have driven yield progress across the country
(H. Wang et al. 2009). Further reforms were introduced in 2004 as China sought to stay
close to self-sufficiency in wheat (and rice). These later reforms reduced farmers’ taxes
and instituted modest subsidies for staple grains (J. Huang et al. 2011).

Wheat in China covers several mega-environments—principally WME1, WMEG, WME10,
and WME12 (Map 3.8)—and there is great diversity in wheat systems, agronomy and
varieties (He et al. 2010). The major region is winter and facultative wheats (WME10
and WME12) and this region comprised 59% of the 2007 wheat area. A large proportion
of this major region is irrigated (WME10) and located in the North China Plain, which
runs north from the Huai River Valley (32 °N) to Beijing (40 °N) and west to the edge

of the Loess Plateau. WME10 is divided into the Northern Winter Wheat Zone (Hebei
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province, and Beijing and Tianjin municipalities) and the Yellow River and Huai River
Valleys Winter and Facultative Wheat Zone (Henan and Shandong, and parts of Jiangsu
and Anhui provinces). Irrigation supplements the low to moderate in-crop rainfall in both
zones (F. Wang et al. 2009). Wheat is followed by maize (the dominant double-crop
system), but also by cotton, peanut and other summer crops. To the west, on the Loess
Plateau, the largely rainfed plantings of Shaanxi, Shanxi and Gansu provinces are winter
and facultative wheats (WME12).

AV

. Spring wheat (WMEB)

MONGOLIA

Winter wheat (WME10, 12)

I Spring wheat (WME10)
~

Mongaoli
/ Xinjiang Belng

Yangtze River

Map 3.8 Major wheat regions in China—autumn-sown spring wheat (WME1),
winter and facultative wheat (WME10, WME12) and spring-sown spring
wheat (WMEB). Source: Map drawn after data from He et al. (2010) and
Monfreda et al (2008). International borders are approximate.

Autumn-sown spring wheat (WME1) represents ~33% of China’s wheat area and is
grown south of latitude 32 °N, in the middle and lower Yangtse Valley (Jiangsu and
Anhui provinces) and Sichuan province in the south-west. In this region, moderate to
high in-crop rainfall markedly reduces the need for irrigation. Across WMET, the wheat
is double cropped with summer rice, bringing parallels with India’s Indo-Gangetic Plain
(Section 3.3). Finally, spring-sown spring wheat (WMEB) represents 8% of China’s
wheat area and is found nowadays in the far north (Inner Mongolia and Ningxia
provinces) rather than the more humid north-east (Heilongjiang province) where wheat
area has declined notably in favour of maize and soybean.
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Both WME10 and WME1 regions have recent reports on breeding progress and were
the subject of a comprehensive review of agronomic advances (F. Wang et al. 2009).
Several unique factors bolster interest in the Chinese wheat system:

e very small farm size (0.5-0.7 ha)
* intensity of cropping systems (~150%) in which wheat is found
* reports of significant warming in the northern wheat season over the past 30 years

* investment in hybrid wheat.

Evidence of warming is provided, for example, by Tao et al. (2012), who studied
changes in temperature and wheat phenology across China. Since 1980, heading and
maturity dates of adapted varieties have been advancing at least partly because the
growing season has become warmer and the growing cycle shorter; so planting dates
of autumn-sown wheats have tended to become later. For example, at Zhengzhou

in Henan province, the wheat season mean temperature increased by ~0.75 °C

per decade, and the advances in heading and maturity were 2.6 and 0.6 days per
decade, respectively. These changes are likely to be positive for wheat yield, especially
in WMEG, WME10 and WME12, where winters are normally very cold. Moreover

earlier wheat maturity (and later wheat planting) would have positive implications for
performance of summer crops following wheat in the North China Plain.

Progress in WME10—irrigated winter and facultative
wheat region

Over the past 20 years, wheat in the two major winter and facultative wheat provinces,
Henan and Shandong (together growing a total of almost 9 Mha), shows an impressive
rate of FY increase of 1.7% of the estimated 2010 FY of 5.8 t/ha (Figure 3.8). The
drop in yield seen in 2001-02 can be attributed to policy hiccups, and while Figure 3.8
indicates a slowing in FY progress in the past 5 years; this does not declare an end to
yield increase. Policy changes, improved varieties and nitrogen fertiliser (as mentioned
above) were important for the wheat yield increase, aided in these two provinces by the
spread of tube well irrigation. Rate of yield progress in FY has also been excellent in the
adjacent winter wheat growing province of Hebei; FY progress has been 1.5% p.a. of
the current 2010 FY of 5.3 t/ha.

The PY progress from winter and facultative wheat breeding—as seen with the
protected vintage trials shown in Figure 3.8 and Table 3.4—confirms earlier reports
across the same region (Zhou et al. 2007b), but extends to varieties from the last
decade and adds physiological measurements. In all cases in Table 3.4, progress was
linear with no decline in rate after 1990. The lower PY seen in Table 3.4 in the Hebei
study probably fell short of full PY. For example, at a nearby site Zhou et al. (2007b)
reported PY values for winter wheat varieties (vintage 2000) around 7 t/ha. Nevertheless,
the Hebei study provides useful corollary data.
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The PY data from Henan and Shandong provinces (Figure 3.8, Table 3.4) suggest
that the current PY is around 8.8 t/ha; hence, the average relative rate of PY
progress is 0.7% p.a. and the yield gap is 50% of FY. This estimate of PY agrees
with the 9.1 t/ha from extensive experiments of Liang et al. (2011) in Hebei, and also

H. W. Li et al. (2012) in northern Jiangsu (35 °N). Over 3 years with a recent variety

of winter wheat, the latter authors achieved a PY of 7.9 t/ha using high-input farmer
practice and 9.7 t/ha with innovative agronomy.
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Figure 3.8 Farmyield (FY) given as the arithmetic mean of Henan and Shandong
provinces of China, plotted against year, and winter and facultative
wheat potential yield (PY) plotted against year of variety release, from
1969 to 2010. Source: FY (Z. He, pers. comm. 2011), PY (T. Zheng 2011
for Henan, and Xiao et al. 2012 for Shandong)

Simulations of PY have been made for wheat across the North China Plain using the
WOFOST model (Wu et al. 2006). These authors found PY rose from 7.5 t/ha in the

far south to 9.5 t/ha in the north, more or less as solar radiation increased and mean
temperature fell. This agrees with Figure 3.8 estimates for locations in the central
region (34 °N to 36 °N). Liang et al. (2011) simulated PY of winter wheat in Hebei to

be 11.5 t/ha. Using a locally validated version of the APSIM model, Chen et al. (2010)
estimated the average simulated PY for wheat at latitude 38 °N in the North China Plain
to be 7.1 t/ha; this figure is judged to be too low, and will not be considered further.
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Table 3.4  Recent reports from China of wheat potential yield (PY) progress through
breeding, and associations of PY change with harvest index (Hl), final
dry matter (DM), grain number (GN), grain weight (GW) and other
physiological traits

Province Vintage PY PY associations? Source®
range Slope Latest DM GN GW Physiological
variety traitsd
(all positive
and
P < 0.05)
Hebei 1970-2000 60 10 61  *r sxx wex g Heading 1
' ' RWC, P
Henan 19812008 51 06 93 *xx xx x wxx CrANIF,, 2
and g,
H e
Shandong 1969-2006 62 08 82  *kx wex wex g ANNesiS LAR, 3
grain-fill P__
Jiangsu 1949-2000 14 0.3 4.8 ns ns ns ns 4
Sichuan 1949-2000 41 0.6 6.8 FRxo**ns *** Daysto 4
heading®
Jiangsu 1950-2005 54 0.7 7.5 **opg  *rk o Rx o €Gpikes/m?, 5
LAI, P __ all
times

a ns=P>0.10;*0.05 <P <0.10, **0.01 < P < 0.05, ***P < 0.01

b 1 X Zhang et al. (2010) under the three-irrigation regime, 2 T. Zheng et al. (2011), 3 Xiao
et al. (2012), 4 Zhou et al. (2007a), and Z. Tian et al. (2011) at the highest level of nitrogen
application

c Relative to latest variety shown

RWC = relative water content; P__ = maximum photosynthetic activity; g, = stomatal
conductance; LAl = leaf area index

e Negative associations

The analysis from Liang et al. (2011) is more interesting because of the attention given
to FY in the irrigated wheat-maize system across many farms at latitude 37 °N in the
Hebei Plain for the 2004-05 season. The average FY was 6.6 t/ha; the average for
on-farm maximum yield experiments was 9.1 t/ha; and, as mentioned, the average
simulated PY was 11.5 t/ha. Taking PY as the average of the last two values leaves a
yield gap of 60% of FY. These authors went on to list FY constraints as:

* inappropriate sowing time (70% of farmers)
e poor seedbed preparation due to heavy maize residue and inadequate machinery
* poor irrigation control due to infrastructural failures

* excess nitrogen use (average 300 kg N/ha), bringing more diseases and lodging.
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Phosphorus use averaged 67 kg P/ha (adequate) and potassium 21 kg K/ha
(inadequate), but rates varied greatly among farms. It was also noted that farms were
very small, farmers were poorly informed by a weak extension system and many
farmers were attracted to more remunerative urban work. The Liang et al. (2011) survey
is probably well representative of irrigated winter wheat in the North China Plain. For
example, excess nitrogen use is common throughout China.

It remains to be emphasised that winter and facultative wheat generally consumes large
amounts of irrigation water (on average >200 mm and increasing as winter-spring rains
decrease with more northerly locations). Where irrigation is drawn from groundwater (a
common practice), the watertable is falling by >1 m per year (see Section 11.2 ‘Water
use efficiency’). Wu et al. (2006) also simulated rainfed yields, and found that yields of
irrigated wheat exceeded rainfed yields by 1 t/ha in the south, and by as much as 5 t/ha
in the north, so irrigation water supply is a looming problem.

Considerable physiological knowledge regarding PY progress has appeared recently
(as summarised in Table 3.4). Plant height decreased in the 1970s (but not thereafter),
settling around an optimum of 80-90 cm under the influence of major dwarfing genes
RhtD1b or Rht8c (or both). Days to flowering remained unchanged, except with varieties
from Hebei, which flowered 4 days earlier over the vintage range. Chinese authors
comment that the plant type has become sturdier, with more erect and sometimes
smaller leaves, but that not even the best winter and facultative varieties in Table 3.4
had harvest index (HI) values greater than 45%. Xiao et al. (2012) and T. Zheng et al.
(2011) reported maximum photosynthetic rate (P_ ) increases during (but not prior to)
grain-filling, while X. Zhang et al. (2010) reported similar increases at heading (the only
stage measured).

The study of X. Zhang et al. (2010) in Hebei province is also noteworthy for determining
complete water balances. It revealed that evapotranspiration (ET) for crops receiving
three irrigations (and probably therefore unstressed) increased only 4% across the
vintage range (average ET ~450mm) while yield rose 34%, and thus water use
efficiency was increased notably by breeding (see also Figure 11.1). X. Zhang et al.
(2011) later reported that stomatal conductance around anthesis increased significantly
(~30%) among varieties released between 1970 and 2000.

Progress in the southern spring wheat region—WME1

Over the past 20 years in Jiangsu province (2 Mha of wheat), FY advanced at a

rate of 39 kg/ha/yr (0.01< P <0.05), to reach 4.6 t/ha in 2010. Thus the current rate

of 0.8% p.a. FY progress is below that of the winter and facultative wheat areas
immediately to the north. Further to the south-west and with a warmer climate, Sichuan
province (1.3 Mha of wheat) showed no FY progress at all and averaged 3.4 t/ha.

Spring wheat PY in protected vintage trials was also linearly related to year of release
(Table 3.4) over a period that, at the outset, included the introduction of major
dwarfing genes. However, the first Jiangsu study—although registering significant
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yield progress—had generally low yields without clear explanation. The results for
Sichuan were clearer (0.6% p.a. PY progress), as was the second Jiangsu study
involving three seasons and three levels of nitrogen (0.7% p.a. PY progress).

Taking 7.5 t/ha as the current PY in Jiangsu, the yield gap is 65% of FY. A PY

of 6.8 t/ha in Sichuan indicates a large yield gap of 100% of FY. Both provinces
experience high humidity throughout spring and are subject to heavy disease pressure,
in particular from Fusarium head blight in Jiangsu, and yellow or stripe rust in Sichuan.
Given that a variety derived from a synthetic bread wheat (of CIMMYT origin) was
recently reported to deliver both a 20% yield increase and good yellow rust resistance in
Sichuan (He et al. 2010), absence of strong yellow rust resistance may explain the lack
of FY progress in Sichuan; with no other information on the situation in Sichuan it is not
included in the summary analysis (Table 3.6).

Excluding the earlier Jiangsu study (Zhou et al. 2007a), spring wheat PY progress

was associated with Hl and GW (Table 3.4). Also, PY in Sichuan was associated with
earliness. The later Jiangsu study (Z. Tian et al. 2011) at Nanjing in Jiangsu was quite
comprehensive, with four to nine varieties from each decade. In that study, spike
number decreased with PY progress, but area per flag leaf and leaf area index (LAI)
increased, as did P__, measured from 10 days before anthesis to 35 days after (P
increased 15% from the 1955 to the 2005 vintage). Zhou et al. (2007a) reported that HI
reached 48-50% in the best varieties, while Z. Tian et al. (2011) reported just 40%.

Hybrid wheat in China

Another significant development for the winter wheat areas of China is the ongoing
investment to develop a viable hybrid wheat system (He et al. 2010). Taking
advantage of thermo-photo sensitive male sterility (otherwise known as a two-line
system), which permits seed production in more southern regions,? together with
considerable progress in selecting for improved natural cross-pollination, hybrid seed
production is showing some promise. Hybrid varieties are yielding ~10% more than
inbred varieties in northern China and planting of hybrid wheat reached 20,000 ha in
2009-10 (C. Zhao, pers. comm. 2012).

Conclusion for wheat in China

Wheat in China has been a great success story over the past 20 years. FY has
increased at an unprecedented rate (1.7% p.a.) across more than 24 Mha of very
small farms. The revolution began in the early 1980s when farmers were given greater
individual plot responsibility and greater marketing opportunities; yield progress was
driven by more irrigation, more fertiliser, a continuing stream of modern varieties, and
(later) small-scale mechanisation.

29 The gene causes male sterility in cool short days.
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Research investment in wheat in China continues to be substantial, but PY progress

is now well behind that in FY. This means that the yield gap is closing (as seen in
Figure 3.8), but even so, remains surprisingly large (50% and more). The remaining
constraints to FY—apart from water shortages in the north, and widespread disease in
farmers’ fields in the south—are not easy to identify, but appear to relate to generally
inadequate crop management from poorly resourced and very small farms.

The substantial investment in modern breeding techniques (including hybrid wheat)
needs now to focus also on disease resistance and quality, and be matched by
attention to on-farm crop management. A further consideration is that, with scarce
arable land, it makes sense for China to shift to higher value land uses and keep wheat
production close to (but not more than) consumption. For example, 2007-09 statistics
indicate China’s net wheat imports were about 1 Mt annually.

3.8 WME11—United Kingdom and
other parts of north-western
Europe

Introduction

Wheat mega-environment WME11 comprises the humid, rainfed winter wheat areas of
northern and central Europe, Ukraine and southern Russian Federation, and eastern
USA. This is the largest WME in both area and production (Table 3.2).

The United Kingdom (UK) provides an important guide to progress. The well-
documented UK situation combines a competitive private breeding sector, substantial
but diminishing public sector research, and skilled farmers who these days operate at
world prices. WME11 areas in other north-western European countries are considered
briefly in this section—in particular, to illustrate interesting policy developments.

Wheat farm yield, potential yield and yield gap
in the UK

Despite the northern latitude (51 °N to 55 °N), the humid maritime climate of the UK
(Map 3.7) affords mild winters. The wheat crop is not irrigated but the UK growing-
season temperatures and evapotranspiration are both relatively low. This combination
of conditions offers one of the most favourable wheat growing environments in the
world. Even so, Sylvester-Bradley et al. (2005) cite estimates showing, over a run of
years, that low moisture may reduce average national yields by 10-20%, primarily on
sandy and/or shallow soils in the drier south-east.
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Carver (2010) provides an excellent review of the current wheat industry in the UK. He
notes that winter wheat dominates, and occupies the land for 10-11 months each year
(planted September—October, flowering early June and harvested August). The UK

has among the highest national average wheat FY, now reaching ~8 t/ha over 1.9 Mha
(Figure 3.9), although it is interesting to note that Ireland, Belgium and The Netherlands
produce slightly higher FY (Table 3.5) but over much smaller areas.

UK wheat area has changed little over the past 20 years (Table 3.5), and FY progress
has clearly slowed since the mid 1990s (Mackay et al. 2010). During the past 20 years
FY has fluctuated (6.8-8.3 t/ha, at 15% moisture) with three clearly poorer years
(Figure 3.9), yet FY has progressed significantly (0.01 < P < 0.05), but only at
0.4% of the estimated 2010 FY of 8.0 t/ha. Others have pointed to a FY plateau

in UK wheat yields (P Grassini, pers. comm. 2012; Lin and Huybers 2012), detected
to commence in 1997 from analyses starting with 1960 yields. However, as this book
describes at the outset (Section 2.2 on measuring progress in PY and FY), the focus
here is to analyse FY change over the past 20 years in stable humid situations like the
UK. A 20-year period is too short to identify a major shift in slope (such as the onset of
a 'yield plateau’).

An excellent and extensive system of national trials for the UK (complete with disease
and pest control) is conducted by the Home Grown Cereal Authority (HGCA). These
trials permit estimation of PY progress and the current PY level. The 2006-10 trials
(HGCA 2011), which are dominated by the latest varieties, showed an average control
yield of 10.5 t/ha. Figure 3.9 shows a 20-year series constructed from HGCA (2011)
for 1991-2011 releases of food classes of BW (milling and soft bread wheats)—PY is
seen to be increasing at 0.6% p.a. of the estimated 2010 PY level (10.7 t/ha).

The HGCA (2011) data also permit examination of the performance of various classes
of variety released since 2000. Milling wheats showed 0.4% p.a. progress for this
period, and feed wheats 0.7% p.a.—both significantly (0.01 < P < 0.05) positive, but
not different from each other. Note that the UK wheat crop is about two-thirds feed
varieties, which yield about 3% more than milling varieties of the same vintage.

There have been other recent estimates of PY progress in UK winter wheats.
Shearman et al. (2005) reported PY progress of 119 kg/ha/yr (or 1.0% p.a. of the 1995
PY) for 1972-95 releases grown at Sutton Bonington. Mackay et al. (2010) applied
appropriate statistics to the huge unbalanced dataset from HGCA trials over the years,
and estimated progress in PY (from the fungicide-protected series) for 1982-2007
releases to be 74 kg/ha/yr (or 0.8% p.a. of the 2007 yield). Interestingly, the difference
between protected and unprotected yield of a given variety increased on average at
~100 kg/ha/yr of variety age, but ‘unprotected’ was already 1.8 t/ha lower in the first
year of testing.

Finally, more than 40 varieties from 1953 onwards were independently tested under
the HGCA protocol at three or four sites per year from 2007 to 2010 (R. Sylvester-
Bradley, pers. comm. 2010). Excluding old varieties prone to lodging, this independent
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testing revealed that leading milling varieties (1980-2008) progressed at 53 kg/ha/yr
(or 0.5% p.a. of the 2008 PY) while leading feed varieties (1977-2007) progressed
at 45 kg/ha/yr (or 0.4% of the 2007 PY), with neither showing any tendency for rate
decrease in the last decade.
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Figure 3.9 Wheat farm yield (FY) plotted against year, and potential yield (PY) plotted
against year of variety release, in the UK from 1991 to 2010. Source:
FAOSTAT (2013) for FY; HGCA (2011) milling plus soft winter wheat
varieties (released 1991-2011, grown 2006-10) for PY

In summary, the estimate of 0.6% p.a. current PY progress in the UK, as shown in
Figure 3.9, is close to the average of these other UK studies, but a little below Danish,
French and Dutch data, presented below. With FY estimated to be 8.0 t/ha in 2010 and
PY 10.7t/ha (Figure 3.9) the current yield gap in the UK is 2.7 t/ha or 34% of FY,
and the relative slopes suggest that yield gap may be increasing slightly. New varieties
are adopted rapidly in the UK, so the yield gap is likely due to crop management.

The aforementioned Mackay et al. (2010) study using HGCA trial results also calculated
year effects, which in this case reflect changes in trial agronomy, but may also include
any effect from an increase in CO, or other shifts caused by weather. Independent
modelling (Jaggard et al. 2007) suggests that 1976-2004 wheat yields showed no
significant trends due to climate alone. Therefore year effects seen in Mackay et al.
(2010) are largely agronomic. In fact, until 1981 the apparent PY gains from agronomy
were as important as gains from new varieties. It is notable, however, that gains from
agronomy were close to zero for 1981-2007.
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Limited yield gains from changed agronomy arising since 1981 may also have been the
case in farmer fields. Certainly grain farmers’ terms of trade have deteriorated since then
as EU policies moved away from price support. Nitrogen use has not increased since
1981, and currently averages 174 kg N/ha for feed wheats and 204 kg N/ha for milling
wheats (Carver 2010). Crops are now sown earlier, however, with more than 50% of crop
planted before 30 September (Carver 2010), bringing yield advantages (provided excess
early growth is avoided). Other agronomic indicators—tillage, rotation, biocide and
growth regulator usage—have not changed notably.

Approximately 70% of the current 30 or so winter wheat HGCA trial sites each year
follow non-cereal or oat crops. In the 2011 HGCA trials, wheat following non-cereal
crops yielded 17% more than wheat following cereals other than oats, and fungicide
protection across all trials prevented a 15% loss in yield. This does not imply, however,
that the yield gap is due to losses from pests and disease. In fact, UK farmer fields are
usually well protected by chemical applications. Carver (2010) reports that UK farmers
now average about seven biocide applications, and at least one growth regulator
application per crop. The high number of passes through the growing crop necessitates
the use of the ‘tramlines’ that are so evident in UK crops.

The yield gap is more likely to be caused by a host of small losses driven by economic
decisions to use lower input levels, and poorer timing and rotations than those adopted

in the HGCA trials. In addition there is the ongoing challenge of biocide resistance

(e.g. in mildew, Septoria sp. and grass weeds) and the growing challenge of environmental
regulations on nitrogen use (Carver 2010). Even so, with such a relatively small gap
between FY and PY in the UK, FY may already be close to attainable yield. This leaves

little scope for the UK to close the yield gap, and implies that future FY increase is more
dependent on PY increase, which in turn now largely depends on breeding.

Physiology of yield progress in the UK

Shearman et al. (2005) offer the most recent thorough study of the physiology of yield
progress in UK winter wheat. This study was dominated by seven semi-dwarf varieties
released since 1980, which is fortunate, given that all new varieties now carry one or
other of these major dwarfing genes. Grain yield progress was clearly associated with
more grains per square metre (GN), more spikes per square metre, increasing harvest
index (HI) across older varieties and greater final DM with later varieties. Grain yield
progress was not associated with grain weight (GW).

The Shearman et al. (2005) findings confirm several earlier studies in north-western
Europe (although none of the earlier studies recorded progress in final DM). Shearman
et al. (2005) also found RUE to increase in the critical pre-anthesis period (Growth
Stage 31-61; peak RUE was ~2.6 g/MJ) with year of release—flag leaves became
smaller, thicker and more erect with newer varieties. At anthesis, total DM (g/m?) tended
to increase with year of release, while the weight of stem water-soluble carbohydrates
then clearly increased at a rate about equal to 20 mg per extra grain (average GW was
53 mg) and approached 4 t/ha in the latest varieties.
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Sylvester-Bradley and Kindred (2009) examined nitrogen use efficiency (NUE), which
they defined as grain yield per unit of nitrogen supply (soil plus fertiliser application,*
reported as kg/kg N). The study compared old varieties (1977-87; n = 10) with

new varieties (1991-2007; n = 15) in experiments across the UK—all of which were
managed according to HGCA protocols—and produced 129 variety nitrogen response
curves. Results indicated that, at any given nitrogen level (e.g. 200 kg N/ha), new winter
wheat varieties out-yielded old varieties (9.47 t/ha vs. 8.34 t/ha) and delivered higher
NUE (26.5 kg/kg N vs. 23.4 kg/kg N). The findings of Sylvester-Bradley and Kindred
(2009), showing higher NUE in new varieties, are probably due to small gains (at a
given nitrogen level) in both components of NUE—nitrogen capture (uptake) efficiency
and nitrogen use efficiency (see also Section 11.3 ‘Nutrient use efficiency’).

Wheat in other parts of north-western Europe and
the impact of policy

Table 3.5 shows relevant wheat FY data from countries in north-western Europe,
dominated by winter wheat grown under reasonably similar humid conditions as in
the UK. The UK is included in Table 3.5 for purposes of comparison, but note that the
20-year period in Table 3.5 refers to 1990-2009 (not to 1991-2010 used above and in
Figure 3.9).

The UK is seen to occupy an intermediate position in terms of FY rate of progress
and current FY. Belgium is the outstanding performer for FY progress (Table 3.5). With
the advantage of better rainfall and more sunshine than the UK, Ireland is the highest
yielding country (but limited to a very small area of feed wheat).

A national perception of lack of recent FY progress with wheat in Denmark has been
subject to detailed scrutiny by Petersen et al. (2010) who calculated progress of only
18 kg/ha/yr (~0.2% p.a. of 2006 FY) for their 1990-2006 study period. Note that such
studies provide guidance only, because—as the slightly longer period (1990-2009) in
Table 3.5 shows—Denmark now appears to be progressing at a rate of 0.4% p.a. of the
estimated 2009 FY of 7.5 t/ha.

Petersen et al. (2010) concluded that breeding progress continued unabated over the
1990-2006 study period at about 1.0% p.a. to reach a current PY of ~9.5 t/ha in 2006.
This estimate of breeding progress is higher than the rate estimated for the UK (0.6%
p.a.), but matches that for France (see below, this section). To their estimate of 1% p.a.
breeding progress, Petersen et al. (2010) added estimates of the expected yield effects
of CO, rise (0.2% p.a.) and better fungicides based on strobilurin introduced early in the
study period (0.4% p.a.) to arrive at a value of 1.6% p.a. for expected FY progress. Yet
observed FY progress was only 0.2% p.a.

30 Note that NUE is used elsewhere in this book (e.g. Section 11.3) and is always defined as yield
per unit fertiliser nitrogen (kg/kg N).
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Table 3.5  Wheat harvested area, area change and farm yield (FY) progress in
countries of north-western Europe from 1990 to 2009

Country? Area FY progress Estimated  Slope as
DT FYin 2009 per cent of
2007-09 Change Slope of Standard (t/ha) estimated
(Mha) from 1990  progress error of 2009 FY
to 5009 (kg/ha/yr) slope (% p.a.)
(%) (CCTLEND)
Ireland 0.09 +11 93 **38 9.1 0.6
Belgium 0.21 0 120 **%20 9.0 1.3
Netherlands 0.15 SallS 29 ns 22 8.6 0.3
UK 1.91 -6 43 x4 8.0 05
Germany 3.14 +26 66 T 7.8 0.8
Denmark 0.69 +27 29 *16 7.5 0.4
France® 5.29 +3 26 ns 16 b7 0.4
Switzerland 0.09 -7 -6 ns 15 59 -0.1

ns P > 0.10, *0.05 < P < 0.10, **0.01 < P < 0.05, ***P < 0.01
a Countries ranked by estimated FY

b Bread and durum wheat together; latter is 8% of total area. For bread wheat yield add about
3% to national average FY.

Source: FAOSTAT (2013)

Peterson et al. (2010) explained the difference by minor negative effects at the farm
level due to slight April-July warming over the study period (+1 °C), an increase

in wheat monoculture with greater wheat cropping (rising from 20% to 60%) and
reduced nitrogen fertilisation (and suboptimal substitution by manure slurry) under new
environment regulations. Even after this, they reckoned there was still an unexplained
lag of up to 0.4% p.a. in FY progress. They concluded that reduced cereal prices and
an associated reduction in management intensity (input levels and/or decision-making)
may explain this final gap. It should be noted that if current PY is 9.5 t/ha and FY is

7.5 t/ha, the yield gap in 2006 was respectably low at 27%. The above-listed yield-
depressing factors are not expected to further impact yield increase, and thus future
yields should better reflect breeding progress.

Brisson et al. (2010) recently thoroughly analysed 1950-2008 French BW yields and
revealed strong statistical evidence for a plateau or stagnation in FY commencing

in 1997. This is a similar result to Table 3.5, which points to statistically insignificant
progress in French FY (0.4% p.a.; P = 0.13) in the past 20 years. However, Brisson et al.
(2010) found breeding progress (measured in fungicide-treated trials in the dominant
bread wheat areas of northern France) to be 115 kg/ha/yr (P < 0.01), equivalent

to 1.1% p.a. of the estimated 2008 PY of ~10.8 t/ha (a PY similar to the UK but a
greater rate of PY progress). Thus, in contrast to FY, breeding progress in France has
been linear for at least 30 years, with no sign of stagnation since 1997.
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With most trials in the northern France, the above PY is best compared to FY in the
three representative northern departments chosen by Brisson et al. (2010): growing
around 0.4 Mha of winter wheat, FY increased in the past 20 years at 26 kg/ha/

yr (0.3% p.a., P = 0.12) to reach 8.6 t/ha in 2008. Thus the PY to FY yield gap is
2.2 t/ha (or 26% of the 8.6 t/ha FY), and has widened lately with PY progress clearly
exceeding FY progress. These authors concluded that the widening gap arose
because FY increase is being slowed by:

* higher temperatures during grain-filling
e increased drought during stem elongation

* replacement of two-thirds of the proportion of legumes prior to wheat with canola
(currently ~30% of wheat follows wheat, 30% follows canola and only 10% follows
legumes)*'

* reduced nitrogen fertilisation (to a slight extent).
Note that policy and economics could be playing a role in the last two listed changes.

A very recent analysis of winter wheat FY and yield trials between 1978 and 2008 in a
favoured part of The Netherlands (marine clay soils) found FY and PY (due to variety
only) to both be progressing linearly and very highly significant at about 90 kg/ha/yr,
reaching 9.5 and 11.3 t/ha in 2008 (Rijk et al. 2013). Thus relative progress was

1.0 and 0.8% p.a., respectively, of the 2008 yields, and the yield gap 20%. In contrast
to the Mackay et al. (2010) analysis of the UK yield trials, the Netherlands study of trials
also found significant year progress (i.e. effects of agronomy plus weather change) at
about 0.4% p.a. This implies the total apparent PY progress (0.8 + 0.4 = 1.2% p.a.) is
somewhat greater than FY progress (1.0% p.a.), as in France. Rijk et al. (2013) attribute
this fact to larger farms (poorer timeliness), soil compaction (from preceding root crop
harvests and spring manure applications) and lower wheat prices associated with
European policy reforms.

Switzerland is a noteworthy exception in Table 3.5. Wheat yields have been stagnant
over the 20-year period, despite the fact that the producer price there is more than
twice that of the other countries (average US$400/t for 2000-08, compared with
US$145-160/t elsewhere). Finger (2010) clearly attributes this to the introduction of
environmentally friendly policies in 1992, whereby farmers could choose to ‘extensify’
wheat production by eliminating agrochemicals (except fertiliser, which is reduced) in
return for an annual payment of currently ~US$400/ha. About 50% of Swiss wheat is
under the extensified scheme with an average yield of 5.0 t/ha, compared to 6.6 t/ha
for intensive wheat (R. Finger, pers. comm. 2011); thus extensification carries a

24% yield penalty.

31 Wheat after canola outperforms wheat after wheat (as happens everywhere), but apparently
wheat after legume is even higher yielding.
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Conclusion for wheat in the UK and north-western
Europe

The UK and north-western Europe regions have strong, highly competitive private
wheat breeding sectors, and breeders appear to still be making 0.6-1.0% p.a.

PY progress. Farmers are adopting the latest technology and the yield gap is
generally small. Agronomic innovations for yield increase may, however, have been
exhausted, with FY increase closely paralleling PY increase. There have even been
some yield losses on the agronomic front as crop rotations have deteriorated,
prices have become less attractive and agrochemical inputs have been reduced in
response to environment policy.

FY increase in the future is likely to be even more dependent on breeding progress.
In some regions, slight warming may also be reducing FY progress. Lin and Huybers
(2012) analysed wheat FY trends over a longer period (1960-2010) and pointed to
recent yield plateaus in several European nations, which they ascribed largely to
policies favouring environment over yield increase.

3.9 WME12—Great Plains of the
USA and other regions

Introduction

With a current harvested area of 8 Mha, the Great Plains of the United States of America
(USA) form the largest contiguous area of low-rainfall winter wheat cropland (WME12)

in the world (Map 3.6). Other major WME12 regions include the US Pacific North-west
states (Washington, Oregon and Idaho; 1.3 Mha), Montana in the USA (0.9 Mha) and
Anatolia in Turkey (5 Mha).

The Great Plains have dominated US wheat production for a century. Harvested area
fluctuates annually across years—from 70% to 90% of planted area. Substantial as it
is, this crop loss does not seem to be changing with time, and it is associated with full
grazing by cattle, late spring freezes, winter Kill, drought, severe disease and hail.

Five core states (in order of wheat area: Kansas, Oklahoma, Texas, Colorado and
Nebraska) produce almost exclusively high-quality hard red winter wheat. A thorough
analysis by Feyerherm et al. (1988) of the 30 years preceding 1984 (in Kansas,
Oklahoma and Nebraska) showed strong FY progress of 30 kg/ha/yr (or 1.3% p.a. of
the 1984 FY), which was attributed to breeding (61%), more applied nitrogen (27%) and
improved management factors such as pesticides and tillage.
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Harvested area has steadily declined since 1984 by a total of 37% as maize and
soybean areas have expanded in the wetter portions. Rate of FY progress has also
fallen since 1984, between 1985 and 2010 averaging only 13 kg/ha/yr or 0.5% of the
estimated 2010 FY of 2.5 t/ha. Given the seasonal variability in the dataset, this rate of
increase is not significant at P = 0.11. Hu et al. (2005) showed that spring in the Great
Plains region has warmed slightly over the past 50 years (average slope of +0.13 °C
per decade), but precipitation has not changed. For the winter wheat cultivar Kharkof,
used as a control (check) in many trials, the heading date now occurs significantly
earlier (having moved forward at an average of 1.6 days per decade).

Further insight into yield progress across the region comes from the Southern and
Northern Regional Performance Nurseries, comprising 50 sites across the Great Plains.
Each year, these nurseries contain about 30-50 largely different advanced winter wheat
entries, and one recurrent control cultivar, Kharkof (released in 1905). Graybosch and
Peterson (2010) analysed the nurseries separately, but as the data are quite variable,
the average across the two nurseries has been calculated here. Between 1984 and
2008, the yield of Kharkof increased at a rate of 14 kg/ha/yr (0.05 < P < 0.10),
presumably due to management and possibly climate change. The average of the
average yield of the top five entries in each nursery, which here is assumed to measure
PY,, increased at a rate of 36 kg/ha/yr (P < 0.01) to reach 4.4 t/ha in 2008. The increase
was notably greater in the Northern Nursery, which did not include Texas, Oklahoma or
Colorado. This increase was due to breeding and management, plus possible effects of
climate change. Breeding progress for PY can be estimated by the difference in yield
slope for the check cultivar and that for the top five entries; the difference is 22 kg/ha/yr,
which is highly significant (0.01 < P < 0.05) but equates to breeding progress of only
0.5% of the 2008 PY .

Graybosch and Peterson (2010) attribute slow breeding progress to the cost of
maintaining both desirable hard wheat quality and resistance to pests and diseases—
especially yellow rust, which lately has become more prevalent. An incorrect
interpretation, promoted in Crop Society of America News (November 2010), implied
that breeding progress ceased after 1984; it is proposed here that progress is still
significant, despite an increase in data variability over time. It is possible that the above
progress estimate is inflated by increasing disease susceptibility of the recurrent control
cultivar (Kharkov), but the 1905 release date for Kharkov makes this effect unlikely.

Battenfield et al. (2013) conducted a vintage trial, with and without fungicide, over two
years at 11 locations in the southern Great Plains (Texas, Oklahoma and Kansas).
Looking at only semi-dwarf 1971-2008 varieties, breeding progress was highly
significant (0.01 < P < 0.05) for both treatments: with fungicide (10.3 kg/ha/yr) and
without fungicide (11.5 kg/ha/yr). The former slope suggests breeding progress was
0.3% p.a. of the estimated 2008 PY, of 3.1 t/ha; absence of fungicide lowered yield on
average 0.4 t/ha or 14%.

Further discussion of this vast region will focus on Kansas, the most central and largest
wheat-producing state.
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Wheat yield progress in Kansas, USA

The state of Kansas—with the exception of the wettest south-east corner—grows winter
wheat under a relatively dry continental climate, with 400-800 mm summer-dominant
annual precipitation. During 2008-10, Kansas harvested 3.5 Mha of wheat—20%

less than 25 years ago. FY is variable, and yield is lowered by major climatic events:
drought, late spring freeze damage and grain-filling heat. Nevertheless, FY registered
a significant upwards slope of 20 kg/ha/yr since 1985 (Figure 3.10), equivalent
to 0.7% p.a. of the estimated 2010 FY of 2.8 t/ha.

Vintage trials with fungicide in Kansas (Donmez et al. 2001) and nearby Oklahoma
(Khalil et al. 2002), and an unprotected vintage trial in adjacent Nebraska (Fufa et al.
2005), gave annual rates of PY, progress of 0.8%, 0.6% and 0.7%, respectively. None of
these studies showed any signs that progress is slowing with time. It should be noted,
however, that the most recent varieties in these studies were released in 1997 or 2000.

Nalley et al. (2006, 2008) present a more recent and thorough analysis of varieties
released in Kansas, with data from annual Kansas Performance Tests of the Kansas
Agricultural Experiment Station (KAES)* comprising more than 20 popular winter wheat
varieties that are grown each year at over 20 sites across the state. For the 1977-2005
tests, Nalley et al. (2006) calculated average yield ratios relative to the recurrent control
cultivar, Scout 66, and regressed the ratios against year of release. Taking the 17 hard
red winter wheat varieties released by KAES between 1977 and 2002 indicates that PY
progress was ~40 kg/ha/yr or 1% p.a. of the 2002 PY_ level.

The estimate of progress in Nalley et al. (2006) is, however, likely to be an overestimate,
as a later paper (Nalley et al. 2008) reveals. Nalley et al. (2008) added 2006 data and
re-analysed the 1977-2006 results with an ordinary least-squares multiple regression
model that included year of trial and year of variety release. The regression dealt
directly with the unbalanced data and included correction for significant multiplicative
heteroskedasticity (variability of error variance). The resultant coefficient for year of
release (pooled across all types of wheat varieties), and hence PY progress,
was highly significant, but much lower (14 kg/ha/yr; P < 0.01; Figure 3.10).

To obtain an estimate of the current PY _—not given in Nalley et al. (2008)—yield is
averaged across the 13 dryland sites of the Kansas Performance Tests for the six
cultivars released around 2005, measured in the relatively normal years of 2008 and
2009. Thus, the estimated PY for Kansas is determined to be 3.8 t/ha in 2005,
and the rate of PY  progress only 0.4% p.a. of this yield level. The relative rate of
progress is similar to that estimated by Battenfield et al. (2013) for the southern Great
Plains in a study that shared some of the varieties included in Nalley et al. (2008).

32 See K-State Research and Extension at <www.ksre.ksu.edu>.
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Figure 3.10 Wheat farm yield (FY) in Kansas, USA, from 1985 to 2010, plotted against
year, and estimated water-limited potential yield (PY, ) changes (dashed
line; see text) plotted against year of release. Source: FY from NASS
(2012); PY, changes estimated from Nalley et al. (2008)

The Nalley et al. (2008) regression is shown in Figure 3.10 as a dashed line. The
reason the earlier yield ratio approach, using the same control cultivar Scout 66, gave
higher apparent progress is likely explained because the trials had no protection from
diseases, and Scout 66 may have become more susceptible over the study period.

An interesting result from the Nalley et al. (2008) analysis was the absence of a
significant effect of year (1977-2006). This suggests there has been no progress in trial
management and/or wheat agronomy, a similar situation to that noted in the analysis of
UK trial yields, referred to in Section 3.8 on WME11.

There is surprisingly little recent published research on the physiology of wheat yield
progress in Kansas or neighbouring states. Changes in plant height and flowering
date have ceased in the past 20 years. While recent progress appears largely related
to increased grain number (GN) (e.g. Donmez et al. 2001; Fufa et al. 2005), most
physiology has concentrated on tolerance to heat during grain-filling, obviously
perceived as a major constraint in the region (e.g. Yang et al. 2002; Hays et al. 2007).

Wheat yield gap and constraints in Kansas, USA

The current PY_ for winter wheat in Kansas has been estimated above to be 3.8 1/
ha. Given that FY is estimated at 2.8 t/ha (Figure 3.10), the yield gap is only 36%
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of FY, and relatively stable. The yield gap is surprisingly low for such a variable rainfed
environment, particularly one beset with many changes and manageable constraints
(see below). Note that the above analysis would have underestimated the yield gap if the
performance tests had not, as assumed here, accounted for such changes and had not
eliminated such constraints in their measured PY .

Although irrigated wheat yields out-yielded rainfed wheat in Kansas (4.5 t/ha vs. 2.0 t/ha
in 2007), only 6% of wheat in Kansas is irrigated (USDA 2007) so it seems unlikely that
any change in the proportion of wheat irrigated would significantly influence the FY trend.
More important developments could be the 20% decline in wheat area over the study
period and the decreasing proportion of wheat grown on summer fallow. Both wheat
and sorghum have decreased in area (0.8 and 0.4 Mha, respectively) at the expense of
an increase in maize area of 1 Mha (to reach 1.5 Mha) and soybean area of 0.6 Mha (to
reach 1.2 Mha). These more profitable (predominantly transgenic) crops have displaced
wheat from the better soils and wetter areas of eastern and central Kansas.

Summer fallow is used to build valuable soil water reserves in the subhumid climate and
will generally deliver higher yields. Summer fallow treatments were applied in 37% of the
2008-09 Kansas Performance Tests, but summer fallow area in the state has decreased
by 14% between 2002 and 2007 to reach 1.3 Mha—about 37% of the current planted
wheat area. Reduced reliance on summer fallow is the result of conservation tillage
practices—which have brought marked improvement in soil moisture storage during the
fallow period, and thus the possibility of greater cropping intensity (Lyon et al. 2004).
However, this development has likely reduced wheat yields compared to wheat after
summer fallow.

Inputs for winter wheat in Kansas are tracked by census. This has shown that fertiliser
application has been steady over the past 20 years. In 2006, nitrogen was applied at

64 kg N/ha to 88% of the planted area, and phosphorus at 15 kg P/ha on 66% of planted
area; a very small proportion received potassium, sulfur or zinc (USDA 2007). In a system
with little legume pasture or other crops in the sequence with wheat, this level of applied
nitrogen is barely sufficient to balance that removed in the grain. Soil acidification has
also become a problem in parts of the central and southern Great Plains, leading to
wheat yield responses to lime (Zhang et al. 2004). Therefore fertility decline and acidity
increase could also be significant constraints.

Herbicides and pesticides are generally used when needed, although there appear to be
no recent records. The increased incidence of stripe rust in the Great Plains has been a
new development, as is the increased occurrence of virus diseases linked to wheat curl
mite—wheat streak mosaic virus and High Plains virus—which is possibly associated
with zero-till (R. Sears, pers. comm. 2010). Meanwhile, leaf rust can still be severe in
some years.

This broad view of little progress in the management side of wheat cropping concurs with
the apparent lack of progress in trial agronomy in the annual Kansas Performance Tests
reported above (Nalley et al. 2008). However, also slowing FY progress may be a drier
environment in Kansas and unattractive wheat prices (at least until 2008).
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Conclusion for wheat in Kansas and the Great Plains
of the USA

Wheat area has declined notably in this renowned wheat-cropping region of the

USA. FY is very variable, but shows moderate progress (0.5-0.7% p.a.). There is no
evidence that rate of FY progress has slowed in the past 30 years or so, but it may be
slower than it was prior to that period. Equally there is low to moderate PY, progress
from breeding (0.3-0.5% p.a.) but no evidence of a breeding yield plateau.

In Kansas, there is a moderately small (35%) but stable yield gap. On the one hand,
wheat is suffering competition from more profitable maize and soybean on the better
soils and in wetter portions of the state. On the other hand, wheat is beset with
difficulties; soils may have deteriorated, and breeders must contend with new pests
and diseases. Conservation tillage offers significant stored moisture gains that should
benefit overall system productivity, but not necessarily wheat yields. The cropping
system lacks non-cereal alternatives, and (in Kansas) there is little evidence that
recent agronomic improvements have contributed to progress in wheat yield.

3.10 Summary of yield progress
in wheat

Current farm yields, potential yields and yield
gaps in world wheat

Key data collected on wheat are summarised in Table 3.6. Western Siberia and
Sichuan province, China, were excluded because of incomplete data on FY
constraints. Egypt was excluded because of doubts about PY values. Some WMEs
are missing because they were not sampled. FY values shown in Table 3.6 should

be sound because they derive largely from national or regional statistics, but the
average FY (unweighted for area) in Table 3.6 is higher than the current global average
(~3.0 t/ha; Table 3.1) indicating that the case studies were biased towards higher
yielding regions. PY values contain some doubts regarding the representativeness of
the data collected.

The resultant yield gaps in Table 3.6, however, show a surprisingly narrow range
(26-69%) around an average of 48% of FY. Other data collected here suggest that
some regions have yield gaps that are (at least) more than 100% (e.g. Western
Siberia). Lobell et al. (2009) reported yield gaps for irrigated wheat in South Asia
and north-west Mexico averaging 46% (n = 9; range 5-150%) calculated as per the
method used here.
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Table 3.6  Summary of global wheat farm yields (FY), potential yields (PY) or water-
limited potential yields (PY,) and yield gaps in 2009 or 2010, and current
respective rates of change measured over the past 20-30 years

Estimated yield (t/ha) Rate of change
and yield gap (%) (% p.a.)d

1 Yaqui Valley, Mexico 6.4 9.0 4 90.9 0.3 -06
1 Punjab, India 45 7.0 56 90.7 0.4 -0.3
1 Jiangsu, China 4.6 7.5 63 0.8 0.7 —0.1
4 Western Australia® 1.8 26 44 910 05 —05
6 Saskatchewan,? Canada 23 38 69 08 06 02
6 Saskatchewan,?¢ Canada 2.2 3.6 64 0.7 0.5 -0.2
6 North Dakota,® USA 25 40 60 10 07 0.3
6 Finland 3.7 4.8 30 1.0 0.8 -0.2
10 Shandong and Henan, China 5.8 8.8 52 1.7 0.7 -1.0
11 United Kingdom 8.0 10.7 34 0.4 0.6 +0.2
11 Northern France 8.6 10.8 26 0.3 1.1 +0.8
12 Kansas,? USA 2.8 3.8 36 0.7 0.4 -0.3

Average (n = 12) 443  na 48 083 061 -0.23

Organised by key WME
Rainfed cropping regions commonly experiencing water shortage so PY, was estimated
Durum wheat

o O T o

All rates of FY progress and gap closing contain the direct effect of CO, rise (~0.2% p.a.,
see Section 2.4 on confounding factors).

e AllFY and PY slopes are statistically significant at P < 0.10 or better, except for the FY slope
for northern France (P = 0.13)

f  Calculated as FY rate of change less PY rate of change

g FYrates of change include small but significant weather trends (see text) for which no
correction is applied here; two were unfavourable and one favourable for FY

h  not applicable

Source: Estimates taken from preceding sections of Chapter 3, excluding those that were
incomplete or lacked reasonable certainty.

Yield gaps did not differ among WME regions with plentiful water or limited water.

In modern economies with favourable physical environments (i.e. the UK, France and
Finland) and perhaps surprisingly one with a risky environment (Kansas, USA), the gap
was close to the likely minimum to be expected (30% of FY), suggesting that FY was
close to attainable yield. Improved farm practices for further closing yield gaps were
identified in most other situations, but nowhere was there evidence for a single obvious
agronomic constraint.
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The most common exploitable constraints seemed to be late sowing in the Yaqui Valley
(Mexico) and Punjab (India), and poor irrigation water supply (Yaqui Valley, Punjab and
the North China Plain). Inadequate nitrogen was a special problem in risk-averse rainfed
Western Australia and undoubtedly in other rainfed systems also. Most wheat cropping
systems were cereal dominant and lacked diversity; only in Australia, northern North
America and possibly western Europe were there significant proportions (say >25%

of wheat area) of broadleaf crops and pasture leys in the system. Very low soil organic
matter may be a special problem in Punjab and the rest of the Indo-Gangetic Plain, and
is reversible only in the long term.

Overall prospects for yield gap closure must therefore be seen as relatively limited
compared with some other crops (see Chapters 4-7 on rice, maize, soybean and other
crops). Following these chapters, Chapter 8 then discusses general prospects for yield
gap closing.

Rates of change of yields and yield gaps in world
wheat

Despite choosing somewhat favoured regions, the average rate of 0.83% p.a. FY
progress for wheat (Table 3.6) is reasonably close to the world average of 1.0% p.a.
(Table 3.1). One reason for the small discrepancy is that it was not possible to develop
a case study in the Russian Federation, a major wheat-producing nation, where FY
increase has been rapid (1.6% p.a.) and yields are low (Table 3.1). The rate of progress
in FY in Table 3.6 shows no relationship to FY level, probably because diminishing
returns at higher yield levels are balanced by difficulties in achieving progress where
yields are low and annual variability high. Only the FY slope for northern France was not
significant at P < 0.05, but nonetheless was significant at P = 0.11.

With a special effort made to avoid situations where estimates of breeding progress
may be inflated by loss of disease resistance in older varieties, the resultant average
progress in PY is only 0.61% p.a. (Table 3.6). It is noteworthy that PY increase was
about the same in spring wheats (0.58% p.a., n = 8) as in winter wheats (0.70%, n = 4).
Also, it was no less in rainfed situations—in other words, progress in PY, has been
about the same as that for PY (in relative terms).

An independent estimate of global PY progress in spring wheats ought to be available
from CIMMYT’s regular analyses of the performance of its advanced breeding lines

in yield trials, sent annually to a vast global network of sites. Thus Sharma et al.

(2012) reported on the average yield of the five best-yielding bread wheat lines in
trials between 1995 and 2009. This five-line average yield exceeded the yield of the
recurrent control cultivar (the relatively high-yielding Attila) by an amount that annually
increased at the following rates (given as a per cent of the average yield for Attila in
each situation):

* 0.6% p.a. for the combined WME1-2 and WME4-5
* 0.5% p.a. for WME1
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* 0.6% p.a. for WME2

e 1.1% p.a. for Egypt

* 0.8% p.a. for India

*  0.5% p.a. for Pakistan.

Notwithstanding doubts that frustratingly have not been discussed (e.g. change in
disease susceptibility of the recurrent cultivar), the Sharma et al. (2012) numbers

appear to corroborate the estimates in this chapter for PY progress in spring wheats
(0.54% p.a.).

In a separate ongoing international yield trial targeting spring BW in semi-arid conditions
(presumably WME4), from 1994 to 2010, Manes et al. (2012) showed that the average
yield of the top 10% of entries each year, assumed here to measure PY , increased

at rates of 1.0% p.a. relative to the recurrent check cultivar Dharwar Dry. Adjusting

for the low (and constant) yield of the control cultivar, this figure becomes 0.7% p.a.

of the average 2010 PY  of the advanced lines. Splitting each year’s trials into low
(average = 2.25 t/ha) and high (average = 5.1 t/ha) yield groups revealed PY  progress
at 0.4% p.a. and 0.9% p.a., respectively, on this latter basis. Manes et al. (2012) implied
that trial crops were little impacted by disease, but did not provide disease data. These
estimates are comparable to those for PY, progress in Table 3.6.

While rates of increase in FY and PY in Table 3.6 are in most cases lower in the

study period chosen than in the period immediately before it, the FY and PY slopes
were still strongly linear, and all significantly greater than zero (except for FY in
northern France). Thus, there was no obvious slowdown within the 20- to 30-year period
to the present. Relative slopes are obviously declining as the denominator from which
they are calculated increases, but this effect is small. There may be other factors
involved, especially in PY progress, which are discussed in Chapter 9 ‘Increasing

yield potential’. FY progress of course depends partly on this, and on what is
happening to the yield gap.

In the dataset presented in Table 3.6, there was a strong tendency for yield gaps to
persist, with only very small rates of yield gap closure (and it must be recalled that
the way yield gap closing is calculated here includes the small effect of CO, increase on
wheat FY). Excluding the Yaqui Valley (Mexico) where the cooling trend contained in FY
progress exaggerates the gap closing in Table 3.6, the yield gap appears to be closing
notably only in Western Australia (gap change —0.5% p.a.) and in Shandong and Henan
provinces of North China Plain (gap change —1.0% p.a.). In both cases of closing,
adoption of improved agronomy was clearly involved. In Saskatchewan (Canada)

and North Dakota and Kansas (USA), the benefits of conservation tillage for wheat
yield were probably countered by decreased summer fallowing and greater cropping
intensity, so gap closing was small. In Europe, environmental policy may be starting to
have negative effects on FY; Table 3.6 shows increasing FY gaps for the UK and France
(as well as very small yield gaps of ~30%). Meanwhile in China and Egypt, positive
pricing policy changes have helped FY increase.
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Estimated wheat yield and yield change by wheat
mega-environment

A more balanced view of the global wheat situation is given in Table 3.7, which presents
a summary for each WME, a global aggregation of yields (weighted for relative WME
areas) and relative of rates of progress (weighted for WME production). The order of the
columns in Table 3.7 differs from the presentation in Table 3.6 to highlight that PY and
yield gap together contribute to FY.

Limitations in Table 3.7 arising from inadequate data coverage among the case
studies—and lack of data from the three smallest WMEs, which are lumped with
others—have been supplemented by the present authors’ expert knowledge. All values
have been estimated so as to give global averages for yield gap and rates of PY
progress to match those in Table 3.6, because these were considered the most broadly
applicable and reliable numbers (notwithstanding uncertainties surrounding the PY
value for each WME). World average FY and FY progress match the observed statistics
(Table 3.1).

Notwithstanding these uncertainties, Table 3.7 is a useful starting point that can be
improved as further data come to hand. Weighting estimated yield gaps for the area in
each WME indicates that the biggest global production losses (due to exploitable gap
with the minimal gap set at 30% of FY) are occurring in the humid WME1-3 (totalling to
54% of the global loss), followed by the drier, rainfed WME4-5 (14%) and WMEG (13%);
all these are dominated by spring wheats. Using similar estimations, losses (again due
to exploitable yield gap) are small (<10%) in the other WMEs, which are all facultative
and winter wheat areas.

If the progress estimated in Table 3.7 is globally correct, world average FY increase is
derived about two-thirds from PY progress and one-third from yield gap closing, but
this varies across the major WMEs. It is estimated that no gap closing is taking place
in WME11 (high rainfall, winter wheat), but good gap closing is occurring in WME4
(rainfed, low-latitude spring wheat) and WME10 (irrigated winter wheat).

The disaggregation shown in Table 3.7 could be disputed, but there is no dispute about
1.0% p.a. current global rate of FY progress for wheat, and little dispute about the
global rate of 0.6% p.a. PY progress, for which individual estimations are remarkably
consistent.
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Table 3.7  Estimates of 2008-10 farm yield (FY), yield gap and potential yield
(PY) and rates of change over the past 20 years across wheat mega-
environments (WMEs)

Weighting factor Estimated values for Estimated rate of change
(fraction of total) 2008-10 relative to 2008-10 values
(% p.a.)
Area Produc- FY Yield ' FY Yield
tion (t/ha) gap (t/ha) gap
(%)
1+2+3 0.23 0.23 3.0 83 55 1.0 -0.4 0.6
4+5 017 0.08 15 67 25 1.2 -0.9 0.3
6 0.20 0.13 2.0 50 3.0 1.2 -0.2 1.0
10 0.06 0.09 45 44 6.5 1.6 —1.1 0.5
11 0.23 0.38 5.0 30 6.5 0.7 0.0 0.7
12 0.11 0.09 2.3 30 3.0 0.8 -0.3 0.5
World 1.00 1.00 a3.0 b50 4.5 10 P-04 P06
average

a Weighted by area of WME
b Weighted by production of WME

Source: Area fractions from Table 3.2; other parameters calculated and estimated by the
authors (see text). Estimates apply to 2008-10 when average world wheat area was 222 Mha
and production was 674 Mt.

Physiological patterns for potential yield increase in
world wheat

Further PY progress should benefit from understanding the physiological basis of
recent PY progress. Consistent patterns emerged over the past 20-30 years for
wheat PY, a period when progress derived from dwarfing and earliness had largely
become exhausted. Thus PY progress continued to be associated with harvest index
(HI) increase in most cases, but dry matter (DM) increase was a new feature appearing
among recent entries in studies in Mexico, Australia, China and the UK. Highest HI
values were close to 0.50 in the UK and China, but generally lower elsewhere.

Grain number (GN) increase accompanied almost all PY progress, but for Mexico,
Australia and WME® in North America, GW increases were also seen in recent variety
releases. It was not noted whether the GN increase depended on spikes per square
metre or grains per spike, because this is a minor issue in wheat (Fischer 2007).
Another review (Rudd 2009) recorded no consistent pattern, although often both
components were involved. The most interesting observation is that in two cases
(Australia and the UK), PY (and GN) increase was associated with greater crop growth

WHEAT

131



rate and RUE between stem elongation and flowering. This matches increases in
stomatal conductance and in maximum photosynthesis (P__) seen during this period in
Mexico and Australia, and in two studies in China.

max)

Flag leaves have become generally smaller, more erect and sometimes greener in
modern varieties in the high-yielding WMEs of Mexico, the UK and China. Finally,
studies in Australia, China and the UK found that stored water-soluble carbohydrates
at anthesis increased with higher PY. The implications of these emerging patterns are
discussed in Chapter 9 ‘Increasing yield potential’.
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Key points

* World rice production in 2010 approached 700 Mt. Harvested area is currently
increasing at a rate of 0.4% per annum (p.a.), and global average yield (or farm
yield, FY) at close to 4.3 t/ha is increasing at a current rate of 1% p.a.

* For each of the major rice mega-environments (RMEs), 13 detailed case
studies presented in this chapter have explored farm yield (FY), potential yield
(PY) and yield gap over the past 20-30 years. Eleven of these case studies
contributed to the values quoted in the key points below.

* The current rate of rice FY increase was significant (P < 0.10 or better) in all
situations, rates of progress ranging between 0.2% p.a. and 2.2% p.a. (relative
to FY around 2010).

* The current rates of rice PY increase—and those for its water-limited
equivalent (PY, )—were also all significant (P < 0.10 or better), at a global
average rate of 0.8% p.a. Rates ranged between 0.3% p.a. and 1.3% p.a.
(relative to PY around 2010). Results show that hybrid rice for tropical areas
can boost PY by 10-20%, but adoption is still low (<5%).

* The sample average rice yield gap was 76% of FY. The range was wide
(25-150%) and, on average, lower gaps were observed for irrigated RMEs
compared with rainfed ones (57% vs. 123%, respectively).

* Rice yield gaps appear to be closing slowly; the sample average rate of
change is -0.4% p.a. (range -1.5% p.a. to +0.6% p.a.). The strongest gap
closing is observed in Brazil’s irrigated and rainfed RMEs. In Japan, policy
and quality considerations have constrained FY progress, as has occurred in
some other Asian nations (e.g. China).

* The results emphasise the importance of raising PY as the primary means for
future rice FY increase. This is particularly the situation for irrigated RMEs,
which produce 79% of the world’s rice. In contrast, there is considerable
scope for rainfed RMEs to close yield gaps by adopting well-known agronomic
interventions.

* Apart from increased number of filled spikelets per square metre, no clear
physiological mechanisms have been identified for yield progress in tropical
rice. However, research in Japan has associated the greater filled spikelet
number and yield achieved by new feed varieties of rice with:

— greater nitrogen uptake before heading
— higher radiation use efficiency (RUE)
— increased leaf photosynthesis (P ) and stomatal conductance around heading

ax:

— increased stem-stored carbohydrates at anthesis.



Rice

4.1 Rice countries and
mega-environments
The world produced on average 692 Mt of paddy or rough rice (Oryza sativa) in 2008-10

(FAOSTAT 2013). The largest producers, shown in Table 4.1, included China with 28% of
world production, India (21%) and Indonesia (9%).

Table 4.1 Annual rice production, harvested area and yield in 2008-10 for major
producing countries, and annual rates of change from 1991 to 2010

Country or region Average 2008-10 Rate of change® (% p.a.)
Production Area Yield®
(Mt) (Mha) (t/ha)
World? 691.6 160.2 4.32 0.4 1.0
China 195.7 29.8 6.56 -0.6 0.6
India 142.6 434 3.28 ns 0.1 11
Indonesia 63.7 12.8 4.97 0.8 0.7
Bangladesh 48.3 11.4 4.24 0.6 2.3
Vietnam 39.2 7.4 5.27 0.7 2.2
Thailand 33.1 11.3 2.93 1.1 1.6
Myanmar 32.6 8.0 4.05 2.2 1.7
South America 24.4 5.1 4.78 —1.0 25
Sub-Saharan Africa 18.9 9.3 2.03 1.9 0.9

a Listed countries are major producing regions, not all world production

b All weights are paddy rice; what FAOSTAT calls ‘yield’ the book calls ‘farm yield’ (FY); see
Chapter 2 about definitions.

¢ Relative to 2008-10 average; all rates of change are significant at P < 0.01 except India area
increase, which is non-significant (P > 0.10).

Source: FAOSTAT (2013)
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Rice is predominantly a food crop, but (unlike wheat) only 7% of rice production is
traded internationally. Most rice is traded as milled rice, the weight of which is about
two-thirds (67%) that of paddy rice. Dominant exporters (values shown as annual
average paddy rice equivalents for the 2000s) are Thailand (8.4 Mt), Vietnam (4.4 Mt),
India (4.2 Mt), the USA (3.3 Mt) and Pakistan (2.8 Mt) (Dorosh and Wailes 2010).
Dominant importers are Sub-Saharan Africa (8 Mt), West Asia (6 Mt) and the Philippines
(8 Mt). Mohanty (2013b) points to recent rises in India’s exports (10 Mt in 2012) and
China’s imports (2.5 Mt in 2012).

Rice is grown largely in the tropics and subtropics, with only a small proportion of

rice area (3%) in developed countries (Map 4.1). Also, unlike wheat, rice area has
increased over the past 30 years by 10% to reach about 160 Mha, and this area is

still increasing at a rate of 0.4% p.a. of the 2008-10 area (Table 4.1). There have been
notable increases in rice area in Indonesia, Myanmar, Vietnam and Sub-Saharan Africa,
countered somewhat by decreases in rice area in China and South America (Table 4.1).
Sub-Saharan Africa, in particular western Africa, a large rice-importing region, is now
seeing quite a lift in production.

Map 4.1 Global distribution of rice area circa 2000. Source: Harvest Choice project,
International Food Policy Research Institute; data from You
et al. (2009a)
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Because rice lands are classified primarily on field hydromorphology, several rice
environments can exist over short distances in non-flat topographies. This makes
accurate compilation of rice mega-environments (RMEs) difficult. Table 4.2 describes
the rice mega-environments, largely following 30-year-old terminology from the
International Rice Research Institute (IRRI) (Khush 1984). However, the relative rice
areas shown in Table 4.2 have been derived from more recent data—Dawe et al. (2010)
and IRRI Rice World Statistics (2012)—because there has been a notable shift in

Asia towards irrigated rice, and away from the upland and tidal rice reported in the
early IRRI assessments.

The earlier IRRI classification of irrigated rice (Khush 1984) was dominated by the
presence or absence of low temperature stress during seedling or pollen formation
stages. More recent thinking from Dawe et al. (2010) departs from the former
classification by aggregating irrigated double- and triple-crop systems. Thus Table 4.2
has four irrigated rice categories determined approximately by latitude, prevailing
winter temperatures and the overall cropping system. RME4, although small (2.0 Mha),
is a unique temperate variant of irrigated rice grown in dry high-solar radiation
environments. Finally the tidal rice category of Khush (1984) has been absorbed into
other categories. The numbering system (RME1-7) is suggested for the purposes of
this book.

Irrigated rice dominates rice area (57%), although Dawe et al. (2010) state this number
as 62%. Irrigated rice dominates global production (estimated to be 70% or more, see
the section ‘Estimated rice yield and yield change by rice mega-environment’) and
RME1 is the dominant irrigated rice mega-environment (Table 4.2). RME1 covers:

* all rice crops in the double and triple rice crop systems of the humid tropics
(e.g. Java)

* wet and (higher yielding) dry season crops in the seasonally wet tropics (e.g.
Central Plain of Thailand, Mekong Delta and Central Luzon in the Philippines)

* double crop rice (sometimes following winter crops) in southern China.

Thus 40 Mha of rice comes from fields that are double or triple cropped to rice each
year (Table 4.2); however, a very recent compilation from IRRI suggests this number
may have now increased to around 50 Mha, including about 6 Mha of triple cropped
rice (A. Dobermann, pers. comm. 2013).

The second irrigated mega-environment (RMEZ2) is characterised by sole summer rice
where winters are too cold for rice but warm enough for a non-rice crop (e.g. rice-wheat
systems). Areas with even cooler winters can support only sole rice cropping (RME3
and RME4) where the rice crop growth duration is clearly limited by low temperature.
Most rice outside the tropics can experience low temperature stress, either at the
seedling stage or at pollen formation, but if this can be avoided, cooler temperatures
result in higher potential yield (PY; see Chapter 2 on definitions), especially under high
solar radiation levels encountered in RMEA4.
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Rainfed lowlands (RME5) comprise the next most important mega-environment, and
although fields are generally bunded to retain rainwater, RMES5 rice can be subject to
drought and uncontrollable submergence. Despite this challenge, Dawe et al. (2010)
estimated that 8 Mha of RMES5 is favourable enough for double rice crops (equivalent to
16 Mha crop area). Generally unbunded, rainfed upland fields (RME6) can be termed
‘aerobic’ and are more often droughted and less often waterlogged. The last mega-
environment (RME7?) is characterised by continuous or frequent deep water of greater
than 50 cm (but commonly >100 cm).

The contrasting soil water and thermal regimes of RMEs have, over the millennia of rice
improvement, led to a greater specific varietal adaption—including the differentiation
of Indica (warm area) and Japonica (cool area) subspecies —than is seen in the case
of wheat. Modern semi-dwarf Indica and Japonica varieties have spread rapidly in the
irrigated RMEs and slowly into rainfed lowlands, but hardly at all into the final two (very
stressful) mega-environments (RME6 and RME?7).

Table 4.2 Rice mega-environments (RMEs), relative areas and major producing
regions

Description Proportion Major regions
total area
(%)?

Hydro- Climate
morphology

Indonesia, Sri Lanka, Vietnam,
the Philippines, south-eastern
India, southern China,

Warm to hot—tropics (rice
1 Irrigated all seasons) and subtropics 25
(double crop summer rice)

Bangladesh
Warm—tropics (higher South Asia hills,

2 Irrigated altitudes) and subtropics 16 Indo-Gangetic Plain,

(sole rice after winter crop) central China
Temperate—(summer rice Japan, Korean peninsula,

3 Irrigated after winter fallow, warm 15 north-eastern China, southern
and humid) Brazil, southern USA
Temperate—(summer Egypt, Iran, Italy, Spain,

4 Irrigated rice after winter fallow, 1 California (USA), Peru,
hot and dry) south-eastern Australia

Rainfed Cambodia, North-East
5 Tropics 31 Thailand, eastern India,
lowland . o
Indonesia, Myanmar, Nigeria
. South Asia, South-East Asia,
Rainfed . -

6 Tropics 9 Brazilian Cerrado, western

upland

Africa

River deltas of South Asia and

7 DEepreiorn  epes South-East Asia, Mali

a Percentage of world area; percentages apply to global rice area around 2008-10 (160 Mha).
Source: Based on Khush (1984) and World Rice Statistics (IRRI 2012), with adjustments within
irrigated rice from Dawe et al. (2010); RME4 was estimated by the authors.
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4.2 RME1—Central Luzon in the
Philippines, and other rice bowls
of South-East Asia

This chapter initially focuses on the Central Luzon region in the Philippines (Map 4.2),
noting that rice yield progress for the Philippines—a major rice producer—will be
discussed later in conjunction with other nations of South-East Asia.

Rice farm yield progress in Central Luzon

Central Luzon is a large plain north of Manila that produces about one-third of the
Philippines’s rice. Wet and dry season production of Indica varieties largely under
irrigation (RME1) comprises arice area of 1.2 Mha (Map 4.2). RME1 in Central Luzon

is of special interest because it is close to two key rice research institutes: IRRI at Los
Banos in the south, and the Philippines Rice Research Institute (PhilRice) in the centre
of the region, which nowadays releases the varieties for Central Luzon. Farms in the
region are small (average 1.5 ha), and presumably benefit from the substantial local rice
research and development efforts.

Central ‘

Luzon

Philrice

Manila

I rrigated rice

Rainfed rice

Map 4.2 Major concentrations of irrigated and rainfed rice in South-East Asia, with
inset for Central Luzon, the Philippines, showing locations of PhilRice and
the International Rice Research Institute (IRRI). Source: Derived from rice
distribution maps from IRRI
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IRRI conducts detailed farm surveys (so-called ‘loop surveys’) across the Central Luzon
region every 4 or so years. They have maintained this since 1966, when only traditional

varieties were grown, fertiliser use was almost nil and cropping intensity was only 110%
for an average yield of 2.5 t/ha.

Figure 4.1 shows farm yield (FY; see Chapter 2 on definitions) for survey farms over

the 30 years up to 2008, when only modern varieties were grown (Estudillo and Otsuka
2006; and more recent data from IRRI, unpublished data). FY rate of progress is slow
but steady at 0.6% p.a. for both wet and dry-season rice. Currently FY is at 3.9 t/ha
(wet season) and 4.6 t/ha (dry season). Recent progress in this region has been lower
than the national average of 1.6% p.a. (see section on other South-East Asian examples
of RME1, below), presumably because Central Luzon had already made the rapid yield

gains that accompanied initial modernisation under the green revolution (Section 1.1
‘The problem’).
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Figure 4.1 Rice farm yield (FY) in Central Luzon, the Philippines, in the dry and
wet seasons and plotted against year, and potential yield (PY) at the
International Rice Research Institute (IRRI) plotted against year of release
for 1975 to 2008. Source: FY from (Estudillo and Otsuka 2006) and later
International Rice Research Institute (IRRI) surveys, corrected to
14% moisture; PY from Peng et al. (2000)
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Potential yield progress at IRRI

Even using IRRI's extensive research data, it is difficult to assess PY and its progress for
IRRI, let alone Central Luzon. Earlier attempts (Fischer and Edmeades 2010) are now
considered inadequate.

The first tropical semi-dwarf rice cultivar, IR8, was released in 1966 with a clear potential
yield (established at the IRRI Los Banos farm) of about 6.5 t/ha (wet season) and

9 t/ha (dry season). Other reports claim that, early after release, experimental plots of
IR8 even yielded up to 10 t/ha (Peng et al. 2000, 2010). At the end of the 1990s, Peng
et al. (2000) tested in the dry season—uwith intensive disease and insect protection—
successful varieties released during 1966-95. They showed that PY for contemporary
IRRI'inbred releases from the 1990s also reached 9-10 t/ha (1996 at IRRI and PhilRice;
1998 at IRRI). In the same trials, however, the yields of varieties declined progressively
with time since release. Thus PY for the oldest cultivar, IR8, was only 7 t/ha at IRRI

(6 t/ha at PhilRice), 25% lower than the most recently released variety. In this study

the increase in PY with year of release from 1966-97 was highly significant at
69 kg/ha/yr or 0.7% p.a. relative to the PY of 9.5 t/ha for 1995 breeding lines, but this
was coupled with the enigma of yield decline in older varieties.

The above estimate, obtained by side-by-side comparisons (vintage trials) at IRRI, is a
valid measure of breeding progress, particularly given that Peng et al. (2010) confirmed
that the genetic composition of the older varieties remained unchanged. Peng et al.
(2010) also confirmed that the dry-season PY of IR8 had fallen to about 7 t/ha, while
the latest releases have a PY around 9 t/ha, the same as IR8 when first released.

This strongly suggests that the dry-season rice environment at IRRI has deteriorated
since the 1960s (at least as measured by older varieties). Unfortunately, because of
the difficulty in protecting older varieties in the wet season, there is no similarly sound
measure of PY breeding progress for the wet season. However, PY of the current best
inbreds (~7 t/ha) suggests a similar conclusion for wet season breeding progress.

The environmental changes to which breeders are unwittingly adapting the newest
releases appear to be abiotic and could be edaphic, atmospheric and/or climatic.
Edaphic stresses seem unlikely given the attention to these questions at IRRI

(e.g. Dobermann et al. 2000), but examples of atmospheric stresses may include
increasing air pollution (including ozone)—although to some extent these should have
been countered by the benefits of increased carbon dioxide (CO,). On the climatic
front, reliable records show that dry-season minimum temperature (T . ) has steadily
increased since 1979 by 0.052 °C/yr, but maximum temperature (T __) and solar
radiation have not changed significantly up to 2008.

max)

Greater dry season T could reduce the duration of critical growth phases, and
reduce radiation use efficiency (RUE) through increased respiration (see Section 2.6
for further explanation of these key processes). Independent analyses point to a strong
negative empirical relationship between dry-season yields and seasonal T _; at IRRI

over 1992-2003, amounting to a 10% vyield decline for each 1 °Crise in T__(Peng et al.

min (
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2004; see also Section 10.3 on direct measurements and modelling). This translates into
a strong effect on PY (and FY) of about —0.5% p.a., and offers one likely reason why PY
has gone backwards when measured across time for a given variety. Atmospheric
pollution is another way in which the environment may have deteriorated, but more
studies are required to confirm this.

Deterioration in the rice climate at the IRRI farm appears to be continuing. Simulation

with the rice model ‘ORYZA2000’ for cultivar IR72 suggests that PY has declined by about
0.8 t/ha between the decades 1990-2000 and 2001-2011, not only in the dry season,

but now also in the wet season (A. Dobermann and G. Centeno, pers. comm. 2012).
Modelled PY values in the past decade were about 9.5 t/ha (dry season) and 7.5 t/ha
(wet season). Further rises in T were recorded, and also decreases in solar radiation.

For the above reasons it is not easy to establish a current value of PY, but for the
purposes of this discussion, the experimental and modelling data are combined in
Figure 4.1 to show a 2008 PY at IRRI of 9.5 t/ha (dry season) and 7 t/ha (wet
season). The rate of PY progress in the dry season for Figure 4.1 is assumed to
be 69 kg/ha/yr or 0.7% p.a., as determined by Peng et al. (2000); it is not possible to
confidently report wet-season progress.

There has been some criticism of the conventional breeding strategy for yield at IRRI
(External Program Management Review 2009). Thus the breeding strategy could impact
on rate of PY progress as another, quite different factor. On the other hand, breeding

at IRRI has made steady and valuable progress in other areas. Cultivars since IR8, the
1966 release, demonstrate more durable pest and disease resistance, better rice quality
and reduced crop growth duration. For example, crop growth duration was reduced by
15 days between IR8 (130 days) and the 1988 release, IR72 (115 days) (S. Peng, pers.
comm. 2010). This has meant that yield per day—an important measure in multiple
cropping systems—Ahas notably increased. Finally the advent of hybrid tropical rice at
IRRI since 2000, as discussed later, has boosted PY in this environment.

Rice yield gap in Central Luzon

Figure 4.1 shows that the yield gap in Central Luzon, calculated using the PY at IRRI,

is moderate in the wet season (80% of FY) and large in the dry season (107% of FY).
Several facts suggest that the real gap could be even larger. First, the rice climate in
Central Luzon may be slightly more favourable (and thus PY higher) than at IRRI, as
judged by the solar radiation and cooler nights at PhilRice situated within Central Luzon
(also there is no evidence that the PhilRice climate has changed significantly in the past
20 years). Second, the general district average FY in Central Luzon appears to be about
13% below that of the farmers surveyed in Figure 4.1 (Tiongco and Dawe 2002).

The 2007-08 IRRI surveys established that rice-cropping intensity is now 150% in Central
Luzon. Although this means rice area has increased on surveyed farms, this should not
have affected yield gap. The proportion of rice irrigated has remained steady over the
past 30 years (~65% wet season; 100% dry season), while fertiliser use of elemental
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nitrogen, phosphorus and potassium (NPK) rose from about 70 kg/ha per crop in the
early 1980s to 150 kg/ha more recently.

The large yield gap cannot be due to growing of older disease-susceptible varieties;
surveys point to regular variety turnover in Central Luzon, with an average weighted
variety age of 10 years (Launio et al. 2008). Up to the mid 1980s (at least), more recent
varieties generally out-yielded older ones in farmers’ fields (Estudillo and Otsuka 2006).
In a detailed analysis of 1966-99 IRRI survey data, Estudillo and Otsuka (2006) found
steady gains in total factor productivity in the system, related to adoption of successive
modern varieties and better practices of integrated pest management, irrigation and
planting (direct seeding). Finally, there was no evidence that these productivity gains
were unsustainable.

In a later study of the same survey data up to 2008, Laborte et al. (2012) used the
model ORYZA2000 with Central Luzon weather for 1985-2000 to calculate rice PY for
the wet season (8.7 t/ha) and dry season (9.6 t/ha). Using the estimated FY values for
2008 (shown in Figure 4.1), these simulated PY values indicated yield gaps of 123%
(wet season) and 109% (dry season). Laborte et al. (2012) also calculated average
yield of the top decile of surveyed farmers to reveal that in the 1990s, top decile farmers
yielded 65% (wet season) and 57% (dry season) above the average FY for all farmers.
Using the 1995 survey data, Laborte et al. (2012) noted that higher yield was associated
with greater application of nitrogen fertiliser (although the effect was small) and more
labour per hectare, but was not associated with farm size or higher farmer schooling
levels. Laborte et al. (2012) also reported on changes in yield distributions with time
(see Box 8.1 on FY distribution and estimating yield gap).

IRRI has conducted other surveys in Luzon, focusing on the provinces of Nueva Ecija
(near PhilRice) and Laguna (near IRRI). Byerlee et al. (2000) refers to these surveys

to claim that the top one-third of farmers achieved the experiment station PY in the

wet season. Indeed, more recent surveys confirm that the top one-third of farmers

are approaching 6 t/ha; however, the average FY of all farmers is considerably lower.

In 2008, Nueva Ecija averaged 4.5 t/ha FY, with only a weak upward trend in the past
30 years, while Laguna averaged 4.4 t/ha FY with a 0.4% p.a. rate of progress. These
more recent provincial surveys point to yield gaps of 33% and 36% in the wet season
in Neuva Ecija and Laguna, respectively. These are lower than the Central Luzon wet-
season survey (80% yield gap), possibly because these small regions are favoured by
proximity to IRRI (Neuva Ecija) and PhilRice (Laguna) and by infrastructure. Dawe et al.
(2006) argued from other survey data that farmers were not using enough nitrogen
fertiliser in either Laguna or Nueva Ecija, and suggested that adoption of optimal rates
of nitrogen would raise yields by 1 t/ha, equivalent to about 20-25% in the dry season.
However, on-farm evaluation (2001-04) of site-specific nutrient management in Nueva
Ecija showed only small increases (5-13%) in FY over farmer practice (Gregory et al.
2010), suggesting only small nutritional constraints. Unreliable irrigation supply has
been identified by several studies as a constraint to FY, while others point to lodging,
disease (sheath blight) and weeds. To date, the relative importance of these constraints
does not appear to have been adequately quantified.
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In conclusion, there are moderate to large yield gaps in Central Luzon, where yields
among farmers ranged widely, even 40 years after the green revolution. Also there is no
consistent explanation for these yield gaps, despite substantial attention given to rice
production in the region. However, gaps may be smaller in the two provinces adjacent
to the rice research centres.

Physiology of progress in potential yield, ideotype
breeding and tropical hybrids

For the discussions of the physiology of rice improvement that follow in this chapter, it
is useful to note that although grain yield in rice can be expressed as grain number/m?
(GN) multiplied by grain weight (GW), this relationship is less revealing than it is for
wheat. With rice, GW is remarkably stable in the face of environmental influences.
Conditions during early grain-filling affect GN much more than GW through changes in
the proportion of partially filled spikelets, which are not considered to be grain-bearing
at maturity (Yoshida 1981). Rice spikelets bear only one floret and then one grain, the
maximum size, and hence weight, of which is limited by the rigidity of the surrounding
hull. Note that generally in rice physiology, GW refers to the weight of the filled spikelet,
the true grain plus that of the hull—in other words, the weight of a rough rice grain. The
hull constitutes about 20% of the rough rice grain weight at maturity.

The aforementioned side-by-side comparisons of historical varieties at IRRI, which
indicated the apparent PY progress in tropical rice varieties discussed above

(69 kg/ha/yr), were also the subject of physiological measurements (Peng et al. 2000).
It appears that increasing harvest index (HI) was important from 1966 to 1980 as
varieties were bred to be shorter and earlier maturing. By shortening the wasteful
vegetative period, substantial improvement in yield per day was achieved. Since 1980,
however, greater dry matter (DM) and slightly later crop maturity (longer crop growth
duration) seem to be associated with the highest yielding varieties. Changes in GN and
GW were not consistent across varieties, although the poor yield of IR8 was linked to
generally lower proportion of filled spikelets, lower GN and lower HI.

From the early 1990s IRRI breeders have made a concerted effort to boost rice PY by
design (ideotype breeding), breeding first for the New Plant Type (NPT) and more
recently for a second generation of NPT products (NPT2). NPT refers to material
selected to have fewer tillers, large erect leaves and large, low panicles.

Table 4.3 shows that NPT2 varieties—which had performed better than the original
NPTs—were no better than the best inbred varieties of the same vintage coming from
the conventional inbred breeding (W. Yang et al. 2007). This is a disappointing outcome
for physiological plant breeding, especially since the development of IR8 itself came
from successful ideotype breeding. However, as a consolation to the NPT proponents,
the plant type concept has been picked up in China where the NPT ideotype appears
to be an important factor in the design of the very high yielding Chinese ‘super’ rice
varieties and hybrids in current use (Peng et al. 2008; see Section 4.3 ‘Rice in China’).
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Table 4.3  Rice potential yield (PY), total dry matter (DM), harvest index (HI) and
growth duration for cultivar IR72 (released 1988), recent inbred varieties,
second generation new plant type varieties (NPT2), and hybrids, grown
with disease and pest protection at the International Rice Research
Institute (IRRYI), the Philippines

Inbreds Hybrids
IR72 Other inbreds
n = 3 (or 4) n =5 (or4)
Wet season (average 2003 and 2004; W. Yang et al. 2007)
PY (t/ha)® 5.60 AB 6.00 A 5.40 B 598 A
DM (g/m?) 1,339 1,413 1,409 1,317
HI 0.36 0.38 0.37 0.41

Growth duration (days) 113 122 121 113

[ Dy scason (aerage 2003 and 2004; W vang et 200 |
PY (t/ha)° 8.29B 8.73B 8.38B 9.55A
DM (g/m?) 1,726 1,722 1,691 1,792
HI 0.45 0.46 0.44 0.49

Growth duration (days) 117 117 118 116

et season Ot BuenoandLatrge 2009 |
PY (t/ha)® 5228 526 B na 6.00 A
DM (g/m?) 1,686 1,753 na 1,906
HI 0.41 0.43 na 0.45
Growth duration (days) 113 112 na 113
T oy sesson o Bwemonataigo 200 |
PY (t/ha)® 9.73B 8.76 B na 10.65 A
DM (g/m?) 2,113 1,899 na 2,139
HI 0.52 0.47 na 0.54
Growth duration (days) 114 115 na 115

a Biomass and harvest index came from subsamples of hills taken at physiological maturity.
Grain yield was determined separately over several square metres. This may explain why yield
is consistently lower than the product of biomass and harvest index.

Paddy rice measured at 14% moisture; yields followed by the same letters in the same row are
not significantly different at P < 0.05.

na = not available

(o3

Chinese success with hybrid rice has been followed by success at IRRI with tropical
hybrids (Indica x Indica). The best Philippine F, tropical hybrids yielded 11-14% more
than the best inbreds in the dry season at IRRI, although results of W. Yang et al. (2007)
indicated little advantage in the wet season (Table 4.3). In another study, Bueno and
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Lafarge (2009) carefully matched hybrids and inbreds for phenology and showed yield
advantage of 18% (dry season) and 14% (wet season) for all hybrids compared with all
inbreds (Table 4.3). Currently, tropical hybrids occupy about 5% of the Philippine rice
area, and yield on average 17% more than inbreds (Janaiah and Xie 2010).

In the hybrid studies at IRRI (Table 4.3), hybrids were superior—except in the wet
season of the W. Yang et al. (2007) study—Dby virtue of both greater DM and greater Hl.
W. Yang et al. (2007) revealed that hybrids had more spikelets per square metre in the
dry season, but this was countered by a lower proportion of filled spikelets; extra yield
tended to come from greater GW. Bueno and Lafarge (2009) (Table 4.3) took care to
compare hybrids and inbreds of similar days to flowering, revealing that hybrids had

on average a 16% yield advantage over inbreds and IR72. The hybrids also had more
spikelets per square metre, a slightly lower proportion of filled spikelets, 30% greater
GN, 6% lighter GW and a higher crop growth rate during every developmental interval.
Lafarge and Bueno (2009) attributed higher HI in hybrids to higher DM partitioning to
panicles before flowering, and greater DM remobilisation from culms during grain-filling.
Later work by Bueno et al. (2010) confirmed the advantages of hybrid rice relative to the
inbred cultivar, IR72, and suggested that both greater specific leaf area and an earlier
cessation of tillering might also be involved.

IRRI studies of leaf-level physiology (e.g. maximum photosynthesis and/or stomatal
conductance) among historic inbreds (1966-85) did not reveal consistent trends across
time (Hubbart et al. 2007). However, the relevance of these studies may be limited by
the focus on spaced plants in a growth cabinet.

Mitchell et al. (1998) estimated a PY of 10 t/ha in a detailed analysis of yield
determination based on average dry season radiation at IRRI (18 MJ/m?/day), expected
radiation interception by a 4-month duration rice crop, a typical radiation use efficiency
(RUE) of 2.2 g/MJ and HI of 0.5. The Mitchell et al. (1998) PY result agrees with that
calculated earlier by Yoshida (1981) from an effective grain-filling period of 25 days with
high RUE assumption. Neither approach necessarily defines the theoretical limit—an
issue that is addressed in Section 9.5 on potential yield. However, these longstanding
estimates may at last have been fulfilled by the new tropical hybrids.

South-East Asia—the Philippines, Indonesia and
Vietnam

The Philippines and Indonesia are rice-importing nations striving for self-sufficiency. By
comparison, Vietnam is a rice exporter. All three countries grow rice mostly in RME1,
with regions of double and triple cropping of rice, but in addition have significant

areas of RME5 (rainfed lowland), some of which is also double cropped rice. All three
countries have shown impressive progress in national rice production, both in harvested
area and FY (first four columns of Table 4.4), with little sign of abatement in the FY
progress, especially in Vietnam. Brennan and Malabayabas (2011) shed some light on
the role of breeding in this progress.
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Brennan and Malabayabas (2011) collected variety yield data from national trials and
farmer variety adoption statistics to construct a variety yield improvement index at the
farm level (1986-2009); the method was the same as that of Silvey (1981) mentioned

in Section 2.2. Their data are shown in the last three columns of Table 4.4. Although
hybrids reach 5-10% of area in these countries (F. Xie, pers. comm. 2012) no data were
available on their performance and their area is still too small to greatly affect FY.

Table 4.4  Rice harvested area and area change, farm yield (FY) and rate of
progress, and yield index progress for the Philippines, Indonesia,
and northern and southern Vietnam for the past 20 years

Country or Area FY Variety trial results Rate of
region Average Growth Estimat- Rateof Estimat- Rate of i)rl:g:;
2008-10 rate ed FY  progress ed yield yield roqressb
(Mha) (% p.a) 2010 (%p.a) infinal increase? p(o/g o
(t/ha) trial year (% p.a.) °p-a.
(t/ha)
Philippines 45 1.3 3.7 1.6 5.6 0.7 0.5
Indonesia 12.8 0.8 5.0 0.7° 6.5 1.3 0.9°
N‘ortherr:j 7.4 0.7 53 22 na na na
Vietnam
\S/.Omhe”; 46 0 52 1.9 48 10 1.0
ietham

a Relative rates of increase are calculated (as elsewhere in this book) as linear slopes relative to
the yield of the most recent release; all rates P < 0.05 or better.

b Yield index weighted for varieties grown by farmers; increase relative to yield index in 2010

¢ Indonesia’s FY showed a sharp decline in 1998 then an accelerated growth; the average
20-year growth of 0.7% p.a. is shown. There was also a clear acceleration in the yield index
around 2000, increasing very slowly from 1991 to 2000, and rapidly thereafter (1.9% p.a.); the
average rate over the 20 years was 0.9% as shown.

Variety data are not available for northern Vietnam.
Comprising the Mekong Delta, the south-east and the south coast.
na = not available

Source: First four columns taken from FAOSTAT (May 2012), except for southern Vietnam,
which is taken from the World Rice Statistics of IRRI (2012); final three columns from Brennan

and Malabayas (2011)

The variety data in Table 4.4 reveal several important points. First there is apparently
good breeding progress in each country (0.7-1.3% p.a.). Brennan and Malabayas
(2011) calculated that IRRI germplasm had a major influence on varieties released in all
countries, and hence on the progress shown in Table 4.4. This outcome is in contrast to
the aforementioned situation at IRRI where PY progress (0.7% p.a.) appears to be more
limited. The explanation could be complex, but may lie partly in subtle changes in the
field environment at IRRI; also, the trials by national breeders were not really PY trials,
but had some level of disease and pest infestation (resistance to which is a strong
feature of IRRI germplasm).
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Second, Table 4.4 shows that breeding progress at the variety level was reasonably
well reflected in progress in the variety yield index, as measured by the varieties farmers
chose to grow. Table 4.4 also shows that in trials the best varieties exceed FY by 51%
(Philippines) and 30% (Indonesia), but were 8% below FY in southern Vietnam. Due

to lack of information on variety trial management, it is probably wise to conclude

that yields from southern Vietnam do not represent PY. Even the values of trial yield

in the final year shown in Table 4.4 for the Philippines and Indonesia are probably
underestimates of PY, as is the suggested yield gap.

Mataia et al. (2011), looking at rice farmer surveys across the whole of the Philippines
between 1996 and 2006, confirmed the importance of improved varieties for FY
increase, adding that an increase in irrigation was also a significant factor.

Laborte et al. (2012)—mentioned earlier in the context of Central Luzon—also examined
FY and yield gaps in 1990s surveys of the intensive irrigated rice systems of West Java
(Indonesia), Can Tho (Mekong Delta, southern Vietnam) and Suphan Buri province (in
the RME1 region of central Thailand). Across these locations, and wet and dry seasons,
average FY was 5.0 t/ha. Yields from top decile farms averaged 6.6 t/ha—equating to

a yield advantage of 33% (relative to the sample average FY)—while the simulated PY
was 8.0 t/ha, or 62% higher than average FY. In contrast, the aforementioned yield gap
for Central Luzon (123% wet season and 109% dry season, according to Laborte et al.
2012) seems to suggest larger yield gaps for that particular Philippine region than for
other intensive South-East Asian systems.

Laborte et al. (2012) found no relationship in any situation between FY and nitrogen
fertiliser, labour input per hectare, farm size or farmer schooling, and they found

no explanation for the larger gaps in Central Luzon. It is notable that farm size is
intermediate (1.5 ha) in Central Luzon, with smaller farms in West Java (1.2 ha) and
Can Tho (0.8 ha), and larger ones in Suphan Buri (2.1 ha). Connected to this, the
greatest contrast from the surveys is not between average and high-yielding farmers,
but between countries in their respective labour productivities in rice production.
Labour productivity is three to six times higher in Suphan Buri, undoubtedly due to
mechanisation in that richer location.

Summary for rice in Central Luzon and
South-East Asia

The South-East Asian countries of intensive tropical rice cropping (RME1) have shown
impressive yield progress in the past 20 years, even as rice areas have increased.
Breeding and variety replacement have formed a major component in this progress, but
yield gaps remain moderate to large, especially in the Philippines.

Despite extensive surveys, in particular in Central Luzon near IRRI, yield constraints are
unclear and probably multiple. In comparing the best 1960s yields to the best current
yields, PY breeding progress at IRRI with inbred varieties appears to be zero. However,
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this worrying interpretation is complicated by the rise in unknown environmental
constraints, against which there has been PY breeding progress. Moreover, breeding
gains in many other aspects of the rice crop are apparent, and good breeding
increases are evident at the national level in the Philippines, Indonesia and Vietnam.

Despite much research, there appears to be no clear physiological pathway to
increased PY at IRRI, apart from increases in DM, HI and GN; it is also notable that PY
has increased even as crop growth duration has been shortened. After initial success
with the first tropical semi-dwarf variety, IR8, further attempts at ideotype breeding
(e.g. NPT) have been disappointing. However, the advent of Indica rice hybrids has
boosted PY by 10-15% at IRRI, and is likely to lift FY similarly in the whole region
provided efficient seed systems can be developed (Spielman et al. 2012).

4.3 RME2 and RME3—China

RME2 and RMES3 lie within China, the world’s largest rice producer.

Introduction

Rice area in China has been gradually decreasing, but it seems to have settled at close
to 30 Mha since 2004. Yield progress was substantial between 1960 and 1990 (160%
increase), given:

* development of semi-dwarf varieties (starting in the late 1950s)
e increased irrigation, mechanisation and inputs
e introduction of Indica hybrids (beginning in the late 1970s)

* major positive policy changes in the beginning of 1979.

However, over the past 20 years, FY progress has slowed to a rate of only 0.6% p.a.
of the estimated 2010 FY of 6.5 t/ha (Figure 4.2). Since rice is grown over such a large
area—93% under full or supplemental irrigation—there is remarkably little year-to-year
change in national yield. The pattern of deviations from linearity (seen in Figure 4.2)
probably reflects policy changes.

For example, the record yield year of 1998 was followed by declining yields until
2003, as the large stocks in 1998 prompted reductions in price support and other
subsidies—a policy that was reversed from 2003 onwards (H. Wang et al. 2009).
Considering that the observed 2011 rice yield came in at 6.7 t/ha (FAOSTAT 2013),

33 There is evidence of slight warming of the rice season across China over the past 20 years or
so, but there is no evidence that it has affected rice yields consistently (T. Zhang, pers. comm.
2011).
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yield appears to have grown steadily in the past 8 years under a relatively stable

policy regime. It should be noted that, similarly with wheat, China seeks to control rice
production so as not to exceed consumption. Rice consumption in China is now stable,
or gradually falling, as per capita consumption declines with per capita income increase
(Timmer 2010), although this notion has recently been challenged.

A recent, detailed description of rice ecologies in China is given by Tang et al. (2010).
Those authors also discuss rice-breeding progress, but their boundaries do not always
correspond to the RMEs defined here. Rice is grown from latitude 18 °N to 53 °N,
covering RME1, RME2 and RME3 moving north from the south-eastern China lowlands
(Map 4.3). RME1 dominates (>50% of all rice) although the proportion planted to rice
double-cropping has declined lately. Currently about 6 Mha of RME1 is planted to
double rice, equivalent to 12 Mha (~40%) of the total China rice area. Yield per crop of
double rice is about 20% lower than that of single rice.

B RMET

RME2

7] RMES

MONGOLIA

Beumg

(04
fm@

Map 4.3 Rice mega-environments (RMEs) in China and major rice growing
provinces. Source: Derived from maps of the International Rice Research
Institute (IRRYI). International borders are approximate.

The boundary between RME1 and RME2 is at — 31 °N (the latitude of Nanjing in the
southern portion of Jiangsu province). North of this boundary, double rice becomes
unsuitable and rice—wheat or rice—canola systems predominate. North of the Yellow
River little rice is grown except for the north-east RMES region (latitude 40 °N to 53 °N),
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which grows single rice (no winter crop). Note that an exception to the simple latitudinal
split between RME1 and RME2 is found in the south-western plateau region (Map 4.3).
This significant rice region (15% of China area, according to Tang et al. 2010) is below
32 °N but higher in altitude—i.e. more than about 1000 m above sea level (masl)—and
grows mostly single rice of largely Japonica type.

The Indica variety of rice predominates in RME1 and Japonica rice elsewhere; overall
China plants about 75% Indica rice by area (Tang et al. 2010). By 1990, planting of
Indica hybrids had increased rapidly to comprise around 15 Mha of the Chinese rice
area, and this area has remained fairly stable since then, despite efforts to develop
hybrids for cooler environments currently dominated by Japonica rice (only 7% of
Japonica rice are hybrids; Z-K. Li et al. 2012). The yield advantage of Indica hybrids is
around 10-20% over Indica inbreds, so the adoption of hybrid rice had a major impact
on yield in China before 1990, but less so since then. Following Indica hybrids, ‘super’
rice—and then ‘super’ hybrid rice—became national projects in the late 1990s (Peng
et al. 2009; Tang et al. 2010).

‘Super rice’ is based on a new morphological plant ideotype (including moderate
tillering, heavy drooping panicles, and long, erect, thick and narrow upper three
leaves)—a concept influenced by the NPT thinking from IRRI. Since the projects
began, many ‘super’ rice inbreds (mostly Japonica) and hybrids (Indica, but with some
intermediate types) have been released, and the best are achieving 12 t/ha under
high-input agronomy (Tang et al. 2010; M. Huang et al. 2011). Currently about 20% of
China’s rice area is planted to the ‘super’ inbreds and hybrids (S. Peng, pers. comm.
2012), so the influence on overall FY is still modest.

China has approved the widespread testing of genetically engineered rice—
incorporating the Bacillus thuringiensis (Bt) insect resistance gene—in farmers’ fields,
but has yet to authorise wide-scale release. In any case, the effect on yield appears
small, although labour and pesticide costs are reduced (Huang et al. 2008).

Yield progress of rice in China including Jiangsu
province

The province of Jiangsu (RME2), on the east coast between latitudes 31 °N and 34 °N,
grows 2.2 Mha of single rice following mostly wheat, with about 60% transplanted in
mid-June, with the rest direct-seeded a week or so earlier. Although the north-eastern
province of Jilin (RME3) achieves the highest FY in China, Jiangsu achieves the second
highest, with FY close to 8.0 t/ha.

Progress in FY over the past 25 years in Jiangsu has been quite erratic (Figure 4.2).
The rate of progress for FY is 0.7% p.a. of the estimated 2010 FY taken to be
8 t/ha; FY increase has clearly resumed since the sharp policy-induced decline
between 1998 and 2003.
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Figure 4.2 Change in rice farm yield (FY) plotted against year for China as a whole,
and for Jiangsu province, and potential yield (PY) plotted against year
of release at Yangzhou, Jiangsu, for 1985 to 2010. Source: FY from IRRI
(2012); PY from H. Zhang et al. (2010)

The erratic nature of FY in Jiangsu is also seen in other major single rice provinces
(e.g. Heilongjiang and Sichuan), and in the double-rice province, Jiangxi, which lies
several hundred kilometres south-west of Jiangsu. All four provinces showed peak
yields in the 1999-2004 period, followed by lows 1-2 years later, and then progress
again, but without exact correspondence in the timing of the peaks and troughs
between provinces. Again this probably reflects rice policy changes to favour other
crops. In contrast, the top rice-growing province (by area) of Hunan, with 4.1 Mha of
mostly double rice, shows steady progress at 34 kg/ha/yr, or a rate of 0.5% p.a. of the
estimated 2010 FY of 6.3 t/ha.

One recent study of PY progress in Jiangsu (H. Zhang et al. 2010) showed a strong
linear PY increase since the mid 1950s, with no sign of slowing in the past two

decades (see Figure 4.2). PY progress at 120 kg/ha/yr is 1.2% p.a. of the 2005

PY (9.6 t/ha). There are no other estimates of PY progress, but recent reports of PY

for modern ‘super’ hybrids in the lower Yangtse region—grown as single crops (June
transplant) and excluding results that provided only a range of yields—averaged

11.0 t/ha (Peng et al. 2008; Y. Zhang et al. 2009), while J. Yang et al. (2007) reported
11.5 t/ha for Japonica inbreds. Finally, H.W. Li et al. (2012) measured 9.6 t/ha with high
input farmer practice, but 12.6 t/ha with innovative agronomy, including alternate wetting
and drying and early rationing of nitrogen fertiliser. Simulation with the ORYZA2000
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model also suggests PY of about 11 t/ha for June transplanted rice in Jiangsu (J. van
Wart, pers. comm. 2011).

Taking 11 t/ha as the current PY to compare against the Jiangsu FY of 8.0 t/ha, gives a
yield gap of 38%. Simulating PY with OYZA2000 across all the major rice systems in
China, and weighting appropriately, van Wart et al. (2013b) estimated that the national
China rice yield gap is on average only 22% of FY; this seems low compared with the
estimate here for Jiangsu, and may reflect an underestimation of PY due to the vintage
of varieties used in the modelling.

Peng et al. (2009) and Tang et al. (2010) have discussed constraints to rice FY in China.
Apart from the increasing demand for high-quality rice varieties (which are often lower
yielding Japonica varieties), most constraints relate to poor irrigation infrastructure,

and inadequate and oversimplified crop management. One reflection of the latter is
overuse of pesticides and fertiliser (e.g. average rates of 300 kg N/ha in Jiangsu). This
overuse not only reduces resource use efficiency (Chapter 11), but sometimes also
reduces yield, as excess nitrogen leads to greater susceptibility to lodging and disease,
and to slow soil acidification. Other manifestations of oversimplified management are
excessive spacing in transplanting, broadcasting of seedlings and single (rather than
split) nitrogen doses.

J. Yang et al. (2007) confirm the above management deficiencies in Jiangsu, adding
the importance of seedling strength, mid-season draining and alternate wetting/drying
irrigation during grain-filling for highest yields. Curiously, modelling suggests that yield
is very sensitive to timing of planting (van Wart et al. 2013b), but this does not appear
to be a constraint to FY—probably because planting date is a critical event on the
Chinese crop calendar and rarely missed. Nevertheless, oversimplified management is
a common observation, and is related to poor knowledge, weak agricultural extension
and labour shortages.

The root cause of the yield gap—perhaps more evident in the booming Chinese
economy than elsewhere in the developing world—would seem to be the failure of
incomes on (typically tiny) rice farms to match the growing incomes from urban labour.
This is leading to out-migration from farming into the more lucrative urban economy.
One part of the solution is a move to mechanical transplanting (Zheng 2010); another
must be the consolidation of land management so that good managers can be
retained and rewarded. The alternative is a steady drift towards the inefficient subsidy-
dependent rice systems of Japan and the Republic of Korea.

Physiology of ‘super’ rice and hybrid ‘super’ rice

Peng et al. (2008) noted that the best hybrid ‘super’ rices in eastern China

out-yielded older hybrid control varieties by 10-20%, apparently due to higher DM and
maximum photosynthetic rate (P__ ) around heading, higher specific leaf weight and
higher leaf chlorophyll. In addition, the three leaves of ‘super’ rice hybrids are very erect
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(like the NPT varieties from IRRI), but are long and reach well above the panicle (unlike
modern wheat). Although panicles are larger, spikelet filling percentage in the ‘super’
hybrids may be less than desired. Y. Zhang et al. (2009) confirmed the superior yield
and DM of hybrid ‘super’ rices in Hunan, but explained this largely through increased
duration of canopy light interception rather than increased RUE. M. Huang et al.
(2011)—also experimenting in Hunan—reported 11% higher yields with ‘super’
hybrids compared to common hybrids and ‘super’ inbreds, which they attributed to
larger panicle size.

Comparing the best Japonica inbreds in Jiangsu, H. Zhang et al. (2010) noted greater
yield of more recent varieties was associated with both greater DM and HI. Leaf area
index (LAI) and root weight were also greater, leaves were more erect and P__ and root
oxidative activity were greater both at panicle initiation and heading. Needless to say,
spikelet filling percentage was lower in the latest varieties, and physiologists now target
this trait at the hormonal and molecular levels (e.g. Yang and Zhang 2010) as the key
to even higher yield. HI never exceeded 0.5 in either the Hunan or Jiangsu province
studies, but did reach 0.52 under the innovative agronomy of H.W. Li et al. (2012), who
also noted increased DM production around heading, increased P__ and greater root

exudation of cytokinins with this treatment.

Consistently very high yields (16.5-19.3 t/ha) have been reported for hybrid ‘super’

rice varieties transplanted in April and grown with optimal management in the village

of Taoyuan in the southern province of Yunnan (latitude 26 °N and 1170 masl, south-
western plateau region) (Katsura et al. 2008; Li et al. 2009). There is little doubt that the
very favourable climate at Taoyuan (lengthening days from earlier transplantation, higher
daily solar radiation and lower T ) relative to other parts of China (and Japan) provides
the principal reason for greater PY there. Thus the high Taoyuan yields arise from both
increased crop growth duration and crop growth rate, and hence greatly increased DM
production. Yields at Taoyuan have also been compared with those at IRRI, Los Banos,
in the Philippines (Ying et al. 1998). The IRRI dry season climate (January transplant) is
not so different from that for May transplantation in Yunnan, but duration of daylight is
much shorter (11.5 hours vs. 13 hours). Being a short-day plant, crop growth duration
and DM production were greater in Yunnan, and yield was 47% higher for Yunnan than
that for IRRI.

Conclusion for rice in China

Rice yield in China grew rapidly in the 1970s and 1980s, and in the past 20 years FY
has progressed steadily (at a rate of 0.6% p.a. relative to the 2010 FY of 6.5 t/ha) on a
gradually declining area. In this way the major policy goal of self-sufficiency appears to
be relatively secure, especially as per capita rice consumption is falling.

Measures of PY progress have proved difficult to obtain, but PY appears to be high, at
least partly due to targeting of the ‘super’ rice phenotype over the past 15 years. It is
clear that China is investing strongly in the latest technologies in breeding for higher
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PY, greater stress resistance and better quality (Tang et al. 2010). As a result, China
probably now leads the world in pursuit of these rice traits.

The yield gap is about 40% of FY, and could close somewhat with more skilled
agronomic management of inputs that would also allow fertiliser use efficiency to
increase markedly through better management of lower rates. However, structural
problems (especially tiny farm size) persist and—because of poor labour skills and little
incentive to mechanise—may pose a special constraint to agronomic improvement. The
recent breeding progress that raised PY for ‘super’ hybrids through increased DM (and
sometimes increased P__ ) parallels observations on progress in Japan (Section 4.5),
and reported increases in root mass and root activity are also noteworthy.

4.4 Irrigated rice in the Indo-Gangetic
Plain (IGP) region of India

Introduction

India has the largest rice area in the world (43 Mha) but yield is relatively low (3.3 t/ha).®*
Low rice yield in India is partly related to the high percentage of rainfed rice, especially
in eastern India. Irrigated rice dominates across the Indo-Gangetic Plain (IGP, see

Map 3.3) from the state of Punjab in the north, to the state of West Bengal in the east,
and in the central state of Andhra Pradesh linking to the southern state of Tamil Nadu
(Map 4.4).

According to the International Rice Research Institute (IRRI) World Rice Statistics
2004-06, India’s rice area comprises:

e 53% irrigated (RME1 and RME2)

*  32% rainfed lowland (RME5)

*  12% rainfed upland (RMEG6)

* 3% deepwater rice (RME?7).

Rice area is steady, but the irrigated proportion increased linearly from 1960 to a
peak in 2000, followed by a small decrease. Thus only some of India’s moderate FY
progress of 35 kg/ha/yr since 1990—equivalent to 1.1% p.a. relative to an average

2008-10 FY of 3.3 t/ha (Table 4.1)—is likely due to an increase in the percentage of rice
area irrigated.

34 Note, however, that yields appear even lower in Indian statistical documents, which usually
report rice yield as ‘milled rice’; this equates to only 67% of the paddy yield used throughout
this book.
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Rainfed rice (RMES5, 6, 7)
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Map 4.4 Major irrigated and rainfed rice regions of India. Source: Derived from
maps of the International Rice Research Institute (IRRI); note some areas
overlap because RME is determined by hydromorphology, which changes
over short distances.

Unfortunately yields are not readily available for the separate RMEs in India. The area-
weighted average FY for the four states with more than 90% irrigation (Andhra Pradesh,
Punjab, Tamil Nadu and Haryana) in 2007-09 was 5.0 t/ha (IRRI 2012), providing

one estimate of yield across all irrigated rice in India (i.e. RME1 + RME2). Another
estimate is from Janaiah and Xie (2010) who report 2005-07 average yields across
India as 4.9 t/ha (irrigated), 3.4 t/ha (largely irrigated) and 2.2 t/ha (rainfed), with yields
increasing at around 1% p.a. in each class. Irrigated rice (RME2) in the IGP of India—in
particular, the state of Punjab—is discussed in detail below, while India’s rainfed rice
(RME5 and RMESB) is reported in Section 4.8.

India currently grows about 2 Mha (~5% of national rice area) of hybrid rice (F. Xie,
pers. comm. 2012). Janaiah and Xie (2010) reported the area planted to hybrids is now
expanding rapidly in the irrigated eastern part of India (including the eastern IGP);
seed yields have reached 2.5 t/ha, which is very profitable for seed producers and
allows seed to be sold for affordable prices. Third-generation hybrids (non-basmati
types, but with better quality and yield than previous generations) are out-yielding
inbreds by about 30% in farmers’ fields, and delivering 20% more profit. However, in

a recent review, Spielman et al. (2012) point to various scientific, technical and policy
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challenges to be overcome if hybrid rice is to drive the yield revolution in South Asia, for
which it seems to have potential. Needless to say, until now the effect of hybrid rice on
the Indian rice yields has been minimal.

Irrigated rice in the Indian IGP and state of Punjab

The IGP is predominantly located in India, but parts spread into Pakistan (to the

west) and Nepal and Bangladesh (to the east, see Map 3.3). There are approximately
18 Mha of rice in the Indian IGPE including some rainfed rice and some winter rice
(Boro) in the east, but rice is largely farmed in a system of rice—wheat double cropping.
Thus in terms of the cropping system, RME2 equates to the wheat mega-environment
WME1. Ladha et al. (2003b) report 13.5 Mha of rice-wheat double cropping in the
Indian IGP,

Pathak et al. (2003) studied rice yields at eight irrigated rice-wheat districts across

the Indian IGP District rice FY (1985-99) averaged 3.45 t/ha; significant time trends

in FY over this period were negative (one district) and positive (two districts), with an
average trend of FY increase of only 8 kg/ha/yr (or 0.2% p.a. of the 1999 FY). During
the 1985-99 rice crop seasons, four of the eight IGP sites experienced significant solar
radiation decline (possibly due to aerosol pollution) and small, non-consistent changes
in temperature. Using the ‘CERES Rice v3.5" model with these weather data, Pathak

et al. (2003) simulated yield trends to be expected from weather change alone ranging
from —120 kg/ha/yr to +50 kg/ha/yr. The average trend was —40 kg/ha/yr, or =0.4% of
the average simulated yield of 9.4 t/ha. To correct for the deterioration in weather, it is
valid to add this 0.4% average trend to the district FY yield change above to obtain a
corrected estimate of 0.6% for FY technical progress. Climate deterioration thus goes
some way to explaining the slow observed increase in rice FY in the districts.

Long-term rice-wheat experiments across the IGP for 7-14 years to 2000—the same
period as that covered by Pathak et al. (2003), above—could help clarify the situation.
In these experiments, rice yield declined by 41 kg/ha/yr, equating to —0.9% p.a. relative
to the average experimental yield of 4.8 t/ha (Ladha et al. 2003b; Tirol-Padre and
Ladha 2006). The correction for weather change calculated by Pathak et al. (2003) can
also be added to the yield trend from the long-term experiments, but a yield decline
(-0.5% p.a.) still results. Unfortunately, it seems clear from this result (and generally
poor yield in these experiments) that there were unknown yield constraints relating to
nutrition and/or management of the experiments, as discussed by Regmi and Ladha
(2005). Another limit to these otherwise comprehensive IGP studies mentioned above is
that results are compromised by the time lapse since their completion, because more
recent FY progress at the state level looks more promising (IRRI 2012).

Punjab, in the western IGP, grows about 2.6 Mha of rice (99% irrigated) and has the
highest state average yield in India. FY for Punjab increased significantly over the past
20 years (1990-2009), giving a FY of 6 t/ha in 2009 and a rate of progress of
1.1% p.a. relative to 2009 FY (Figure 4.3).
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Other Indian IGP states dominated by irrigated rice after wheat also show FY
progress over this recent 20-year period, amounting to a more positive picture than
that presented by Pathak et al. (2003):

* Haryana—100% irrigated; current FY 4.4 t/ha; rate of FY progress 0.6% p.a.

e Uttar Pradesh—66% irrigated; current FY 3.1 t/ha; rate of FY progress 0.6% p.a.
* Bihar—42% irrigated; current FY 2.2 t/ha; rate of FY progress 1.0% p.a.

*  West Bengal—42% irrigated; current FY 4.0 t/ha; rate of FY progress 1.5% p.a.
Note that the comparatively higher yield in the warmest and most eastern state of
West Bengal, India’s largest rice producing state, probably arises from the presence

of a significant proportion of higher yielding Boro rice grown under irrigation and the
occurrence of high radiation in the dry winter season.
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Figure 4.3 Rice farm yield (FY) plotted against year, and potential yield (PY)
plotted against year of release, in the Indian state of Punjab, for 1990
to 2009. Source: FY from the IRRI (2012); PY value estimated for 2009
from multiple yield trials, as was PY change

There appear to be no vintage trials or mixed-model regression analyses measuring
PY progress in Punjab. Although a great diversity of varieties is released by the
Indian Directorate of Rice Research (DRR) and others, the published PY values
on release from DDR are quite variable (even for irrigated crops), and are more
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influenced by grain quality considerations than year of release. One possibility

is to look across the yields of the best non-basmati varieties released each year
for the irrigated environment in the region. Data from the DRR (M. Gautam, pers.
comm. 2012) show that, over the past 30 years, these yields have increased at
about 0.6% p.a. of the PY in 2009. Allowing for the likely influence of changes in
environment (e.g. changed agronomic practices, and/or increased CO,) over the
same period, it is estimated that PY progress has been around 0.3% p.a., while
noting the need for some direct measurements.

Punjab and Haryana grow a significant proportion of lower yielding, high-quality
basmati rice varieties. Thus the current PY of rice in Punjab is hard to determine.
It is possible that PY may be as high as the simulated results of Pathak et al. (2003),
which are given as 10.7 t/ha for Punjab (in the district of Ludhiana), 9.3 t/ha for Uttar
Pradesh and 7.7 t/ha for West Bengal. In fact, these estimates of PY, obtained by
suspending all water and nitrogen stress in the model, have been confirmed by a
later version of the CERES Rice v4.1 model (Pathak et al. 2009), which performs
well over many environments for transplanted rice (Timsina and Humphreys 2006).

The latitude and rice climate in Punjab appear to be quite similar to those of, for
example, Jiangsu province in China, where the measured PY of rice is around

11 t/ha (see Section 4.3). In fact, simulation suggests that because the district of
Ludhiana (in Punjab) experiences higher solar radiation, PY for Ludhiana should be
higher than Jiangsu (Timsina et al. 2011).

On the other hand, across seven published reports in the past 5 years, the average
of the highest current measured experimental yields in Punjab was only 7.1 t/ha for
the best non-basmati variety, transplanted in June, and managed with high nitrogen
or site-specific nutrients. All these yields came from the Ludhiana district for which
average yield is currently 1 t/ha above the Punjab average. It is curious that data
from the DRR variety releases suggest that the PY of the best non-basmati varieties
released around 2010 was much higher, at about 11 t/ha.

One possible explanation for the cited low measured yields in field experiments in
Punjab referred to above may be that even the best nutrient management is not
overcoming limitations posed by degraded soils. For example, Punjab soil organic
carbon levels are usually less than 1% (w/w), and often less than 0.5%, in contrast
to Jiangsu in China where levels are commonly greater than 1%.

The conclusion is that rice PY in Punjab is on a par with the simulated PY of
about 10.5 t/ha. This PY value is shown a single point in Figure 4.3; PY change
over the previous 20 years is shown at the estimated 0.3% p.a. in the absence

of vintage trial data. The PY value points to a yield gap of 75% of current FY

in Punjab, but the persistence of lower yielding tall basmati varieties in farmer
plantings may be a factor in this.
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Yield gaps and constraints for irrigated rice across
the Indian IGP

The simulation studies of Pathak et al. (2003, 2009), coupled with current decreases in
FY moving southwards and eastwards from Punjab along the IGP, leave little doubt that
the yield gap is even greater in the Indian IGP east of Punjab. Yield gap likely exceeds

100% in Haryana, and may be greater than 150% further east.

IRRI (2008) estimated that FY of irrigated rice in South Asia was constrained by
identifiable limiting factors amounting to 37% of FY; including nutrients (10%), diseases
(7%), weeds (7%), water shortage (5%) and rats (4%). This expert opinion differs from
the above gap estimates in magnitude, but may be useful for ordering constraints.

Recently, more has been published on agronomic constraints and opportunities
in the rice—wheat system of the IGP (Ladha et al. 2009; Chauhan et al. 2012). New
agronomic technologies for rice include:

e laser levelling of fields
e raised-bed cropping in some soils

» direct seeding and mechanical transplanting of rice in puddled fields (or preferably,
non-cultivated fields)

* new weed control strategies (especially for non-puddled plantings)
e site-specific nutrient management for nitrogen fertilisation
e better attention to nutrient balance

* alternate wetting and drying irrigation.

These innovations are likely to reduce cost and conserve resources, as much as they
enhance yield; labour saving at planting is a particularly strong driver of innovation.
Moreover if a concerted effort is made to bring these innovations—along with modern
varieties—to farmers, FY could undoubtedly be lifted, especially in the central and
eastern IGP.

IRRI (2008) estimated that investment in research, development and extension

targeting the above FY constraints would increase irrigated rice FY in South Asia over
the next 15 years by 0.7% p.a. (relative to current FY), essentially through yield gap
closing. IRRI'is now engaged with other agents in the Cereal Systems Initiative for
South Asia (CSISA) project to do exactly this at several ‘hubs’ in the IGP. CSISA reported
a 14 t/ha farmer field FY from a modern hybrid rice variety in Uttar Pradesh in 2011

(R.K. Malik, pers. comm. 2012). If this yield can be repeated, the results will be an
exciting endorsement for the role of improved agronomy and hybrid rice.

It appears that researchers have given less attention to longer term issues in cropping
systems. For example, the rice—wheat system lacks diversity. In the central and eastern
IGR, where the comparative advantage of rice in the summer is overwhelming, there

are few viable broadleaf winter crops as alternatives to wheat. Similarly in the west,
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where rice is a heavy user of scarce irrigation water, and groundwater levels are falling
(Humphreys et al. 2010), alternative summer crops like maize or soybeans are not
grown. Also, where good farm agronomy is already practised in the west, low levels of
soil organic carbon can be better overcome with crop rotation, increased (and better
balanced) crop nutrition and crop residue return combined with reduced and zero-till
systems. This, and research on the neglected area of soil pathology, should deliver new
agronomic technologies that will essentially raise measured PY directly and through
positive interactions with ongoing genetic improvement.

Conclusion for irrigated rice in the Indian IGP

Rice FY appears to be progressing at about 1% p.a. relative to current FY across Indian
rice systems, with some evidence that reductions in solar radiation may be a brake on
this progress in the IGP. PY levels and progress measurements are not clear for rice in
RMEZ2 of the Indian IGR but breeding progress appears to be slow. However, PY values
may not be so critical, since simulation of PY for non-basmati varieties suggests that the
yield gap is large to very large, increasing from about 75% of FY in Punjab to more than
150% in the central and eastern parts of the Indian IGP

Crop nutrition, diseases, weeds and water supply appear to be the major constraints
causing the large yield gap. Agronomic solutions are mostly available, but low cropping
diversity in the dominant rice-wheat system may be an added constraint in the long
term. Also there is evidence that soil organic carbon in much of the north-western

parts of the Indian IGP is now so low as to limit response to inputs and require special
ameliorative interventions.

The arrival during the 2000s of adapted hybrids with reasonable grain quality should
provide a clear boost for PY and FY. Currently representing only about 5% of total Indian
rice area, adapted hybrids may offer a revolution if efficient seed-production systems
can be developed.

4.5 RME3—Japan, the first modern
rice nation

Introduction

Japan has a long and rich history of research in rice breeding, agronomy, physiology
and genetics. It is representative of higher latitude RMES, with a single rice crop grown
under the summer monsoon after winter fallow. Irrigated rice is grown in lowlands
throughout the islands of Kyushu, Shikoku and Honshu, with a little grown in Hokkaido
(Map 4.5). Cultivars of Japonica predominate the national rice crop, but Indica cultivars
have become more common during the past 20 years.

RICE 161



162

44°N

Hokkaido

Map 4.5 Rice growing regions throughout Japan, representative of rice mega-
environment RMES (irrigated rice in a humid temperate climate)

Since 1980, rice area in Japan has been observed to decline by around 1.7% annually
to reach 1.6 Mha in 2010. The decline reflects less-favourable policies for rice (although
rice remains highly protected), as Japan holds production close to the gradually
declining level of national rice consumption.

Japan experienced its green revolution in rice in the 1950s to 1970s (Horie et al.
2005a), resulting in rapid yield increase from new varieties, fertiliser and improved

crop management through mechanisation and other modern techniques. National FY
increased by about 50% in the 30 years to 1980, reaching close to 6 t/ha.®® In the 1950s
and 1960s, before farmer contests were discontinued, winning yields averaged about
11 t/ha and peaked at more than 13 t/ha (Yoshida 1981; Horie et al. 2005a). These
winning yields were more than double the national yield at the time, and highlight what
can be achieved with skillful management and (presumably) unusually favourable
weather conditions.

35 Note that rice yields in Japan are often recorded as brown rice yields (after hull removal),
which when multiplied by 1.25 gives equivalent paddy or rough rice yields (as used throughout
this book).
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Current farm yield and potential yield progress for
rice in Japan

FY in Japan is difficult to quantify because of some poor years (especially in cool 1993),
but since 1980 (excluding 1993) FY has progressed at only 0.4% of the estimated 2010
FY of 6.6 t/ha (Figure 4.4). The rate of FY progress has slowed even more since 1991,
such that to 2010 (excluding 1993) it has improved by only 15 kg/ha/yr (or 0.2% of the
estimated current FY), but is nevertheless statistically significant (0.05 < P < 0.10).
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Figure 4.4 Progress in rice farm yield (FY), plotted against year, and potential yield
(PY), plotted against year of release, in Japan from 1980 to 2010. Source:
FY from FAOSTAT (2013); PY various sources. FY regression 1991-2010
excludes 1993 (anomaly of very cool year). PY line begins with rice cultivar,
Nipponbare (released in 1963; PY = 7.7 t/ha), which cannot be shown, but
the slope refers to change between 1990 and 2008 varieties.

Rice yield in Japan is limited by one major factor: the overriding attention to production
of better food-quality rice, which requires reduced nitrogen fertilisation levels and
constrains breeding progress for yield (Okuno 2005; T. Horie, pers. comm. 2009). It is
therefore not surprising that the high-quality Koshihikari is still the most popular cultivar
grown in Japan today, despite its being released in 1956.

However, in order to use excess paddy lands no longer needed for food rice, Japan
commenced a program in 1981 to produce ‘super-high yielding varieties’ for purposes
other than direct human consumption (Mae 2011). Thus an increase in rice potential
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yield (PY) in Japan occurred in 1990, with release of the Indica-derived cultivar Takanari.
This cultivar has been widely assessed in central and western regions of Honshu,
giving an average yield of 10.4 t/ha, which is 36% more than the landmark 1963 cultivar
Nipponbare (San-oh et al. 2004; Takai et al. 2006; Katsura et al. 2007; Taylaran et al.
2009; H. Yoshida, pers. comm. 2009). Thus PY advance between 1963 and 1990

was 100 kg/ha/yr, an advance also measured with crop protection clearly specified
(e.g. Takai et al. 2006; Katsura et al. 2007). Although Takanari is a conventional cultivar
(inbred), at Kyoto it yielded as well as one of the best current Chinese ‘super’ hybrids
(Katsura et al. 2007).

Needless to say, Takanari is not a food-quality rice, and more recently breeders

have produced other very high yielding feed-type and forage-type cultivars, such as
Bekoaoba in 2005 (Nagata et al. 2007) and Momiroman in 2008 (Yoshinaga et al. 2009).
Momiroman with a PY of 11.8 t/ha (14% above Takanari; H. Yoshida, pers. comm. 2009)
is included in Figure 4.4, indicating an increase of PY of 77 kg/ha/yr since 1990.
Thus the current rate of PY progress is estimated to be 0.7% p.a. of the yield

of Momiroman.

Higher yielding cultivars with moderate eating quality have also been released—for
example, the Japonica cultivar Akita 63 was released in the late 1980s. This cultivar
has recorded an average yield of 11 t/ha over 3 years in the somewhat favoured

Akita Prefecture in the north-west of Honshu (Mae et al. 2006). Another new cultivar,
Hokuriku 193, yielded an average of about 13 t/ha in 2008 and 2009 (Mae 2011). The
highest PY value shown in Figure 4.4, reached during past decade, is supported in the
summary by Mae (2011) of the recent high yields achieved by these new varieties.

Japan’s rice yield gap

If it is assumed that the 2008 PY is 11.8 t/ha (Figure 4.4), then the PY to FY yield gap
is 80%. This gap reflects the apparent stagnation of Japanese yields as the
consequence of the overriding emphasis on producing excellent food-quality rice for
the limited home market.

All new high-yielding varieties will better respond to higher nitrogen levels than older
ones. Newer varieties have also shown high nitrogen use efficiency (e.g. Katsura et al.
2007), and new agronomic techniques can substantially lift nitrogen recovery from
fertiliser (Horie et al. 2005a). However, varieties for food rice continue to receive only
moderate levels of nitrogen, and thus the low national FY is maintained.

It is not known whether higher PY values could be obtained if the aforementioned
contest-winning management were applied to the latest non-food varieties, but there
is some evidence to support this (e.g. San-oh et al. 2004). Contests have been
discontinued, and contest-winning management practices—especially deep plowing,
heavy organic matter dressings, transplanting of small seedlings and field draining

at strategic stages—are neither commercially attractive nor (unfortunately it seems)
investigated by agronomists these days.
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Physiology of potential yield progress for rice in
Japan

Several recent high-yielding varieties have Indica rice in their background—uvery erect
leaves, large hidden panicles and sturdy stems. Others (e.g. forage types) are later
flowering, and this trait allows more time for radiation capture and growth. There are
also Japonica types with other morphologies. The best varieties have HI values around
0.53 (based on paddy rice yield) (Mae 2011).

The high PY cultivar Takanari has been studied in detail by various authors. In Kyoto,

a comparison with the landmark 1963 release, Nipponbare, demonstrated higher
numbers of filled spikelets per square metre, and higher crop growth rate during the
late reproductive period (just before heading) for Takanari (Takai et al. 2006). Compared
with Nipponbare, the Takanari results were associated with higher RUE (2.11 g/MJ) and
higher non-structural carbohydrate content at heading.

Katsura et al. (2007) confirmed the above comparison, also in Kyoto. These authors
recorded a high RUE for Takanari in the pre-heading stage (1.96 g/MJ) and a tendency
to take up more soil nitrogen—although specific leaf nitrogen (SLN) was not found to
be superior. The same authors explained increased crop growth rate as due to greater
daytime canopy photosynthesis, rather than any genetic difference in respiratory
parameters among the tested cultivars (Katsura et al. 2009). Meanwhile, Ohsumi

et al. (2007) compared Takanari with other high-yielding cultivars, and demonstrated
its higher maximum photosynthetic rate (P ) was associated with greater stomatal
conductance, also confirmed by Hirasawa et al. (2010) who—in contrast to Ohsumi

et al. (2007)—also recorded higher SLN. Finally, Taylaran et al. (2011) proposed that
high stomatal conductance was at least partly due to a greater hydraulic conductance
arising from larger root surface, leading to better maintenance of leaf water potential
under periods of higher vapour pressure deficit.

When another higher yielding Indica cultivar, Habataki, was compared with a lower
yielding Japonica cultivar, Sasanishiki, Adachi et al. (2011) reported very similar traits
associated with higher PY (i.e. P__, SLN, stomatal and hydraulic conductance).
Saitoh and Trinh (2010) compared the high-yielding cultivar, Momiroman, to the 1963
Nipponbare. They found a 42% yield increase in Momiroman to be associated with
higher nitrogen uptake and greater P__ . Mae (2011) showed that the superior yield of
the Japonica cultivar Akita 63 was related to both greater nitrogen uptake and greater
reproductive sink formation (spikelets) per unit nitrogen uptake.

When the above results are considered together, a fairly consistent pattern of
physiological associations with higher PY emerges for rice in Japan. This pattern shows
higher yield due to a larger reproductive sink (filled spikelets) was accompanied by
greater nitrogen uptake, crop growth rate, RUE, P__ and stomatal conductance in

the critical period leading up to flowering. All of these traits may contribute one way or
another to greater spikelet number.
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Conclusion for rice in Japan

Japan led the world in rice research for many years, and continues to invest heavily
in rice improvement through traditional and molecular routes. However, FY progress
in Japan appears almost stagnant. This is not because any biological limit has

been reached, rather because FY is constrained by the need to produce excellent
eating-quality rice and—as in China—policy to avoid surplus production of high-cost,
uncompetitive product.

Because rice physiology research is strong in Japan, we might expect Japan to lead in
genetic engineering technologies for extra yield or yield efficiency. Unfortunately, early
and otherwise promising reports (e.g. C, leaf traits and suppressed panicle cytokinin
oxidase) seem to have languished. In the meantime conventional breeding of rice for
forage, feed and fuel suggests that PY is as high as in similar environments in eastern
China and continues to progress slowly.

The physiological basis of these improvements in rice PY in Japan parallels what has
been seen in recent wheat improvement in the United Kingdom (Section 3.8):

* higher crop growth rates before flowering

e greater maximum photosynthetic rate (P

m ax)

e greater stomatal conductance

* more stored carbohydrates at flowering.

Unique components of improved PY appear to be greater nitrogen uptake, greater
reproductive sink formation per unit nitrogen uptake and greater hydraulic conductance.

4.6 RME4—Egypt

RME4—the most favourable environment for irrigated rice—is found in places with
comparatively hot, dry summers at intermediate latitudes. Egypt well represents RME4
and is the highest yielding rice nation, growing rice in its Delta Region (see Map 3.4).
Despite the small rice farm size that averages only 0.6 ha (Dawe et al. 2010), Egypt’s
farmers have made good progress in rice FY over the 20 years, at a rate of
2.1% p.a. of the 2006 FY of about 10 t/ha (Figure 4.5). As progress in FY has
occurred, rice area has expanded annually at a rate of 1.5% to reach almost 0.7 Mha
in 2006. However, since 2006, FY has slipped somewhat due to policy change so the
trendline in Figure 4.5 has been stopped at 2006.

The 2006 FY of 10 t/ha in Egypt was higher than that of California, USA (9.0 t/ha) and
Australia (9.6 t/ha) at the time, both of which experience relatively similar climates. It
is noteworthy that there has been no significant progress in FY in either California or
Australia in the past 20 years, as breeders have focused on improving quality, and
overcoming cold-induced sterility in Australia.
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Figure 4.5 Rice farm yield (FY) and on-farm demonstration yield changes in
Egypt, plotted against year—1980 to 2010 (FY) and 1987 to 2007
(demonstrations). Source: FY from FAOSTAT (2012); demonstration
yields from Badawi (1998) and Draz (2008)

As data on PY and progress (as defined here) are not available, Figure 4.5 shows
the progress in average yield of on-farm demonstrations, as conducted using best
technology. Progress here has occurred at a rate of 0.6% of the 2007 demonstration
yield of about 12 t/ha.

The yield gap of about 20% between 2006 FY and demonstration yield was quite
small. It is possible that demonstration yields underestimate PY—and hence the true
yield gap—because on-farm demonstration plots are usually not as well managed

as breeder trials. Even so, yields from breeders’ best inbred lines in 2010 did not
exceed 11 t/ha, and hybrid rice with greater PY continues to face quality and seed cost
problems (A. Draz, pers. comm. 2011).

The apparently rapid closure of yield gap over the past 20 years is particularly
interesting. It has been suggested (Cassing et al. 2007) that the Egyptian situation
reflects:

e aphysically concentrated rice industry
* strong research and extension effort

* policy reform (from the late 1980s) that removed price disincentives for most crops
(including rice).
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Peak FY (and area) were reached around 2006 (Figure 4.5). Both have since declined
somewhat, as water scarcity now dictates policy measures to reduce rice area and
prices. The 2010 FY and the yield gap are now closer to 9.5 t/ha and 25% of FY,
respectively.

4.7 RME3 and RME6—Brazil

Introduction
Brazil is a tale of two mega-environments.

Rice area peaked in Brazil at over 6 Mha in the late 1970s, but the crop was low yielding
and predominantly rainfed upland rice (RMES6). By 1990 the area had fallen to 4 Mha, of
which 25% was irrigated. Currently about 3 Mha of rice is grown, but irrigated area has
increased to around 50%, largely in the temperate southern state of Rio Grande do Sul
(RMES) (Map 4.6).

Equator

BRAZIL

BOLIVIA

Rio.Grande Rainfed upland rice (RME6)

do Sul/

URUGUAY

Irrigated rice (RME3)

Map 4.6 Major rice regions of Brazil
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Curiously, the temperate irrigated regions grow Indica rice, while the tropical upland
system grows Japonica. Brazilian production is 12 Mt, while the estimated FY is just
over 4 t/ha, having progressed over the past 20 years at 117 kg/ha/yr (P < 0.01)—a
rate of progress of almost 3% p.a. of the current FY. The yield increase is partly a
consequence of the rise in proportion of irrigated rice, but there have also been
substantial productivity rises in each of the two major rice systems, which are thus
shown separately in Figure 4.6.

RME3—irrigated rice in Rio Grande do Sul

Rio Grande do Sul grows 1.1 Mha of irrigated rice (RME3) between 29 °S and 34 °S
under medium-to-large scale mechanisation, on medium-size farms (~50-100 ha
rice per farmer). The rice system supplements moderately high summer rainfall with
irrigation largely sourced from on-farm surface storage.
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FY for irrigated rice in the state of Rio Grande do Sul, Brazil (RME3), and rainfed rice in all of Brazil
(RMES)

PY for irrigated rice in the state of Rio Grande do Sul (RME3) and estimated change (dashed line),
and PY,, in rainfed areas of Brazil (RME6)

Figure 4.6 Farm yield (FY) for irrigated and rainfed rice in Brazil plotted against
(planting) year, and potential yield (PY) or water-limited potential yield
(PY,) plotted against year of variety release from 1990 to 2011. Source:
F. Breseghello (pers. comm. 2011) for FY from the Brazilian Institute of

Geography and Statistics—Instituto Brasileiro de Geografia e Estadistica;
Breseghello et al. (2011) for PY
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FY progress in Rio Grande do Sul over the past 20 years has been impressive
(Figure 4.6). Using the estimated 2010 FY of 7.0 t/ha, the rate of FY progress
amounts to 2.0% p.a. over the past 20 years—although, from Figure 4.6, it would
appear that progress accelerated somewhat after about 2002.

Progress in PY has been hard to ascertain, but Moura Neto et al. (2009) presented

data suggesting that during 1979-2008, genetic improvement alone raised yield at
a rate of about 0.7% p.a. (calculated relative to yield of 2008 cultivars).® After
about 1990, the breeding effort had to focus on overcoming problems associated with
the important weed, red rice, while always striving to maintain rice quality. Initially red
rice was managed through later planting—a practice that required earlier-maturing rice
varieties. At a later stage, natural resistance to the herbicide imidazole was incorporated
to increase options for managing this weed, and finally imidazole resistance was built
into later varieties with higher PY (S. Lopes, pers. comm. 2012).

Field demonstrations of the Instituto Rio Grandense do Arroz—Rio Grande Rice Institute
(IRGA)—suggest that the latest variety releases appear to have a PY of close to 11 t/ha
and PY in 2010 is estimated at 10.5 t/ha (Figure 4.6). The estimated breeding
progress of Moura Neto et al. (2009) is added to the PY data point as the dashed line
in Figure 4.6. Recently appearing hybrids may have slightly higher PY, but these hybrids
still have problems associated with quality and seed cost. For example, it was recently
reported that the new hybrid BRSCIRAD 302, released by the Brazilian Agricultural
Research Corporation, Embrapa, produced 13 t/ha of good-quality rice (Coutinho and
Chaves 2011). However, seed costs remain very high and hybrid rice currently occupies
less than 2% of the rice area in Brazil. Using a PY of 10.5 t/ha establishes a RME3
yield gap of 3.5 t/ha or 50% of 2010 FY, a moderate gap likely to close further given
the effective on-farm extension now in place.

The recent progress in FY in irrigated rice undoubtedly reflects the intensive 2003-06
extension campaign initiated by IRGA of the state of Rio Grande do Sul, aided by the
Latin American Fund for Irrigated Rice (FLAR) (Pulver and Camora 2010). By 2006,
almost half of the state’s farmers had been reached by research-linked public extension
agents and farmer leaders, all supported by widespread on-farm demonstrations. The
agronomic recommendations included:

e earlier planting

* |ower seed density (mechanically sown, often with zero-till)
e seed treatment for pests

» application of urea to dry soil before seeding

* weed control by herbicides, and integrated weed management for control of the
difficult weed, red rice

e early initiation of permanent flooding.

36 Moura Neto et al. (2009) show average trial yields between 1983 and 2011 increasing at about
1.4% p.a. relative to the 2011 average yield, but this is not presented as PY progress for lack
of information on changes in trial management. However, the figure could include agronomic
innovations developed over the period.
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Yield benefits from these practices have been large and approximately additive, and
are widely adopted today, although red rice remains a problem. For example, median
seeding date has moved from mid November to late October, and could move even
earlier. At the same time, better farmers are adding refinements, such as balanced
nutrition (including phosphorus and potassium) and in-crop fungicide. The top 7% of
farmers achieved 8.5 t/ha in 2008-09, and further FY progress can be anticipated in
this system of medium-sized rice farms. Although this level of progress is unique in the
developing world, it is matched by developments in irrigated rice in northern Uruguay
and north-eastern Argentina, just across the border from Rio Grande do Sul.

RMEé6—rainfed upland rice in the Cerrado region

The decrease in rainfed upland rice area, which began in the late 1970s, has now
ceased and appears to have stabilised at about 1.5 Mha. The Brazilian RMEG crop
now contrasts starkly with Asia, where RMEBG rice is grown by impoverished farmers of
smallholdings in cultivated, highly erodible hill slopes for very poor yields (<1 t/ha). In
Brazil, however, rainfed rice is grown predominantly on large mechanised farms, in the
gently undulating new croplands of the vast tropical savanna eco-region known as the
Cerrado (see Map 5.5b, Box 5.5).

Tolerant to soil acidity, rice was a useful pioneer cash crop, but now it is seen as a
viable crop for diversification of the dominant soybean-maize double-crop rotation of
the Cerrado. It benefits from the heavy doses of phosphorus required on the dominant
soils (Oxisols), and is usually direct-seeded without cultivation. Under these conditions,
RMES6 FY has been progressing notably over the past 20 years (Figure 4.6) at a
rate that is 2.2% of the 2010 FY of 2.0 t/ha.

Embrapa (and others) conduct the national upland rice-breeding program, which each
year involves a standard yield trial at over 20 locations across the whole region of
upland rice. Breseghello et al. (2011) performed a mixed-model analysis on the 1984-
2009 results to calculate the effect of ‘year of first entry’ into the trials for each variety.
Trials were not protected with fungicide (e.g. for blast control), but evidence suggests
that disease resistance breakdown did not have a large confounding effect

(F. Breseghello, pers. comm. 2011).

Yields of entries over the past 20 years are shown in Figure 4.6 as water-limited PY (PY )
values. The PY  progress resulting from this breeding program is calculated to
be 0.7% of the current PY_ of 3.6 t/ha, with no evidence of a yield plateau. The result
confirms that of Souza et al. (2007) who studied upland rice varieties (1951-2001) in a
vintage experiment.

Breseghello et al. (2011) found little change in days to flowering in the varieties
produced over the past 20 years—apart from elimination of late lines since the mid
1990s—but noted that plant height has been steadily reduced to now approach 95 cm.
Since dry spells during the growing season are a major constraint on PY , breeders
believe that breeding progress in yield is related to better root systems, and thus this
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trait is actively selected. As with most rice improvement, grain quality is another critical
selection goal.

Figure 4.6 also indicates that FY progress in RMEG has exceeded PY progress.

The yield gap is still large at 1.6 t/ha—or 80% of the 2010 FY—but has closed
significantly from almost 250% in 1990. As rice moves to become an important crop in
the Cerrado, it is likely that large, well-resourced farmers of this region will continue to
overcome farm-level yield constraints.

Conclusion for rice in Brazil

The rapid increase in irrigated rice yields in Rio Grande do Sul is a unique example
of an effective, targeted extension strategy for improving irrigated rice agronomy—a
strategy involving agents from both public (IRGA, FLAR) and private (farmer group)
sectors—combined with strong breeding efforts. FLAR and IRGA provided the
catalyst and improved varieties, but it was the farmers—uwith their moderate property
sizes, good resources and strong organisations that include levies for research and
development—who quickly adopted and applied new practices and technologies.

The experience in Brazil has also shown that upland rainfed rice yields can be
raised—in this case, through strong breeding programs. However, FY progress is
still confounded somewhat by the large decrease in area of rainfed rice. Even so,
for the RMESG rice agroecology, FY in Brazil is about twice the yield achieved in Asia
(Section 4.8 on rainfed rice). Along with the RME3 progress, this means that Brazil
could soon become an important net rice exporter.

4.8 RME5 and RMEb6—rainfed rice in
India, North-East Thailand and
elsewhere in Asia

According to IRRI (2012), the largest areas of rainfed rice (lowland RMES and upland
RMES6) are found in India (~19 Mha) and North-East Thailand (7.5 Mha), with the next
most significant areas in Indonesia and Vietnam (3 Mha each). Rainfed lowland rice
(RMEDS) predominates in the rainfed areas of Thailand, Indonesia and Vietnam. RMES
rice also predominates in India (14 Mha), but a significant area (5 Mha) of rainfed
upland rice (RMEBG) is also grown there.

Both RMEs face similar problems, largely due to uncertain rainfall. An important
difference is that rainfed lowland fields (RME5) are subject to intermittent flooding,
which few crops other than rice can tolerate. In contrast, many crops can compete with
rice in the well-drained rainfed uplands (RMES).
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RMES5 and RMEb6—rainfed rice in India

Officially reported rice yields in India are not separated by irrigation status.

Siddig (2000) estimated that, for the late 1990s, Indian rainfed lowland rice FY

was 2.2 t/ha and rainfed upland rice FY was 1.0 t/ha. Using statistics from Indian
states with little irrigated rice (IRRI 2012), the 2010 FY for Indian rainfed rice can

be estimated as 2.1 t/ha across both RME5 and RME6. This agrees with the work
of Janaiah and Xie (2010), who reported a current rainfed FY of 2.2 t/ha in 2005-07.
Their data suggest that Indian rainfed yield increased at a rate of 0.9% p.a.
between 1990 and 2007.

Rainfed rice is concentrated in eastern India (see Map 4.4), although only one
Indian state, Jharkhand, grows only rainfed rice (essentially two-thirds RME5, and
one-third RMEB). Jharkhand average FY is 2.4 t/ha, but records are limited because
the state was only formed in 2000. Madhya Pradesh is the next most dominant
state for rainfed rice, but to provide a longer record for the purposes of this book,
reference to this area includes the state of Chhattisgarh, which split from Madhya
Pradesh in 2000. The post-2000 Madhya Pradesh now grows 5.4 Mha rice, with a
reasonably steady proportion of 25% irrigation. FY for the original Madhya Pradesh
(including Chhattisgarh) has been quite variable over time, but the past 30 years of
data (1978-2007) reveal very highly significant linear progress of 22 kg/ha/yr
(P < 0.01). This equates to a rate of progress of 1.2% p.a. of the 2007 FY of
1.8 t/ha.

Estimates of PY are available for Madhya Pradesh from two studies. First, an
experimental PY, of 3.7 t/ha compares with a simulated value of 5.3 t/ha using

the ‘InfoCrop’ rice model, 10-20 years of weather data and a transplanting date
determined by onset of the monsoon (Aggarwal et al. 2008). A second PY
estimate of 4.0 t/ha and a yield gap of 150% of FY were reported by Siddig (2000).
For the purposes of this book, it is assumed that the PY  is now 4.5 t/ha, and
hence, with a current FY of 1.8 t/ha, the yield gap remains at about 150% of
current FY.

It has not been possible to locate data on recent PY, progress, despite some
recognisable progress attributed to improved varieties for rainfed rice that have
been available since the 1990s (Siddig 2000). More recent breeding progress,
associated with direct selection for yield under multiple managed-drought sites,
continues to increase PY_ (Verulkar et al. 2010; D. Zhao et al. 2010). This may
soon be aided by the surprising discovery of a few strong molecular markers

for drought tolerance (Bernier et al. 2007), some of which appear to be related

to rooting depth (Venuprasad et al. 2011). One marker has been identified for
tolerance to submergence (Septiningsih et al. 2009), a common hazard for young
plants in rainfed lowland rice. These recent advances in understanding of drought
and submergence tolerance in rice amount to a significant breakthrough that is
beginning to have an impact on rainfed FY, as reviewed by Serraj et al. (2011).
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In addition to slow adoption of improved varieties in rainfed areas, further constraints
to rainfed rice FY in South Asia were estimated by IRRI (2008) and are given as a
percentage of FY—23% from poor nutrition, 15% from disease and 12% from weeds.
Aggarwal et al. (2008), and earlier Siddig (2000), also emphasised poor crop nutrition
(primarily low nitrogen, but also phosphorus, sulfur, zinc and boron) and soil acidity as
key constraints to rainfed rice yield in India, along with late transplanting in years when
the monsoon was late.

IRRI (2008) further suggested that with substantial expenditure in research,
development and extension, the yield gap with rainfed rice could be closed at a rate
equivalent to 1% p.a. of FY over the next 15 years.

RMES5—rainfed rice in Thailand

North-East Thailand, with 5.3 Mha of rainfed lowland rice, represents a very large
area of contiguous RMES (Map 4.2). This very difficult rice environment is typified
by:

e hot climate

e erratic annual average rainfall (1,000-1,500 mm), especially at the onset and
end of the monsoon

e sandy, infertile and sometimes saline soils

* highly variable field topography (a major factor governing performance).

According to IRRI (2012), the latest FY data from North-East Thailand (main crop only,
excluding the small areas of irrigated rice in the dry season) show that over the past
20 years (to 2006), FY has increased at the highly significant rate of 34 kg/ha/yr
(P < 0.01), or 1.6% of the 2006 FY of 2.1 t/ha.

The yield gap has historically been considered very large. Kupkanchanakul (2000)
estimated that PY, in the late 1990s was about 5 t/ha for rainfed lowland rice, indicating
ayield gap greater than 150%. Sound new PY,_numbers are currently unavailable, but
as PY, is unlikely to have changed much, a yield gap of 140% can be derived from the
Kupkanchanakul (2000) PY figure against the 2006 FY of 2.1 t/ha.

Plantings continue to be dominated by several old, high-quality and strongly
favoured commercial cultivars, such as the 1959 release, KDML 105. Although newer
lodging-resistant, nitrogen-responsive and disease-resistant varieties can surpass
these older cultivars in terms of PY —and notwithstanding substantial breeding effort
over the past 15 years—newer varieties still generally lack the eating quality of the
older ones (B. Jongdee, pers. comm. 2011). In addition, for the small Thai farm
(—2.5 ha median size), agronomic constraints (especially crop establishment and
weed control) are amplified by the gradual shift to direct seeding as labour supply

in the region becomes scarcer.
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Other significant studies of rainfed rice in Asia

Boling et al. (2010) looked at yield gaps on the sloping landscape of Java,
Indonesia, where a two crop per year, rainfed lowland rice system (RMES)

operates. Compared with Thailand, this is a quite favourable rainfed environment,
with average annual rainfall greater than 1500 mm. Over 2 years, across four villages
and on four toposequence positions, Boling et al. (2010) measured average FY to
be 3.4 t/ha. Using the ORYZA2000 crop simulation model, these authors determined
a simulated PY, of 5.2 t/ha, suggesting a yield gap of only 50%—although the gap
was somewhat greater in the upper toposequences than the

lower ones.

Saito et al. (2007) reported in detail on the rainfed upland hills of Lao PDR (RME6)
where rice is grown by subsistence farmers in a slash-and-burn farming system.
Farmer practice produced an average FY of 1.8 t/ha, while improved ‘aerobic’
varieties with nitrogen plus phosphorus fertiliser raised this to 3—-4 t/ha, pointing to a
yield gap of greater than or equal to 100%. Affholder et al. (2013) surveyed upland
rainfed rice fields in the hills of northern Vietnam (annual rainfall >2000 mm) where
a similar slash-and-burn, subsistence farming system operates. Here FY averaged
only 0.7 t/ha (range 0-2 t/ha), and modelled PY, using traditional upland varieties,
was only 2.2 t/ha. Improved varieties should have lifted modelled PY by at least
50%, judging by the results of Saito et al. (2007); thus the true yield gap was
probably more than 300%, with major scope for yield gap closing. Switching out of
upland rice to commercial maize greatly improved the economic prospects in the
Vietnam study area.

Conclusion for RME5 and RMESé in Asia

Rainfed rice areas of Asia, dominated by the rainfed lowland ecology (RME5), were
considered to have been bypassed by the green revolution. It is clear, however,

that there has been FY progress in this system in India and Thailand over the past
20—30 years at relative rates no less than that in the irrigated rice systems. This
progress is probably mostly agronomic (achieved especially through increased
fertiliser use), since modern varieties have been slow to move into these areas, often
lacking desirable grain quality. More recently, promising PY_ progress has become
apparent as a result of breeding to specifically target these difficult drought-prone
environments.

Yield gaps are large in the Indian and Thai systems (>100%), but these rainfed
lowland areas offer good scope for yield gap closing. It is likely that rainfed upland
areas of rice will decrease further as these often remote areas become more
accessible and begin to import cheaper rice, both factors favouring the introduction
of more appropriate and productive crops in the uplands, such as maize, vegetables
and/or tree crops.
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4.9 Summary of yield progress
in rice
This section summarises the case studies discussed in this chapter.

Current farm yields, potential yields and yield gaps
in world rice

Table 4.5 summarises the situation for rice, showing current FY, PY and yield

gap for the major rice growing regions discussed in this chapter. Average FY
shown in Table 4.5 is somewhat greater than the global average of 4.3 t/ha (Table 4.1).
Similarly, the average rate of FY progress in Table 4.5 (1.19%) is greater than the
global average of 1.0% (Table 4.1). This suggests that the case studies reported in
this book represent, on average, more favourable conditions than the overall world
situation, but the figures in Table 4.5 reveal no relationship between relative rate of

FY increase and FY level.

The average yield gap shown in Table 4.5 is 76%, which is greater than the wheat
average of 48% (Table 3.6). The gap is clearly narrower in irrigated (59%) compared
with rainfed rice systems (123%). Generally, there was more variability in rates of
progress and yield gaps across the rice case studies than for wheat, but there was
also more evidence of yield gap closing.

Lobell et al. (2009) summarised rice yield gap estimates in which PY came from
simulation models, experimental trials or maximum farmer yields. The figures, based on
earlier studies than reported in this book, are remarkably similar to the figures shown

in Table 4.5. Across developing country regions (but dominated by Indian states),
Lobell et al. (2009) calculated yield gap (as defined in this book) to be 55% for irrigated
rice (n = 34; range 18-233%) and 153% for rainfed rice (n = 7; range 87-233%). In
addition, these authors commented that in their dataset, modelling produced very
similar PY values to trials for a given region, and that extreme values may reflect
measurement errors.

Rates of change of yield and yield gaps in world rice

Rates of PY (and PY, ) change were difficult to estimate, largely due to lack of data.
Nevertheless, the estimates here show a narrow range (0.6-1.3% p.a.) for an average
PY change slightly greater than that for wheat (0.78% vs. 0.61%). Thus there

is no evidence of breeders having reached a plateau in rice PY, but better measures

of recent progress are definitely lacking.
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Table 4.5  Summary of global rice farm yields (FY), potential yields (PY) and yield
gaps in 2009 or 2010, and current respective annual rates of change over
the past 20-30 years

Region Estimated yield Rate of change
(t/ha) and yield gap (% p.a.)?
(%)
PY  Yield
gap°®
1 Central Luzon, the Philippines 3.9 7.0 79 0.6 0.7 0.1
(wet season)
1 Central Luzon, the Philippines 4.6 9.5 107 0.6 0.7 0.1
(dry season)
1 Philippines 3.7 5.6 51 1.6 07 -09
1 Indonesia 5.0 6.5 30 0.7 1.3 0.6
1 Southern Vietnam 52 na na 1.9 1.0 -09
2 Jiangsu, China 8.0 11.0 38 0.7 1.2 0.5
2 Punjab, India 6.0 10.5 75 11 03 -08
3 Japan 6.6 11.8 80 0.2 0.7 0.3
8 Rio Grande do Sul, Brazil 7.0 10.5 50 2.0 07 -13
4 Egypt 95 1209 25 1.1 064 -05
5 Madhya Pradesh, India® 1.8 45 150 1.2 na na
5 North-East Thailand® 21 5.0 140 1.6 na na
6 Central Brazil® 2.0 3.6 80 2.2 0.7 -15
Average (n = 11,12 or 13) 5.0 na 76 119 078 -0.39

a AllPY and FY slopes are significant at P < 0.10 or better. All rates of FY progress and gap
closing contains the direct effect of CO, rise (~0.2% p.a., see Section 2.4); relative to 2009 or
2010 values.

b PY, was estimated for these rainfed cropping regions, which commonly experience water
shortage.

c Calculated as the difference between the rates of increase in PY and in FY (see Section 2.3)

Based on on-farm demonstration yields; includes contributions of management and breeding
progress.

na = not applicable

Source: Estimates from preceding sections of this chapter, excluding incomplete or uncertain
estimates

The rates of PY progress shown in Table 4.5 do not include the impact of hybrid rice
in any case study. By some 20 years ago, Indica hybrids had occupied all of southern
China (RME1 and the warmer parts of RME2), amounting to 50% of China’s rice area.
Thus, this one-off benefit was already fully reflected in national PY and FY values by
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about 1990. Hybrids have been shown to boost PY by 10-15% (or more) in RME1

and RME2 in South and South-East Asia, and in RME3 in the southern USA. However,
adoption of hybrids has so far been low. Only 4.2 Mha (or 4% of rice area) was planted
to hybrids in Asia outside China by 2010 (F. Xie, pers. comm. 2012).

The adoption of hybrids outside China is slowed by cost of seed production and lack

of good grain quality in the hybrid varieties (Spielman et al. 2012). In the medium term,
these barriers are being overcome by research and development, and any new studies
of yield progress in these regions should start to see the influence of popular hybrids on
rice yield. Experience would suggest that the relative yield advantage of hybrids could
be even greater in rainfed situations, but cost of seed poses a greater barrier in such
intrinsically lower yielding systems. Upland rice in Brazil—for which both public and
private sectors have begun to develop hybrids, and where farmers are more attuned to
new technology—will be a good rainfed testing ground for this development.

Rates of yield gap change were variable (range —1.5% to +0.6% p.a.), such that

the average in Table 4.5 (-0.39% p.a.) has little meaning. Brazil had the strongest

gap closing (-1.5% and —1.3%), where good policy and targeted extension has been
applied, while Indonesia, China and Japan (and recently Egypt) showed gap widening.

While quality demands may slow PY breeding progress in many situations, as is

seen in the case of Japan, it appears that FY progress is also limited separately

by quality demands; also policy factors loom large for FY in several places; for
example, Japan, China and lately Egypt. In such cases it would seem unwise to declare
(as have some) that national rice yields are reaching biological limits, unless there are
fundamental trade-offs between yield and quality. This seems to be the case in Japan,
where high nitrogen fertilisation reduces eating quality.

At the same time, yield gaps remain large in many other situations, especially rainfed
ones—usually associated with multiple agronomic constraints. Rice in particular faces
a special hurdle of increasing costs (associated with water and labour) of the traditional
Asian technique of hand transplanting into puddled fields. As Asia inevitably transitions
by stages into mechanical transplanting practices and direct seeding (and possibly
zero-till), yield progress will slow until these more efficient systems are optimised. There
is no reason, however, why PY or PY_ should suffer in the longer term as a result of this
transition.

Estimated rice yield and yield change by RME

As with wheat in Section 3.10, an attempt is made to estimate yields and rates of
increase for the major RMEs (Table 4.6). The order of the columns in Table 4.6 differs
from the presentation in Table 4.5 to highlight that PY and yield gap together contribute
to FY. Only the world average FY and rate of change in FY in Table 4.1 are definite,
having been obtained from FAOSTAT. Area weights come from Table 4.2; the other
numbers are estimated from Table 4.5 and expert opinion.
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Table 4.6  Estimates of 2008-10 farm yield (FY), yield gap and potential yield (PY),
and rates of change for the past 20 years across rice mega-environments
(RMEs)

Weighting factor Estimated values for Estimated rate of
(fraction of total) 2008-10 change relative
2008-10 values
(% p.a.)

FY Yield PY
Production (t/ha) gap (t/ha)

(%)
1 0.25 0.280 48 67 8.0 1.1 -0.4 0.7
2 0.16 0.250 6.8 62 110 1.0 -0.3 0.7
3 0.15 0.245 7.0 64 115 08 0.1 07
4 0.01 0.020 10.0 20 120 05 -0.1 0.4
5+7 0.34 0.175 22 105 45 1.2 -0.6 06
6 0.09 0.030 1.4 114 3.0 1.2 -0.6 06
World average 1.00 1.000 432 720 742 10°  —03° 07°

a Weighted by area of RME
b Weighted by production of RME

Source: Area fractions from Table 4.1; other parameters calculated and estimated by authors
(see text). Estimates apply to 2008-10 when world rice area was 160 Mha and production
was 692 Mt.

For completeness in Table 4.6, RME7—characterised by deepwater hydromorphology,
and representing only 3% of global rice area—is placed within RMES5, because no
separate data are available for RME7. More than 90% of the world’s rice appears to

be produced in RME1-3 and RMES. Even so, given the incomplete coverage of the
examples in Table 4.5, it is hard to strike separate estimates for each major RME. More
so than with wheat in Table 3.7, the rice numbers in Table 4.6 are tentative and need to
be supplemented as more data become available.

Overall, the summary data suggest that PY increase at 0.67% p.a. has contributed
twice as much as yield gap closing (0.34% p.a.) to the 1% p.a. rate of increase

of world rice FY over the past 20 years. Another fairly solid conclusion is that closing of
the current yield gap—i.e. increasing FY to meet attainable yield, leaving a minimum
gap of only 30%—would recover less lost production in rainfed areas (35%) than

in irrigated ones (65%) because the larger yield gap of rainfed areas is more than
countered by their lower area and PY. On the other hand, rainfed systems (RME5 and
RMEB®) appear to have shown faster FY progress than other RMEs, as a result of
greater yield gap closing.
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Physiological patterns of potential yield change
in world rice

Clearly Japan has dominated research on rice physiology. Research there shows a
pattern emerging in which PY progress is associated with higher number of grains (GN,
in the case of rice filled spikelets/m?), and sometimes also greater grain weight (GW).
This outcome is associated in the lead-up to panicle emergence with:

e greater crop growth rate
e greater nitrogen uptake
e higher RUE

e greater maximum photosynthetic rate (P ) and stomatal conductance

max

* higher leaf nitrogen per unit leaf area.

These observations parallel those seen with PY progress in wheat in several situations
(see Section 3.10). However, a unique aspect for rice is the report of lower stomatal
sensitivity in the modern varieties to higher vapour pressure deficit due to greater plant
hydraulic conductance, possibly associated with more effective roots. The greater
nitrogen uptake is also likely to be linked to root activity.

Apart from consistent associations between yield progress and GN, the picture is not
so clear from Chinese physiological studies on ‘super’ rices, and even less clear from
the intensive recent physiological studies of rice PY at IRRI.

Everywhere the canopies of modern rice varieties are extremely erect. In contrast to
modern wheat varieties, the uppermost rice leaves are long and large, and the weakly
photosynthetic panicle is hidden below.

There have been a few occasions when physiology has clearly contributed to
rice yield improvement. The first was the advent of semi-dwarf erect-leaved tropical
rices from IRRI in the mid 1960s. This was followed by another IRRI effort at ideotype
breeding under the NPT initiative in the 1980s and 1990s. The impact of the latter,
however, was seen not at IRRI, but in China’s ‘super’ rice project. The third occasion
of contribution from physiology is currently unfolding at IRRI and in India with targeted
selection for performance in rainfed environments, including tolerance to dry spells,
temporary submergence and salinity. Molecular markers for major variation in these
traits are now playing an important role in breeding. Finally, specific targeting of cold
tolerance at meiosis has recently delivered an improved variety for RME4 in south-
eastern Australia (Reinke et al. 2010).

Although there is no evidence that photosynthetic activity has reached a limit in

rice, an IRRI-managed project to boost photosynthetic activity by introducing C,
photosynthesis could one day constitute another successful physiologically inspired
breeding achievement (see Section 9.4 ‘Increasing RUE’ and Section 9.9 on genetic
engineering).
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Key points

e World maize production in 2008-10 was 833 Mt, well ahead of that for wheat
and rice; global average yield (FY) is 5.2 t/ha. Growth in production is strong
(2.2% p.a.), arising through harvested area increases of 0.9% per annum (p.a.),
and global average yield progress of 1.5% p.a.

* For each of the major maize mega-environments (MMEs), detailed case
studies presented in this chapter have explored farm yield (FY), potential
yield (PY) and yield gap, and their respective rates of change over the past
20-30 years. Of these, six to eight case studies contributed to the values
quoted in the key points below.

* In all cases, except in eastern Africa and ltaly, the current rate of FY increase
is significant (P < 0.05 or better), with rates of progress ranging between
0.5% p.a. and 2.8% p.a. (relative to FY around 2010).

* Based on these cases, in all situations, the current rate of PY increase is
significant (P < 0.05 or better), ranging between 0.8% p.a. and 1.5% p.a.
(relative to PY around 2010); the average rate was 1.1% p.a.

* The maize yield gap (as a percentage of FY) ranged greatly, from 36% in lowa
(USA), to 96% in China, to 400% in eastern Africa. Yield gaps appear to be
closing at a moderately rapid rate (average change of -0.6% p.a.), but China
and eastern Africa show no gap closing.

* F, hybrid varieties of maize dominate in most countries; as the major supplier,
the private sector has invested heavily in PY progress. Hybrid varieties offer
stress resistance as well as greater PY. Genetically engineered (GE) hybrids
dominate in the USA, Brazil and Argentina.

* Advances in maize agronomy (higher plant density, earlier planting and/or
zero-till) have interacted positively with genetic improvement to raise PY and
close yield gaps in the Americas. In contrast, yield progress in Sub-Saharan
Africa has been constrained by low soil fertility, weeds, limited labour and lack
of access to improved hybrids and varieties.

* Physiological studies in temperate regions show that PY increase has been
associated with greater plant density tolerance, leading to higher dry matter
(DM) at steadily increasing plant densities but with a high and stable harvest
index (HI); associated with this is improved tolerance of the photosynthetic
system and of grain number (GN) to other stresses. Maize in the tropics
appears to be following the same path, but lags in HI.



Maize

5.1 World maize and its
mega-environments %

Maize (Zea mays) is the cereal with the largest global production. Production surpassed
rice in 1996 and wheat in 1997, and is now close to 850 Mt (Table 5.1); moreover,
production is increasing at twice the annual rate of rice and three times that of wheat.
Market factors driving this increase are the burgeoning demands for maize for feed and
biofuel. Ethanol production currently uses ~120 Mt (or 40%) of the maize produced

in the United States of America (USA), and this figure is equivalent to ~15% of global
production (NCGA 2011).

Map 5.1 Global distribution of maize area circa 2000. Source: Harvest Choice
project, International Food Policy Research Institute; data from
You et al. (2009a)
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The global distribution of maize area around 2000 is shown in Map 5.1. At the
continental level, the largest producers of maize are North America (41% of the global
maize crop), Asia (28%), Europe (10%), South America (10%) and Sub-Saharan Africa
(6%). Table 5.1 reveals the four largest maize producing countries to be the USA (38%
of the global crop), China (20%), Brazil (7%) and Mexico (3%).

Although maize production in Sub-Saharan Africa is relatively low, maize plays a

critical role in food security there. The proportion of maize grain used directly as food

in 1995-97 averaged ~70% in Sub-Saharan Africa; other high food consumption was
seen in Mesoamerica (56%) and the Andean zone (47%), with ~20% consumed as
food in Asia (CIMMYT 2001). By comparison, the proportion of maize grain used directly
as food in North America was only 3%. In the developing world these proportions are
continuing to decline as production rises and as consumers substitute other foods for
maize in their diets.

Table 5.1 Annual maize production, harvested area, and yield in 2008-10 for major
producing countries, and annual rates of change from 1991 to 2010

Country or region Average 2008-10 Rate of change® (% p.a.)
Production Area Yield®
(Mt) (Mha) (t/ha)
World?@ 833.4 161.8 5.18 0.9 15
USA 318.6 323 9.86 0.8 15
China 169.2 31.2 5.43 1.7 0.8
Brazil 55.0 13.6 4.05 ns 0.2 2.6
Mexico 22.6 6.9 3.27 -0.5 1.9
India 19.4 8.3 2.33 1.8 1.9
Argentina 19.3 2.9 6.61 ns 0.7 2.6
Europe® 87.4 14.4 6.05 05 1.2
Sub-Saharan Africa 53.4 29.5 1.81 1.0 1.4
a Listed countries are major producing regions, not all world production
b Including the Russian Federation and Ukraine
¢ What FAOSTAT calls ‘yield’ this book calls ‘farm yield’ (FY); see Chapter 2.
d Relative to the 2008-10 average; all slopes highly significant at P < 0.05 except Mexico area

(0.05 < P <0.10) and ns = not significant at P > 0.10
Source: FAOSTAT (2013)

In the 20-year period between 1991 and 2010, global maize production increased by
2.2% p.a. The relative increase in planted maize area has been significant at a global
rate of 0.9% p.a., again in contrast to wheat and rice. This increase has been greatest in
parts of Asia (Vietnam 3.6%, India 1.8% and China 1.7%) and in the Russian Federation
(8.6%), least in Europe (0.5%) and negative in Mexico (-0.5%), the home of maize. In
this same period, global average yield increased at a rate of 1.5% p.a. (Table 5.1), and
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FY increase rates were high (>1.4% p.a.) in every nation in Table 5.1, except China
(0.8% p.a.) and some parts of Europe and Sub-Saharan Africa.

World trade in maize 2008-10 averaged 104 Mt, or 12% of production, with the USA
dominating (51 Mt exported annually), followed by Argentina (14 Mt), Brazil (8 Mt) and
France (6 Mt); Japan is by far the largest importer (16 Mt).

A maize mega-environment (MME) is defined as an area growing >1 Mha of maize,
within which interactions of variety with environment are relatively minor (in other
words, varieties perform similarly across the whole mega-environment). Maize mega-
environments can be defined by:

e day length (maize is a short-day plant, and tropical maize can be highly sensitive
to photoperiod; Edmeades et al. 2000)

e temperature (e.g. highland vs. lowlands)

¢ incidence of disease.

Maize varieties adapted to lowland tropical environments are generally not well
adapted to summer growing seasons at latitudes more than 30° from the equator.
Temperate varieties have adapted to these higher latitudes and are only mildly
sensitive to day length.

The International Maize and Wheat Improvement Center—otherwise known as Centro
Internacional de Mejoramiento de Maiz y Trigo (CIMMYT)—has defined six major MMEs
for the tropical environments (latitudes <30°) of Sub-Saharan Africa (Hodson 2004).
The descriptions apply also to other geographies (Hartkamp et al. 2000). In the tropics,
the major mega-environment divisions are between highland (germplasm adapted to
elevations >2,000 metres above sea level (masl), vs. all other germplasm; Table 5.2).
These divisions are based on temperature response, since highland germplasm

has been shown to have a lower optimal temperature for development and growth
(Ellis et al. 1992; Eagles and Lothrop 1994). There are smaller adaptation differences
between lowland (<1,200 masl) and subtropical (1,200-2,000 masl) germplasm
groups, and these MMEs are defined more by differences in disease resistance.

A further subdivision (wet vs. dry) can be made within mid-altitude and lowland zones,
on the basis of growing season rainfall or use of irrigation, giving six MMEs in the
tropical or subtropical regions (Table 5.2).%

Table 5.2 reveals descriptions of temperate maize areas at latitudes greater than 30°
from the equator (wet MME7 and dry MMES8), which have been added by this book
to the six major tropical MMEs defined by CIMMYT, to give a total of eight mega-
environments. The area of maize in each MME has not been determined recently, but
an estimate based on data cited by Hartkamp et al. (2000), and expert experience,

37 Windhausen et al. (2012) recently analysed >500 maize hybrid trials in eastern and southern
Africa between 2001 and 2009 and where these six MMEs are all found. Surprisingly,
Windhausen et al. (2012) showed that the above MME groupings did not explain as much
of the genetics-by-environment interaction for grain yield as did simple grouping into low
(<3 t/ha) and high (>3 t/ha) yield sites.
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suggests that MME7 (wet temperate) accounts for the largest area. This is followed

by MMES (dry temperate) and MME5 (wet lowland tropical). Across moisture regimes,
temperate MME7 and MMES8 account for 52% of global planted area; lowland tropical
MMES5 and MME6 account for 29%; mid-altitude subtropical mega-environments MME2-4
account for 16%,; and the highland tropical MME1 accounts for only 3% (Table 5.2).

Distribution by production obviously differs from that by area, since potential yield (PY;

see Chapter 2) varies with mega-environment. However, MME7 clearly dominates global
production (see also ‘Estimation of maize yield and yield exchange by maize mega-
environment’ in Section 5.7)). The PYs of maize hybrids in MME1-3, MME5 and MME7
shown in Table 5.2 are based on relationships between temperature and radiation for
non-water-limited environments, as described by Muchow et al. (1990). Their simulations
showed that warmer temperatures reduced crop growth duration more rapidly than it
increased crop growth rate, thereby reducing yields. By comparison, the PYs for MME4,
MMEG and MMES8 shown in Table 5.2 are estimates of water-limited potential yield (PY ). Lack
of water is not uncommon in these MMEs and maize is particularly sensitive to water stress.
Heisey and Edmeades (1999) estimated that 21% (tropics) and 14% (subtropics) of area
dedicated to maize is ‘often water stressed’. The PY estimates in Table 5.2 provide a general
guideline to the climatic constraints to yield in the major maize-growing environments. The
following sections in this chapter will attempt to refine estimates in key situations.

Maize breeding focuses within mega-environments, and varieties or hybrids rarely cross
from the tropics or subtropics to temperate regions without modification because of
different day length sensitivities. What makes maize unique these days, however, is that
F, hybrid varieties (see Box 5.1), simply known as hybrids, have come to dominate
improved open-pollinated varieties (OPVs) in almost all situations.

Box 5.1 Maize hybrids—a win-win product

Maize is a naturally cross-pollinating plant; improvement initially began with
farmer selection among such openly pollinated plants. By 1910, studies of
inbreeding (controlled self-pollination) and hybrid vigour (increased vigour and
yield when two inbred lines are crossed, also known as heterosis) were underway
in the race of temperate maize in the Corn Belt of the USA, soon leading to
development of the first commercial hybrids. Initially inbreds were developed
randomly from parent populations, but heterotic patterns soon emerged,
revealing the best combining inbreds (Lee and Tollenaar 2007). From about
1960, two main heterotic groups (collections of related germplasm) have been
termed stiff stalk (SS) and non-stiff stalk (NSS). The genetic distance between
SS and NSS groups has widened consistently with time (Cooper et al. 2004)

as representatives of one heterotic group have been used as testers for hybrid
vigour by crossing with inbred lines from the other group. Thus genetic diversity
in US inbreds and hybrids remains relatively high (Mikel 2008).

Continued next page
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Continued

The rapid increase in temperate hybrid yield has been due more to increased yield of
inbred lines than to increases in hybrid vigour per se (Duvick et al. 2004). Breeding
methods used in tropical maize have evolved rapidly from family-based recurrent
selection schemes based on open-pollinated populations, to conventional pedigree
breeding schemes with control over pollination. Heterotic groupings in tropical
germplasm are not strongly defined, but are mainly based around the Tuxpeno
landrace from Mesoamerica, and a loosely defined non-Tuxpefo group that includes
Suwan germplasm developed in Thailand.

Inbred lines traditionally take 3-5 years to develop and characterise. New technologies
have shortened that phase considerably. For example most temperate commercial
inbreds are now generated from doubled-haploid lines (the maternal plant when
crossed with an ‘inducer’ produces ~10% haploid seeds, whose chromosome
number is then artificially doubled at the seedling stage), creating a suite of untested
but fully homozygous inbred lines for subsequent evaluation (Wegenast et al. 2008).
Doubled-haploid technology has recently been adapted so that it can be used for
tropical hybrid development.

A key step in the development and identification of today’s high-yielding, stress-
tolerant hybrids has been the use of extensive multilocation trials of test crosses and
hybrids at high plant densities. This is especially true of the private sector where a
hybrid may be tested in thousands of yield plots over many environments before it is
commercialised.

In highly developed seed markets, commercial hybrids are all single-crosses (two
inbred lines are crossed to give F, seed), while in less sophisticated markets, hybrids
are often three-way crosses formed by crossing an inbred line with a single-cross
female parent or a (synthetic) mixture of lines. Seed of three-way crosses are cheaper
to produce but also lower yielding.

Farmers are generally happy to buy fresh F, hybrid seed each year, since sowing

F, seed (open-pollinated seed from the F, plants) from their own fields results in a
decline in yield of 15-40%. The hybrid seed industry is a win-win value proposition, in
which farmers benefit from improved yields through hybrid vigour, and the commercial
sector has a product to sell every season. The outcome has been a large private
sector investment in maize breeding that is unparalleled in other staple crops. The
adoption of hybrids is now occurring rapidly in less-developed agricultural economies,
where hybrid seed sales are spurring the development of the private seed industry.

Improved open-pollinated varieties (OPVs) continue to have their place in lower
yielding environments and in economies where the private seed sector is less
developed (e.g. lower yielding areas of Sub-Saharan Africa). Farmers can save seed
each year from their own fields of OPVs with little loss in yield, but in general OPVs are
=15% lower yielding than the best hybrids made from the same populations. Improved
OPVs have proven a useful step in the evolution of a mature private seed sector, but
are now rapidly losing ground to hybrids in most developing economies.
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Table 5.2  Maize mega-environments (MMEs), relative areas, potential yields and

major producing regions

Description?

Altitude Proportion Potential Major regions
(masl) total area yield
(%) (t/ha)

1 Highland tropical >2,000 3 11 Ethiopia, Mexico,
>350 mm, 18-24 °C Andean zone
2 Wet upper mid-altitude ~ 1,600-2,000 3 13 Ethiopia, Kenya,
subtropical >600 mm, South Africa,
24-28 °C central America
3 Wet lower mid-altitude 1,200-1,600 B 13 Uganda, Kenya,
subtropical >600 mm, South Asia (winter
28-30 °C plantings), central
Brazil
4 Dry mid-altitude 1,200-2,000 8 9p Tanzania, eastern
subtropical Kenya, central
350-600 mm, 24-30 °C Mexico, Nepal
5) Wet lowland tropical 0-1,200 15 9 Thailand, Nigeria,
>800 mm, 30-34 °C coastal central
America
6 Dry lowland tropical 0-1,200 14 6° Coastal eastern
350-600 mm, 30-36 °C Africa, central
America, India,
North-East Brazil
7 Wet temperate 0-1,500 85 14 US Corn Belt,®
>600 mm, 26-34 °C western Europe,
Argentina
8 Dry temperate 0-1,500 17 9o Eastern Great

300-600 mm, 26-36 °C Plains USA, eastern
Europe, north-

western China

a Stratified by altitude, rainfall, temperature and day length, approximate proportional areas.
Rainfall in growing season (the five consecutive months with the greatest precipitation to
evapotranspiration ratio). Average daily maximum temperature for the middle 70% of the
growing season. Day length associated with the longest day during a summer growing
season. Thus MME1-6 are mainly in latitudes of <30°with shorter days than MME7 and MME8
in latitudes 30-60 °N or S.

b Water-limited potential yield (PY,)

¢ ‘Corn Belt’ refers to the maize-growing areas within Mid West USA (the 12 adjacent states
from Kansas to Wisconsin, and North Dakota to Ohio); irrigated areas of western USA are also
included in MME?.
masl = metres above sea level
Source: Potential yield (PY) is an estimate based on temperature and radiation receipt, as
outlined by Muchow et al. (1990). MMEs are adapted from Hartkamp et al. (2000) and Hodson
(2004) and are relevant to around the year 2000 when world maize area was 137 Mha.
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5.2 MME7—Corn Belt of the USA

Introduction to the Corn Belt and the US state of lowa

The Corn Belt, located within the Mid West region of the USA (Map 5.2), produces more
than 30% of the world’s maize crop. This area is dominated by five states: lllinois, lowa,
Nebraska, Indiana and Minnesota. Combined, these five states produce two-thirds

of US maize. Adjacent areas in the states of South Dakota, Wisconsin, Missouri and
Kansas produce another one-sixth.

| ~

[ com Belt (MME7, 8)

Map 5.2 The traditional US Corn Belt, its constituent states, and maize areas in
adjacent Ontario, Canada

Globally, the Corn Belt represents the majority of MME7 (well-watered, temperate maize
environment). It receives on average =600 mm of rainfall during the crop season, and

a total annual precipitation (rainfall plus snow) of ~850 mm. The western and northern
portion of the Corn Belt is drier and could be considered part of MMES8 (dry temperate)
given that average annual precipitation is <800 mm in Nebraska and Kansas. Data for
2007 reveal that >60% of planted area was irrigated in Nebraska, compared with just
2% in lowa (USDA 2011).
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Maize hybrid development for the Corn Belt has attracted substantial private investment
in plant breeding and agronomy, which has led to remarkable results that have been
sustained since the 1930s (Duvick 2005b). The Corn Belt—and lowa in particular—
dominates global maize production and is the major battleground for the large,
transnational maize breeding companies (Monsanto, DuPont and Syngenta). In 2007,
global expenditure on maize hybrid improvement and associated farm-level agronomy
research by the private sector was estimated at US$1.1 billion per year (USDA 2011).

lowa, with 5 Mha planted to maize, produces more maize grain than any other state in
the USA, and therefore serves as a principal example of maize production in the Corn
Belt. From 1991 to 2010, the rate of progress in maize FY has been strong and steady
in lowa, increasing at 203 kg/ha/yr (Figure 5.1). This rate of FY increase equates

to 1.8% p.a. of the 2010 estimated FY of 11.4 t/ha in lowa, and surpasses the
USA as a whole at 1.5% p.a. of the 2010 estimated FY of 10 t/ha (Figure 5.1), although
the slopes are not significantly different (P > 0.10). Observed rate of FY progress has
accelerated since 1990, helped statistically by flooding and cool conditions, which
resulted in a very low-yielding year in 1993.

The impact from deployment of genetically engineered (GE) hybrids continues to be felt
throughout the USA. In lowa, adoption of GE hybrids dates from 1996. By 2010, 90% of
lowa maize area was GE-hybrid, with 61% planted to hybrids carrying both herbicide-
and insect-resistant traits, and a further 29% carrying one or other of these traits.

Specific breeding and agronomic factors contributing to yield progress are discussed
below, but two other factors merit mention here. One factor has been the increase in
maize profitability arising from regulations stimulating ethanol production from maize.
It is no surprise that the real price of maize land in lowa, for example, has increased by
almost 50% in the past 10 years (M. Duffy, pers. comm. 2012). The second factor has
been a favourable 1982-2002 climate trend in the Corn Belt, with higher precipitation
and lower summer temperature, but warmer springs leading to earlier planting (Twine
and Kucharik 2009). Using climate data to simulate maize yields, Twine and Kucharik
(2009) suggested that 20-25% of the upwards yield trend could be attributed to these
climate trends. However, Lobell et al. (2011b), using a statistical approach, found no
evidence of temperature change or impact on US maize yield over a similar period.

Yields in 2011 were on a par with 2010, but the 2012 production year was unusually hot
and dry in the USA, and average yields fell by 22% (compared with the 2008—-10 mean)
to 7.7 t/ha, a level last seen in 1995. In lowa yields declined by 19% to 8.8 t/ha, though
in lllinois, Indiana and Missouri, reductions ranged from 35% to 43% (USDA 2012). To
the north, the rainfall deficit was less, so that there was no yield reduction in Minnesota.
There is yet to appear an analysis-based consensus on how the relative yield losses

in rainfed states in 2012 relate to those in comparable earlier droughts. The reduction
in 2012 US maize yield represents an 8% reduction in global maize production, and
resulted in significant increases in global maize grain prices.
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Figure 5.1 Maize farm yield (FY) in the USA vs. the US state of lowa from 1990 to
2010. Source: FAOSTAT (2013) for USA; USDA (2012) for lowa

Maize farm yield progress in lowa—improved hybrids
and better management practices

Cardwell (1982) estimated that 58% of 1930-80 progress in maize FY in Minnesota

(a state bordering lowa) was due to improved genetics and the remainder due to
agronomy—this was one of the earliest attempts to partition FY progress. Duvick
(2005a)—who conducted evaluations of commercially important hybrids released each
decade during 1930-2002 (the ‘ERA hybrid set’ of vintage comparisons)—attributed FY
progress equally to genetics and cropping practice.

More recent studies of breeding progress, however—and even Duvick’s work—

have revealed that in the case of maize, breeding progresses are inextricably
interwoven with changes in crop management (see also Chapter 2, Box 2.1 on
variety-by-agronomy interaction and PY progress), such that it is futile to attribute gains
to breeding or agronomy individually, since both are essential. Key elements of this
positive (hybrid) breeding-by-management interaction are considered below.

The major change in crop management practice over the past 70 years has been a
doubling of plant densities. Maize is a unique cereal in that it does not tiller and its
yield organ, the maize cob, is not terminal (rather it is subtended by a leaf buried in the
crop canopy). Under today’s densities, older hybrids respond with a significant degree
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of barrenness (plants without grain-bearing cobs) and/or lodge (do not remain standing).
By comparison, Duvick (2005a,b), and Tollenaar and co-workers (Tollenaar and Wu
1999; Tollenaar and Lee 2002; Lee and Tollenaar 2007) have documented a remarkable
increase in tolerance to plant density in more modern hybrids. As a result of this genetic
change, the optimum plant density for maize grain yield has risen at a rate of ~800
plants/ha/yr for the past 40 years in lowa. Plant density in lowa today averages ~80,000
plants/ha, compared with 40,000 plants/ha in the 1960s. This increase in planting density
shows no sign of abating, even though seed prices more than doubled from 2001 to
2009, reaching a 2009 cost of US$185/ha, or ~10% of gross crop revenue (Wilson and
Dahl 2010). Yield contest winners currently plant ~100,000 plants/ha on irrigated sites
and 85,000 plants/ha under rainfed conditions (Jeschke and Butzen 2012).

The second important hybrid-by-management interaction has been the dramatic
increase in nitrogen fertiliser application from first use in ~1950 until ~1985 (see
Figure 11.2). Nitrogen use on maize in USA (and in lowa) peaked at ~160 kg N/ha in the
mid 1980s, then fell to as low as 140 kg N/ha in the mid 1990s, before increasing again
gradually to again reach ~160 kg N/ha in 2010. Modern hybrids respond with more grain
than older hybrids to each unit of applied nitrogen. Since nitrogen rates have increased
little in the past 20 years, this positive interaction has not played a major role in recent
yield increase. During this period, however, improvements in nitrogen management
(timing, placement and/or forms of fertiliser), and increased hybrid PY; continue to drive
substantial increases in nitrogen use efficiency (NUE; see Section 11.3).

Planting dates have also changed with time. Because maize is now planted earlier in
the Corn Belt than in the 1960s, a longer growing season and a longer duration hybrid
can be used. Kucharik (2008) estimated that early planting may account for one-half

of the annual increase in grain yield in lowa in the past 30 years, since crops are now
planted on average 12 days earlier. In neighbouring lllinois, the maize crop sown in 2005
reached the 50% planted area fully 3 weeks earlier than in 1965 (Irwin et al. 2009). Date
of planting studies in lllinois indicate that a delay of a month in planting after 20 April will
reduce yields by 15% (Irwin et al. 2009). The following factors play important roles in the
shift to earlier plantings; this is a further example of hybrid-by-management interactions
contributing to yield progress:

* hybrids tolerant to cold conditions and waterlogged soils

* hybrids with herbicide resistance

e improved seed fungicide dressings

e use of large, high-speed planters adapted to conservation tillage practices.

Water supply, both deficit and excess, has had a notable effect on yields in lowa in the
past 30 years. Yields in lowa fell below trend by 33% in the widespread drought of 1988
(19% in the hot and dry 2012), and by 37% in the extremely wet and cool year of 1993.
In recent seasons, yields have fluctuated considerably less (Figure 5.1). Good evidence,
reviewed below, suggests that part of the reduction in variability in crop yield has arisen

through improvement in drought tolerance of hybrids. The relative yield advantage of
modern hybrids is greater under water shortage than in its absence. There is little doubt
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this response of modern hybrids has helped to stabilise yields in the Corn Belt. Water use
efficiency (WUE) has also increased along with the increased yields (see Section 11.2).

Many other agronomic changes are helping FY progress, but it is not clear whether these
also interact positively with modern hybrids. For example, greater use of precision
planters has resulted in a small increase in yield from improved plant-to-plant uniformity
(Liu et al. 2004). Further, costs can be reduced by precision farming, which allows inputs
to be adjusted to demand in response to monitored within-field variation in fertility and
plant-available water (e.g. Schmidt et al. 2002). This practice increases resource use
efficiency, rather than increases yield.

Foliar fungicide applications are becoming more common, even when disease is

not very evident. Other management factors noted in yield contest-winning plots are a
trend toward narrower rows, improved drainage, application of trace elements
(especially zinc and sulfur) and deep tillage (Butzen 2010). Leading farmers also
recognise that crop rotation offers benefits in terms of requirements for nitrogen fertiliser
and/or in terms of improved soil health. A survey of contest-winning maize yields in the
USA showed the majority (~60%) came from maize following soybean, rather than maize
following maize (20%) (Butzen 2010). Although 63% of maize currently follows soybean

in lowa, the proportion is decreasing as maize-after-maize has steadily increased since
2000 due to economic reasons (R. Elmore, pers. comm. 2012).

In summary, full benefits to FY of changed growing practices are seen only when
complemented with hybrids developed to exploit those practices—thus maize
exemplifies the importance of positive genotype-by-management interactions.
This complementation has become increasingly important as yield levels have risen,
at least with respect to greater plant density, higher sail fertility, drought tolerance and
earlier planting.

Farmer benefits from GE were originally perceived as increasing efficiency through
reduced agrochemical costs and greater ease of management, rather than extra yield.
However, other indirect yield benefits are now recognised, including:

» greater yield from earlier planting, made possible with GE herbicide-resistant hybrids

* better root growth and improved drought tolerance of GE hybrids resistant to maize
rootworm

* reduced incidence of ear rot with GE hybrids resistant to ear worms.

These are examples of yield-enhancing and yield-stabilising benefits of GE-technologies,
because the pests involved were not completely controlled beforehand with biocides.
Thus GE traits have undoubtedly contributed to the rapid increase in maize FY in the Corn
Belt in recent years (see also Section 9.9 on GE using transgenes), although the major
contributions to yield have been from non-GE factors.

Most of the changes described above apply to the Corn Belt as a whole, including
irrigated maize on the western margin, as illustrated in later chapters (see Sections 8.2 on
causes of yield gaps and 11.3 on NUE). Since crop management is already at a very high

MAIZE 193



194

level there—and farmers are well informed and responsive to new technologies
—it seems likely that the genetic component of yield increase will become increasingly
important for further FY improvement.

Potential yield for maize in lowa and its progress

Determining PY and its progress for maize in USA is not easy because reliable
breeding company data are rarely published. Estimates for lowa and nearby Corn Belt
locations, presented in Table 5.3, are derived from assessments of yield progress with
breeding, research trials, modelling studies and yield contests. Available estimates
vary considerably for reasons that cannot always be clearly identified. Breeding trial
data are from the ‘ERA hybrid set’, released 1930-2002 by Pioneer Hi-Bred (Duvick
2005b); Pioneer releases up to 2006 (Hammer et al. 2009); DeKalb releases in
2000-06 (Edgerton 2009); and parent—progeny comparisons made in the private seed
sector (Mikel 2008). High-yield plots were mainly developed in Nebraska to calibrate
the ‘Hybrid-Maize’ simulation model using irrigation, high plant density and plentiful
nitrogen on hybrids released during 1999-2001 (Yang et al. 2004). Hybrid-Maize
produced simulations constrained for only radiation, temperature and soil type, as did
initially the older ‘CERES-Maize’ model.

Table 5.3  Summary of estimates of maize potential yield® (PY) in lowa and the
nearby Corn Belt locations in the USA, from assessments of breeding
progress (vintage trials), high-yield plots, simulation and on-farm yield

contests

Vintage High- Simula- Yield Yield

trials® yield tions?  contests® contests®

plots® (irrigated) (rainfed)
No. of observations 7 13 9 84 114
Mean PY (t/ha) 12.4 14.5 17.7 19.8 17.5
Mean rate of PY increase (kg/ha/yr) 100 na na 189 211
Rate of PY increase (% p.a.) 0.8 na na 1.0 1.2

a All estimates of PY use 2006 as the average year of hybrid release. Gains from vintage hybrid
evaluations are estimated against year of release and progress is relative to the most recent
year of release.

Source:
b Cooper et al. (2004); Duvick (2005a,b); Edgerton (2009); Hammer et al. (2009); Mikel (2008)

¢ Coulter et al. (2010); Castiglioni et al. (2008); Edwards et al. (2005); Grassini et al. (2009b),
(2011b); Kiniry et al. (2004); Lindquist et al. (2005); Mason et al. (2008); Setiyono et al. (2010);
Teal et al. (2006); Wortmann et al. (2009); Yang et al. (2004)

d Bannayan et al. (2004); Dobermann et al. (2003); Grassini et al. (2009b, 2011a,b); Lobell et al.
(2009); Ritchie and Basso (2008); Yang et al. (2004)

e Duvick and Cassman (1999); NCGA (2011); Jeschke and Butzen (2012)
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Mean values of PY of each class of estimate shown in Table 5.3 vary from 12.4 t/ha
(Pioneer) for the most recently released (~2006) hybrids evaluated in vintage trials, to
14.5 t/ha in high-yield plots (also 16 t/ha in Nebraska; Yang et al. 2004) and 17.7 t/ha for
simulated yields (Grassini et al. 2011a).

Contest yields are reluctantly (for reasons already mentioned) considered here
because of uncertainties about other PY sources, and because these yield measures
are widely cited by others. Yields from contest-winning rainfed maize in lowa are now
approaching 17 t/ha (R. Elmore, pers. comm. 2009). Yield contest results used in
Table 5.3 were obtained from lowa or Nebraska contests, cited by Duvick and Cassman
(1999) or obtained from the published yields of the three highest yielding entrants in
each of eight classes of the National Corn Growers’ Association annual yield contest
(NCGA 2011).%8 National yield contest winners 2005-10 have averaged 19.8 t/ha under
irrigation and 17.5 t/ha under rainfed conditions. These absolute values cannot be
used as a measure of PY, although their rate of change (or lack thereof) may indicate
something about PY progress.

Thus it is concluded here that PY in lowa stands in 2010 at ~15 t/ha and this PY is
probably very similar for the rest of the Corn Belt. This value is somewhat higher than
the estimate suggested from vintage trials in Table 5.3, but that average was for 2006
and dominated by the relatively low-yielding site in Johnson, lowa, USA, as used by
Duvick (2005a, 2005b) and Hammer et al. (2009). A current PY value of 15 t/ha in lowa
indicates that the yield gap is 36% of the 2010 FY. This is only somewhat in excess
of the likely minimum exploitable yield gap (i.e. about 30% of FY—see Section 2.1 on
definitions). It is notable that van Wart et al. (2013b), using simulation modelling for PY
determination, concluded the yield gap over the whole Corn Belt was 36% for rainfed
maize (and 29% for irrigated maize).

Duvick and Cassman (1999) suggested that maize PY in the Corn Belt has been static
over time. Yield per plant under spaced (or low density), unstressed conditions has
indeed remained unchanged for many years (Duvick 2005a). However, where plant
density is increased, it is clear that newer hybrids can tolerate conditions of stress
much better than older hybrids, which constitutes an increase in PY. The vintage trials
(Table 5.3), at optimum plant density, estimate that PY appears to be increasing
at a rate of 0.8% p.a.; relative to the 2010 PY this is equivalent to ~120 kg/ha/yr.

The figure of 0.8% p.a. is supported by the relative increase in contest-winning yields
over time. Although yield from contest-winning irrigated maize in Nebraska appeared
to show little apparent change between 1984 and 2002 (Cassman et al. 2003), gains
in yields of national contests from 2002 to 2011 were 1.0% p.a. (irrigated) and 1.2%

38 Estimates from Butzen (2010) were computed from the mean of the top three yields in the
irrigated and rainfed classes of the NCGA contest in each year. These monitored yields are
on much larger plots (4 ha of a single hybrid) than those used in other PY estimates, but the
level of inputs applied to the plots is often well above the economic optimum (Butzen 2008).
It is noteworthy that contest winners were not confined to the Corn Belt, with several each year
from eastern states and from Texas.
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p.a. (rainfed) (Table 5.3; Jeschke and Butzen 2012). Note that with maize, PY progress
derives from improved hybrids interacting positively with agronomic changes (as
discussed above), in particular to increased density and earlier planting.

Other data on Pioneer’s vintage hybrid sets from outside the Corn Belt also offer
reassuring evidence of steady PY increases. PY of 2002 maize hybrids under irrigation
in California was estimated at 16 t/ha, with progress occurring at a rate of 84 kg/ha/yr,
or 0.5% p.a. (Barker et al. 2005). A subset of the same hybrids, when grown under
irrigation in a cooler irrigated Chilean environment, showed PY increases of 210 kg/ha/yr
(1.1% p.a.) with the hybrids released in the 1995-2001 period averaging 19.9 t/ha
(Campos et al. 2004, 2006).

Thus there is no compelling evidence that relative progress in PY has slowed
dramatically in temperate maize grown in the Corn Belt, but on balance, the relative
rate of PY increase appears to be less than that for FY. This implies that the yield gap
is closing and points to a likely slowdown in FY progress in lowa—and probably in the
USA—from the current level of 1.8% p.a. (1.5% p.a. for the USA).

This likely slowdown in FY progress contrasts with Monsanto’s 2008 prediction that the
2000 national FY of 8.5 t/ha could double to reach 17 t/ha by 2030, attributable mainly
to advances in molecular breeding (Edgerton 2009). If linear throughout, this prediction
would imply an FY increase of 283 kg/ha/yr, or 2.8% p.a. relative to the 2010 FY level;
such rate of gain is unlikely to be achieved.

One element of the Monsanto claim is their plan to commercialise a line of hybrids
(marketed under the name DroughtGard™) in 2013, which will carry the transgene
MONB87460, a cold-shock protein gene (cspB) isolated from the soil bacterium Bacillus
subtilis. Early field trials of this gene suggested it could deliver as much as 15% yield
advantage when the general yield level was reduced by around 50% by drought
(Castiglioni et al. 2008). This would be the first ever drought-tolerant GE-cultivar
released, but there is insufficient recent information on the performance of these hybrids
to attach a high level of confidence in these claims. Indeed the performance advantage
under the 2012 drought conditions in the Corn Belt was around 7% (Edmeades 2013).
A related development is the 2011 launch by Pioneer of AQUAMax® hybrids; these
hybrids do not contain any GE drought-tolerance traits, but were selected under
drought stress and offer a claimed 6-8% advantage over normal hybrids under drought
conditions, something Pioneer believes has been confirmed in the 2012 drought over
hundreds of sites.

Physiological basis of improved potential yield
through stress tolerance in Corn Belt maize hybrids
The following analysis draws mainly on the principles of crop physiology outlined in
Section 2.6, as well as observations from the ‘ERA hybrid set’ (Duvick 2005a) and a

more physiologically orientated set of studies in Ontario, Canada (a province adjacent
to the US Corn Belt) of hybrids released 1959-2004 (Tollenaar and Lee 2011).
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Table 5.4 summarises the major changes in maize plants resulting from the intensive and
prolonged breeding effort, which explicitly targeted only four traits—yield increase across
many sites, stalk strength, disease defensive traits, and fast dry down at maturity.

Table 5.4  Significant (P < 0.05) changes in key traits of Corn Belt maize hybrids
following multilocation testing and selection for 40-70 years

Trait Comment on change Source
change/yr® over time

Morphology and phenology

Leaf angle score? 0.1 Leaves more erect 2
Tassel weight (g) -0.05 Smaller tassels 2
Plant height (cm) ns Plant height maintained 2
50% anthesis (GDD,°C days)P ns Maturity maintained 2,5
Grain-fill duration ns Increased 1

Productivity of grain and biomass

Grain yield under competition (kg/ha) 90 Yield increased 1

Leaf staygreen score? 0.12 Final leaf senescence is 4
delayed

Grain weight (mg) 0.7 Grain weight increased 2

Harvest index, unstressed (%) 0.1 Slight increase 2

Grain protein (%) -0.03 Less grain protein, more starch 2

Leaf photosynthesis, unstressed ns Unchanged 3

Stress tolerance—abiotic

PY, flowering drought (kg/ha) 120 60% of the gain under irrigation 5
PY, grain-filing drought (kg/ha) 50 25% of the gain under irrigation 5
ASIP flowering drought (GDD, °C days)® 26 Synchrony improved 5
Ears per plant 0.002 Less barrenness 2
Grains per ear 1.6 Larger ears under drought 5
Root lodging (%) -0.9 Stands better 2
Leaf rolling score? 0.085 Roll more readily 4
Cold, heat tolerance na Improved 1,3
Northern leaf blight score? 0.07 Improved resistance 2
European corn borer score? ns Improved resistance 2

a Scores are from 1 (putatively least desirable) to 9 (putatively most desirable). These data
represent a 40-70-year period; thus a score change of ~0.035 p.a. represents a change
of ~2.5

GDD = growing degree days, as defined in Section 2.6; ASI = anthesis-to-silking interval
ns = not statistically significant; P > 0.10

Source: 1 Duvick (2005a); 2 Duvick (1997); 3 Tollenaar and Lee (2011); 4 Barker et al. (2005);
5 Campos et al. (2006)

(e}
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This analysis reveals how modern maize hybrids are distinctly different from their
predecessors in morphology and many other respects (Table 5.4). In contrast, they
have changed little in terms of height and phenology (though little is known of changes
in rooting characteristics). The ability to stand and yield under densities that have
doubled over the past 50 years has been the main driver of improved productivity.
Some morphological changes have obviously tuned the plant to high densities: upright
leaves result in more efficient light interception, and small tassels intercept less light
and do not compete as strongly with the growing ear at flowering.

In contrast to wheat and rice, yield progress has been accompanied by increases

in final dry matter (DM) at almost the same relative rate as yield itself. Thus harvest
index (HI) has increased only slightly, to reach 0.55 in mid-maturity modern hybrids.
Increased DM has occurred because denser crops intercept more solar radiation
(especially early in the crop life cycle before silking), and because of higher radiation
use efficiency (RUE) after silking (aided by prolonged ‘staygreen’), meaning delayed
leaf senescence and longer grain-filling (Tollenaar and Aguilera 1992; Tollenaar and Lee
2002). Greater DM production during grain-filling has resulted in greater grain weight
(GW) despite the fact that increased GN (grain number/m?) has been the dominant
route to greater yield.

Better disease resistance is also part of the improved canopy performance, resulting
in stronger, healthier lower stalks and roots in the latter half of grain-filling, when the
crop normally remobilises DM stored in the stem to fill grain. Thus there are marked
improvements in stalk and root lodging resistance, traits for which the breeders have
practiced selection.

Although this is a discussion about PY improvements, physiologists often describe
maize improvements in terms of greater stress tolerance (e.g. Tollenaar and Lee 2002).
Historically, maize has been highly susceptible to stresses coinciding with flowering,
and this is reflected in a longer anthesis to silking (ASI) interval under stress, reduced
grain number per cob, and more barren plants with no grains (Edmeades et al. 2000).
High density, of course, has been one major stress that causes a long ASI interval and
many barren plants in older hybrids; but as discussed above, breeders have unwittingly
developed maize with greater tolerance to density stress. Moreover it seems that even
under good management, other more subtle stresses often arise (e.g. brief drought,
cold and/or hot spells). Improved tolerance to these subtle stressors have also been
unwittingly achieved, no doubt through the breeders’ strategy of multilocation testing
across diverse environments.

Evidence of improved tolerance to drought comes from performance under a range of
imposed water stresses. Campos et al. (2006), using an 18-hybrid subset of Duvick’s
vintage hybrids, reported relative progress in PY, of 0.6-1.5% p.a. during conditions

of controlled drought at different crop development stages, compared with 1.2% p.a.
during drought-free conditions; the least progress occurred when drought was timed
for late grain-fill. In similar studi