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Preface

Dry pea (Pisum sativum), chickpea (Cicer arietinum), broad bean (Vicia faba), lentil
(Lens culinaris), lupins (Lupinus spp.) grass pea (Lathyrus sativus) and common
vetch (Vicia sativa) are the major cool season grain legume crops which grow on all
continents except Antarctica in more than 100 countries. These cool season grain
legume crops are ancient crops of modern times and their cultivation dates back
to the pre-historic time. Due to their high nutritional value and cultivation under
poor environments mainly in dry ecologies, they are an integral part of daily dietary
system of millions of people around the world. These cool season legume crops
dominate international markets as their trading is more than US $1,200 million
annually. Due to their eco-friendly nature, low cost in production, pre-dominance
in national and international trade etc. these ancient crops have been accepted as the
crops of modern management.

Climate change predictions over this century are for warmer (at least 1-2°C)
and drier conditions, with increased extreme weather events and increased CO; lev-
els, in the regions where the principal temperate grain legumes of chickpea, lentil,
faba bean and pea are mainly grown. The most important global debate of this
century is on climate change. It is predicted that by 2050 there will be significant
impacts including rising temperature, increasing drought due to higher evaporation
and changing rainfall distribution, and increased levels of CO, due to greenhouse
and agriculture gas emissions. Thus it is predicted that present levels of agricultural
production and field crops productivity under different ecologies and regions will
be affected in a big way.

The predictions about present production levels of cool season grain legume
crops are that their productivity will decrease in the mid-latitudes or increase in
the high latitudes regionally. People, especially in developing countries, having
mostly vegetarian dietary system will face a big problem of availability of these
legumes by 2050. Considering such disturbances it is important to develop efficient
agronomic production system, to introduce widely adopted resistant high yielding
cultivars and utilization of diverse genetic sources in the improvement of new vari-
eties for wider ecologies and regions. This book provides a comprehensive review
of current production constraints, achievements, future agronomic management and
production technologies to sustain the production, utilization, international market-
ing, and crop improvements around the world. The chapters each written by subject
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matter specialists help scientists, teachers, students, extension workers, farmers,
consumers, administrators, traders and NGO’s in increasing their understanding of
the cool season grain legume crops.

This book on climate change and management of cool season grain legume crops
comprises 21 chapters. The importance and challenges of common factors and their
impact on legume crops has been explained in Chapters 1, 2, 3, 4, 5, and 6. Chapter
1 present the challenges of climate change on production, Chapter 2 crop mod-
elling to climate change, Chapter 3 ecological adaptation, Chapter 4 physiological
responses to stress environments, Chapter 5 international trade around the world and
Chapter 6 impact of climate change on legume diseases. The importance and role of
various production technologies and agronomic approaches has been highlighted in
Chapters 7, 8,9, 10, 11, 12, 13, 14, 15, 16, and 17. Chapter 8 explains the agronomi-
cal approaches to stress environments, Chapter 9 major nutrient use by legume crops
under stress environments. On the other hand, Chapter 10 explains the management
of drought and salinity under changing climate. Likewise, Chapter 11 provides light
on nutrients use efficiency and Chapter 12 explains the water use efficiency of crops
under stress environments. Chapter 13 highlights the root development system to
warming climates and Chapter 14 explains the importance of weed management
in legume crops. The role of biological nitrogen fixation under warming climates
has been explained in Chapter 15 and agrochemicals in Chapter 16. The impor-
tance of integrated crop production and management technologies under warming
climates has been highlighted in Chapter 17. The role of legume cultivars, signifi-
cance of molecular techniques, challenges to biodiversity and strategies to combat
the impact of climatic changes around the world has been described in Chapters 18,
19, 20, and 21.

Internationally, the interdisciplinary and multifactor global modern system of
team work has been recognized for scientific excellence and the legume production
system is no exception. Therefore, most chapters have involved collaboration of 2-3
or more diverse international authors from Europe, Australia, Asian region, African
region etc. Thus the book represents a truly global perspective consistent with the
nature of climate change and its impact on legume crops production system around
the world. This book offers the latest reviews of cool season grain legume crops
production and management technologies and publications as well as presenting
new findings direct from leading researchers for use by researchers, technologists,
professionals, economists, students, traders, legume growers, consumers and policy
makers. We are certain you will find it both a timely, interesting and a valuable
addition to the literature on extraordinary legume crops.

Lae, Papua New Guinea Shyam S. Yadav
Hobart, TAS David L. McNeil
Horsham, VIC Bob Redden

Bengalooru, India S.A. Patil
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Chapter 1
Climate Change, a Challenge for Cool Season
Grain Legume Crop Production

Mitchell Andrews and Simon Hodge

1.1 Introduction

Dry pea (Pisum sativum), chickpea (Cicer arietinum), broad bean (Vicia faba), lentil
(Lens culinaris), lupins (Lupinus spp.), grass pea (Lathyrus sativus) and common
vetch (Vicia sativa) are the major cool season grain legume crops produced world
wide (FAOSTAT, 2009). All are C3 plants and all form associations with specific soil
bacteria (rhizobia) to produce root nodules that can convert atmospheric nitrogen
into amino acids (Andrews et al., 2009). This ability to fix atmospheric nitrogen
gives cool season grain legumes an advantage over most non-legume crops in low
soil nitrogen environments.

Dry pea, chickpea, broad bean and lentil are the four major cool season grain
legume crops produced for human consumption. They are grown on all continents
except Antartica and FAOSTAT (2009) lists one hundred and nine countries that pro-
duced at least one of these crops over the period 2001-2007. This is likely to be an
underestimate as some countries with low production are not listed on the data base
(Knights et al., 2007). Lupin species (e.g. Lupinus albus, white lupin and Lupinus
luteus, yellow lupin) and vetches, in particular, common vetch, are important for
animal feed. From 2001 to 2007, approximately 70% of total world production of
lupin was grown in Australia (FAOSTAT, 2009). The Russian Federation was the
main producer of vetch from 2001 to 2007 accounting for 40% of total world pro-
duction. The Ukraine, Spain, Turkey, Mexico and Ethiopia each contributed 7-12%
of total world production of vetch over this period. Grass pea is used for human
and animal food in countries of the Mediterranean basin but its use is limited by the
presence of the neurotoxin (oxalyldiaminopropionic acid) responsible for lathyrism
in its seed.

Andrews et al. (2010) consider recent trends (2001-2007) in total world produc-
tion and global pattern of production of dry pea, chickpea, broad bean and lentil and
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international trade in these crops from 2001 to 2006 highlighting the main export
and import countries/regions. It is shown that a substantial proportion of the popula-
tion of the Indian sub-continent depends on grain legumes as a major protein source
in their diet and in relation to this, India, Pakistan and Bangladesh are major pro-
ducers of dry pea, chickpea and lentil. Indeed, India is by far the largest producer
of cool season grain legume crops worldwide, with a total production of chickpea,
lentil and dry pea at close to 7 million tonnes (mt) annum~' over 8.7 m hectares
of land. The area sown in dry pea, lentil and chickpea in Pakistan and Bangladesh
over the period 2001-2007 was 1.1 and 0.18 m hectares respectively (FAOSTAT,
2009). Other important areas of production highlighted by Andrews et al (2010)
were Canada (dry pea and lentil) and China (mainly dry pea and broad bean), at
just over 3 mt annum™!, France (primarily dry pea but also broad bean) at ~ 1.7
mt annum™!, Russia (mainly dry pea) and Turkey (chickpea and lentil) at ~ 1.1
mt annum™, Ethiopia (~ 0.5 mt annum™! broad bean) and the USA (~ 0.45 mt
annum~! dry pea).

In relation to trade, an important feature of the data was that production of dry
pea, chickpea and lentil does not meet demand in the Indian subcontinent and
there is substantial import of these crops from developed countries, in particular,
Canada, France, US, Australia and Turkey who export the bulk of the crop they
produce.

In developed countries, cool season grain legume crops are generally minor crops
grown in rotation with cereals on large farms (Yadav et al., 2007a, b). Here they
have a strategic role in the food and feed economy as a high protein source and
in nitrogen fixation inputs into the soil for subsequent cereal and oil seed crops.
They also act as a break crop to facilitate control of weeds, pests and diseases that
build up under predominantly cereal cropping. In developing countries, with either
partially or wholly subsistence farming, both high rainfall and irrigated agriculture
is on much smaller farms where small scale mechanization, contracted mechanical
operations and animal and human labour are major features (Yadav et al., 2007a,
b). Generally grain production from cereals is more reliable, and more responsive
than legumes to crop inputs of water, fertilizers and weed control. This is in part
because cereals have benefited to a greater extent from modern plant breeding for
input-responsive varieties (Mantri et al., 2010). Also, dry matter and carbon gain per
unit plant nitrogen or per unit time are generally greater for cereals than for nitrogen
fixing legumes. This difference can at least in part be related to the greater specific
growth rate of cereals (Andrews et al., 2009). The net result is that regions of high
productivity in developing countries, either with irrigation or with medium-high
rainfall, have higher economic returns with cereals than with legumes, and cereals
are almost exclusively preferred by small scale farmers. Thus grain legume agricul-
ture tends to be concentrated in marginal areas of low rainfall without irrigation,
or as a dry season rotation crop after cereals grown in the rainy (monsoon) season.
Under these conditions yields are low (Andrews et al., 2010). For example, the aver-
age yield of lentil in India from 2001 to 2007 was 0.70 kg hectare™!. This compared
with 1.14 and 1.24 kg hectare™! in Canada and Turkey respectively over the same
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period (FAOSTAT, 2009; Andrews et al., 2010). Similarly, for dry pea, average yield
from 2001 to 2007 was 1.06, 1.94 and 4.31 kg hectare™! in India, Canada and France
respectively.

1.1.1 Climate Change

Between 1906 and 2005, the average surface temperature of earth increased pro-
gressively, by approximately 0.7°C, with the greater part of this increase occurring
over the later 50 years (IPCC, 2007a, b). The temperature increase occurred over the
globe but was greater on land than in oceans and greatest at higher northern latitudes
and least over the Southern (Antarctic) Ocean and parts of the North Atlantic Ocean.
Linked to this, the global average sea level rose 10-20 cm in the twentieth century
and at a rate of 3.1 mm year~! from 1993 to 2003 due to thermal expansion and
melting of polar ice sheets, glaciers and ice caps (IPCC, 2007a, b). Also, from 1900
to 2005, rainfall increased in eastern parts of North and South America, Northern
Europe and Northern and Central Asia but decreased in the Mediterranean region,
parts of Southern Asia, the Sahel and Southern Africa. In addition, the frequency of
extreme weather and climate events, in particular, heat waves, storms and floods due
to heavy precipitations and extreme high sea levels increased over most land areas
(Meehl et al., 2000; IPCC, 2007a, b).

There is considerable evidence that the primary cause of increased global aver-
age temperature from 1956 to 2005 was the increase in anthropogenic greenhouse
gas concentrations (IPCC, 2007a, b). Greenhouse gases absorb a proportion of the
heat leaving the earth’s surface and re-emit it downward, causing the lower atmo-
sphere and hence global temperature, to increase. Carbon dioxide produced in fossil
fuel use (and to a lesser extent land change use such as deforestation; Fearnside and
Laurance, 2004) is the major anthropogenic gas, but methane (primarily due to fos-
sil fuel use and agricultural practices), nitrous oxide (primarily due to agricultural
practices) and chlorofluorocarbons (use in refrigeration systems, fire suppression
systems and manufacturing processes) are also important (IPCC, 2007a, b).

Global atmospheric CO; concentration increased from around 280 ppm in the
late eighteenth century to 379 ppm in 2005 (IPCC, 2007a). All countries contribute
to global CO; emissions but China, the United States (US) and the European Union
(EU, twenty seven countries) are responsible for around fifty per cent of global CO,
emissions (Netherlands Environmental Assessment Agency, 2009). In 2008, China
was the world’s largest emitter of CO,, with the US and the EU second and third
respectively. This is in part related to the large population in these regions. On a
per capita basis, CO, emissions are much lower in China than in the US, the EU or
several other countries such as Australia which have substantially lower total CO,
emissions.

In response to increasing greenhouse gas production worldwide, the Kyoto
Protocol, an international agreement linked to the United Nations Framework
Convention on Climate Change, was adopted in 1997 and entered into force in
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2005 (United Nations Framework Convention on Climate Change, 2009). Under
the Kyoto Protocol, most industrialized countries agreed to collectively reduce their
emissions of greenhouse gases (CO;, methane, nitrous oxide, hydrofluorocarbons,
perfluorocarbons and sulphur hexafluoride) by 5.2% compared to 1990 emissions.
Under treaty obligations, some countries, for example the US and Canada, were set
reduction targets, other countries such as New Zealand and Russia had emissions
capped at 1990 levels while other countries such as Australia and Iceland were
allowed to increase their CO; emissions. Several countries have met their targets set
under the Kyoto Protocol, however, as of 2009, collective global targets in relation
to CO, emissions were not being met. The annual atmospheric CO; concentration
growth rate was 1.9 ppm year™' from 1995 to 2008 (IPCC, 2007a; Earth System
Research Laboratory, 2009).

The IPCC have estimated that if the concentration of greenhouse gases had stayed
constant at 2000 levels, an increase in global average temperature of around 0.1°C
per decade would occur from 2010 to 2030 (IPCC, 2007a, b). However, with the
current reliance on fossil fuel use in global energy production and current climate
change mitigation policies and practices, greenhouse gas emissions are likely to
increase over the next twenty years and as a result, average global temperature is
predicted to increase by around 0.4°C from 2010 to 2030 (IPCC, 2007a, b). Changes
in average global temperature after 2030 are more difficult to predict and depend
on a range of factors, in particular, the amount of greenhouse gas emissions and
the proportion of CO, produced that is sequestered in ocean and terrestrial sinks
(Andrews and Watson, 2010). Using a range of scenarios, the IPCC (IPCC, 2007a,
b) predict a minimum increase in average global temperature of 1.1°C over the
twenty-first century although this could be as great as 6.4°C. As occurred from 1900
to 2005, warming is predicted to be greater over land than in oceans and greatest at
higher northern latitudes and least over the Southern Ocean and parts of the North
Atlantic Ocean. Also, sea levels are predicted to rise by 0.18-0.59 m (depending
on model used) due to further thermal expansion and melting of polar ice sheets,
glaciers and ice caps.

Linked to the increase in global average air temperature and continuing the other
climate trends observed from 1956 to 2005, IPCC (2007a, b) concluded that it is
very likely that precipitation will increase at high latitudes but decrease in most sub-
tropical regions. Annual river run off and water availability are predicted to increase
at high latitudes and in some tropical wet areas but decrease in some dry regions in
the mid-latitudes and tropics and water resources in many semi-arid areas are pre-
dicted to decrease. In addition, the frequency of hot extremes, heat waves and heavy
precipitation are likely to increase further over all land areas. Also, it is very likely
that tropical cyclone intensity will increase and that there will be a poleward shift
of extra-tropical storm tracks with consequent changes in wind, precipitation and
temperature patterns. Areas highlighted as being particularly vulnerable to extreme
weather/climate events are the Asian and African mega deltas, due to their large
populations and high exposure to sea level rise, storm surges and river flooding,
and small islands where there is high exposure of population and infrastructure to
extreme weather/climate events.
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1.2 Effect of Climate Change on Cool Season Grain
Legume Production

Crop growth is greatly dependent on climate as plant physiological processes
respond directly to changes in air and soil temperature, solar radiation, mois-
ture availability and wind speed (Monteith, 1981; McKenzie and Andrews, 2010).
Climate can also influence the incidence of weeds, pests and diseases which
can affect crop growth and yield (Oleson and Bindi, 2002; Aggarwal et al.,
2004; McKenzie and Andrews, 2010). Thus, if climate change is substantial in
crop growing regions, it could greatly affect growth and yield of crops grown
there.

Parry et al. (2004; 2005) and IPCC (2007a, b) assessed the effects of projected
climate change from 2010 to 2060 on crop/food production and risk of hunger in
different regions of the world: different climate change scenarios developed by the
IPCC were considered. Generally, the scenarios predicted yield increases in devel-
oped countries at mid and high-mid-latitudes but yield decreases in developing
countries in the tropics and sub-tropics with the risk of hunger particularly high
in Southern Asia and Africa. The increased risk of hunger with climate change in
Southern Asia and Africa would add to the existing and increasing hunger problems
in these areas due to the high number of poor people and an expanding population
(Parry et al., 2004; 2005; see also Aggarwal et al., 2004). Aggarwal et al. (2004)
argued that assuming a medium growth scenario, the population of South Asia
will increase by 700 million people from 2005 to 2035 (see also United Nations
Population Division, 2009) and that the demand for grain legumes will increase by
30% between 2010 and 2030.

In relation to cool season grain legumes in the major areas of production high-
lighted above, climate change would be expected to result in increased yields in
North America and Northern Europe but decreased yields in Ethiopia, Southern
Asia and possibly Australia (Australian Government Bureau of Meteorology, 2009)
and Turkey (Oleson and Bindi, 2002; Yano et al., 2007). Also, large areas of agricul-
tural land in Bangladesh and China are vulnerable to a substantial rise in sea level
(IPCC, 1996). However, Parry et al. (2004; 2005) and IPCC (2007a, b) emphasized
that there will be exceptions to the generalisations. For example, yields are pro-
jected to increase in areas subjected to increased monsoon intensity or where more
northward penetration of monsoons leads to increases in available moisture. They
also emphasized that the effectiveness of adaptation strategies to counter the neg-
ative effects of climate change is difficult to predict. Possible adaptation strategies
highlighted that are relevant to cool season grain legume production include crop
relocation, changes in sowing date, use of more stress tolerant genotypes, genetic
adjustment of crops to increase their tolerance of stress, increased nutrient and plant
protection inputs and intercropping with other crops to lower the risk of total crop
failure under adverse conditions. Genetic adjustment of cool season grain legume
crops should also include consideration of the rhizobial symbiont (Andrews et al.,
2009).
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1.3 Effect of Elevated CO; on Cool Season Grain Legume Crops

A major uncertainty in relation to the prediction of climate change effects on crop
growth is the effect increased atmospheric CO, concentration will have on crop
growth under agricultural conditions (Parry et al., 2004; 2005; IPCC, 2007a, b;
Ainsworth et al., 2008a, b). Carbon dioxide is a substrate in the process of pho-
tosynthesis and there are reports for many C3 plants under controlled environment
or glasshouse conditions that a doubling of atmospheric CO; concentration will
stimulate photosynthesis and lead to increased growth/yield and, in legumes, to
increased nitrogen fixation (Stulen et al., 1998; Poorter and Nagel, 2000). There
are also several reports that this CO, effect can be obtained under water stress con-
ditions. Indeed, there is evidence that water use efficiency can be greater under high
CO, as transpiration is reduced as a result of reduced stomatal conductance (Eamus,
1991; Kimball et al., 2002; Fleisher et al., 2008). However, due to a lack of appro-
priate experimentation, it is not certain how increased atmospheric CO; will affect
crop growth under agricultural conditions where other environmental factors may
interact with the CO, effect (Ainsworth et al., 2008a, b; Challinor and Wheeler,
2008). It seems likely that the maximum benefit of increased CO; will only occur if
there is adequate nitrogen available to support the increased growth (Hungate et al.,
2003; Van Groenigen et al., 2006; Wieser et al., 2008). Cool season grain legumes
differ from cereals and most other non-legume crops in that they are capable of
nitrogen fixation, which for a range of species has been shown to be stimulated by
increased atmospheric CO, concentration under controlled environment, glasshouse
and small scale field experiments (Zanetti et al., 1996; Rabah Nasser et al., 2008a, b;
Soussana and Liischer, (2007). Thus cool season grain legume crops in comparison
with non-legume crops may be less affected by adverse climate change.

1.4 Conclusions

There is now unequivocal evidence that global climate is changing and that these
changes are closely correlated with the increase in anthropogenic greenhouse gas
concentrations, in particular, carbon dioxide produced in fossil fuel use. There is
strong evidence that the average global temperature will increase by around 0.4°C
from 2010 to 2030 and at least a further 0.7°C over the rest of the twenty-first cen-
tury. Linked to this, sea levels are predicted to rise by 0.18-0.59 m over this period
due to thermal expansion and melting of polar ice sheets, glaciers and ice caps. It
is highly probable that precipitation and water availability will increase at high lat-
itudes and in some tropical wet areas. It is equally probable that precipitation will
decrease in most subtropical regions and water resources will decrease in some dry
regions and many semi arid areas in the mid-latitudes and tropics. In addition, the
frequency of extreme weather/climate events, in particular, hot extremes, heat waves
and heavy precipitation will increase over all land areas: the Asian and African mega
deltas are particularly vulnerable to extreme weather/climate events.
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The effects of climate change on crop/food production and the risk of hunger in
different regions of the world under different climate change scenarios developed
by the IPCC have been assessed. Generally, the scenarios predict yield increases in
developed countries at mid and high-mid-latitudes but yield decreases in developing
countries in the tropics and sub-tropics. In relation to the major areas of production
of cool season grain legume crops, these predictions indicate increased yields in
North America and Northern Europe but decreased yields in Ethiopia and Southern
Asia. However, the extent of negative effects of climate change on grain legume
production in some regions will be dependent on the effectiveness of adaptation
strategies put in place to counter them. A major uncertainty in relation to the pre-
diction of climate change effects on crop growth is the effect increased atmospheric
CO; concentration will have on crop growth under agricultural conditions. It seems
likely that the maximum benefit of increased CO;, will only occur if there is ade-
quate nitrogen available to support the increased growth. Cool season grain legume
crops are capable of nitrogen fixation and because of this may be less affected by
adverse climate change than non-legume crops.

This book assesses the sustainability and potential of cool season grain legume
crops at regional and global levels in relation to the agricultural challenges presented
by climate change in conjunction with a continuing rise in world population. This
rise in world population will result in a need to increase food production, despite
urban growth reducing available arable land and water supply for irrigation. These
losses will be especially significant because many cities are located on fertile soils
and next to rivers for water supply. The question is whether cool season grain legume
crops can maintain their current role, or even assume greater prominence, for direct
supply of food and for sustainability of predominantly cereal farming systems under
future climate and socio-economic conditions.

References

PK. Aggarwal, PK. Joshi, J.S.I. Ingram, and R.K. Gupta (2004). Adapting food systems of the
Indo-Gangetic plains to global environmental change: Key information needs to improve policy
formulation. Environ Sci Policy 7, 487-498.

E.A. Ainsworth, C. Beier, C. Calfapietra, R. Ceulemans, M. Durand-Tardif, G.D. Farquhar,
D.L. Godbold, G.R. Hendrey, T. Hickler, J. Kaduk, D.F. Karnosky, B.A. Kimball, C.
Korner, M. Koornneef, T. Lafarge, A.D.B. Leakey, K.F. Lewin, S.P. Long, R. Manderscheid,
D.L. McNeil, T.A. Mies, F. Miglietta, J.A. Morgan, J. Nagy, R.J. Norby, R.M. Norton, K.E.
Percy, A. Rogers, J.-F. Soussana, M. Stitt, H.-J. Weigel, and J.W. White (2008a). Next genera-
tion of elevated CO, experiments with crops: A critical investment for feeding the future world.
Plant Cell Environ 31, 1317-1324.

E.A. Ainsworth, A.D.B. Leakey, D.R. Ort, and S.P. Long (2008b). FACE-ing the facts:
Inconsistencies and interdependence among field, chamber and modelling studies of elevated
[CO,] impacts on crop yield and food supply. New Phytol 179, 5-9.

M. Andrews, PJ. Lea, J.A. Raven, and R.A. Azevedo (2009). Nitrogen use efficiency. 3. Nitrogen
fixation. Genes and costs. Ann Appl Biol 155, 1-13.

M. Andrews, H. Seddighi, S. Hodge, B.A. McKenzie, and S.S. Yadav (2010). Consequences of
predicted climatic changes on international trade in cool season grain legume crops. In: Yadav



8 M. Andrews and S. Hodge

S.S., McNeil D.L., Redden R. (eds.), Climate change and management of cool season grain
legume crops. Springer, Heidelberg/New York.

M. Andrews and D. Watson (2010). Carbon sequestration. In: Cohen N. (ed.), Green business. Sage
Publications, Thousand Oaks, CA/London in press.

Australian Government Bureau of Meteorology (2009). Climate change. http://www.bom.gov.au/
accessed August 2009.

A.J. Challinor and T.R. Wheeler (2008). Use of a crop model ensemble to quantify CO, stimulation
of water-stressed and well-watered crops. Agric Forest Meteorol 148, 1062—1077.

D. Eamus (1991). The interaction of rising CO, and temperature with water use efficiency. Plant
Cell Environ 14, 843-852.

Earth System Research Laboratory (2009). http://www.esrl.nona.gov/ accessed August 2009.

FAOSTAT (2009). Food and Agriculture Organisation of the United Nations Rome. http://faostat.
fao.org/ accessed August 2009.

PM. Fearnside and W.F. Laurance (2004). Tropical deforestation and greenhouse-gas emissions.
Ecol Appl 14, 982-986.

D.H. Fleisher, D.J. Timlin, and V.R. Reddy (2008). Elevated carbon dioxide and water stress
effects on potato canopy gas exchange, water use and productivity. Agric Forest Meteorol 148,
1109-1122.

B.A. Hungate, J.S. Dukes, M.R. Shaw, Y.Q. Luo, and C.B. Field (2003). Nitrogen and climate
change. Science 302, 1512-1513.

IPCC (Intergovernmental Panel on Climate Change) (1996). Climate change 1995: Impacts adap-
tations and mitigation of climate change: Scientific-technical analyses contribution of working
group II to the second assessment report of its intergovernmental panel on climate change. In:
Watson R.T., Zinyowera M.C., Moss R.H. (eds.), Cambridge University Press, Cambridge/New
York.

IPCC (InterGovermental Panel on Climate Change) (2007a). Summary for policymakers. In:
Solomon S., Qin D., Manning M., Chen Z., Marquis M., Averyt K.B., Tignor M., and
Miller H.L. (eds.), Climate change 2007: The Physical Science basis. Contribution of Working
Group 1 to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge and New York.

IPCC (Intergovernmental Panel on Climate Change) (2007b) Climate change 2007: Synthesis
report. www.ipcc-data.org. Retrieved June 2009.

B.A. Kimball, K. Kobayashi, and M. Bindi (2002). Responses of agricultural crops to free air CO;
enrichment. Adv Agron 77, 293-368.

E.J. Knights, N. A¢ikgoz, T. Warkentin, G. Bejiga, S.S. Yadav, and J.S. Sandhu (2007). Area,
production and distribution. In: Yadav S.S., Redden R.J., Chen W., Sharma B. (eds.), Chickpea
breeding and management. CAB International, Wallingford.

N. Mantri, E.C.K. Pang, and R. Ford (2010). Molecular biology for stress management. In: Yadav
S.S., McNeil D.L., Redden R. (eds.), Climate change and management of cool season grain
legume crops. Springer, Heidelberg/New York.

B.A. McKenzie and M. Andrews (2010). Modelling climate change effects on cool season grain
legume crop production: LENMOD, a case study. In: Yadav S.S., McNeil D.L., Redden R.
(eds.), Climate change and management of cool season grain legume crops. Springer,
Heidelberg/New York.

G.A. Meehl, T. Karl, D.R. Easterling, S. Changnon, R. Pielke, Jr., D. Changnon, J. Evans,
PY. Groisman, T.R. Knutson, K.E. Kunkel, L.O. Mearns, C. Parmesan, R. Pulwarty, T. Root,
R.T. Sylves, P. Whetton, and F. Zwiers (2000). An introduction to trends in extreme weather
and climate events: Observations, socioeconomic impacts, terrestrial ecological impacts, and
model projections. Bull Am Meteorol Soc 81, 413-416.

J.L. Monteith (1981). Coupling of plants to the atmosphere. In: Grace J., Ford E.D., Jarvis P.G.
(eds.), Plants and their atmospheric environment. Blackwell, London.

Netherlands Environmental Assessment Agency (2009). http://www.pbl.nl/ accessed August 2009.

J.E. Oleson and M. Bindi (2002). Consequences of climate change for European agricultural
productivity, land use and policy. Eur J Agron 16, 239-262.



1 Climate Change, a Challenge for Cool Season Grain Legume Crop Production 9

M.L. Parry, C. Rosenzweig, A. Iglesias, M. Livermore, and G. Fischer (2004). Effects of climate
change on global food production under SRES emissions and socio-economic scenarios. Glob
Environ Change 14, 53-67.

M. Parry, C. Rosenzweig, and M. Livermore (2005). Climate change, global food supply and risk
of hunger. Phil Trans R Soc B 360, 2125-2138.

H. Poorter and O. Nagel (2000). The role of biomass allocation in the growth response of plants to
different levels of light, CO,, nutrients and water: A quantitative review. Aust J Plant Physiol
27, 595-607.

R. Rabah Nasser, M.P. Fuller, and A.J. Jellings (2008a). Effect of elevated CO, and nitrogen levels
on lentil growth and nodulation. Agron Sust Dev 28, 175-180.

R. Rabah Nasser, M.P. Fuller, and A.J. Jellings (2008b). The influence of elevated CO, and drought
on the growth and nodulation of lentils (Lens culinaris Medic). Asp Appl Biol 88, 103-110.
J.-F. Soussana and A. Liischer (2007). Temperate grasslands and atmospheric change: A review.

Grass Forage Sci 62, 127-134.

I. Stulen, J. den Hertog, F. Fonseca, K. Steg, F. Posthumus, and T.A.W. van der Kooij (1998).
Impact of elevated atmospheric CO; on plants. In: de Kok L.J., Stulen I. (eds.), Responses of
plant metabolism to air pollution and global change. Backhuys Publishers, Leiden.

United Nations Framework Convention on Climate Change (2009). http://unf.ccc.int/ accessed
August 2009.

United Nations Population Division (2009). http://www.un.org/esa/population/unpop/ accessed
August 2009.

K.-J. Van Groenigen, J. Six, B.A. Hungate, M.-A. De-Graaff, N. Van Breemen, and C. Van
Kessel (2006). Element interactions limit soil carbon storage. Proc Natl Acad Sci USA 103,
6571-6574.

G. Wieser, R. Manderscheid, M. Erbs, and H.-J. Weigel (2008). Effects of elevated atmospheric
CO; concentrations on the quantitative protein composition of wheat grain. J Agr Food Chem
56, 6531-6535.

Yadav S.S., McNeil D.L., Stevenson P.C. (eds.) (2007a). Lentil: An ancient crop for modern times.
Springer, Dordrecht.

Yadav S.S., Redden R.J., Chen W., Sharma B. (eds.) (2007b). Chickpea breeding and management.
CAB International, Wallingford.

T. Yano, M. Aydin, and T. Haraguchi (2007). Import of climate change on irrigation demand and
crop growth in a Mediterranean environment of Turkey. Sensors 7, 2297-2315.

S. Zanetti, U.A. Hartwig, A. Liischer, T. Hebeisen, M. Frehner, B.U. Fischer, G.R. Hendrey,
H. Blum, and J. Nosberger (1996). Stimulation of symbiotic N fixation in Trifolium repens
L. under elevated atmospheric pCO; in a grassland ecosystem. Plant Physiol 112, 575-583.



Chapter 2
Modelling Climate Change Effects on Legume
Crops: Lenmod, a Case Study

Bruce A. McKenzie and Mitchell Andrews

2.1 Introduction

Plant growth is greatly dependent on weather conditions, with physiological
processes responding to changes in air and soil temperature, solar radiation, mois-
ture availability and wind speed (Monteith, 1981). The effects of individual climatic
elements on crop growth during distinct phases of plant development can be quanti-
fied allowing the calibration of mechanistic numerical models of crop growth. Such
models give greater understanding of how different climatic factors interact to deter-
mine crop yield and have several uses including the prediction of where previously
untested crops might be grown and of how changes in climate in specific regions
could affect crop growth and yield there (Milford et al., 1995; Andrews et al., 2001;
Wang et al., 2002). A benefit of such models is that they can predict crop growth and
yield with considerable confidence without prolonged and costly experimentation.
Probably the most widely used crop growth models are the IBSNAT
(International Benchmark Sites Network for Agrotechnology Transfer) crop mod-
els (IBSNAT, 1989). These are mechanistic models based on equations which relate
crop growth and development to the major climatic drivers of plant growth and
development listed above. The IBSNAT models such as CERES wheat (Ritchie
and Otter, 1985) have been widely validated and Parry et al. (2005) used this set
of models for a review on the effects of climate change on global food supply.
The APSIM (Agricultural Production Systems sIMulator) suite of models is also
commonly used. This is actually a modelling framework which has the ability to
integrate a range of sub models. This versatile structure can simulate growth of
more than 20 crops (Wang et al., 2002). It is also capable of analyzing whole farm
systems and providing advice to growers on crop and pasture rotations (McCown
et al., 1996). The Food and Agriculture Organisation of the United Nations (FAO)
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has developed a very simple water driven model called Aqua-crop (Steduto et al.,
2009). This model is based on transpiration, thermal time and canopy cover and is
simple enough that it should be valuable as a decision support tool in developing
countries.

In New Zealand (NZ), a range of models has been developed to provide deci-
sion support to arable cropping farmers. The Wheat calculator, which is a version
of the Sirius model developed by Jamieson et al. (1998) is used by wheat (Triticum
aestivum) growers throughout Canterbury and accurately predicts biomass accu-
mulation, grain yield, leaf area index (LAI), nitrogen utilization and irrigation
requirements. Similar models have also been developed for maize (Zea mays) (Reid
et al., 1999), asparagus (Asparagus officinalis), carrot (Daucus carota, sativus) and
potato (Solanum tuberosum) (http//www.crop.cri.nz/home/products-services/crop-
production/crop-mgmt.php, site accessed June 2009).

In this chapter we focus on lentil (Lens culinaris), one of the four major cool
season grain legume crops produced for human consumption. Firstly, we describe
the development of LENMOD, a lentil crop growth model, in Canterbury, NZ.
Secondly, we give details of a case study of validation of the model in the United
Kingdom (UK) and its use to predict crop growth and seed yield of spring and
autumn sown lentils in eight sites along a transect from NW Scotland to SE England
chosen to encompass important environmental gradients in the UK. Finally, we
use LENMOD to predict the likely effects of increased temperature and increased
soil moisture deficits (the two most likely long-term effects of climate change in
Canterbury, NZ; Ministry for the Environment, 2001) on lentil growth and yield in
Canterbury, NZ.

2.2 LENMOD

LENMOD was developed and calibrated in experiments carried out on a silt loam
soil at Lincoln, Canterbury, New Zealand (43.38°S, 172.30°E, 11 m above sea level)
using cv. Titore, a small seeded, red variety of lentil (McKenzie and Hill, 1989;
McKenzie et al., 1994). The experiments utilized spring, summer, autumn and win-
ter sowing dates and a range of irrigation treatments over different years. The model
requires the input of daily values of maximum and minimum air temperature, solar
radiation, precipitation, potential evapo-transpiration and day length and assumes
that there is no water stress at the time of sowing, soil fertility is non-limiting and
the crop is free of weeds and disease throughout all stages of growth. A flow chart
outlining the lentil growth modeling process is shown in Fig. 2.1.

All developmental stages in LENMOD except emergence to flowering depend
on accumulated thermal time (TT). Sowing to emergence, flowering to physiologi-
cal maturity and physiological maturity to harvest date require 115, 546 and 270°C
days above the critical temperature respectively. Emergence to flowering is depen-
dent upon accumulated photothermal time and requires 278°C days (photothermal)
above the critical temperature. The critical temperature below which growth and
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Daily meteorological Climate model LENMOD
observations Lentil growth model
Maximum temperature Daylight duration Emergence
Minimum temperature Solar radiation | Flowering
Wet-bulb temperature " Net radiation "|  Leaf expansion
Dry-bulb temperature Potential Maturity
Precipitation Evapotranspiration Seed yield
Sunshine duration
Wind speed

Fig. 2.1 Flowchart showing the lentil crop growth modelling process

development stop is 2°C up to flowering and 6°C after flowering. The equations for
relative daily leaf growth (RDLG), LAI and crop growth rate (CGR) are:

(1) RDLG =-0.0174 + 0.00829 x daily TT
(2) LAI = previous LAI x RDLG + previous LAI
(3) CGR = 0.5 x IR x fraction IR intercepted x RUE x drought factor

In Equation (2), LAI is not allowed to exceed seven. In Equation (3), IR equals
incident radiation and the drought factor is a “switch” that turns off growth when the
limiting deficit is passed. Radiation use efficiency (RUE) is set at 1.7 g DM MJ~! of
intercepted radiation. The equation for the fraction of IR intercepted is:

(4) Fraction IR intercepted = 1.0 —exp (-k x LAI)

where —k is the extinction coefficient which is usually set at 0.32. The limiting soil
moisture deficit is calculated from the relationship between relative yield and max-
imum potential soil moisture deficit (Penman, 1948). When all plant available soil
water is depleted, the drought factor becomes zero and thus the CGR becomes zero.
After achieving maximum LAI, LAI declines to zero as a parabolic function of TT,
based on 650°C days as follows:

(5) LAI = previous LAI — max LAI x [(accumulated TT/2.5) x daily TT x leaf
killer x (2/6502)]

Leaf killer is dependent on soil moisture. If the soil moisture goes above the
limiting deficit, leaf killer is five, but if it is below the limiting deficit, then leaf killer
is one. Soil moisture deficit is based on Penman’s potential evapotranspiration. Total
dry matter (TDM) is calculated from daily crop growth rate and the model assumes
a stable harvest index of 40% for the calculation of seed yield.
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2.3 LENMOD Case Study 1: The UK

2.3.1 Validation of the Model

Crop growth models can be used to predict where previously untested crops might
be grown (Milford et al., 1995; Andrews et al., 2001; Wang et al., 2002). LENMOD
was used to assess the potential of lentil as a grain legume crop in the UK (Andrews
etal., 2001; Joyce et al., 2001). Firstly, the model was validated on one site (Durham
54.77°N, 1.58°W, 40 m above sea level; Fig. 2.2) over different studies. In the main
study, predicted and actual time to flowering and seed yield were determined for five
spring sowing dates in 1999 (Table 2.1).

The simulations were also run with two levels (150 and 250 mm) of plant avail-
able water (PAW). In LENMOD, soil moisture deficit is a trigger for turning off
growth when the soil moisture deficit passes a critical deficit (0.5 x PAW). This
example considers a soil with a PAW of 150 mm as an average soil and a soil of
PAW = 250 mm as a heavy soil.

For the four sowing dates from 21 April to 12 May 1999, predicted flowering
date was within 3 days of actual flowering date (Table 2.1). For the final sowing date
(26 May), predicted flowering date was 3—7 days later than actual flowering date.
For all sowing dates, predicted seed yields were within 9% of actual seed yields
which ranged from 1.40 to 1.65 t ha~!. It was concluded that use of LENMOD in
Durham is valid.

| q
/ L & !'

Fig. 2.2 The location of the
eight sites within the UK for
which meteorological data
were used to predict lentil
crop growth utilizing
LENMOD. From north to
south the sites are /
(Stornoway, 58.22°N
6.32°W), 2 (Fort Augustus,
57.13°N 4.68°W), 3
(Turnhouse, 55.95°N
3.35°W), 4 (Eskdalemuir,
55.32°N 3.20°W), 5
(Bramham, 53.87°N
1.15°W), 6 (Sutton
Bonington, 52.83°N
1.12°W), 7 (Woburn,
52.02°N 0.58°W) and 8 (East
Malling, 51.28°N 0.45°E).
The location of Durham
where field experiments were
carried out is indicated by a
Cross
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Table 2.1 Actual and predicted flowering date and seed yield of lentil cv Titore for five sowing
dates at Durham in 1999

Flowering date Seed yield (t ha™!)

Sowing date  Actual Predicted  Actual  Predicted
21 April 24 June-28 June 26 June 1.65 1.55

28 April 29 June-1 July 30 June 1.58 1.47

5 May 2 July-5 July 4 July 1.55 1.46

12 May 6 July—10 July 9 July 1.40 1.47

26 May 11 July—15 July 18 July 1.62 1.48

SE (10df) 0.109

Taken from Andrews et al. (2001).

2.3.2 Prediction of Crop Growth

After validation of LENMOD at Durham, the model was used to predict maximum
crop growth rate (CGR), flowering date, maximum LAI, radiation intercepted, total
dry matter (TDM) produced, harvest date and seed yield for spring and autumn sown
lentil over the period 1987-1995 for eight sites selected from the UK Meteorological
Office network of climate stations along a transect from NW Scotland to SE England
(Fig. 2.2; Andrews et al., 2001). This transects spans 7 degrees of latitude, cor-
responding to a difference in day length of approximately 1.5 h in mid-summer
and is likely to capture the major spatial variability of mean temperature, rainfall
and sunshine intensity throughout the year in the UK. Solar radiation and poten-
tial evapotranspiration are also likely to vary systematically over the length of the
transect.

Mean climatic conditions during the period 1987-1995 varied systematically
between the eight sites used to model lentil yields. Mean air temperature during
the growing season (May to September) increased with decreasing latitude, from
11.6°C at Stornoway to 15.4°C at East Malling (Table 2.2). Elevation above sea
level exerts a secondary influence on temperature, illustrated by the anomalous cold
conditions at Eskdalemuir (11.6°C) which is the highest site at 242 m above sea
level. Mean solar radiation and potential evapotranspiration also tended to increase
with decreasing latitude (Joyce et al., 2001). Mean May to September precipita-
tion totals ranged from 543 mm at Eskdalemuir to 235 mm at the most southerly
sites.

Predicted data for three sites, Fort Augustus (57.13°N, 4.68°W, 40 m above
sea level), Eskdalemuir (55.32°N, 3.20°W, 242 m) and East Malling (51.28°N,
0.45°E, 40 m) are presented to highlight how different climatic conditions would
be expected to interact to determine crop growth and yield. In general, over the
period 1987—-1995, monthly mean daily solar radiation increased in the order Fort
Augustus < Eskdalemuir < East Malling but monthly mean daily air temperature
during the growing season (May to September) increased in the order Eskdalemuir
(11.6°C) < Fort Augustus (12.6°C) < East Malling (15.4°C) (Table 2.2; Joyce et al.,
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Table 2.2 Monthly mean air temperature (°C) for the period 1987-1995 for eight sites in the UK
for which meteorological data were used to predict lentil crop growth

Site May June July August September Average
Stornoway 92 112 133 13.1 11.1 11.6
Fort Augustus 101 125 148 140 11.4 12.6
Turnhouse 103 13.0 15.0 149 12.1 13.1
Eskdalemuir 91 116 138 13.1 10.4 11.6
Bramham 109 135 161 159 13.0 13.9
Sutton Bonington 11.5 14.1 169 16.5 13.6 14.5
‘Woburn 11.6 140 169 16.7 13.7 14.6
East Malling 124 148 177 177 14.4 15.4

Taken from Joyce et al. (2001).

2001). Temperatures were lowest at Eskdalemuir because of its greater elevation.
Monthly rainfall was generally greater for Fort Augustus and Eskdalemuir than for
East Malling. In comparison with mean monthly rainfall, mean monthly potential
evapotranspiration was generally less variable across the sites. During May and June
for Eskdalemuir, from May to July for Fort Augustus and from April to August for
East Malling, mean monthly potential evapotranspiration was substantially greater
than mean monthly rainfall.

For the May sowing with 150 or 250 mm PAW, predicted mean values for max-
imum CGR, maximum LAI, radiation intercepted, TDM and seed yield increased
with site in the order Fort Augustus < Eskdalemuir < East Malling (Table 2.3). These

Table 2.3 Predicted mean values for maximum crop growth rate (CGR), flowering date, maximum
leaf area index (LAI), radiation intercepted, total dry matter (TDM) produced and seed yield for
lentil cv Titore with spring (1 May) and autumn (1 October) sowings at three sites in the UK over
the period 1987-1995

Fort Augustus Eskdalemuir East Malling

1 May' 1May? 10ct' 1May' 1May? 10Oct' 1May' 1May? 1Oct!

Max CGR 93 93 117 100 117 71 162 186 213
(kgha'd)

Flowering date 3 July 3July 7June 9July 9July 14 June 28 June 28 June 20 May

Maximum LAI  2.18 2.18 266 223 2.23 1.08 3.94 394 735

Radiation 208 210 262 246 247 166 317 363 704
intercepted
(MJ m2)

TDM (tha™')  2.50 2.64 296 322 3.60 242 3.08 4.75 6.94

Seed yield 1.00 1.10 1.18  1.29 144 097 1.23 190  2.78
(tha™)

1150 mm plant available water.
2250 mm plant available water.
Taken from Andrews et al. (2001).
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effects were related to differences in average air temperature and radiation intercep-
tion. An increase from 150 to 250 mm PAW with the May 1 sowing had only small
effects on growth and yield at Fort Augustus and Eskdalemuir (Table 2.3). However,
for East Malling where potential evapotranspiration was substantially greater than
mean monthly rainfall for the longest period, this increase in PAW caused 54%
increases in TDM and seed yield.

A switch in sowing date from 1 May 250 mm PAW to 1 October gave small
increases in crop growth and yield at Fort Augustus, substantial increases in crop
growth and yield at East Malling but substantial decreases in crop growth and yield
at Eskdalemuir. The positive effects of autumn sowing at East Malling were due, in
part, to greater leaf area duration (LAI x time) and hence greater radiation inter-
ception. Also, autumn sowing reduced the period of time the crop was exposed
to water stress due to its earlier maturation. The negative effects of autumn sow-
ing at Eskdalemuir were due to low temperatures over-winter and in spring which
restricted leaf development and hence reduced radiation interception. At all sites,
flowering date was unaffected by an increase from 150 mm to 250 mm PAW with
the May sowing but was earlier with the October sowing due to photothermal effects.

For a 1 May sowing at 150 mm PAW, seed yield was similar at Eskdalemuir
and East Malling but for the 1 October sowing, seed yield was three times greater
at East Malling. In the case of East Malling, predicted yields for autumn sowing
(2.78 t ha™!) are exceptional but not unrealistic as yields of around 2.8 and 2.5 t ha™!
were obtained for autumn-sown lentil at Reading in S England over different years
(Crook et al., 1999). Andrews et al. (2001) concluded that lentil has considerable
potential as a grain legume crop in the UK but acknowledged that further tests are
required at more northerly and southerly sites in the UK.

2.4 LENMOD Case Study 2: Climate Change in NZ

2.4.1 Predictions of NZ Climate

The New Zealand government has suggested that the most likely long term effects
of climate change in the South Island of New Zealand are an increase in tempera-
ture of about 3°C and a reduction in rainfall of 5-10% which is likely to increase
drought conditions during summer (Ministry for the Environment, 2001). In rela-
tion to this, LENMOD was used to predict lentil yields in Canterbury, New Zealand
under four climatic scenarios. These were: (1) control; (2) dry environment simu-
lated by reducing PAW from 150 mm in the control to 135 mm. This is equivalent to
a 10% reduction in soil water availability to the crop; (3) a hot climate simulated by
adding 3°C to daily minimum and maximum temperatures and (4) a combination of
both dry and hot conditions. In addition the crop was virtually sown on either 1 June
or 1 October. These dates are appropriate for winter sowings and late spring sowings
respectively and provide significant variation in yields (McKenzie and Hill, 1990).
Simulations were run over five contrasting years from 2004 to 2008. For analysis of
variance, years were used as replicates.
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2.4.2 Sowing Date Effects on Yield

Yield results are presented in Table 2.4. As expected, winter sown lentils produced
more grain and TDM than did spring sown lentils. This is supported by a survey
of results of lentil trials at Lincoln averaged over four seasons for winter sowing
and six seasons for spring sowings. Winter sowings yielded 2.21 t grain ha~! while
spring sowings yielded 1.61 t grain ha™! (McKenzie, 1987; McKenzie et al., 1986;
McKenzie et al., 1989; Ayaz et al., 2004). Only in wet seasons when disease poten-
tial is high do spring sowings usually out-yield winter sowings (McKenzie, 1987).
This scenario is not possible to model with LENMOD as it contains no disease
sub-routines.

Winter sowings yield more than the spring sowings in most years due to increased
LAI and increased intercepted solar radiation. As shown in Tables 2.4 and 2.5,

Table 2.4 Simulated yields of lentil and possible explanatory variables generated by LENMOD
for crops sown in June and October in 2004-2008 in Canterbury NZ under four climatic
scenarios

Grain yield Total dry Maximum Intercepted Effective Penman
(tha™) matter (t ha™!) LAI PAR (MJ m™2) ET (mm)
Sow date
June 2.50 6.25 7.22 655 438
October 2.06 5.13 4.63 482 283
Significance ok *ok ok *% Kk
SED 0.118 0.29 0.098 36.3 16.03
Climate
Control 2.19 5.44 5.53 550 382
Dry 2.01 5.04 5.53 530 385
Hot 2.55 6.38 3.36 631 338
Hot and dry 2.36 5.90 6.30 563 335
Significance * * ok NS NS
SED 0.167 0.412 0.138

* Significantly different P <0.05
** Significantly different P <0.01

Table 2.5 Correlations between simulated total dry matter yield and a range of possible
explanatory variables (see Table 2.4)

Intercepted Maximum Maximum Growth Effective
PAR LAI growth rate duration Penman PET
Total dry 0.76 0.35 0.62 0.30 0.37

matter
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the simulated winter sowings intercepted 36% more radiation than did the spring
sowings and intercepted radiation had the highest correlation with total dry matter
production.

2.4.3 Climate Scenario Effects on Yield

The four different climate scenarios, in comparison with sowing date, had a much
smaller effect on both grain yield and total dry matter production (Table 2.4). The
highest yields were produced under the hot climate scenario (2.55 t ha~!) which
was 16% greater than the 2.19 t ha~! achieved in the control simulations. This is
not too surprising when one considers long term temperatures in Canterbury. Mean
daily maximum temperature in January (the hottest month) is 21.3°C (Broadfields
meteorological station, Canterbury, NZ), while mean daily temperature in January
is a modest 16.4°C. The maximum predicted increase in temperature in Canterbury
of 3°C is clearly likely to result in improved lentil yields. This is primarily due
to increased LAI as temperature is an important factor affecting leaf expansion
(Dennett et al., 1978; Andrews et al., 1989). The greater LAI tends to result in
greater interception of photosynthetically active radiation (PAR). While intercepted
PAR was not significantly increased in these simulations, the highest value obtained
was in the hot scenario.

The dry scenario did not result in significant decreases in either seed or TDM
yield when compared with the control. This is mostly due to two factors. Firstly, a
10% decrease in plant available water is a small change and secondly the soil which
was used for these simulations is a deep cropping soil which contains a total PAW
of 150 mm m™! of soil (McKenzie and Hill, 1990). This soil has a critical limiting
deficit of about 130 mm for lentils and hence irrigation does not usually result in
yield responses in Canterbury (McKenzie, 1987). These results clearly indicate that
climate change in Canterbury is unlikely to be detrimental to lentil yields. Indeed, it
is likely to result in increased yields of cool season grain legumes.

The situation in other grain legume growing areas could be different. The IPCC
(1996) report suggests that global warming over this century will be 1-4.5°C. Cline
(2007) presents figures that state long term annual temperatures in NZ will rise
from 10.2 to 12.7°C; in NW India, they will rise from 23.6 to 27.5°C and in central
Canada from —0.5 to 5.4°C. Precipitation in the three regions is expected to increase
5, 21 and 16% per day respectively. Increased temperatures in NW India are likely
to result in decreased yields. However, work in India by Dinar et al. (1998) suggests
that while warming in India has the potential to reduce yields by 8—12%, increased
CO; levels could offset this reduction. Their sensitivity analyses suggested that
increased precipitation may actually give a small increase in net revenue. In Canada,
the increased temperatures are likely to result in increased yields. However, Cutforth
et al. (1999) suggested that increased temperatures in SW Saskatchewan are likely
to result in a reduction in precipitation and this is likely to result in increased fre-
quency of droughts. This has the potential to negatively impact on cool season grain
legume yields in this prairie province.
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2.5 Conclusions

Crop growth and yield is dependent upon weather conditions and soil factors.
Computer simulation models can accurately predict growth and yield of a range
of crops. LENMOD, a computer simulation model of lentil growth development
and yield developed in NZ was used to determine potential yield of lentils at a
wide range of sites in the UK. The model was first validated at Durham, UK.
Using a range of sowing dates, time to flowering was predicted within 3-7 days
and predicted yields were always within 9% of actual yields. The model suggested
that SE England has the greatest potential for growing lentils with yields of up to
2.8 thal.

In NZ, LENMOD was used to study the potential effects of climate change on
lentil growth and yield. The New Zealand government has suggested that the most
likely long term effects of climate change will be a temperature increase of about
3°C and a reduction in rainfall of between 5 and 10%. When past climate records
were altered using these parameters, the highest yields were obtained in the warm
climate scenario (2.55 t seed ha™!) which was 16% higher than the 2.19 t ha™!
produced in the control simulations. The 10% reduction in soil moisture had no sig-
nificant effect on either seed yield or total dry matter production. These effects can
be explained by the moderate maritime climate of New Zealand, and even though
Canterbury is sub-humid, rainfall is still approximately 600 mm year' and evenly
spread. Average daily temperature in January, the warmest month, is 16.4°C and
increasing this by 3°C provides close to ideal temperatures for lentils. This warm-
ing will increase leaf expansion rates and result in greater LAI and usually greater
radiation interception.

The situation in other countries could be different. In NW India, increased tem-
peratures are likely to reduce lentil yields, although elevated CO> could offset this
reduction and an increase in rainfall could even result in a small increase in yield.

In SW Saskatchewan, Canada, increased temperatures are likely to increase
yields unless rainfall decreases to a point that increases the frequency of drought.
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Chapter 3
Ecology and Adaptation of Legumes Crops

Enrique Troyo-Diéguez, J.M. Cortés-Jiménez, A. Nieto-Garibay, Bernardo
Murillo-Amador, R.D. Valdéz-Cepeda, and José L. Garcia-Hernandez

3.1 Introduction

It is recognized that agricultural practices determine the level of food production
and, to a great extent, the state of the global environment (Tilman et al., 2002).
In this context, after the “Green Revolution”, recognized for the adoption of new
varieties with a higher yield potential and crop performance than that rendered by
conventional varieties, it is clear that the new varieties were not developed to with-
stand low inputs unimproved environments. The technological packages developed
during the “Green Revolution” were clearly fertilizer input-specific with a high rate
of economic return, which was an initial decision to stimulate the public accep-
tance of the new technology. Without the use of synthetic fertilizers, world food
production could not have increased at the rate it did and more natural ecosystems
would have been converted to agriculture. Between 1960 and 1995, global use of
N fertilizer increased sevenfold, and P use increased 3.5-fold; both are expected to
increase another threefold by 2050 unless there is a substantial increase in fertilizer
efficiency (Tilman, D. et al., 2001; Cassman and Pingali, 1995). After decades from
the beginning of the “Green Revolution”, it is clear that fertilizer use and legume
crops have almost doubled total annual nitrogen inputs to global terrestrial ecosys-
tems (Vitousek and Matson, 1993; Galloway et al., 1994). The Green Revolution
then failed to place enough emphasis on the sustainability of its increased produc-
tivity, as production became dependable on the application of fertilizers (though
it must be remembered that the initial focus was to avert the imminent prospect
of mass starvation in many countries) (Welch and Graham, 2000). Indeed, it is
essential that the plant breeders expose its genetic material to strong pressures of
selection (Jennings, 1974), which is the case of low fertility soils, among others;
in this sense, improved varieties of legumes adapted to nutrient deficiency have
the potential to improve food security for the poorest farmers (Snapp and Silim,
2002). On the contrary, the scheme that was drawn by the “Green Revolution”,
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obviously reduces the possibilities to recognize the tolerant segregates, that often
by chance, by insufficient sampling or other reasons are not taken into account.
As Yield expression is a combination of genotype and environment, it is difficult to
select successfully for improved yield in only a low yielding low input environment.
However, evidence is needed to assert that selection across both, low and high input
environments, selected against yielding ability in low input environments. On the
other hand, while no one knows for certain what changes will have to be made, we
can be sure that when conventional energy resources, required for fertilizers indus-
tries and mechanization, become scarce and expensive, the impact of such industries
and the way of life on agriculture will be significant (Pimentel et al., 1973). The
intensification of the use of resources, especially in the wheat-rice system, resulted
in resource degradation, mainly related to soil and water quality, as occurred in the
Indian and Pakistan Punjab. The Indian Punjab was hurt by a steep decline in the
water table, while rising water levels in the wheat-cotton zone led to severe water
logging; on the other hand, data from the Pakistan Punjab also confirm a serious
problem of water logging and salinity, due in part to deterioration in the quality of
tube-well water. Additionally, if the water supply has now declined, this indicates
lack of water replenishment which will become worse with climate change (Murgai
et al., 2001). After five decades of planned economic development, large numbers
of people in the Developing World still lack the basic means of subsistence, due to
insufficient technical and economical support and to a lack of appropriate training
and capacitating programs, among other factors; as Yapa (1993) pointed out, seeds
themselves have been the material embodiment of a nexus of interacting relations
between social, political and ecological aspects of society. Anyway, the efforts of
the “Green Revolution” rendered different responses in countries and regions; in this
sense, both China and India benefited from the Green Revolution, but improvements
in the Chinese agricultural sector were also aided by more fundamental institutional
reforms. China achieved its gains through both substantial increases in capital per
worker and rates of total factor productivity growth more than double those for India
(Bosworth and Collins, 2008).

Now it is recognized that the essential plan to achieve a sustainable change in
the agriculture should include an integral vision of the agricultural sector, capable
to consider the balance among the diverse factors of the production: opportune and
adequate prices, credit or financing, availability of supplies and inputs, transporta-
tion, techniques of conservation and storage, maintenance of the soil fertility, and
in the case of the arid and semiarid zones, attention to long-term water supply and
to drainage/soil salinity. After all, agricultural development requires re-investment
in all aspects of infrastructure in rural areas, not just the performance of plans and
strategies for export of produce. Despite recent achievements in conventional plant
breeding and genomics, the rate of increase of crop yields is declining and thus
there is a need for a second green revolution, considering that, in the first “Green
Revolution”, the initial gains over unimproved varieties were easier to achieve, but
further gains require more extensive, larger and scientifically informed breeding pro-
grams (Wollenweber et al., 2005). In order to reach a sustainable agriculture, under
an optimized management of inputs, it is required to find and develop tolerance
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to an extensive set of factors that limit the production, as diseases, pests, frosts,
high temperatures, drought, low fertility and salinity, excesses of humidity, poor
drainage, and water deficit, among the most important. As a necessary improvement,
the centralized global approach to germplasm improvement that was so successful
in the past is today being enhanced by enforcing the incorporation of decentralized
local breeding methods designed to better incorporate the perspective of end users
into the varietal development process (Morris and Bellon, 2004).

3.2 Benefits of Legume Based-Agriculture System

The economic and environmental costs of the heavy use of chemical N fertilizers
in agriculture are a global concern. In this context, biological nitrogen (N») fixation
is an important aspect of sustainable and environmentally friendly food produc-
tion and long-term crop productivity (van Kessel and Hartley, 2000). Sustainability
considerations mandate that alternatives to N fertilizers must be urgently sought.
Biological nitrogen fixation (BNF), a microbiological process which converts atmo-
spheric nitrogen into a plant-usable form, offers this alternative (Bohlool et al.,
1992). Legumes are noteworthy for their ability to fix atmospheric nitrogen, an
accomplishment attributable to a symbiotic relationship with rhizobia found in root
nodules of these plants. The symbiotic relationship between legumes and their res-
ident nitrogen-fixing bacteria (rhizobia) begins when the plant senses the bacteria
and develops a specialized nodule to house them (Udvardi and Scheible, 2005).
The ability to form this symbiosis reduces fertilizer costs for farmers and garden-
ers who grow legumes, and means that legumes can be used in a crop rotation to
replenish soil that has been depleted of nitrogen. Legume seed and foliage has com-
paratively higher protein content than non-legume material, probably due to the
additional nitrogen that legumes receive through nitrogen-fixation symbiosis. This
high protein content makes them desirable crops in agriculture. Benefits arising from
breeding of legumes for N;-fixation and rhizobial strain selection have the potential
to increase inputs of fixed N, for alleviating the environmental stresses, and for pro-
moting changes in farming systems to include more legumes (Giller and Cadisch,
1995).

Legume seed, although rich in protein (Duranti and Gius, 1997), tends to be
relatively expensive, and a high seeding rate of 40—100 Kg per ha may be required
for larger-seeded legume cover crops. If a legume cover crop is incorporated as a
green manure, and the resultant nutrients reduce requirement for fertilizer or manure
application, then the net benefits in soil quality improvement and nutrient supply
may alleviate the cost of N fertilizers. One of the most inexpensive legume cover
crops is soybean, either a grain soybean that is incorporated while still vegetative or
aforage soybean that remains vegetative longer and produces much larger amount of
residues for use as a green manure. Presently underutilized crop and pasture legumes
could still emerge (Graham and Vance, 2003). Ladizinsky and Smartt (2000) address
opportunities for improving the dry matter production, hence increasing the volume
of green manure, via further adaptation and domestication.
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3.3 Ecology and Management of Legume Crops

Most legumes are adapted to a wide range of well-drained soils. In its native range,
some of them are often found on highly eroded soils of volcanic origin with pH
4.5-6.2, but is also found on sands, heavy clays and slightly alkaline, calcareous
limestone soils. Anyway, adaptation to soil type ranges widely among crop legumes,
acidic for lupin angustifolius, alkaline for chickpea and for lentil. A work in Peru
suggests that Gliricidia sepium (Jacq.) Kunth ex Walp. is suitable for acid and low-
fertility soils. However, in Indonesia, there was poor survival of G. sepium plants on
soils with a high Al saturation; in Australia, this legume tree is thought to be suitable
for low-calcium soils, although it does not grow well on wet or waterlogged soils.
Legume species can be used as a crop associated with other species. In a study
carried out in Nicaragua, the common bean (Phaseolus vulgaris L. Cultivar Rev-81)
was intercropped with coffee (Coffea arabica L. Cultivar Catuai), during two years.
The yield of common bean was higher in the first year (710 kg/ha) than in the second
year (406 kg/ha) (Blanco et al., 1995); this was due because common bean is poor
in N fixation, and hence N fertilizer is often applied. Yield commonly is higher in
the first year based on residual soil fertility, but run down in year 2.

About the ecology of herbaceous perennial legumes, there are doubts about its
adaptation to acid soils and to climates where summer rainfall is low and ambi-
ent temperatures are high. There is also a need to diversify the species available
to reduce the likelihood of invasion by exotic diseases and insects. Several genera
are likely to be of value in this respect, although few will be as widely adapted
as lucerne. Perennial legumes are found in environments ranging from alpine to
desert. Targeted collections of genera from the dry areas, especially where soils are
acid, are likely to yield species of value. These may include perennial species of
Astragalus, Hedysarum, Lotus, Onobrychis, Psoralea, and Trifolium. Some other
genera, for example Swainsona, Glycine, and Cullen may also be of value. Most
of these genera are adapted to alkaline soils, and the need to cope with acid soils
that are often high in free aluminium is seen to limit their use (Cocks, 2001). As a
multiple-purposes resource for dry zones, mezquite (Prosopis articulata) is a use-
ful legume tree for soil conservation in grazing lands (Fig. 3.1). A relative, velvet
mezquite (Prosopis velutina) is a large shrub or tree up to 30’ or higher, which
holds the record for deepest root (160°); these taproots can “tap” into deep, ground
water supplies that aren’t available to the “average” plant. Its seeds need to be scar-
ified (abraded in flash flood or digestive tract for example) to germinate. Velvet
Mesquite has many uses for humans, including food (its pods make a sweet flour),
furniture, charcoal (“mesquite-grilled”), fabric, medicine, and it even provides the
“gum” of gumdrops. The tree is also valuable to other organisms for food, shel-
ter, and other uses. According to Ledén de la Luz et al. (2005), the fresh woody
biomass for two species of mezquite (Prosopis articulata and P. palmeri) is currently
used as raw material to make commercial charcoal in Sierra de la Giganta, Baja
California Sur, Mexico.

In Australia, Lefroy et al. (1992) studying browse plants, found that of the cul-
tivated species two have achieved any degree of commercial acceptance (Leucaena
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Fig. 3.1 Yield of common bean (Phaseolus vulgaris L.) in southern México, from 1990 to 2003

leucocephala and Chamaecytisus palmensis), and indicated that these are of suf-
ficiently high forage value to be used as the sole source of feed during seasonal
periods of nutritional shortage. Both are also leguminous shrubs that establish read-
ily from seed. They suggested that a limitation in their use is the reliance on stands of
single species which leaves the grazing systems vulnerable to disease and insects. In
this context, grazing systems so far developed for high production and persistence of
cultivated species involve short periods of intense grazing followed by long periods
of recovery.

3.4 Aspects of Soil and Plant Nutrition Under Warming Climates
and Temperate Zones

Because of beneficial association with Rhizobia, the main deficient mineral status
in legumes relate to other elemental interactions, rather than N. In a study car-
ried out in México, it was found that cowpea plants growing in desert calcareous
soils took up lower amounts of N, P, and K than those considered as optimum in
previous reports. Through principal component analyses, six interactions strongly
indicated for cowpea different relations in foliar elemental composition: positive
for Ca-Mg, and negative for N-Ca, N-Mg, Ca-P, Mg-P, and K-P. Furthermore, two
interactions were also identified using simple correlations, negative N-P and pos-
itive K-Ca. In that study, the foliar compositional nutrient diagnosis (CND) for
five nutrients in a high-yield subpopulation yielding at least 1.88 t ha! of cow-
pea indicated that the optimum ranges of the main nutrient concentrations (g kg-1)
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were, N: 26.2+2.4, P: 2.57+0.68, K: 22.9+9.2, Ca: 21.7+3.2 and Mg: 4.01+0.7
(Garcia-Hernandez et al., 2005).

In dry and low fertility soils, soil amendment with green manure, mainly from
legume crops, is an ecological option with long term beneficial effects. In an agroe-
cological research in semiarid Northwest Mexico, Dolichos Lab-lab purpureus was
applied as green manure in two conditions (with incorporation or without incor-
poration). In soil samples obtained at 0-30 cm depth, average increments in OM
(0.12%), in K (12.64 mg-kg‘l) and on microbial activity (36.6%) were found at
the second sampling, as compared to the first sampling, before the incorporation of
green manure. Plots with manure incorporation showed increases in OM (0.17%),
K (12.46 mg-kg™") and soil respiration rate (48.3%), as compared to plots without
incorporation, showing significant increments of mineralized carbon, macronutri-
ents (N, P and K) and OM after green manure incorporation (Beltran-Morales et al.,
2006). The growing concern about the sustainability of tropical agricultural sys-
tems stands in striking contrast to a world-wide decline in the use of soil-improving
legumes. It is timely to assess the future role that soil-improving legumes may play
in cropping systems. Only a few legume species are currently used as green manures
in lowland rice. Sesbania cannabina is the most widely used pre-rice green manure
for rice in the humid tropics of Africa and Asia. Astragalus sinicus is the prototype
post-rice green manure species for the cool tropics. Stem-nodulating S. rostrata has
been most prominent in recent research (Becker et al., 1995).

In temperate and cool season-prevailing zones, besides increasing N availabil-
ity through atmospheric nitrogen fixation, temperate legumes can help bridge a gap
between winter and summer pastures. In these zones, optimum growth and avail-
ability of temperate legumes occur during spring, a time in which the quality of
winter small-grain pastures is declining and common grasses are yet unavailable.
The benefits of legumes in temperate zones are vast and diverse; according to Rogers
et al. (1997), several species or lines showed potential as salt-tolerant germplasm
including Trifolium tomentosum, 2 lines of T. squamosum and T. alexandrinum cvv.
Mescani and Wardan, which were all more salt tolerant than 7. subterraneum. Two
lines of Lotus tenuis and 1 line of L. corniculatus were also relatively salt tolerant.
Some of this material had never been previously assessed under saline conditions.
Further selection and field evaluation (including selection for increased productivity
and salt tolerance over a range of growth stages) is required for the material that has
shown potential in order to fully assess its performance under saline soil conditions,
especially under climate change.

3.5 Constraints of Legumes Production: The Case of Common
Bean (Phaseolus vulgaris L.)

Despite evident advances in the productivity of different crop species, mainly cereals
and forages, unfortunately, improvement in legume crop yields has not kept pace
with those of cereals; Jeuffroy and Ney (1997) note that wheat (Triticum aestivum)
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Fig. 3.2 World production of common bean (Phaseolus vulgaris L.), from 1993 to 2003

yields in France increased 120 kg ha™! year~! between 1981 and 1996, but those for
pea increased only 75 kg ha~! year! over the same period. In Fig. 3.2 the tendency
for the world production of common bean is shown; global increases of 252,600 t per
year were estimated for all over the world, but yet insufficient to satisfy a growing
demand, because of the expanding population.

3.6 Actual and Potential Possibilities for Legume Crops
Breeding Based on Ecological Traits

Legume-based agriculture under unfavorable conditions requires specific studies;
in this context, Murillo-Amador et al. (2001) concluded for cowpea genotypes that
selection and classification for salt tolerance can be successfully undertaken at early
seedling stages.

As regards to the research of options for the development of a selection or
breeding program oriented to drought, according to Kelly et al. (1998), strategies
employed by dry bean breeders to improve yield include early generation testing,
ideotype breeding, selection for physiological efficiency, and selection based on
genotypic performance and combining ability across gene pools of Phaseolus vul-
garis. Ideotype breeding has been successfully deployed to improve yield in navy,
pinto and great northern seed types. The ideotype method is based on an ideal
plant architecture to which breeders target their selection. Breeding for physio-
logical efficiency is important in combining increased biomass, high growth rates
and efficient partitioning. Breeders must work within specific constraints for growth
habit, maturity, seed quality, and disease resistance.
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Legume crops selection or breeding program using biochemical traits. It is well
known that the abscisic acid (ABA), a plant growth-regulator, is involved in the
stomata closing in the stress responses, and there is evidences that differences in the
stomata response to stress are at least partially determined by genetic differences in
the ABA biosynthesis. For example, a variety of sorghum-milo Serere 39, with a
high capacity of accumulation of ABA, showed a significantly greater sensitivity to
water stress that two other varieties with low accumulation of ABA (Henson et al.,
1981). On the other hand, the analysis of transgresive segregation in crosses between
lines with high and low accumulation of ABA suggested the participation of more
than one gene. Other biochemical substances, among them some osmolites, cations,
plant-regulators, protein compounds and low molecular weight metabolites, also can
be useful in the evaluation and selection of tolerant plants to stress (water, saline,
thermal). Examples are proline, the concentration and activity of the peroxidase
enzyme in mezquite leaves (Garcia-Carrefio et al., 1992; Garcia-Carrefio and Troyo-
Diéguez, 1991), citokinines, the accumulation of K*, and others. (For temperate
zones)

It can be concluded, therefore, that the stomata-character based breeding directed
to diminish the losses of water can have greater possibilities of success, in those
cases where breeders can modify the total time of stomata closing, but not where
small quantitative, non significant, changes in the conductance occur. In this context,
it is possible to make emphasis, that the modifications of a culture in relation to the
area to foliar, including those resultants of the changes in the duration of the time of
culture, they are possibly more important for the water use in all the service life that
the changes in the stomata conductance.

For drought tolerance, it is difficult to determine the optimal balance between the
factors involved in water conservation (low stomata conductance “SC”) and those
required to maximize production (high SC). This balance depends, in a complex
way, on the agricultural situation and on the particular climate in each case (partic-
ularly on the probability of precipitations). Although frequently it is argued that the
stomata apparatus which closes as a respond to stress would be ideal in many cases,
some researchers have found that a relatively insensible stomata apparatus can be
preferable since it would allow a continuous assimilation during drought (Henzell
et al., 1976). Despite the prevailing difficulties and the controversy that prevails
in the science of plant ecophysiology, possibilities exist for breeders to manipu-
late stomatal and related traits associated with the soil-plant-atmosphere continuum.
Such breeding will depend on further understanding about the role of stomata in the
adaptation of plants to environment.

The use of mutants and variant genetic lines with different stomata characters
constitutes a technique valuable to elucidate the physiological role of stomata. As
Kramer (1988) stated, the field aspects, and its implicit variability, must receive a
greater attention, and the differences found between the laboratory and field must be
analyzed methodically, in order to avoid erroneous conclusions. On the other hand, it
is well established that the destructive methods and the use of sensors which modify
climatic variables may lead to biased data (Passioura, 1988).
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3.7 The Role of Legumes to Provide Soil N Through N Fixation

Intensive high-yield agriculture is dependent on addition of fertilizers, especially
the industrially produced NH4 and NO3. In some regions of the world, crop pro-
duction is still constrained by too little application of fertilizers (Pinstrup-Andersen
and Pandya-Lorch, 1996). The goal of sustainable agriculture is to maximize the net
benefits that society receives from agricultural production of food and fibre and from
ecosystem services. This will require increased crop yields, increased efficiency
of nitrogen, phosphorus and water use, ecologically based management practices,
judicious use of pesticides and antibiotics, and major changes in some livestock
production practices. Advances in the fundamental understanding of agroecology,
biogeochemistry and biotechnology that are linked directly to breeding programmes
can contribute greatly to sustainability (DeVries and Toenniessen, 2001). Pingali
and Rosegrant (1998) point out that nitrogen fertilizers have been widely subsidized
in Asia, and that at least some of the problems of providing adequate soil nutrient
supplies in agro ecosystems as rice and rice-wheat production units would be eased
by elimination of these subsidies.

Without a doubt, because of well known benefits obtaines from Rhizobia, the
increase of legume-associated agro ecosystems will continue contributing to main-
tain soil fertility and reducing environmental impacts derived from extensive use of
industrial fertilizers.

3.8 Current Perspectives for Drought Tolerance Research
in Arid Zones

The requirements for strategies useful to alleviate the deficiencies of an insuffi-
cient agricultural production could be based on a multidisciplinary global approach.
This contrasts with uncoordinated and numerous independent detailed tests in lab-
oratory and field requested by plant ecologists and physiologists. The proposal is
for integration of scientists and technicians with different academic backgrounds,
dedicated to a common global goal, including the collection and evaluation of
seeds, native and introduced, and the promotion of thorough integrative evalua-
tion research. Under such a scheme, environments with different levles of abiotic
stresses, including low fertility and salinity, must be used, and also those sites with
different levels of available nutrients, and different qualities of available water, with
integration of the objectives drawn up from both individual and from group levels.
We reiterate that the practice of agriculture of high technology can put in risk the
quality of the environment (soil, natural vegetation, surface waters, ground water),
specially under the effects of climate change, and also we make emphasis in the
troubled possible scenario related to the water scarce availability, under climatic
change tendencies, mainly in arid and semi-arid zones, which can worsen in the near
future.
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Chapter 4
Physiological Responses of Grain Legumes
to Stress Environments

A. Bhattacharya and Vijaylaxmi

Availability of water for agriculture is being challenged increasingly because of a
growing demand for water from other sectors such as industry, urban use, and for
social and environmental purposes. The increase in demand for blue water (surface
and sub soil) in future would perhaps be met at the cost of irrigation available to agri-
culture. Water is essential to plant growth as it provides the medium within which
most cellular functions takes place. Water is also required as a unit of exchange
for acquisition of CO; by plants. Water stress may conceivably arise either from
an insufficient or from an excessive water activity in the plant’s environment. In
the case of terrestrial plants in nature, the former occurs as a result of a water
deficit or drought and therefore is called a water deficit stress (shortened to water
stress) or drought stress. Many physiological characteristics are correlated with the
water potential of mesophyll tissue but the correlations are species specific. There
is a general hierarchy of sensitivities among general physiological activities. Most
sensitive are cell expansion, cell wall synthesis, protochlorophyll formation, and
nitrate reduction. Generally turgor pressure is still accepted as the best indicator of
water stress in plants. The specific mechanism by which turgor regulates physiolog-
ical function probably relates to cell walls and membranes. Since cell expansion is
dependent on cell pressure and the cell wall yield threshold, there can be no cell
expansion without turgor pressure greater than the yield threshold for cell expan-
sion. Studies with algal systems have indicated that slight changes in turgor pressure
decrease membrane permeability to water and ions. Cell membrane structure and
spatial arrangement of enzyme, transport channels, cellulose synthesis rosettes, and
receptor proteins may be dependent on turgor pressure. Thus, when turgor pressure
decreases, the spatial relationships of these proteins change, and membrane function
is disrupted.

Due to the wide variation in ambient temperature among environments where
plants reside and the poikilothermic nature of plants, it is logical to expect a
wide range of metabolic, morphological and anatomical adaptations to thermal
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conditions. One of the most important aspects of tissue energy balance is energy
absorbed from radiation impinging on the tissue surface. Radiation comes to the
leaf surface from the series of different sources. Direct and diffused solar radiation
sum to produce total radiation impinging on a leaf from the sky. Diffused radiation
from the sky is that which is scattered by particles or clouds in the atmosphere.
Temperature can influence economic yield through each of the components, with
variation in relative magnitude of effect on them. In most of the situations, the main
effect is likely to be on cumulative radiation incident and proportion intercepted,
through crop ontogeny and rate of leaf area development. There is relatively little
information available for the food legumes about the effect of temperature. Clearly
extremes of temperature which reduce the reproductive sink through gametogene-
sis can substantially reduce harvest index. To date, most of the efforts have been
made in improving adaptation to cooler temperatures. But, opportunities for genetic
improvement in relation to temperature responses remain largely unexploited. In
most cases, little is known about the complexity of genetic control of differential
responses. Genetic advances may be further hindered by the lack of correlation
between sensitivities at different stages and between different processes.

4.1 Introduction

Food legumes are still relatively minor crops despite their role as a source of protein
in the diet of predominantly vegetarian populace and their importance as compo-
nents of animal feed and a major source of biological nitrogen fixation in a cropping
system. An important explanation of the apparent low status of food legumes,
despite their tropical and subtropical adaptation is the tendencies to underestimate
the role of these crops in farming systems. They are often grown as a secondary
crop in arid and semi-arid regions under poor edaphic and receding soil moisture
conditions. Most food legumes have a long history of domestication almost as long
as cereals, and during this time they have been subjected to conscious and uncon-
scious selections for better adaptation to environmental condition as well as better
seed yield. Larger seed size, lack of germination inhibitors, non-shattering pods and
freedom from toxic compounds are all retrospective evidence of modification by
man (Zohary and Hopf, 1973). Despite this, yields of food legumes fall well short
of the yields obtained for the major cereals like wheat, maize, rice, sorghum efc.
Although, simple dry matter comparisons under estimate the dietary contribution of
legumes by 25-30%, because of their high caloric contents of protein, it is of interest
to explore the reason(s) for the apparent differences in the genetic yield potentials
of these two important crop families.

Pulses belong to the Leguminosae family. Mostly cultivated grain legumes are
the following (Table 4.1)

Pulse crops can be categorized into cool-season (dry peas lentil, lupins and chick-
pea) and warm- season (common bean, soybean, pigeonpea, mungbean, urd beans,
cowpea) crops based primarily on their ability to emerge in cool season condi-
tions and on frost tolerance (Miller et al., 2002). Minimum temperature for seed
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Table 4.1 List of major cultivated grain legumes with their botanical names

Mungbean (green gram) Vigna radiata (L) Wilczek

Urdbean (black gram) Vigna mungo (L) Hepper

Pigeonpea (red gram) Cajaus cajan (L) Millsp.

Chickpea (gram) Cicer arietinum L.

Lentil Lens culinaris Medik.

Lathyrus (grass pea) Lathyrus sativus L.

Bean (rajmash) Phaseolus vulgaris L.

Field pea Pisum sativum L.

Cowpea Vigna unguiculata (L) Walp.
Mothbean Vigna aconitifolia (Jacq.) Marechal
Horsegram Macrotyloma uniforum (Lam.) Verdc
Ricebean Vigna umbellate (Thumb) Ohwi and Ohashi
Lupins Lupinus albus L.

Faba beans Vicia faba L.

germination and crop growth differ amongst pulse crops, with soybean having a
base temperature near 10°C (Raper and Kramer, 1987) compared to base tem-
perature near 0°C for chickpea, dry beans and lentil (Summerfield et al., 1989;
Roberts et al., 1988; Ney and Turc, 1993). Consequently soybeans typically require
a relative later seeding date, mid May to early June to reduce the risk of frost
injury (N Hemisphere). Chickpea, dry beans and lentil tolerate a moderate degree
of frost, 2 to —18°C, depending upon the cultivars, degree of acclimation and
plant growth stage (Wery et al., 1993; Welbaun et al., 1997; Srinivasan et al.,
1998). On the Canadian Prairie, daytime temperature for best growth of chick-
pea range from 21 to about 30°C, whereas temperature range for best growth of
field pea is 13-23°C (Hnatowich, 2000; Soltani et al., 2006; Wang et al., 2006).
Temperatures exceeding 30-32°C limits yield of chickpea by hastening maturity
and/or decreasing seeds/plant and seed weight (Harris, 1979; Wang et al., 2006).
Chickpea will tolerate higher temperatures than field pea during flowering; tempera-
ture >27°C will often decrease flower numbers and flowering duration (Hnatowich,
2000; Hawthorne et al., 2003). Lentil has poor tolerance for higher temperatures,
especially at flowering and pod set (Erskine et al., 1994).

Abiotic stresses adversely affect growth and productivity and trigger a series
of morphological, physiological, biochemical and molecular changes in plants.
Drought, temperature extremes and saline soils are the most common abiotic
stresses that plants encounter. Globally, approximately 22% of the agricultural land
is saline (FAO, 2004), and areas under drought are already expanding and this is
expected to increase further (Burke et al., 2006). Often crops are exposed to mul-
tiple stresses, and the manner in which a plant senses and responds to different
environmental factors appears to be overlapping.

Till to date most of the breeding programmes for improved yield of grain legumes
rely on empirical selection for superior seed yield and quality across a wide range of
target environments. Unfortunately, the inheritance of seed yield is very low, which
is indicative that the observed variation attributed to genetic effects (G) is relatively
small in comparison to variations observed due to environmental effects (E) and
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that different genotypes respond differentially, depending on environment (G x E)
(Blum, 1998). The G x E term of the phenotypic model combines all the specific
genotypic responses to varying environmental conditions into a single parameter
that plant breeders have tried to interpret and exploit (Turner et al., 2003).

The factors which underline the yield gaps are numerous and complex. They
relate to inherent differences in crop architecture and developmental pattern. For
cereals these differences allow intercepting more light and remaining insensitive to
day length. These changes in light responses sustain a much higher concentration
of inflorescence and grain per unit of land area in cereals than legumes. Genetic
manipulation is only one aspect of crop improvement and may not be most appro-
priate means for resolution of the primary limits of productivity for adaptation. For
those cases, where the differences in plant performance relate to mainly one spe-
cific limitation, such as disease, the strategy of crop improvement is relatively clear.
More commonly, however, agricultural environments impose quite complex chal-
lenges with many factors bearing simultaneously limiting and there may be a range
of responses by different genotypes to these changes. In these situations, relative dif-
ferences among genotypes become important. The nature of the differences and of
the appropriate resolution strategies become less clear and the objective of provid-
ing alternative strategies for crop improvement becomes more complex. Climate is
the major factor of the environment conditioning the regional and seasonal adapta-
tion and yield of the crop plant. Improvement in climatic adaptation is fundamental
to the process of crop improvement in broader sense viz., the manipulation of both
genotypes and environments to respectively maximize genetic potential and mini-
mize environmental constraints to the expression of the potential. The key climatic
factors influencing the food legumes are insolation, temperature, day length and
water availability.

In general, crops face a number of abiotic stresses during their ontogeny viz.,
excessive and/or low soil water stress, soil salinity stress, high as well as low temper-
ature stress. It has been well documented that crop yields would be greater in many
cropping regions if more water were available. Before examining different physi-
ological processes as affected by various stresses, let us first examine, in brief, the
generalized view of these stresses on the various physiological processes in plants. It
has been stressed that the adaptability and productivity of cool season food legumes
(chickpea, faba beans, lentil and pea) are limited by major abiotic stresses including
drought, heat, frost, chilling, water logging, salinity and mineral toxicity (Stoddard
et al., 2006).

4.2 Excessive Water (Flooding) Stress

Ecosystems that normally are affected by flooding, called wetlands, are diverse
in species composition and ecosystem function (Maltby and Turner, 1983). Plants
found in wetland systems are often more diverse than the wetland systems them-
selves. Prolonged saturation of wetland sediments or upland soil in which plants
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grow has a significant impact on both abiotic and biotic attributes of the rhizo-
sphere. The population of soil microorganisms shift in composition and abundance,
resulting subsequently in changes to soil solution chemistry due to differential
metabolism of the new soil flora. These changes affect root growth and therefore,
plant performance.

Water logging occurs when water enters the soil faster than it can drain away
under gravity. Intensive and large-scale irrigation of farmland can also increase the
incidence of water logging of the soil. A third contributory factor can be a change
of land use. For example, conversion of meadow land to arable farming. The most
important detrimental characteristic of the flooded ecosystem for plants is the result-
ing reduced oxygen partial pressure in the root zone. This is important because (1)
roots are particularly sensitive to anaerobic conditions, and (2) anaerobic conditions
support a unique microbial community compared with aerobic conditions, and this
can severely affect the nutrient relations of the soil (Nilsen and Orcutt, 1996).

The most immediate effect of anaerobic soil conditions on plants is a reduction in
aerobic respiration in roots. The switch to anaerobic conditions in soil around roots,
upon extended flooding, causes root cells to switch to anaerobic respiration, which is
much less efficient than aerobic respiration. The particular end product of anaerobic
respiration is partly dependent on pH. At a pH above neutrality, lactate fermentation
is dominant, and as pH decreases (due partially to lactate fermentation), ethanol
fermentation is induced. Rapid drop in cytosolic pH, called acidosis, is thought
to be one of the main reasons why cells die in response to flood. In flood-tolerant
plants the pH drop may be counteracted by an alkalization process. The formation of
a-aminobutyric acid, the accumulation of amides, and possibly the accumulation of
arginine may be part of the alkalization process of wetland roots during anaerobic
conditions (Crawford et al., 1994).

In Phaseolus vulgaris, a plant that is sensitive to hypoxia, a 20 h absence of
oxygen resulted in an accumulation of pyruvate, ethanol and lactate (Chirkova
et al., 1974). Flooding increases the alcohol dehydrogenase activity of clover roots
as much as 30 times (Francis et al., 1974), indicative of anaerobic respiration,
and therefore, of possible injury. In the cotyledons of pea and beans, submerged
for 24 h in aerated or “nitrogenated” water, the aerobic dehydrogenase (malate
dehydrogenase) decreased slightly in activity, while the activity of the two anaer-
obic dehydrogenases, lactate dehydrogenase and alcohol dehydrogenase, increased,
the lactate dehydrogenase by many times more than the alcohol dehydrogenase
(Schramn and Mazurowa, 1975). The lactate dehydrogenase is an indication of
flooding injury in seeds, as is alcohol dehydrogenase in roots.

Catalase and peroxides of water-grown rice coleoptiles were maintained at lower
levels than in air-grown seedlings (Paul and Mukherji, 1977). According to Burrows
and Carr (1969), the severe chlorosis in the lowest leaves of flooded sunflower plants
may be due to a reduction in import of cytokinins from the flooded roots. In the case
of barley root (De Witt, 1969) polysaccharides synthesis was reduced indicating a
disturbance in phosphorus metabolism (Anikiev et al., 1973). Low soil temperature
and low oxygen levels interact to retard shoot development in wheat plants, pointing
to a dependence of shoot development on root metabolism (Sojka et al., 1975).
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Excessive water can limit yields of food legumes in several ways. The most com-
mon is reduction in nitrogen fixation, chlorosis and reduction in crop growth. There
is variation amongst food legume species in tolerance to temporary water logging,
e.g., mungbean, pigeonpea, grass pea and moth bean are particularly sensitive to
water logging conditions while other food legume species are more tolerant to water
logging condition.

Pigeonpea is susceptible to water logging with the effect that many areas of high
rainfall and/or impermeable soil are not suitable for pigeonpea production. One
apparent cause of physiological damage is ethylene produced by soil micro flora.
Short term or intermittent water logging affects biological nitrogen fixation and can
lead to severe nitrogen deficiency (Thompson et al., 1981). Genotypic differences
in physiological tolerance of water logging have been reported (Chauhan, 1987).

4.3 Soil Water Deficit Stress

Availability of water for agriculture is being challenged increasingly because of
growing demand for water from other sectors such as industry, urban use, and for
social and environmental purposes. The increase in demand for blue water (surface
and sub soil) in future would perhaps be met at the cost of irrigation available to
agriculture (Saxena and O’Toole, 2002). Water is essential to plant growth as it
provides the medium within which most cellular functions takes place. Water is also
required as a unit of exchange for acquisition of CO, by plants. Water stress may
conceivably arise either from an insufficient or from an excessive water activity in
the plant’s environment. In case of terrestrial plant in nature, the former occurs as
a result of a water deficit or drought and therefore is called a water deficit stress
(shortened to water stress) or drought stress. Drought is a meteorological term, and
is commonly defined as a period without significant rainfall (Turner, 1979).

The linkage between water availability and deleterious influences on physiolog-
ical processes is easy to document. However, the specific aspects of tissue water
relation that cause the deleterious impact are enigmatic. Many physiological char-
acteristics are correlated with the water potential of mesophyll tissue. However, the
correlations are species specific. Thus one species may have severely reduced photo-
synthesis at tissue water potential of —2.0 MPa (e.g., soybean), while that of another
species (such as Larrea tridentate, Creosote bush) is not affected. This phenomenon
was presented and investigated in the 1970s (Hsiao, 1973; Hsiao et al., 1976). There
is a general hierarchy of sensitivities among general physiological activities. Most
sensitive are cell expansion, cell wall synthesis, protochlorophyll formation, and
nitrate reduction.

Genotypic differences for various morpho-physiological traits in lupins under the
low rainfall environments of the Mediterranean climatic regions has been studied
for consecutive years in Western Australia and it has been shown that fast rates
of seed development were highly and significantly correlated with high yield in
seasons in which the intensity of the development of terminal drought was average
but not under extreme conditions of terminal drought. It was also shown that dry
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matter transfer from stem to seeds was insignificant and not related to seed yield,
suggesting that it is not a useful characteristic in screening for high yield under
terminal drought (Palta et al., 2007). Genotypic variations in rooting behavior across
environments were demonstrated in chickpea genotypes (Ali et al., 2005) and it has
been advocated that the ability of a plant to change its root distribution to exploit
deeper stored soil water may be an important mechanism to avoid drought stress
(Benjamin and Nelson, 2006). Yield and yield components of twenty lentil (Lens
culinaris L.) genotypes were compared in Iran during 2004. It was observed that
there were significant genotypic differences between traits in lentil genotypes. The
seed yield per plant was sensitive to drought stress but 100-seed weight was more
tolerant and stable trait in drought conditions (Salehi et al., 2008).

The water relations characteristic that is most associated with cell growth and
other sensitive physiological processes is the change in water potential rather than
the absolute value of tissue water potential. Frequently, a decrease in cell water
potential of only 0.1 MPa can cause a decrease in cell enlargement rate and the result
is reduced cell size in shoots and roots. Amongst the various components of water
potential, turgor potential (W) decreases most rapidly with any change in tissue
water potential. Thus, W was identified as the best indicator of water stress (Hanson
and Hitz, 1982). Many studies have shown the correlation between turgor potential
and physiological function, but few studies have tried to evaluate the mechanism by
which turgor potential is regulating physiological function. Turgor pressure is not
always associated with changes in physiological function induced by water limi-
tation. Turgor pressure of corn tissues at different developmental stages responded
differently to water limitation (Boyer, 1970). When the elongation rate of differenti-
ating cells was inhibited by withholding water, cell expansion decreased along with
a decrease in AW, of differentiated cells. Yet there was no change in turgor pressure
of non-differentiated (juvenile tissues). Thus, as the water limitation occurred, cell
size decreased and turgor pressure remained constant in differentiating cells (Boyer,
1970) (Table 4.2).

Table 4.2 Effect of various levels of water potential on different physiological processes

Process AV (MPa)

0. 0.5 1.0 1.5
20——25
Cell growth

Cell wall synthesis
Protein synthesis
Protochlorophyll formation
Nitrate reductase
Stomatal closure
Some xerophytes
CO, assimilation
Some xerophytes
Stem hydraulic conductance —
Proline accumulation
Sugar accumulation
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Table 4.2 lists relative sensitivities for major physiological functions to water
limitations. Water limitation is defined as the changes in tissue water potential. AW
the changes in tissue water potential from some initial to some final state. This index
does not concern the absolute value of tissue W (Redrawn and modified from Hsiao,
1973).

How much turgor pressure is required for optimal physiological processes? This
is a hard question to answer because turgor pressure varies between 1.0 and 0.5 MPa
amongst species during normal water availability conditions. Turgor potential may
decrease from these values at dawn to approximately zero at mid day in many
species. Furthermore, some species normally have turgor pressure close to zero over
most of the day light hours during the entire growing season (Nilsen et al., 1984)
without any indication of physiological dysfunction. Under these conditions cell
expansion and growth occur at night when turgor pressure is maximum.

Generally (although there is some disagreement amongst scientists) turgor pres-
sure is still accepted as the best indicator of water stress in plants. The specific
mechanism by which turgor regulates physiological function probably relate to cell
walls and membranes. Since cell expansion is dependent on cell pressure and the
cell wall yield threshold, there can be no cell expansion without turgor pressure
greater than the yield threshold for cell expansion. Cell wall synthesis is highly
related to cell expansion; therefore, it is reasonable to expect these two functions
to be most sensitive to reduction in turgor pressure. After a cell has matured, no
more cell expansion will occur, yet cell physiology remains sensitive to turgor pres-
sure. Studies with algal systems have indicated that slight changes in turgor pressure
decrease membrane permeability to water and ions (Zimmerman and Steudle, 1975).
Cell membrane structure and spatial arrangement of enzyme, transport channels,
cellulose synthesis rosettes, and receptor proteins may be dependent on turgor
pressure. Thus, when turgor pressure decreases, the spatial relationships of these
proteins change, and membrane function is disrupted (Hsiao, 1973).

A reduction in mesophyll water potential (with or without a reduction in turgor
pressure) can affect the physiology of cells in several ways.

e Reduced water potential reduces the chemical activity of water and thereby
modifies the structure of water in the cell.

e A lower chemical activity of water can cause a change in the structure of the
sheath of hydration around proteins and thereby reduces their efficacy.

e The relationship among intracellular membranes of chloroplast, nucleus, mito-
chondria, endoplasmic reticulam, tonoplast, plasmalemma and others will change
because the cellular position of these membranes will change.

e A loss of turgor may cause a change in the spatial position of transport channels
and membrane enzymes and decrease membrane thickness.

e A change in cell pressure and the resultant cell wall shrinkage may constrict the
entrance to plasmodesmata.

e The concentration of molecules in specific regions may change due to the loss of
water in some sub cellular locations.
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When water limitation is large enough to increase tissue water deficit, there will
be a reduction in turgor pressure. Since cell expansion is dependent on the cell ¥y,
developing cells will expand less and cell size will be smaller under these conditions.
The turgor potential of expanding cells remains constant during decreasing water
potential even though severe reduction in cell expansion may occur (Boyer, 1970;
Barlow, 1986). Therefore, the impact of reduced turgor is transmitted from mature
cells to developing cells. The critical water potential of cell expansion is different
among species and within plants (e.g., corn roots and leaves have different critical
water potentials). For example, changes in water potentials of —0.2 to —0.4 MPa
(Boyer, 1970) cause cessation of leaf expansion in sunflower, while the threshold
for corn leaf expansion is a change of —0.7 MPa and that of soybean is change of
—1.2 MPa (Acevedo et al., 1979).

The initial effect of water limitation on photosynthesis is usually stomatal clo-
sure. Stomata may close because of a root signal (Davies and Zhang, 1991),
probably abscisic acid, or low turgor pressure of the guard cells (Collatz et al., 1991).
Stomata also close in response to increased vapour pressure gradient between leaf
and air, although this may not be associated with a change in water potential (Turner
et al., 1984). Non-stomatal inhibition of photosynthesis (due to photo-inhibition or
other mechanisms) normally accounts for a larger proportion of photosynthetic inhi-
bition as water potential becomes lower (C)gren and Oquist, 1985). However, during
the initial phase of water limitation, stomatal closure and non-stomatal inhibition
occur concurrently. In fact, there is evidence in several species that non-stomatal
inhibition may occur first, causing a temporary increase in C;, which causes stomata
to close (Briggs et al., 1986). The mechanism by which water limitation directly
inhibits the photo-synthesis apparatus is controversial. Some like Bjorkman and
Powles (1984) believe that non-stomatal impact is due to photo-inhibition, while
others (Ogren and Oquist, 1985) believe that RuBP carboxylase is inactivated lead-
ing to nonstomatal photoinhibition of photosynthesis. Reduced turgor may increase
the permeability of the outer chloroplast envelop, resulting in a change in chloro-
plast pH and ion concentrations. The change in ion concentrations and pH can affect
secondarily the activity of RuBP carboxylase. Some studies have pointed out that
photosynthetic enzymes are relatively immune to the deleterious effects of water
stress (Bjorkman et al., 1980; Mayoral et al., 1981), while others indicates direct
impact on photosynthetic enzymes (O’Toole et al., 1976). Degradation of chloro-
phyll increases, and the concentration of the chlorophyll (in particular a/b binding
protein complex) decrease during water stress. Therefore, light harvesting and elec-
tron transport associated with photosystem II is preferentially decreased (compared
to that of photosystem I) by water deficit stress (Bjorkman et al., 1981).

As water limitation progresses, photosynthesis decreases before respiration
decreases; consequently, the ratio between photosynthesis and respiration decreases.
The decrease in ratio of photosynthesis to respiration, and the potential increase in
both photo-respiration and dark respiration during water stress causes the plant to
starve. However, it is more likely that the plant will suffer greater damage to the
shoot system from metabolic effects of water limitation other than carbohydrate
deprivation (Nilsen and Orcutt, 1996). Carbohydrate translocation also decreases
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during water limitation during the day, but may increase relative to well-watered
plants at night (Bunce, 1982). The decrease in sugar translocation is not due to
specific effects on the phloem loading process. In fact, phloem loading is rela-
tively resistant to water limitation (Sung and Krieg, 1979). The cause of reduced
photosynthate translocation is the change in source-sink relationships during water
stress. Low CO» assimilation by leaves and increased respiration in mesophyll cells
of leaves decreases the gradient of sucrose between source leaves and the photo-
synthates sinks. The reduced gradient from source to sink causes a reduction in
carbohydrate flow in the phloem.

However, in another study involving six species of grain legumes viz., lupins,
chickpea, faba beans, field pea, grass pea and lentil in southern Australia it was
shown that the effects of water deficits on the growth, yield, water relations and gas
exchange are remarkably similar in all six species of grain legumes. There was little
correlation between net photosynthetic rates per unit leaf area and water relation
characteristics and it was concluded that yield under drought conditions is strongly
correlated with early vigour and early pod set which enables the plants to escape
drought (Leport et al., 2003).

Nitrate and ammonia assimilation decrease during water limitation stress. The
flow of nitrogen from roots to leaves becomes slower and higher concentrations
of nitrate and ammonia build up in water stressed roots than in the roots of well
watered plants (Nilsen and Muller, 1981a&b). Water limitation is associated with
an increase in protein hydrolysis and a decrease in protein synthesis. In addition,
a decrease in polyribosomes abundance is correlated with the decreased protein
synthesis. Coincident with the decrease in total protein there is an increase in free
amino acids. Much of the amino acid accumulation is due to the reduction in pro-
tein synthesis, but in some cases biosynthesis of particular non-protein amino acids
is stimulated, e.g., betain, proline. (Kavi Kishor et al., 2005).

Osmotic potential is based on the concentration of solutes in water. Plant’s intra-
cellular water contain large quantities of solutes, creating an osmotic potential at
the turgor loss point as low as —5.0 MPa (twice that of sea water) in some cases
(Meinzer et al., 1986). There are four main classes of osmotically active solutes that
can significantly affect tissue osmotic potential, ions, carbohydrates, non-protein
amino acids and organic acids. Two of the four classes, non protein amino acids
and carbohydrates, are compatible with protoplasm. The other two can reach high
concentrations only in the vacuoles. The energy requirement (respiratory cost)
of adjusting osmotic concentration with various constituents is different. The use
of nonprotein amino acids such as betaine (N,N,N-trimethyl glycine) and proline
for adjusting osmotic potential is relatively expensive compared to other osmotic
moieties.

Accumulation of proline upon dehydration due to water deficit or increasing
osmotic pressure has been recorded in bacteria (Measures, 1975), algae (Brown and
Hellebust, 1978), crustaceans (Vincent-Marique and Gilles, 1970; Fyhn, 1976) and
higher plants (e.g., Palfi et al., 1973). Indeed it has been suggested (Measures, 1975)
that proline accumulation is a primitive response of living organisms to increasing
osmotic pressure in the environment, which, until the evolution of homeo-osmotic
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mechanism in higher animals, was widespread throughout the biological world.
Many other investigations have reported an accumulation of proline as a result of
water stress (Stewart et al., 1966). Only proline was reported as accumulated by
water stressed barley (Savitskaya, 1967). In wheat (Vlasyuk et al., 1968) Proline
was accompanied by asparagines (Slukhai and Opanasenko, 1974). The content
of free proline in plants with an appropriate supply of water is usually very low
(0.2-0.69 mg/g dry matter). It rapidly rises to 40-50 mg/g dry matter during slow
dehydration of tissues (Palfi et al., 1973). In water stressed sunflower, several amino
acids increased initially, and proline accumulated only in severe stress (Lawlor and
Fock, 1974). An osmotic stress (0.7 M manitol) led to an accumulation of large
amounts of proline in isolated tobacco protoplast (Premecz et al., 1978). Some
studies have indicated that an increase in ribonuclease occurs during water limi-
tation. There is little evidence that mRNA translation is affected (Shah and Loomis,
1965); thus the cytosolic mRNA pool most probably decreases due to an increase in
cytosolic ribonuclease activity (Todd, 1972).

When drought was induced in chickpea cultivars accumulation of proline was
evaluated along with separation of stress responsive proteins by PAGE. A PCR
based RAPD technique was also employed to detect polymorphism in genomic
DNA with eight random primers. A higher magnitude of proline accumulation was
observed in the leaves of stressed plants of tolerant cultivars. In addition, with tol-
erant cultivars an additional protein band of ~17.78 kD size was observed under
water stress conditions along with other protein bands of ~16.21, 36.30, 46.77 and
85.11 kD (Ahire et al., 2005).

Now coming to grain legumes, it has been documented that soil texture influences
the adaptation of pigeonpea principally through effects on aeration, water holding
capacity and soil strength. Aeration can become limiting in wet soils, and water-
logging is more likely to be a problem in clay than in sandy soils. However, high
clay soil is widely used for pigeonpea production because of the need for adequate
water storage for dry land crops. Pigeonpea is intermediate among crop legumes in
its susceptibility to mechanical impedance caused by high soil strength. Compaction
of both Vertisol and Oxisol by agricultural traffic restricted root growth and as a con-
sequence shoot growth and seed yield when soil conditions are dry. However, when
irrigation was applied soil strength in the compaction layer was reduced sufficiently
to enable root growth (Table 4.3).

The main effect of water stress can be viewed as follows:

1. A decreased cumulative radiation interception (Hughes and Keatinge, 1983;
Lawn, 1982a&b; Muchow, 1985d).

2. A reduction in the efficiency of utilization of intercepted radiation through reduc-
tion in carbon exchange rate (Cortes and Sinclair, 1986) associated with reduced
stomatal conductance.

3. A reduction in partitioning efficiency (Korte et al., 1983b).

The relative effect of water deficit on each of the above depends in large part on
timing in relation to ontogenic development of crop duration and intensity.
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Table 4.3 Effects of soil compaction on soil bulk density (g/cm?) and shoot dry matter (g/m?) at
40 days after sowing of pigeonpea on two clay soils

Shoot dry matter Shoot dry matter
Compaction ~ Bulk density 1984 1988 Bulk density 1987 1988 1987 (rain
treatment (g/m?) (dry)  (wet) (g/m3) (wet)  (wet)  excl)
Deep ripped  1.01 90 142 1.01 275 286 110
Moderate 1.17 73 169 1.37 295 313 116
compaction
Severe 1.28 44 147 1.45 304 268 69
compaction
C.D. at 5% 0.04 14 NS 0.06 NS NS NS

Pigeonpea has a deep and extensive root system and can endure periods of
water deficit through relatively higher levels of tolerance to desiccation and osmotic
adjustment. Compared to other crops (Flower and Ludlow 1987), stomatal con-
ductance in pigeonpea is relatively insensitive to saturation deficit, i.e., stomata of
well-watered plants remained open when evaporative demand is high (Muchow,
1985c; De Veries, 1986). As a water deficit develops, both leaf water potential
and stomatal conductance decline gradually, permitting continued photosynthesis.
Reports are there for lower and higher abilities of pigeonpea to reduce the radia-
tion load through leaf shedding or through leaf orientation (Muchow 1985a, b; De
Veries 1986). Presence of drought tolerance and polycarpic flowering habit enable
pigeonpea to survive long water deficit periods, but it will yield poorly or not at all if
drought stress during the reproductive growth period is severe and persistent (Sinha
1981; Troedson, 1987). The main effects of water deficit on pigeonpea productivity
can be summarized in terms of consequences for the efficiencies of interception (E;)
and conversion (E.) of PAR to biomass and partitioning of biomass to seed (Lawn
and Williams, 1986). Water deficit can influence E; through the following ways:

1. Relative reduction in leaf area index due to a slower rate of leaf initiation and/or
faster rate of leaf senescence.
2. Decrease in k due to paraheliotropic leaf movement and leaf rolling.

The relative effects of water deficit on pigeonpea crop depend mainly on timing
relative to crop ontogeny, duration and intensity. Where water deficit develops grad-
ually after sowing; the reduction in E; may be greater than E. (Muchow 1985b).
Where water deficit develops rapidly, the effects on E. may be comparable with
or exceed those on E;. In addition to water deficit effects constraining the carbon
economy of the crop, symbiotic nitrogen fixation is sensitive to water deficit (De
Veries, 1986) and nitrogen accumulation can be reduced under drought conditions
(Chapman and Muchow, 1985). Two related mechanisms contributing to strong
tolerance of tissue water deficit are high levels of osmotic adjustment and a low
critical or lethal relative water content (RWC) of leaves (Flower and Ludlow, 1986;
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Sinclair and Ludlow, 1986). Lopez et al. (1996) reported that genotypic differences
in drought resistance were probably due to differences in leaf area maintenance dur-
ing and in the recovery of dry weight and pod production following water stress
periods.

A study was conducted to evaluate the contribution of osmotic adjustment to
growth and productivity of extra short duration pigeonpea during soil moisture
deficits. Osmotic adjustment in leaves increased with the depletion of soil mois-
ture and reached close to 0.5 MPa at physiological maturity. Genotypic variation
in osmotic adjustment (ranging from 0.1 to 0.5 MPa) was significant. Genotypic
variation in leaf relative water content was correlated with OA (r 2=0.66*, n=6).
Leaf osmotic adjustment was correlated with the amount of stem sucrose mobilized
(r 2=0.67*; n=6). The relationship between osmotic adjustment and leaf area dura-
tion was significant (r 2=0.94**; n=5). Genotypic variation in leaf relative water
content was correlated with crop growth rate (r 2=0.74*; n=6) and radiation-use
efficiency (r 2=0.84"*; n=6) under moisture deficits. Below 30 cm depth, 60—
80% of the plant extractable soil water was not utilized at physiological maturity
in the drought treatment. It was concluded that osmotic adjustment could influ-
ence radiation-use efficiency and crop growth rate of extra short duration pigeonpea
indirectly by increasing leaf relative water content during soil moisture deficits
(Subbarao et al., 2000b). In another study conducted by Subbarao et al. (2000a)
using two automated rain shelters, 26 extra short duration pigeonpea genotypes were
grown with irrigation throughout the growth period or with water stress from flow-
ering until maturity. Mean leaf osmotic potential at full turgor (PSIs100) 60-92
days after sowing under water stress correlated significantly with the mean osmotic
adjustment and contributed 72% of the genotypic variation in osmotic adjustment.
Significant genotypic variation was observed in the initiation, duration and degree
of osmotic adjustment. Genotypic differences in total dry matter production under
water stress were positively associated with osmotic adjustment at 72 days after
sowing. There was a significant positive relationship between osmotic adjustment
at 72 days after sowing and seed yield under water stress. However, osmotic adjust-
ment towards the end of the pod filling phase, i.e., at 92 days after sowing, had a
significant negative relationship with seed yield under water stress. Genotypic dif-
ferences in seed yield under water stress were best explained using stepwise multiple
regressions to account for differences in osmotic adjustment at 72, 82 and 92 days
after sowing. The degree of osmotic adjustment at 72 and 82 days after sowing con-
tributed positively to the seed yield, whereas osmotic adjustment at 92 days after
sowing contributed negatively to this relationship.

As previously indicated nitrogen fixation is extremely sensitive to water deficit
(Pankhurst and Sprent, 1975; Weisz et al., 1985). In large part, it is due to the
effects on oxygen permeability and indirectly through carbon supply for nodule
development and activity. The consequences are a substantial reduction in nitrogen
accumulation under water stress conditions (Chapman and Muchow, 1985).

Osmotic adjustment has been shown to maintain stomatal conductance and pho-
tosynthesis at low water potential (Ludlow, 1980, 1987), delay leaf senescence
and death (Flower and Ludlow, 1986, 1987), reduce flower abortion (Morgan and
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Table 4.4 Variation in osmotic adjustment observed in few grain legume species

Range in osmotic

Species Organ adjustment References

Pigeonpea Leaf 0.3-1.0 Muchow (1985¢) and
Lopez et al. (1987)

Greengram (Vigna radiata)  Leaf 0.2-0.4 Muchow (1985c¢) and Zhao
et al. (1985)

Vigna ungliculata Leaf 0.1-0.5 Muchow (1985¢) and
Sinclair and Ludlow
(1986)

Cowpea Leaf 0.0-0.4 Muchow (1985c¢); Sinclair

and Ludlow (1986) and
Lopez et al. (1987)

Chickpea Leaf 0.6 Morgan et al. (1991)

Pea Leaf 0.4 Turner et al. (1996) and
Leport et al. (2003)

Root 0.3-0.8 Greacen and Oh (1972)

Lentil Leaf 0.6 Turner et al. (1996) and
Leport et al. (2003)

Lathyrus sativus Leaf 0.1 Turner et al. (1996) and

Leport et al. (2003)

Adopted from Subbarao et al. (1995).

King, 1984) and improve root growth and water extraction (Morgan and Condon,
1986). The capacity for osmotic adjustment varies among grain legume species.
Relative to cereals, the degree of osmotic adjustment in grain legumes is mod-
est except in pigeonpea, lentil and chickpea (Table 4.4, Turner et al., 2003). The
degree of osmotic adjustment has been shown to be correlated to seed yield in
chickpea (Morgan et al., 1991). Osmotic adjustment has not been found to delay
the decrease in photosynthesis in grain legumes (Leport et al., 1998), but has been
observed to delay leaf senescence and increase remobilization of reserves in some
grain legumes (Flower and Ludlow, 1986, 1987; Leport et al., 2003). Variation in
osmotic adjustment among chickpea cultivars has been observed when exposed to
terminal drought. Some studies suggest that this benefits yield while others suggest
it does not benefit yield in water limited environments (Turner et al., 2007; Souri
et al., 20006).

Food legumes are generally more sensitive to water stress during their reproduc-
tive phase of growth when pod numbers are being determined (Korte et al., 1983a).
Beyond that time the possibilities for compensation are much reduced being limited
to seeds per pod and/or seed size (Korte et al., 1983b). In cowpea, mungbean and
urdbean, less determinate genotypes produce new flushes of flowers and pods when
water stress applied during the reproductive phase is released (Lawn, 1982a).

The water use efficiency for grain production in chickpea of 16 kg/ha/mm is
approaching that of wheat (20 kg/ha/mm), a well adopted crop in South Australia.
Water use efficiencies of chickpea in Australia may be improved by selecting geno-
types with more rapid biomass accumulation, especially in Mediterranean-type
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environments where low winter temperature limits growth (Loss et al., 1998). In
these environments, 60% of the water used by chickpea crop can be lost through
soil evaporation (Siddique and Sedgley, 1987) and rapid canopy cover of the soil
surface may reduce this. There is considerable genetic variation for early growth
and biomass at maturity in chickpea. Nine inbred lines of faba beans were tested
under adequate water supply and limited water conditions. The genotypes showed
substantial variation in shoot dry matter, water use efficiency, stomatal conductance,
leaf temperature, transpiration efficiency, carbon isotope discrimination, relative
water content and osmotic potential, determined at pre-flowering vegetative stage. It
was stated that moisture deficits decreased water usage and consequently shoot dry
matter production (Habib ur Rahman et al., 2007).

Selecting for increased osmo-regulation (Morgan et al., 1991) and greater re-
translocation of biomass from stem and leaves to seeds under a terminal drought
scenario (Leport et al., 1998) are also strategies to enhance the adaptation of chick-
pea to water limited environment. Patel et al. (2000) subjected determinate and
indeterminate types of pigeonpea genotypes to three seeding dates. Genotypes sown
on the earliest date attained the highest leaf area index, absorbed the largest amount
of photosynthetically active radiation and produced the highest total dry matter. The
differences in biomass and seed yield among sowing dates were largely ascribed
to totals of photosynthetically active radiation absorbed and dry matter produced,
especially during the reproductive phase. The high leaf area index persistence and
photosynthetically active radiation interception, coinciding with the podding phase,
appeared to be mainly responsible for the increased yield in early sowings. Radiation
use efficiency decreased as sowing was delayed, but neither had much effect on
dry matter accumulation in various phases nor on final yield. Although the extinc-
tion coefficient was not influenced by sowing dates, it was inversely related to
leaf area index in both cultivars. Between the cultivars, the differences in biomass
reflected the differences in photosynthetically active radiation absorbed and dry mat-
ter accumulation, depending upon leaf area development and growth duration. The
determinate genotypes had higher seed yields and harvest indices than indetermi-
nate genotypes due to more of the dry matter produced being partitioned into pods
during the reproductive phase on account of their determinate growth habit. Early
sowings of determinate cultivars could maximize both vegetative and reproductive
growth, capture more light and produce more seed yields under rain fed conditions.

Singh and Singh (2000) reported from a field trial with determinate and indeter-
minate types. They showed the total number of flowers shed/plant was greater in
indeterminate than determinate types. Maximum production and shedding of flow-
ers were observed on the 7th and 4th branch in indeterminate and determinate types,
respectively. The intensity of flower shedding was greatest within 24 h of anthesis
and decreased subsequently with flower age. Flower shedding was greater during
the night in both cultivars. In terms of periodicity the two cultivars behaved simi-
larly for flower production and shedding. The production and shedding of flowers
was correlated with environmental factors.

Increased induction of “determinateness” or degree of synchrony of flowering
and pod setting may increase the vulnerability of food legumes to intermittent
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deficits during reproductive growth. In soybean it has been shown that the rela-
tive effects of water deficit during reproductive growth are greater in determinates
than indeterminate genotypes (Villalobos-Rodriguez and Shibles, 1985). However,
synchronous podding may be of benefit in case of terminal water stress.

Excessive water can limit yields of food legumes in several ways. The most
common is reduction in nitrogen fixation, chlorosis and reduction in crop growth.
There is variation amongst food legume species in tolerance to temporary water
logging e.g., mungbean, pigeonpea, grass pea and moth bean are particularly sensi-
tive to water logging conditions while other food legume species are more tolerant
of water logging conditions. Pigeonpea is susceptible to water logging with the
effect that many areas of high rainfall and/or impermeable soil are not suitable
for pigeonpea production. One apparent cause of physiological damage is ethylene
produced by soil micro flora. Short term or intermittent water logging affects biolog-
ical nitrogen fixation and can lead to severe nitrogen deficiency (Thompson et al.,
1981). Genotypic differences in physiological tolerance of water logging have been
reported (Chauhan, 1987).

The intensively managed pigeonpea systems that involve short-duration pigeon-
pea have a higher water requirement because they are grown at high density
(Meherotra et al., 1977; Singh et al., 1983). Meherotra et al. (1977) estimated water
use by T 21 to be in the range of 55-60 cm. Bhan and Khan (1979) recorded sig-
nificant responses to one or two supplementary irrigations on a sandy loam soil,
and they reported that a single irrigation applied at pod-filling stage gave a bet-
ter result than application on the basis of cumulative pan evaporation demand of
80 or 120 mm (Table 4.5). Under arid conditions, water applied at early vege-
tative stage reduced yield by 14%, whereas when applied at branching stage it
increased yield by 34% (Makhan and Gupta, 1984). Saxena and Yadav (1976) on
the other hand reported no response to applied irrigation. Chauhan et al. (1987) did
not observe any significant response to applied irrigation on an Alfisol in a normal
(about 700 mm) rainfall year. These studies indicate that injudicious use of water
may not help the pigeonpea crop sown in the rainy season; rather it may harm the
crop. Responses to irrigation are generally more consistent in pigeonpea sown in
the post rainy season as the crop then has to rely on stored moisture in the soil pro-
file. At the International Crop Research Institute for Semi Arid Tropic (ICRISAT)

Table 4.5 Effect of irrigation

on yield (t/ha) of pigeonpea Stages of irrigation Yield (t/ha)
during rainy season Control 1.28
Flower initiation 1.30
Peak flowering 1.22
Pod filling 2.14
Flower initiation and pod filling 243
Irrigation after 80 mm CPE 2.27
Irrigation after 120 CPE 2.36
CD at 5% 0.49

Source: Bhan and Khan (1979).
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Centre, application of 2-3 irrigations about 1 month after sowing increased seed
yield by about 150-160% over a non irrigated control (Rao et al., 1983). In a similar
environment on clayey soil where the soil moisture holding capacity was high, the
increase in yield due to irrigation was relatively small, 14-19%, (Reddy et al., 1984).
Bhowmik et al. (1983) on an alluvial soil recorded a significant increase in seed yield
of pigeonpea with two irrigations but found that three irrigations had a negative
effect.

Another constraint imposed by excessive water in some species, e.g., mungbean
and cowpea is the damage caused to ripening pods by exposure to humid and wet
conditions. Finally, exposure to humid and wet condition can favor rank growth and
pre disposition of plants or pods to a host of foliar and pod diseases.

Constraints imposed by water deficit can be overcome by agronomic practices
and/or by genetic manipulation for better water use efficiency (WUE). Normally
biomass production is a linear function of water use (Lawn, 1982b). However, food
legumes with C3 metabolism have lower WUE are inferior producers under condi-
tions of high temperature and radiation and low moisture (Huber and Shankhla,
1976). Despite evidence of genotypic variations within C3 plants for photosyn-
thetic efficiency, the potential for genetic improvement of production by raising
photosynthetic capacity appears to be small (Lawn and Williams, 1986). Producers
and scientists have attempted to escalate genetic exploitation of environments, e.g.,
by exploitation of chance introductions, planned introduction of new cultivars and
species, limited local breeding for specific aspect(s) of adaptation culminating in
National Breeding Programmes. Significant National and/or International collec-
tions exist for many major food legumes and the diversity they contain is exploited
by National Programme Scientists. Progress in tissue and haploid culture in somatic
hybridization in other organisms suggests that genetic engineering may have future
applications in plant breeding. However, there has been only limited progress in
food legumes (Mehta and Ram, 1980; Sinha et al., 1983; Kumar et al., 1984). In
view of the complexities in environmental adaptation in crops, these approaches
have limited relevance to adaptive traits. Munoz Perea et al. (2007) advocated that
in dry bean landraces and cultivars with high WUE should be used to reduce depen-
dence on irrigation water and to develop drought-resistant cultivars to maximize
yield and WUE.

4.4 High Temperature Stress

Plants are poikilotherms (except for a few rare exception), thus temperature
in their tissues are reflective of their thermal environments. Due to the wide
variation in ambient temperature among environments where plants reside and
the poikilothermic nature of plants, it is logical to expect a wide range of
metabolic, morphological and anatomical adaptations to thermal conditions. Some
tissues will have a temperature that is very close to air temperature at all times
(AT =0).
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Heat stress often is defined as where temperatures are hot enough for sufficient
time that they cause irreversible damage to plant function or development. In addi-
tion, high temperatures can increase the rate of reproductive development, which
shortens the time for photosynthesis to contribute to fruit or seed production. The
extent to which heat stress occurs in specific climatic zones is a complex issue.
Plants can be damaged in different ways by either high day or high night tem-
peratures and by either high air or high soil temperatures. Also, crop species and
cultivars differ in their sensitivity to high temperatures. Cool-season annual species
are more sensitive to hot weather than warm-season annuals (Hall, 2001). Heat stress
due to increased temperature is an agricultural problem in many areas in the world.
Transitory or constantly high temperatures cause an array of morpho-anatomical,
physiological and biochemical changes in plants, which affect plant growth and
development and may lead to a drastic reduction in economic yield. The adverse
effects of heat stress can be mitigated by developing crop plants with improved
thermo tolerance using various genetic approaches. Heat stress affects plant growth
throughout its ontogeny, though heat-threshold level varies considerably at differ-
ent developmental stages. For instance, during seed germination, high temperature
may slow down or totally inhibit germination, depending on plant species and
the intensity of the stress. At later stages, high temperature may adversely affect
photosynthesis, respiration, water relations and membrane stability, and also mod-
ulate levels of hormones and primary and secondary metabolites. Furthermore,
throughout plant ontogeny, enhanced expression of a variety of heat shock pro-
teins, other stress-related proteins, and production of reactive oxygen species (ROS)
constitute major plant responses to heat stress. In order to cope with heat stress,
plants implement various mechanisms, including maintenance of membrane stabil-
ity, scavenging of ROS, production of antioxidants, accumulation and adjustment
of compatible solutes, induction of mitogen-activated protein kinase (MAPK) and
calcium-dependent protein kinase (CDPK) cascades, and, most importantly, chap-
erone signaling and transcriptional activation. All these mechanisms, which are
regulated at the molecular level, enable plants to thrive under heat stress (Wahid
et al., 2007).

One of the most important aspects of tissue energy balance is energy absorbed
from radiation impinging on the tissue surface. Radiation comes to the leaf surface
from the series of different sources. Direct and diffused solar radiation sum to pro-
duce total radiation impinging on a leaf from the sky. Diffused radiation from the sky
is that which is scattered by particles or clouds in the atmosphere. Reflected radia-
tion (a portion of diffused radiation) is solar radiation that hits surfaces (soil, trunks,
branches, leaves etc.) near leaves and is reflected towards leaves. Reflected radia-
tion will increase radiation absorbed by leaves and can account for 10-30% of the
total radiation impinging on a leaf surface. The fraction of shortwave radiation (not
infra red radiation) reflected from surfaces is termed as the albedo. The albedo of
ground surfaces can vary from about 0.60 for snow to 0.10 for peat soils (Rosenberg
et al., 1983). The higher the albedo, the higher the significance of reflected radiation
to energy absorbed by leaves. Reflectance of the surroundings is further modified
by the angle of incidence between the radiation source and the reflective surface.
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The smaller the angle of incidence, the greater the reflectance. The total amount of
absorbed radiation can be calculated as:

absorbed radiation = a(@4irect 4 @diffusey 4 gy (@direct | @diffusey o — 41 4 1)@

where a is the absorption, which is the fraction of total radiant energy flux (P)
absorbed by the leaf, ®4t the direct solar radiant energy flux, ®4iffuse the total
diffuse radiant energy flux, r the fraction of & reflected from the surroundings onto
the leaf surface, and & the total of diffuse and direct radiance flux.

The characteristic of plant leaves that has the greater impact on absorption of
solar and reflected radiance is leaf absorption (a) leaf absorption varies with the
wavelength of light impinging on the surface. For example, in the visible wave
bands (400-700 nm) the value of a is often between 0.8 and 0.9. Absorption of
near—infrared radiation (800-1,500 nm) is relatively low (0.1), but absorption of
longer—wave radiation (1,500-3,000 nm) is also approximately 0.9. In as much
as leaf absorption has a dramatic effect on radiation absorption, energy balance,
and photosynthesis, the ability of plants to adjust their absorption by morpholog-
ical or behavioral mechanism will have a great effect on tissue temperature and
metabolism.

The greatest danger of heat injury occurs when the soil is exposed to insolation,
reaching temperature as high as 55-75°C (Lundegérdh, 1949). It has been reported
that if the leaf temperature is 5°C above the atmospheric temperature, this is equiv-
alent to a steepening of the gradient by a 30% lowering of the atmospheric R.H.
(relative humidity). In other words, if the external atmospheric R.H. is 70%, the
5°C rise in leaf temperature would double the gradient and, therefore, the evapo-
ration rate, aside from the increase due to the increased molecular velocity at the
higher temperature. A 10°C rise would have a proportionally even greater effect
than the expected doubling of the temperature gradient. In addition to this direct
effect of temperature on evaporation, it may further increase transpiration by main-
taining the stomata open due to increased root temperature (Gur et al., 1972). The
danger of drought injury under such conditions is obviously great, even without a
deficiency in soil moisture. It is not surprising, therefore, that prolonged high tem-
perature stress often result in injury due to desiccation, for instance, in the case of
turf grass (Krans and Johnson, 1974).

In the case of 25 species of plants, the temperature maximum for assimilation
(36—48°C) was from 3 to 12° below the heat-killing temperature (44-55°C; Pisek
et al., 1968). Similarly, when measured by the beginning of rapid loss of ions, heat
killing may require 11°C higher temperature than that at which photosynthesis is
destroyed (Berry et al., 1975). Starvation, however, occurs before this high temper-
ature limit (the Tp,.) for photosynthesis is reached. This is because of the higher
temperature optimum for respiration than for photosynthesis (50 and 30°C, respec-
tively) in potato leaves (Lundegardh, 1949). The temperature at which respiration
and photosynthesis are equally rapid is called the temperature compensation point.
Obviously, if the plant’s temperature rises above the compensation point, the plant’s
reserves will begin to be depleted. The deficit increases particularly rapidly in plants
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with an active photorespiration (C3 plants) in addition to the normal dark respira-
tion. The pronounced increase in rate of photorespiration at high temperature is
apparently due to a higher Q¢ for glycolate oxidase activity relative to that of cata-
lase. As a result, there is an increased availability of H,O; and a marked increase
in glycolate oxidation to CO by the peroxisomes of the leaves (3 times as rapid at
35°C as at 25°C; Grodzinski and Butt, 1977).

Starvation injury is not necessarily due to a net decrease in assimilation, but may
be due to effects on translocation. When Japonica rice was grown at 35°C day/30°C
night, the rate of ripening was more rapid than at normal growing temperature, but
the inflow of assimilate into the grain ended earlier. This resulted in lower 1,000-
kernel weight, although there was no deficiency in the assimilate content of the
plant (Sato and Inaba, 1976). Similarly, in the case of Agrostis palustris grown at
40°C day/30°C night the carbohydrate content of the leaves was higher than that of
plants grown at lower temperature. The growth reduction was, therefore, not due to
carbohydrate starvation of the leaves (Duff and Beard, 1974). The inhibitory effect
of high temperature on photosynthesis is completely reversible if not too extreme —
for instance a 2-min shock at 46-51°C reduced '*CO, fixation in detached leaves of
Nicotiana rustica (Ben Zioni and Itali, 1972). This decrease continued for 2% h but
recovery was complete 45 h after treatment. Similarly, 5 min at 40°C was strongly
inhibitory but 24 h later the rate was restored almost to the control (Yodanov et al.,
1975). Even when photosynthesis was completely inhibited by a short term heating
(10-15 min), all the plants were able to renew photosynthesis after 17 h in the dark
at room temperature (Egorova, 1975, 1976).

Temperature affects the rate of the metabolism involved in growth and develop-
ment. In general, developmental processes (such as germination, ontogenic changes,
leaf initiation and meiotic division) are more thermally sensitive than growth or
photosynthesis per se and have more sharply defined optima although there are sub-
stantial differences in sensitivity amongst processes. A linear function of daily mean
temperature can be used to approximate temperature responses in the field (Angus
etal., 1981) (Table 4.6). This implies in effect that temperature is accumulated above
a base temperature at which the process rate approaches zero and this accumula-
tion can be expressed as degree days needed to complete the process which is a
constant. The thermal constant has been termed the “thermal time” for the process
(Monteith, 1977). However, not all temperature accumulations produce the same
result. When lupin (Lupinus luteus) was grown under different day/night tempera-
ture regimes, it was found that temperature conditions, constant high temperature,
or physiologically optimal thermal oscillations (24/19°C) or high-low temperature
regimes, differently affected the contents of six soluble carbohydrates in maturing
seeds of yellow lupin (Piotrowicz Cieslak, 2006)

In photoperiod-sensitive genotypes, the effect of temperature on different growth
phases in food legumes is somewhat more complex. One of the main effects of
temperature is to modulate the critical photoperiod of a genotype (Hadley et al.,
1983), as photoperiod may influence base temperature in relation to pre flower-
ing development (Roberts and Summerfield, 1987). The optimal temperature for
rates for development prior to floral initiation in a range of pigeonpea genotypes is
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Table 4.6 Relative sensitivity of pigeonpea to temperature during emergence. Estimated time
(days) to emergence at mean temperature of 18 and 25°C for pigeonpea and other tropical
grain legumes, based on experimental estimates of base temperatures (7}), and thermal time to
emergence (days degree > Tp)

Days to emergence Base temperature ~ Thermal time

Crop species 18°C 25°C (Ty) (°C) (degree days >Ty)
Pigeonpea (Cajanus cajan) 11.2 4.8 12.8 58.2

Cowpea (Vigan unguiculata) 6.1 3.1 11.0 43.0

Green/black gram (Vigna 6.9 35 10.8 49.6
radiata/mungo)

Bean (Phaseolus vulgaris) 7.0 3.6 10.6 52.1

Soybean (Glycine max) 8.7 3.6 9.9 70.5

Groundnut (Arachis hypogea)  16.2 6.5 13.3 46.3

Source: Angus et al. (1981).

around 20-24°C, but rates of leaf emergence are fastest in the range of 28-32°C
(McPherson et al., 1985). Symbiotic nitrogen fixation (Layzell et al., 1983) and
meiotic cell division are very sensitive to temperature extremes. Pollen formation
is particularly sensitive both to high (Warrag and Hall, 1983) and low (Lawn and
Hume, 1985) temperature stresses.

Daily mean temperature requirement for pigeonpea emergence was estimated to
be 12.8°C and 50% emergence was best at 58.2° days, and the same can be accu-
mulated in 26 days at 15°C, 8 days at 20°C or in 5 days at 25°C (Angus et al.,
1981). It was reported that at least 85% germination occurred at a range of temper-
atures between 19 and 43°C but no germination occurred at either 7.1 or 46.5°C
(de Jabran et al., 1986). Controlled environment studies have demonstrated that the
growth related attributes, e.g., plant height, nodes/plant, shoot dry matter accumula-
tion and leaf area have a linear relationship with increase in temperature within the
range 16-32°C (McPherson et al., 1985; Turnbull, 1986). It has been reported that
in northern India, where daily temperature is consistently between 35 and 45°C for
2 months, the high temperature does not present a serious limitation to vegetative
growth of pigeonpea if water supply is adequate (Troedson et al., 1990). However,
there is a report that high constant day temperature (> 35°C) increases floral abor-
tion and decreased pod set (Turnbull, 1986). Pigeonpea crops are more likely to be
limited by water than by irradiance, with the exception of extended cloudy period
during the monsoon season (Versteeg and van Keulen, 1986) and intercrops that are
shaded by their companion crop (Natarajan and Willey, 1980a). In addition, inter-
ception of radiation is limited by slow leaf area development, observed at seedling
and in intercrops after harvest of the companion crop (Sheldrake and Narayanan,
1979). Pigeonpea is most sensitive to low irradiance during pod formation, when
pod retention is strongly related to current assimilation (Thirathon et al., 1987a).

Three extra-early and three early maturing genotypes of pigeonpea were grown
during April and November in Kenya at altitudes between 50 and 2,000 m and lat-
itudes ranging from 0° to 4°S. They were grown under normal field conditions,
as well as under clear polyethylene enclosures at six sites to produce warmer than
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ambient temperatures (Omanga et al., 1995). Mean pre-flowering temperature var-
ied from 15.6 to 34.0°C, and photoperiod varied from 12.6 to 15.0 h. The shortest
time between sowing and flowering (f) occurred at 26.5° (53-54 days), while time
to flowering was longest at 17.6 or 16.1°, depending on genotype (104-118 days).
Time to flowering was generally unaffected by photoperiod.

Ellis et al. (1998) studied photoperiod and temperature requirement during pre
flowering in photoperiod-sensitive, late-maturing pigeonpea in Kenya. The plants
were subjected to different durations after emergence from natural short days
(12.6 h/day) to artificially-extended long days (15.0 h/day), and vice versa, under
both ambient (19°C) and warmer (26°C) temperatures. All plants at 19°C flowered
within 106—-160 days after emergence whereas only those transferred from long days
to short days flowered at 26°C. A well-defined photoperiod-insensitive pre-inductive
phase (A1) was detected after emergence; it lasted for 26 days at 19°C but increased
to 49 days at 26°C. Thereafter, short days hastened and long days delayed progress
to flowering until a third phase, the photoperiod-insensitive post-inductive phase
(Az) of pre-flowering development. At 19°C, A3 was 66 days while the duration
of the inductive phase in short days (IS) was 25 days and in long days (IL) it was
72 days. Plants were also moved from ambient to warmer temperatures and vice
versa within either short days or long days at different durations after emergence.
In short days all plants flowered during the investigation (250 days) whereas in
long days only the plants transferred from the warmer to the ambient temperature
regime flowered. During the initial stages of development plants were less sensitive
to supra-optimal temperatures so that developmental progress from emergence to
first flowering was the same whether plants were held at warmer or ambient temper-
atures during the first 35 days from emergence. Furthermore, plants transferred from
the ambient to the warmer temperature in short days at any time from 49 to 77 days
from emergence flowered at similar times to those kept at ambient temperature from
emergence. Since A| = 26 days and A + IS = 51 days, it is suggested that these
results imply that exposure to supra-optimal temperature in short days during the
latter 60% of the photoperiod-sensitive inductive phase (IS) of pre-flowering devel-
opment delayed progress to flowering. In contrast, exposing plants to supra-optimal
temperature during either the photoperiod-insensitive pre-inductive phase (A1) or
part of the photoperiod-insensitive post-inductive phase (A3) or during the first 40%
of the photoperiod-sensitive inductive phase did not delay progress to flowering.

Temperature can influence economic yield through each of the components,
with variations in relative magnitude of effects on them. In most of the situations,
the main effect is likely to be on cumulative radiation incident and proportion
intercepted, through crop duration (i.e., phenological potential) and rate of leaf
area development. There is relatively little information available for the food
legumes about the effect of temperature on HI, although there is evidence in soy-
bean (Seddigh and Jolliff, 1984) and Vigna spp. (Lawn, 1979a&b) that cool night
temperatures can depress HI. Clearly extremes of temperature which reduce the
reproductive sink through gametogenesis can substantially reduce HI.

To date, most of the efforts have been made in improving adaptation to cooler
temperature, with some success (Voldeng et al., 1982; Holmberg, 1973). However,
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opportunities for genetic improvement in relation to temperature responses remain
largely unexploited. In most cases, little is known about the complexity of genetic
control of differential responses. Genetic advances may be further hindered by the
lack of correlation between sensitivities at different stages (Hume and Jackson,
1981) and between different processes (McPherson et al., 1985).

4.5 Low Temperature (Chilling) Stress

Chilling stress is usually limited to plants native to or growing in tropical or sub-
tropical regions of the world. The temperature range for chilling stress ranges from
just above freezing to 15-20°C. Plants vary greatly in their sensitivity to chilling
stress. Chilling-sensitive plants have been defined as plants that are killed or injured
by temperatures above the freezing point of the tissues up to 15-20°C (Graham and
Patterson, 1982). Chilling resistant plants are those able to grow at temperatures
near 0°C. However, considerable variability exists amongst plants relative not only
to genetic factors but to stages of development, metabolic status (dormancy or active
growth), and conditions under which plants are growing before, during and after the
chilling episode. Generally, plants are more sensitive under non-dormant conditions
(high metabolic activity) during younger stages of development, during the day or
under high-light intensities, under drought stress (although drought hardening can
increase chilling tolerance) and when nutrients are limiting (particularly K, which
is involved with osmotic adjustment).

Chilling stress can affect proteins both qualitatively and quantitatively. Generally,
soluble proteins increase and proteins that have enzymatic functions can either be
up or down regulated, depending on specific function. Following are the enzymes
activity and processes that are affected by chilling stress (Table 4.7).

Generally enzymes are more liable to be affected by high temperature stress
than they are to low temperature stress. However, complex enzymes possessing sub-
units such as P; dikinase and phospho-fructokinase involved in the carbon fixation
reactions in Cy4 plants and glycolysis, respectively, are inactivated by chilling tem-
peratures as a result of converting their tetramers from dimers. Another enzyme
critical for osmotic relations in plant, K*-mediated ATPase is affected by chilling
stress. Associated with reduced activity of this protein is leakage of K* from cells
exposed to chilling stress. It appears that this process is reversible if the stress is not
prolonged or too severe (Palta and Weiss, 1993).

Structural changes in organelles have been observed with chilling stress, and
it appears that differences in organelles exist relative to chilling sensitivity. Ilker
et al. (1979) observed the degree of injury exhibited by tomato cotyledon organelles
after different chilling periods at 5°C. It would appear from this study that the
order of sensitivity is plastids > mitochondria > peroxisomes > nuclear membrane
> tonoplast > plasmalemma (Table 4.8).

The effects of cold and drought stress on antioxidant responses and growth
parameters in shoots and roots of lentil seedlings were investigated on 10 day
old hydroponically grown seedlings subjected to drought and cold (4°C) stress for
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Table 4.7 Enzymes or processes up or down-regulated in plants as a result of chilling stress

Enzymes or processes up-regulated

Enzymes or processes down-regulated

a. Phenolic synthesis

(1) PAL (phenylalanine ammonium
synthase)

(2) CQT (hydroxycinnamoyl CoA
quinate Hydroxycinnamoyl
transferase)

b. Respiratory enzymes

(1) Glycolysis

(2) TCA cycle

(3) PPP (pentose phosphate pathway)
c. Cryoprotectants
(1) Invertase (starch and glucose)
(2) Proline
(3) Putrescine
(4) Betaine
d. Antioxidants
(1) Glutathione
(2) Ascorbate
e. Membrane Lipids
(1) Desaturases
(2) Acetyl-CoA carboxylase

f. Nonenzymtic proteins
(1) Ice nucleators

(2) Cryoprotective proteins
g. Invertase (decreased inhibitor activity)

a. Carbon fixation reactions
(1) NADP-malate dehydrogenase
(C4 reactions, high light)
(2) Pyruvate P; dikinase (C4 reactions, high
light)

(3) PEP carboxylase (C4 reactions)
(4) Rubisco (dark reaction)
(5) Fructose-1,6-bisphosphatase (dark
reaction)
b. Light reaction
(1) NADP reductase
(2) Plastocyanin
(3) CF1
(4) Ca®* ATPase
c. Respiration
(1) NADP-malate dehydrogenase (TCA Cycle)
(2) 3-PGAL-dehydrogenase (glycolysis)
(3) Phosphofructokinase (glycolysis)
(4) 6-Phosphogluconate dehydrogenase (PPP)
d. Nitrogen metabolism
(1) Glutamate dehydrogenase (NH4 to
a-kitoglutarate)
(2) Aspartic B-semialdehyde dehydrogenase
(lysine and alanine)
e. Starch metabolism
(1) Fructose-1,6-bisphosphatase
(2) Starch synthase
f. Antioxidants
(1) SOD (superoxide dismutase loss of Zn and
Cu)
(2) Catalase
(3) Ascorbate peroxidise

Modified from Graham and Patterson (1982).

5 days. The length and fresh weight of shoots decreased significantly under both
stress conditions, contrary to the increase in these growth parameters for roots under
the same conditions. The oxidative damage as generation of malondialdehyde and
H>0;, was markedly higher in shoots under cold. Both stress conditions caused a
significant increase in malondialdehyde levels in root tissues. The increase in proline
levels was more pronounced under cold stress in shoots and roots. Superoxide dis-
mutase activity was differentially altered in shoot and root tissues under drought and
cold stress. The catalase activity was higher in roots under drought stress, but ascor-
bate peroxidase activity increased in root tissues under cold stress (Oktem et al.,
2008).
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Table 4.8 Dependency of chilling symptoms on time in various compartments of tomato
cotyledons chilled at 5°C

Chilling  Plasma Mitochon Nuclear  Peroxi- Micro-
time (h)  lemma Tonoplast dria Plastids  envelop  somes tubules
2 - - + - - - -
4 - + + + + + -
8 - + + ++ + + -
12 - + ++ +++ + + Absent
16 + + +++ ++++ + ++ Absent
20 + ++ +++ ++++ +++ ++ Assent
24 ++ ++ +++ +++ 4+ +++ Absent

Modified from Ilker et al. (1979).
—, No injury; +, slight; ++, moderate; +++, severe; ++++, extreme.

4.6 General Stress Responses of Various Physiological Processes

4.6.1 Photosynthesis

Photosynthesis provides the basis of dry matter accumulation and plant growth.
Conversion of radiant energy to crop yield and the input of other factors such
as temperature and water have been well documented over the past several years
(Charles-Edwards, 1982). Economic yield can be expressed as the product:

Ye = (Q) x (i) x (Ec) x (p)

Where Y. = Economic Yield, Q = Cumulative radiation incident on the crop,
i = Proportion intercepted by the crop, E. = Conversion efficiency to total dry
matter, p = Partitioning efficiency to economic yield.

An examination of the four components of the above relationship helps to
illustrate the potential role of various physiological and environmental factors
in contributing to variation in crop performance and thus to identify where an
opportunity exists for improvement.

Dry matter accumulation is the result of balance between photosynthetic activity
and respiratory loss in any autotropic plant. Some of the well known parameters
used for determining plant efficiency are net assimilation rate, relative growth rate,
leaf area ratio and crop growth rate. As an individual leaf of a plant grows, a part of
the leaf area becomes less efficient in photosynthetic activity, while still retaining
greenness as well as respiratory activity. As a consequence of this there could be
a loss in net assimilation rate. However, this could be brought back into balance if
the leaf declining in photosynthetic activity drops off quickly. The relative growth
rate declines as a plant grows, because there is increase in non photosynthetic tissue.
Some of these aspects have now been studied in pigeonpea, chickpea, cowpea and
some other pulse crops. In cowpea and mungbean, it was observed that almost two
thirds of the total dry matter accumulated during one third of the total life span of
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the plant (Sinha, 1976). Similarly, in pigeonpea and chickpea about one third to one
fourth of the growth period accounted for 60—80% of the total dry matter (Sheldrake
and Narayanan, 1977; Saxena and Sheldrake, 1978). It is interesting to note that a
major part of the dry matter is produced after flowering starts (Haloi and Baldeyv,
1986).

4.6.2 Cumulative Incident Radiation

One of the main determinants of the cumulative incident radiation falling on the
crop is duration of crop growth. The second main determinant of cumulative inci-
dent radiation is level of insolation, e.g., the difference in irradiance induced by
changes in level of cloudiness between rainy and dry seasons, which could result in
50% higher yield potential for dry season grown crops (Versteeg and van Keulen,
1986). Levels of irradiation can present a severe constraint to growth of legumes in
various cropping system, e.g., inter, alley, relay and companion cropping. Research
on inter and mixed cropping systems has identified the need for the legumes to
compliment the other component in terms of phenology and leaf area development
to maximize interception and minimize inter-component competition (Willey et al.,
1981). There has been no report on systematic efforts to improve adaptation of food
legumes species to low light environments, such as under mango or orange trees
where legume crops can be grown for several seasons until irradiance levels become
too low.

There is evidence that such an approach may be profitable. Studies with legumi-
nous ground cover under sorghum and sunflower have shown that Vigna trilobata
compensates for low irradiance with higher specific leaf area and increased parti-
tioning of dry matter into leaf area development (Leach et al., 1986). Evaluation
of soybean (Catedral and Lantican, 1986) and mungbean (Lantican and Catedral,
1986) under full sun and 50% shade indicated that shading reduced soybean yield
by 30% and mungbean yield by 68%. There were differences in genotypic responses
in shade in both the species.

In almost all the pulses the leaves are compound, but the number of leaflets varies
within the genera. The genus Vigna is characterized by trifoliate leaves, whereas in
Cicer, Pisum, Lens and Lathyrus there are several leaflets. The leaf area development
in most pulses is very slow. The development of leaf area in cowpea, mungbean and
urdbean is relatively very slow for the first 4 weeks, after which the rate of leaf area
development picks up quickly. In pigeonpea, chickpea, peas and lentil the period
of slow growth could extend to 5 weeks or more. Leaf area development has been
studied in different genotypes of many pulses. For example, in chickpea both leaf
area index and dry matter produced is high under irrigated conditions. In cowpea, the
development of leaf area, dry matter accumulation, nitrogen assimilation and yield
were studied in determinate and indeterminate genotypes (Chaturvedi et al., 1980).
The results showed that the indeterminate genotypes yield higher than determinate
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Table 4.9 Development of leaf area in cowpea genotypes

Leaf area cm?/plant

Leaf area cm?/day during

Genotypes 26 DAS 47 DAS 2647 days after sowing
C-2 171 300 6.1
C-16 165 452 13.66
C-17 153 215 3.00
C-19 149 520 17.85
C-20 178 559 18.14
K-11 118 348 10.95
NP-2 166 527 17.19
S-8 205 353 7.04
S-14 169 328 7.57
T2 125 300 8.33
CD at 5% 17.5 46.5

genotypes under dry land conditions. In another study, leaf area development was
studied in 12 varieties of cowpea and it was observed that between 26 and 47 days
after sowing, the rate of leaf area development varied from 3.00 to 18.14 cm?/day
(Shantakumari and Sinha, 1972).

Cultural practices also influence leaf area development in various pulses, e.g.,
soil type, soil temperature and water availability can have a profound effect.
Narayanan and Sheldrake (1975-1976, ICRISAT report) observed that leaf area
index in pigeonpea on black soil reached 8.2 as against only 6.4 on red soil. The
water holding capacity of the two kinds of soils is different, black soil retaining
more water than red soil. Leaf area development can also be enhanced by the
application of nitrogen. Leaf area development is also influenced by the date of
sowing during different seasons as shown by Saini and Das (1979) in mungbean
(Table 4.9).

4.6.3 Radiation Interception

In a closed canopy, irradiance is attenuated downward with cumulative leaf area
index in approximation with Bear’s Law with an extinction coefficient (K) charac-
teristic of the canopy. The main influences on K are the orientation, angle, size and
dispersion of leaves and prior to canopy closure, planting geometry. However, K
can be influenced by the proportion of diffused light to direct light. Thus the leaf
area index necessary to effect more than 95% interception of radiation (critical leaf
area index) depends partly on the level and nature of irradiance and extinction coef-
ficient for that crop. Critical leaf area index values for the large leaved food legumes
range between 3 and 3.5 depending on genotypes and planting geometry (Muchow
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and Charles-Edwards, 1982; Shibles and Weber, 1986), but can exceed 5.0 for small
leafed pigeonpea (Rowden et al., 1981).

It has been shown that in absence of stress, increase in early leaf area index
though isomeric sowing with high densities enhances total dry matter production.
This calls for optimization of leaf area index through genotype x sowing date x den-
sity interaction in phenological unstable crops such as food legumes. Photosynthetic
efficiency of pods relative to leaves in top podding crops such as cowpea, pigeon-
pea and mungbean genotypes needs to be clarified as a significant proportion of the
total incident energy during pod filling can be intercepted by the flower and pods
(Rowden et al., 1981). Actively growing cowpea pods can recycle much of CO;
evolved by the respiring seeds, but are not capable of net CO, uptake even in full
sunlight.

Biomass accumulation in pigeonpea is essentially a linear function of the amount
of photosynthetically active radiation intercepted by the crop canopy, which, in turn,
is a function of crop leaf area index (Hughes et al., 1981; Hughes and Keatinge,
1983). The proportion of incident energy intercepted, E;, increases with leaf area
index in accordance to Beer and Lambert’s Law, i.e.,

Ei — | — e—kLAI
i =

Where k is the canopy extinction coefficient and is a characteristic of the canopy.
Crop influences k via the orientation, angle, size and spatial dispersion of leaves
and can be variously altered by genotypic effects and water status. For smaller and
lanceolate leaves, k may be as low as 0.3, e.g., in pigeonpea (Rowden et al., 1981).
The critical leaf area index, i.e., leaf area index necessary for 95% interception of
incident PAR (E; = 0.95), is dependent upon k, and for pigeonpea it varies from 3.9
(Muchow, 1985a) to more than 6.0 (Rowden et al., 1981).

During the reproductive growth phase, floral structure and developing pods
intercept an increasing proportion of incident photosynthetically active radiation.
Interception of photosynthetically active radiation by reproductive structures is
more in determinate genotypes with apical inflorescences. The slope of the lin-
ear relationship between biomass production and cumulative photosynthetically
active radiation interception is the indication of a plant’s efficiency for conver-
sion of radiation energy to chemical energy (E;). The factors influencing E. are
inherent photosynthetic capacity of leaves, balance between photosynthesis and res-
piration (including photo-respiration), and k. Values for k& were reported to be 0.35
in upper and 0.84 in lower halves of the canopy (Thirathon et al., 1987b), suggest-
ing thereby that dispersion of radiation through the canopy may be near optimal.
Experimental estimation of E. for pigeonpea varies from 0.9 (Natarajan and Willey,
1980a; b), 1.23 (Hughes and Keatinge, 1983), 1.30 (Muchow, 1985a) to as high
as 1.62 (Thirathon et al., 1987b) and comparable to other C3 species. However,
Charles-Edwards (1982) suggested that if in these studies, senescent leaves are con-
sidered then E. values for pigeonpea might be as large as 2.2 g MJ~!, and thus
comparable with C4 species.
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4.6.4 Efficiency of Conversion

Growth rate in the absence of stress is a linear function of the amount of radia-
tion intercepted (Muchow and Charles-Edwards, 1982; Shibles and Weber, 1966).
With the slope of the relationship providing an estimate of E., physiological factors
which might conceivably contribute to differences in E. include the inherent photo-
synthetic capacity of leaves, the balance between photosynthesis, photorespiration,
respiration and canopy extinction coefficient.

In food legumes, genotypic variation within a species for photosynthetic effi-
ciency has been reported (Sinha, 1973; Durnhoff and Shibles, 1970). But its
contribution to differences in dry matter accumulation is relatively smaller than
variation in leaf area and light interception (Duncan et al., 1978). Likewise much
of the large variation in initial crop growth rate amongst food legumes species can
be ascribed to differences in leaf area expansion rate. In pigeonpea relative higher
partitioning of dry matter into roots appears to be slower during the initial crop
growth period creating higher leaf area development (Sheldrake and Narayanan,
1979). Enhanced leaf photosynthesis is often related to compensatory mechanism,
such as thicker leaves but with slower leaf expansion rate (Charles-Edwards, 1982).
The experience with improving growth by changing leaf size and shape (Mandle
and Buss, 1981; Wien, 1982) has not been encouraging.

The total photosynthate availability in a plant depends upon the photosynthetic
surface and the rate per unit area, minus respiration and photorespiration. In pulse
crops, often it has been observed that they often produce a lesser amount of dry
matter compared to other crop plants in the same situation. Photosynthesis In leaves
is dependent upon the incoming light, CO; diffusion and carboxylation. In addition,
occasionally differences in phosphorylation could also be responsible for variation
in photosynthetic rate. This may be more related to the stage of leaf develop-
ment and senescence. In pulses the following points are important in relation to
photosynthesis:

1. In India the incident radiation exceeds 500 cal cm™2 day~! in most parts of the
country during the kharif season when pigeonpea, mungbean, urdbean, cowpea
and other crops are grown. Even in the winter season, the incoming radiations
exceed 450 cal cm~2 day~! during the vegetative growth period and rises to more
than 500 cal cm™2 day~! when the crop enters the reproductive stage.

2. The factor of CO; is common to all the places for all the crops but is presently
rising due to human activity.

3. Temperature is important, because there is considerable variation in day and
night temperature in different seasons. This could have a profound effect on the
photosynthetic rate and eventually dry matter production.

The main photosynthetic characteristics of the pulses are described below. The
important points are, the pulses have a temperature optimum of 25-30°C and their
light saturation occur around 50,000 lux (Table 4.10).
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Table 4.10 Photosynthetic characteristics of grain legumes

Photosynthetic rate Normally 20-30 mg CO, dm?/h
Temperature range Optimum between 25 and 30°C
Light saturation 5,000 f.c. or 50,000 lux

CO; compensation point About 50 ppm

Photorespiration Present

Main carboxylating enzyme RuBP carboxylase

Kranz anatomy Absent

In the cultivation of these crops, temperature plays a very significant role. An
increase in temperature from 25 to 35°C enhances photorespiration by 100%.
The net photosynthesis is dependent upon gross photosynthesis minus the rate of
photorespiration. Increase in temperature leads to greater increase in photorespira-
tion but not photosynthesis, therefore, rate of photosynthesis would be adversely
affected (Sinha et al., 1988). It has been showed that under normal seeding of
chickpea, some yield attributing traits showed high association with total degree-
days during both pre and post flowering durations (Bhattacharya and Pandey,
1999).

The rate of photosynthesis in mungbean, cowpea and chickpea was examined at
different stages of growth. In both mungbean and cowpea, the rate of photosynthe-
sis was highest at the time of flowering and there was considerable variation among
the varieties. Photosynthesis rate of 22 varieties of chickpea revealed a variation
of more than three times between the minimum and maximum. Furthermore, there
were clear differences in response to light intensity. However, an important obser-
vation was that the photosynthesis rate declined in post-flowering period when pod
development commenced (Shantakumari and Sinha, 1972). Similar results have now
been obtained by others (Bhattacharya and Singh, 1999). The rate of photosynthesis
was evaluated in a range of species including mungbean, cowpea, pigeonpea and
pea (Sinha, 1974; Khanna-Chopra and Sinha, 1977).

In addition, the rate of photosynthesis was examined in different varieties of
chickpea, cowpea, mungbean and pigeonpea. There appeared to be significant dif-
ferences in the rate of photosynthesis among the varieties of these species, at a given
point of time. However, the surprising thing was that sometimes a variety which had
a lower rate of photosynthesis at one stage became better than others at a later stage.
Some of these results could be due to differences in developmental stages of the
leaves or plants. In fact, some studies have been done using varieties at flowering
while others are setting fruits. Consequently, the differences observed under such
conditions are really not comparable (Tables 4.11 and 4.12).

The reduction in photosynthetic rates during the post flowering period could
be due to several reasons. One of the major factors appears to be the loss of
activity of RuBP carboxylase. It was observed that the activity of this enzyme
started declining in cowpea soon after pod setting commenced. The same was
true in chickpea. However, Bhattacharya and Singh (1999) reported that there exist
genotypic differences for decline in rate of photosynthesis during post flowering
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Table 4.11 Relative photosynthetic rates in cowpea cultivars

Cultivar w Moles CO» fixed/dm?/h

Seedling Pre-flowering Pod development
C-2 12.8 52 6.3
C-16 14.9 5.0 32
C-17 14.7 9.8 8.0
C-19 21.3 22.3 35
C-20 21.8 10.0 7.3
K-11 222 17.9 8.2
NP-2 25.8 5.9 33
S-3 30.7 11.3 53
S-14 18.4 5.7 3.2
T-2 242 53 3.0

Table 4.12 Photosynthetic activity in the leaves of mungbean cultivars at different stages of
growth

Cultivar p Moles O, evolved/cm?/h
Seedling Pre-flowering Pod development
Baisakhi 91.24 84.2 39.5
S-8 101.90 98.2 48.2
PS-7 106.80 115.2 49.0
PS-8 125.50 127.7 66.3
PS-16 218.70 172.4 109.3

Table 4.13 RuBP carboxylase activity in leaves of cowpea genotypes at different stages of growth

Enzyme activity as CPM x 10* g fwt™!

Genotypes Pre flowering Flowering Pod setting
C-2 65 61 60
C-16 84 61 59
C-17 92 60 19
C-19 95 72 40
K-11 103 69 24
T-2 68 65 44

period and there appears to be at least one genotype, cv. Katila, which had an
unchanged photosynthetic rate during the pre as well as post flowering period
(Table 4.14).

An interesting observation in cowpea was that the decrease in RuBP carboxy-
lase activity was associated with a decrease in nitrogen in the leaves after flowering
(Chaturvedi et al., 1980). This is not an unusual feature, because a similar decrease
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Table 4.14 Photosynthetic rates (i moles of CO,/m?/s) of chickpea genotypes at different crop
growth stages under normal and late seeding conditions

Days after flowering

Flowering

groups Vegetative Flowering 10 20 30 40 50 60 70
Normal planting

60-65 329 11.4 146 162 186 21.1 165 213 19.1
66-70 20.8 13.6 16.7 145 258 184 11.1 122 192
71-75 22.0 20.9 130 136 257 162 146 120 -
76-80 23.6 20.7 14.4 87 215 174 184 100 -
Late planting

50-55 18.8 17.5 17.1 145 150 185 - - -
56-60 15.2 142 223 203 110 1.8 - - -
61-65 14.6 14.3 186 266 127 121 - - -
66-70 15.9 14.9 180 233 119 45 - - -
71-75 23.6 22.9 18.1 199 109 - - - -
CD (Dates) 0.1 0.2 0.4 0.3 0.4 0.02 - - -
CD 0.5 0.6 0.6 0.5 0.7 0.04 - - -
(Genotypes)

CD (D x G) 0.8 0.9 1.2 0.9 1.1 0.08 - - -

in nitrogen content in leaves after anthesis occurs in cereals also, particularly wheat.
Therefore, it appears that the maintenance of an adequate level of nitrogen in
leaves would be an important approach to control the decline in photosynthetic rate
(Table 4.13).

The relationship between rates of photosynthesis and yield is complex (Evans
and Dunstone, 1970). But the relationship between photosynthetic rates and growth
and yield is tenuous (Murthy and Singh, 1979), so much so that it is possi-
ble to select fescues with higher growth rates but low photosynthetic rates and
vice versa (Wilhelm and Nelson, 1979). It has been reported that photosynthetic
rates are determined to some extent by sink growth rates in relation to leaf area
(Gifford and Evans, 1987). The inverse relationship between leaf area and maxi-
mum photosynthetic rates among alfalfa (Delancy and Dobrenz, 1974) and soybean
(Burris et al., 1973) varieties is partly due to inverse association between specific
leaf weight and leaf area. Reports from CO;, and light enrichment studies indi-
cated that crop yield is frequently photosynthetically limited (Gifford and Evans,
1987).

Chickpea planting is almost always delayed due to late harvest of paddy.
Therefore to have chickpea genotype(s) suitable for late planting, Bhattacharya and
Singh (1999) attempted to generate basic information(s) on rates of photosynthesis
and allied traits during crop ontogeny in relation to yield in twenty six chick-
pea genotypes. To generalize the result, they divided the chickpea genotypes with
respect to their days to flowering under normal and late seeding conditions. It was
observed that chickpea genotypes of different durations had significant differences
for rates of photosynthesis under normal and late seeding conditions.
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4.6.5 Flowering Behavior

Day length is the other major climatic factor influencing the rate of ontogenic devel-
opment in plants. Its effects are mostly observed by changes in the progress of plants
from the vegetative to reproductive stage.

All the tropical legumes exhibit photoperiodism and all are short-day plants
(Roberts and Summerfield, 1987). In those species which have been studied, most
lines showed a quantitative short day flowering response, although qualitative short-
day flowering does occur (Aggarwal and Poehlman, 1977; Hadley et al., 1983;
Lush and Evans, 1980; McPherson et al., 1985; Turnbull et al., 1981). In most
species, there also exists either day neutral or relatively day length insensitive geno-
types, at least in the context of rate of development to flowering (Aggarwal and
Poehlman, 1977; Ariyanayagam and Spence, 1978; ICRISAT, 1983; Inouye and
Shanmugasundaram, 1984).

Rate of development after induction in food legumes is also sensitive to day
length. In soybean, e.g., exposure to non inductive long days following initiation
can cause reversion to the vegetative phase (Lawn and Byth, 1973; Board and Hall,
1984), in cowpea (Lush and Evans, 1980), Vigna spp. (Lawn, 1979a) and pigeonpea
(Wallis et al., 1985) exposure to long day after floral initiation/ induction can vari-
ously extend the duration of the flowering period, reduce the flowering synchrony,
pod setting and maturation and extend the post flowering period by delaying pod
ripening and/or inhibiting leaf senescence or abscission.

Thus, the main effect of day length is to determine, in conjunction with tempera-
ture, the crop phenology and so the potential productivity, through crop production.
The important effect in the food legume is on the synchrony of flowering, pod
set and maturity and the relative partitioning of dry matter between vegetative and
reproductive growth which contribute to differences in harvest index.

In several species the high correlation between days to flowering and crop dura-
tion has been exploited to develop an index where by different day length responses
amongst genotypes can be classified and their likely region of adaptation indi-
cated. This has resulted in various maturity groups among genotypes (Aggarwal
and Poehlman, 1977; Sharma et al., 1981; Shibles, 1980). The differences among
the genotypes are largely due to difference in critical day length while variation in
the other parameters will contribute to differences in maturity.

When chickpea genotypes were subjected to early, mid and late podding water
stress it was observed that time of pod set affected the yield components. Early
stress affected biomass and seed yield more severely than the later stress, and
in all stress treatments secondary branches were more affected than primary
ones. Pod abortion was more severe in kabuli types than in desi types, but final
seed size per se did appear to be a determinant of pod abortion under terminal
drought conditions. It was amply demonstrated that pod abortion is one of the key
traits affecting seed yield of chickpea exposed to terminal drought (Leport et al.,
2006).

Direct exploitation of photoperiod effect on phenology and morphology can
manipulate crop ideotype through genotype x sowing time X density interaction
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(Byth et al., 1981; Schweitzer and Harper, 1985; Sheldrake and Narayanan, 1979;
Wallis et al., 1985). When a short day plant is grown in relatively shorter day length
than its quantitative sensitivity range, crop duration is shortened and less vegeta-
tive growth ensues. Moreover, flowering, pod set and pod maturity become more
synchronous, particularly in cowpea, mungbean, urdbean and pigeonpea. Reduced
biomass per plant is compensated for in part by increased plant density and an
increase in harvest index.

4.6.6 Partitioning

Increases in the yield of cereal varieties over the past half century have been asso-
ciated with rising values in harvest index with little increase in biomass, although
originally no plant breeder purposely sought this increase (Donald and Hamblin,
1976). In Australia, the improvement in harvest index of cereals is largely associ-
ated with early flowering and a greater duration of reproductive growth (Loss and
Siddique, 1994). Biomass and harvest indices in chickpea are often lower than cere-
als and other pulse crops in Mediterranean type environments (Thompson et al.,
1981).

Harvest index (HI) depends on the relative duration of the vegetative and repro-
ductive phases, the proportion of dry matter assimilated during the vegetative phase,
and the amount of assimilate remobilization from vegetative to reproductive organs.
Much of the advances in cereal yield have been from improvement in HI rather than
in total crop dry matter (Donald and Hamblin, 1976). Seed yield itself can be par-
titioned into the number of pods per unit area (or the product of plant density and
the number of pods per plant), the number of seeds per pod and mean seed weight.
Of these yield components the number of seeds per pod and mean seed weight are
relatively stable while seed yield is most highly correlated to the number of pods in
chickpea (Siddique and Sedgley, 1985) and many other legumes.

The key physiological constraint to potential productivity is the relatively low
harvest index, at least as grown in traditional production systems. Harvest index
of most pigeonpeas is very low when compared with such species as soybean and
groundnut and much of the genetic advance made in the latter species has been due
to improvement in harvest index. It has been said that low harvest index in pigeonpea
as compared to soybean is due to:

1. Relatively low nitrogen concentration in pigeonpea seeds compared to soybean
seeds.

2. Negligible oil content compared to soybean. The energy concentration of
pigeonpea seeds are relatively lower than that of soybean, and

3. Loss of biomass (carbon and nitrogen) through senescent leaves, petioles, and
stem in pigeonpea plants would be sufficient to sustain much greater seed yield
without any need for improved nitrogen and carbon productivity.
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In the short term, the manipulation of photothermal sensitivity offers the most
powerful tool for improving harvest index. There are several successful applica-
tion exemplifying this approach (Byth et al., 1981; Wallis et al., 1981; Chauhan
et al., 1987), which relies on the fact that under strong inductive photothermal con-
ditions, time to flower is shortened, plants are less vegetative and less prone to loss of
biomass through senescence of shaded leaves, branch efc. In a large part, although
not always (Chauhan et al., 1987) reduced biomass per plant is compensated by
greater harvest index and the use of dense stands. Nevertheless, the heaviest seed
yields were recorded for pigeonpea from this approach (Whiteman et al., 1985).

Due to the fact that harvest index of pigeonpea is influenced by its photothermal
regime; questions have been raised about its utility as a selection criteria in a breed-
ing programme. Most obvious of these is that unless genotypes are tested under
the same conditions of location/sowing date, the effect of photothermal regime will
confound and probably obscure any inherent genotypic variations for the trait. Also,
the sensitivity of harvest index to environmental stresses such as water deficit raises
a specific problem in selection.

It has been asked whether most pulses produce enough dry matter to give yields
comparable to cereals. In many instances more than 10 t/ha dry matter is produced
in chickpea (Sinha, 1977, Koundal et al., 1979) and 14 t/ha in pigeonpea (Khanna-
Chopra et al., 1979; Narayanan and Sheldrake, 1976). However, the fact remains
that this dry matter production capacity is poorer than the cereals grown in the same
season (Sinha et al., 1988).

The net assimilation rate and relative growth rate have been studied in many pulse
crops (Chaturvedi et al., 1980; Sinha, 1978; Saxena and Sheldrake, 1978). The net
assimilation rate during the life cycle of these crops was highest before flowering
but declined afterward. However, it should be noted that there were occasional peaks
in net assimilation rate. This was because of dropping of lower leaves, which did
not contribute towards photosynthesis but retained respiratory activity. The relative
growth rate was maximum in the initial stages of growth but continued to decline
as the crop advanced in growth. These points are further brought out clearly for
different stages of growth. Saini and Das (1979) have confirmed these finding in
mungbean (Table 4.15).

Beside transport of recently fixed carbon and nitrogen to the developing seeds,
pre flowering stored reserves of carbon and nitrogen are reported to be an impor-
tant assimilate source for seed filling, particularly when plants are subjected to
water deficit. Generally in pulses, 2-42% of seed dry matter has been reported to
be contributed by the remobilization from vegetative tissues (Bushby and Lawn,
1992). In chickpea a decrease of dry matter in the stem, leaf and pod walls of field
grown plants suggest that dry matter (carbon, nitrogen and others) is important as
an alternative assimilate source to current photosynthates (Leport et al., 1999). It
was estimated that one third of the pod dry matter is derived from the remobiliza-
tion of dry matter from vegetative tissues in chickpea (Khanna-Chopra and Sinha,
1982). The studies conducted by Davies et al. (2000) showed that carbon and nitro-
gen assimilated prior to podding can supplement the filling of seeds in both well
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Table 4.15 Relative growth rate (RGR), net assimilation rate (NAR) and leaf area ratio (LAR)
during growth and development of cowpea and mungbean

Plant stages

Crops Seedling Pre flowering  Early podding Late pod development
Cowpea

RGR (g !-g7!-week) 1.37 0.42 0.42 0.48

NAR (g '-cm?2.week)  0.06 0.02 0.03 0.04

LAR (cm2.g™) 22.80 19.28 16.11 11.55

Mungbean

RGR (g7'-g!-week) 1.39 0.77 0.20 0.32

NAR (g’1 .cm™2-week) 0.07 0.05 0.02 0.07

LAR (cm2-.g™") 21.15 15.50 11.74 432

watered and water stressed chickpea. Thus, remobilization of pre podding nitrogen
is an essential source of nitrogen for seed filling irrespective of the environmental
stresses.

A study was conducted to compare the accumulation of soluble carbohydrates
in embryos of two lupin species: cultivated Lupinus luteus and wild L. pilosus. The
experiments were on plants grown under normal soil humidity as well as grow-
ing with soil drought. It was observed that soil drought caused a nearly two-fold
increase of soluble carbohydrate contents in both species. L. pilosus embryos how-
ever, responded to water deficiency by increasing the accumulation of cyclitols and
galactosyl cyclitols, whereas L. luteus embryos enhanced accumulation of cyclitols
and raffinose family oligosaccharides (Piotrowicz Cieslak et al., 2007).

Lower harvest index in grain legumes have often been attributed to source lim-
itation (Singh et al., 1984), however, according to Jodha and Subba Rao (1986)
leaf area and seed weight at different nodes both have positive effects on harvest
index. The influence of physiological traits on growth and yield have been reported
for different crop ontogenic stages (Sinha and Khanna, 1975). Chaturvedi et al.
(1988) showed that in indeterminate crops, there is inter-organ competition for pho-
tosynthates leading to lowering of harvest index. Sinha et al. (1982) pointed out
that dry matter and harvest index contribute significantly to seed yield of Brassica
compestris and B. napus. However, Natarajan and Palanisami (1988) failed to find
significant correlations between harvest index and seed yield in mungbean. Ganguly
and Bhattacharya (2000) analyzed the changes in physio-chemical traits in devel-
oping chickpea seeds under normal and late seeding conditions and reported that
carbon/nitrogen (C/N) ratio had a negative effect on harvest index during early
and late seed developmental stages. However, C/N ratio had a considerable positive
effect on seed dry matter at various seed developmental stages.

In situations where genetic diversity exists improvement of potential for pro-
ductivity is feasible snd implementation of breeding may be appropriate. However,
breeding is a relatively slow process and relevant to long term gain, whereas,
substantial advances may be possible in short term from agronomic or cultural
manipulation.
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4.7 Transgenic Approach for Stress Tolerance

When a plant is subjected to abiotic stress, a number of genes are turned on,
resulting in increased levels of several metabolites and proteins, some of which
may be responsible for conferring a certain degree of protection to these stresses.
A key to progress towards better crops under stress has been to understand the
changes in cellular, biochemical and molecular machinery that occurs in response
to stress. Modern molecular techniques involve the identification and use of molec-
ular markers that can enhance breeding programs. However, the introgression of
genetic proteins (QTLs) involved in stress tolerance often brings along undesirable
agronomic characteristics from the donor parents. This is because of the lack of
proper understanding of the key genes underlying the QTLs. Therefore, the devel-
opment of genetically engineered plants by the introduction and/or over expression
of selected genes seems to be a viable option to hasten the breeding of “improved”
plants. Following these logical steps, various transgenic techniques have been used
to improve stress tolerance in plants (Allen, 1995).

A large number of studies have evaluated different transgenic constructs in dif-
ferent plant species, and to different stresses such as drought, salinity and cold. The
expression of the genes inserted as well as altered levels of metabolites have been
reported in great details. However, less detail is given with regard to methods used
to evaluate the stress response (Bhatnagar-Mathur et al., 2008). This lack of details
applies mostly to drought stress (Holmstrom et al., 2000). Stress conditions used to
evaluate the transgenic material in most of the cases are usually too severe (Shinwari
et al., 1998; Garg et al., 2002) as plants are very unlikely to undergo such stresses
under field conditions. While the use of PEG in hydroponics (polyethylene glycol)
can be useful to test certain response of plants under given osmotic potential as
reported by Pilon-Smits et al. (1996; 1999), it offers relatively different conditions
than in the soil.

In a study by Sivamani et al. (2000) they reported an increased water use effi-
ciency (WUE) in transgenic wheat. Unfortunately, there was no control over soil
evaporation which probably accounts for most of the water loss and explained very
low values of WUE observed. Investigating drought responses by using fresh weight
(Sun et al., 2001) and other indirect estimates of performance like growth rates, stem
elongation (Pilon-Smits et al., 1995; Lee et al., 2003), or survival (Pardo et al., 1998)
are likely to give inconsistence results. While applying drought stress, it is impor-
tant to know the stages of drought stress that the plants are exposed to. It has been
stressed that one should not investigate drought response of plants without under-
standing the different phases of responses that the plant undergoes under drought in
natural conditions (Bhatnagar-Mathur et al., 2008). These steps have been described
earlier (Ritchie, 1982; Sinclair and Ludlow, 1986).

Dehydrins are the proteins that accumulate abundantly in various plant tissues
in response to environmental stresses and during seed maturation. White lupins
(Lupinus albus L.) are able to withstand periods of severe water deficit and reports
suggest that the stem plays a central role as a survival structure. To investigate dehy-
drins involvement, investigations have been carried out on the tissue specific protein
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accumulation of a RAB16-like DHN in lupin during a progressive water deficit
and early recovery. Differences were found between leaves, stems and roots. In
leaves and roots, the accumulation of the RAB16-like DHN was independent of the
water status whereas in the stem (cortex and stele), DHNs were only detected under
severe plant water deficit. Dehydrin, mRNA analysis by real time PCR, showed the
presence of one dehydrin mRNA regardless of the tissue or the plant water status
(Pinheiro et al., 2008).

4.8 Use of Molecular Markers

Unlike the situation with insect resistance or disease resistance, progress in under-
standing the molecular basis of resistance toward abiotic stresses has been limited.
Water deficits elicit a range of responses at the molecular and cellular levels
(Bohnert et al., 1995) and stimulate a group of proteins, termed dehydrins, in a
wide range of dicotyledonous plants, mosses, liverworts and “resurrection plants”
(Bartels et al., 1993). Part of a group of proteins called LEA (Late Embryogenesis
Abundant) proteins that are synthesized in developing seeds as water content
decreased (Bartels et al., 1993), they can be induced by ABA even in the absence of
stress (Bray et al., 1993; Chandler et al., 1993). However, their function is not clear
as over-expression or down-regulation of the dehydrin gene, or transfer to a drought
susceptible tobacco, had no influence on the response of the plants to water deficits
(Itturgia et al., 1992). The genes for the over production of quaternary ammonium
compounds and the compatible solutes glycine betain and proline betains have been
identified (Bartels and Nelson, 1994) and increased proline production can have a
marked effect on root growth and seed development in transgenic tobacco under
stress conditions in the laboratory (Kavi Kishor et al., 1995). Grain legumes were
originally considered to be recalcitrant to genetic manipulation. However, as a result
of the recent development of direct DNA transfer technology into organized tissue,
it is possible to introduce any foreign gene into most of the grain legumes (Christou,
1994).

It has been advocated that different environmental stresses imposed on a plant
may result in similar responses at the cellular and sub cellular levels. This is due the
fact that the impact of the stresses trigger similar downstream signal transduction
chains. At the metabolic levels, osmotic adjustment by synthesis of low molecular
osmolytes (carbohydrates, betains, proline) can counteract cellular dehydration and
turgor loss. Extremely hydrophilic proteins such as dehydrins are common prod-
ucts protecting not only the biomembranes in ripening seeds (late embryogenesis
abundant proteins) but accumulate also in shoots and roots during cold adapta-
tion, especially in drought tolerant plants. Dehydrins are characterized by conserved
amino acids motifs, called the K-, Y- or S-segments. Accumulation of dehydrins
can be induced not only by drought but also by cold, salinity and treatment with the
abscisic acid methyl jasmonate (Beck et al., 2007).

The ability to transform plants and map genes has led to the development
of molecular marker technologies to identify genes in breeding populations. Use
of restricted fragment length polymorphism (RFLP’s), amplified fragment length
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polymorphism (AFLP’s), randomly amplified polymorphic DNA (RAPD’s) and
quantitative trait loci (QTL’s) enabled a single gene or several genes to be tracked
through breeding populations. By analyzing QTL’s for coincidence among traits,
it is now possible to test whether the characteristics are causally related (Quarrie
et al., 1995). QTL analysis have been used to identify a range of drought resistance
traits in wheat (Quarrie et al., 1994; 1995) and maize (Lebreton et al., 1995; Quarrie
et al., 1995). Use of eighty four RFLP markers in a cross between drought resistant
and drought susceptible maize as well as the coincidence of QTL’s and a particular
characteristic, measured 21 days after withholding water, suggested that ABA in the
xylem rather than in leaves had a greater regulating effect on stomatal conductance
and that ABA in xylem was significantly associated with the number of nodal roots
(Quarrie et al., 1995). Yield under drought was not causally related with the ABA
genes, but was strongly linked to flowering date and anthesis-to-silking intervals.

Use of molecular marker technologies enables the selection of complex mor-
phological, physiological and biochemical traits in breeding populations and the
determination of their possible role in increasing yield. Transformation technolo-
gies are not as widely developed in grain legumes as in cereals, but progress in this
area is expanding rapidly Lupin (Lupinus angustifolia and L. albus), chickpea, field
pea and narrow beans (Vicia marbonensis) have been transformed and gene maps
are being developed. While molecular marker techniques are still expensive, they
are becoming less expensive with time Because of the rapid progress in this field,
breeders are likely to quickly adopt molecular techniques as tools in selecting for
physiological and biochemical traits (Turner et al., 2003).

Efforts are going on at the International Crop Research Institute for Semi Arid
Tropics (ICRISAT) using the QTL’s for mapping of root traits in ICC 4958 x
Annigeri RILs. The RILs showed a narrow variability for root depth. However, an
SSR marker Taa 170 was identified for a major QTL that accounts for 33.4% of the
variation for root dry weight and 33.1% of the variation for root depth. Transgenic
chickpea for drought tolerance have also been developed and genes for drought tol-
erance have been identified. DREB 1A gene has been shown to be controlled by
rd29A promoter. This gene construct provides enhancement of the response to sev-
eral abiotic stresses (e.g., drought, chilling and salinity) as it regulates a number
of genes that act together in enhancing tolerance to these stresses. The T-2 trans-
genic plants are currently undergoing molecular characterization. A gene coded as
P5CSF-129A has been identified for increased proline accumulation and improved
tolerance to osmotic stress. Some selected lines showed up to fivefold overproduc-
tion of proline and a concomitant decline in free radicals. Selected transgenic plants
are in T-3 stage and undergoing physiological characterization.

4.9 Conclusion

There is a justified need for basic research for understanding crop responses to
environment and environment X genotypic interaction complex. Crop modeling also
appears to be a useful approach in understanding the interactions of various factors
and in determining the critical constraints in a given situation. Transfer of these
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basic understandings into management practices should also be carried out where
research may concentrate on individual components of cropping system.

Research must, therefore, be multidisciplinary and must address all the compo-
nents of production system. Research leading to quick and spectacular increase in
yield is unlikely. Instead, an integrated research programme producing steady and
small incremental increase in yield is envisaged. While the food legumes are capa-
ble of high yields, this will only be achieved under good growing conditions and
with good crop husbandry based on basic researches.
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Chapter 5

Consequences of Predicted Climatic Changes
on International Trade in Cool Season Grain
Legume Crops

Mitchell Andrews, Hamid Seddighi, Simon Hodge, Bruce A. McKenzie,
and Shyam S. Yadav

5.1 Introduction

Dry pea (Pisum sativum), chickpea (Cicer arietinum), broad bean (Vicia faba) and
lentil (Lens culinaris) are the four major cool season grain legume crops produced
for human consumption. This chapter considers, firstly, recent trends (2001-2007)
in total world production and then the global pattern of production of dry pea, chick-
pea, broad bean and lentil; secondly, international trade in these crops from 2001 to
2006 highlighting the main export and import countries/regions; and thirdly, the
possible consequences of climate change on international trade.

Data were obtained primarily from the Food and Agriculture Organisation of
the United Nations (FAO) statistics database (FAOSTAT). FAOSTAT provides time-
series and cross sectional data relating to food and agriculture for around two
hundred countries with details of production and trade of crops presented on a yearly
basis. The major cool season grain legume crops are grown in all continents except
Antarctica and FAOSTAT (2009) lists one hundred and nine countries that produced
at least one of these crops over the period 2001-2007. However, FAOSTAT figures
may underestimate production in developing countries where the bulk of the crops
is consumed locally and some countries with low production are not listed on the
database (Oram and Agcaoili, 1994; Knights et al., 2007). Within FAOSTAT (2009),
data for dry green and dry yellow cotyledon peas are combined, as are data for desi
and kabuli chickpea, and green and red lentils. In addition, data for broad bean and
horsebean are combined. We do not attempt to separate the different crops into their
different categories.
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5.2 Production of Cool Season Grain Legumes

Over the period 2001-2007, the production of the four major cool season grain
legume crops utilised for human consumption decreased in the order dry pea
10.45 £ 0.73 million tonnes annum™' (mt annum™"; here and elsewhere variability
quoted is standard deviation) > chickpea 8.16 £ 0.85 > broad bean 4.46 £ 0.25 >
lentil 3.44 4 0.43 mt annum™! (Table 5.1). These values compare with average pro-
duction of 12.33 + 1.45, 8.05 & 0.96, 3.49 + 0.28 and 2.82 4 0.21 mt annum™" for
dry pea, chickpea, broad bean and lentil, respectively, over the period 1991-2000
(FAOSTAT, 2009). Thus production over the period 2001-2007 in comparison with
the previous ten years decreased in the case of dry pea, changed little for chickpea
and increased for broad bean and lentil.

Table 5.1 World production and main producers of the major cool season grain legume crops
between 2001-2007

Crop Country 2001 2002 2003 2004 2005 2006 2007 Average

Production (million tonnes)

Dry pea World 1035 958 987 11.70 11.13 10.36 10.13 10.45+0.73
Canada 204 128 193 310 299 252 302 241+0.69
France 1.66 1.66 1.62 1.68 133 1.01 064 1.37+041
China 1.12 1.50 1.40 1.06 1.16 126 140 1.27+0.17
Russia 1.27 127 1.05 124 113 1.16 0.87 1.14+0.14
India 056 0.61 059 073 079 0.80 0.80 0.70+0.11
USA 020 022 027 052 064 060 0.72 045+0.21

Chickpea World 691 829 7.13 843 853 854 931 8.16+0.85
India 386 547 424 572 547 560 597 5.1940.80

Pakistan 040 036 068 061 087 048 0.84 0.61 £0.20
Turkey 054 0.65 060 062 060 055 052 0.58=£0.05
Canada 046 0.16 0.07 005 0.10 016 022 0.17£0.14

Broad bean ~ World 412 430 457 430 443 468 487 446=£0.25
China 1.95 210 2.14 1.81 2.00 220 245 2.09+£0.20
Ethiopia 045 045 043 055 052 060 0.60 0.51=£0.07
Egypt 044 040 034 033 028 032 033 035£0.05
Lentil World 325 288 298 3.61 404 344 387 344+043
India 092 097 0.87 1.04 099 095 140 1.02£0.18

Canada 057 033 048 092 116 063 0.67 0.68=£0.28
Turkey 052 057 054 054 057 062 058 0.56=£0.03

Variability quoted is standard deviation (Source FAOSTAT, 2009).

5.2.1 Dry Pea

Canada was the major producer of dry pea over the period 2001-2007 accounting
for 23.1% of world production (Table 5.1). Production in Canada was followed by
that in France (13.1% of world production), China (12.2%) and Russia (10.9%).
No other countries were responsible for 10% or more of total world production of
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dry peas in any years from 2001 to 2007. However, India consistently produced
0.56-0.80 mt annum~!, while production in the USA increased steadily from 0.20
to 0.72 mt annum™! over this period. This increase was linked to the 2002 US
Farm Act, which, for the first time, extended the marketing loan programme to
dry peas (and lentil, see below) (Lucier and Lin, 2008). This programme provided
producers with a minimum return for their crop, thus reducing their market risk
and allowing dry pea to be included in longer-term strategic planning and crop
rotations.

5.2.2 Chickpea

India accounted for 63.6% of total world production of chickpea over the period
2001-2007 (Table 5.1). Production in India was followed by that in Pakistan (11.8%
of world production), Turkey (11.2%) and Canada (3.4%). Production in Canada
was substantially lower from 2002 to 2007 than in 2001. Knights et al. (2007)
list reasons for the decrease in production of chickpea in Canada from 2001 to
2007 as inadequate varietal resistance to ascophyta blight coupled with increas-
ing aggressiveness of the pathogen, onset of unseasonal frosts that severely affected
seed quality of crops maturing in the field and reduced export prices. In relation to
ascophyta blight, progress has been made over the past few years in the selection
of chickpea genotypes resistant to this disease (e.g. Muehlbauer et al., 2004; Bretag
et al., 2008).

5.2.3 Broad Bean

China was by far the main producer of broad bean over the period 2001-2007
accounting for 46.9% of total world production (Table 5.1). Ethiopia was con-
sistently the second highest producer of broad bean over this period accounting
for 11.4% of world production. Egypt in 2001, was the only other country which
accounted for more than 10% of total world production of broad bean in any year
from 2001 to 2007.

5.2.4 Lentil

India was the main producer of lentil (29.7% of total world production) followed
by Canada (19.8%) and Turkey (16.3%) from 2001 to 2007 (Table 5.1). These three
countries accounted for 61.8-69.3% of total world production in all years. Although
Canada is currently one of the three major producers of lentil worldwide, lentil is a
relatively new crop there with production beginning in 1969 and exceeding 0.1 mt
annum™ for the first time in 1986 (FAOSTAT, 2009; Saskatchewan Pulse Growers,
2009).
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5.2.5 Summary of Production

India with substantial production of chickpea, lentil and dry pea was the main pro-
ducer of cool season grain legume crops over the period 2001-2007 at close to 7
mt annum™~' (Table 5.1; FAOSTAT, 2009). Production in India was followed by that
in China (mainly dry pea and broad bean) and Canada (dry pea and lentil) at just
over 3 mt annum™!, France (primarily dry pea but also 0.29 4 0.07 mt annum™'
broad bean) at ~1.7 mt annum™! then Russia (mainly dry pea) and Turkey (chickpea
and lentil) at ~1.1 mt annum™. In addition, Pakistan (~0.6 mt annum™! chickpea),
Ethiopia (~0.5 mt annum~! broad bean) and the USA (~0.45 mt annum™! dry pea)
produced substantial amounts of one of the four main cool season grain legume
Ccrops.

Yields of the different cool season grain legume crops over the period 2001-2007
were dependent on year and country (Table 5.2). This primarily reflects the condi-
tions under which the crops were grown. For example, the exceptionally low yields
of lentil in India resulted from the crop being grown on marginal land on stored
soil moisture (which is usually linked with terminal water stress and high temper-
ature) and with no inorganic fertilizer or other chemical inputs (McKenzie et al.,
2007). On high fertility soils with adequate soil moisture, lentil yields of 3 t ha~!
can be achieved (Andrews et al., 2001; Andrews and McKenzie, 2007). In con-
trast, the consistently relatively high yields of dry pea and broad bean in France in
comparison with other countries are the result of the crop being grown under low
abiotic stress and more agriculturally intensive conditions (Biarnes-Dumoulin and
LeCoeur, 1998). The substantial variability in broad bean yields in Australia is pri-
marily due to differences in rainfall year to year. Yields of dry pea, chickpea and
lentil in Australia from 2001 to 2007 also showed similar high variability, again pri-
marily due to differences in annual rainfall (Australian Government Department of
Agriculture, Fisheries and Forestry 2009).

Table 5.2 Yields of the major cool season grain legume crops in the main countries of production
between 2001 and 2007

Country Dry pea Chickpea Broad bean Lentil

Yield (kg ha™)

India 1.06 + 0.21 0.79 £ 0.05 - 0.70 £ 0.12
China 1.33 £0.15 - 1.85£0.26 -

Canada 1.94 +0.43 - - 1.14 £ 0.30
France 431 +£041 - 3.92 £ 041 -

Russia 1.60 + 0.25 - - -

Turkey - 1.00 £ 0.08 - 1.24 £0.12
Pakistan - 0.60 £ 0.17 - -

USA 2.14 £0.32 - - -

Ethiopia - - 1.19 £ 0.16 -

Egypt - - 3.25+£0.10 -

Australia - - 1.28 £ 0.54 -

Variability quoted is standard deviation (Source FAOSTAT, 2009).



5 Consequences of Predicted Climatic Changes on International Trade 91

5.3 International Trade in Grain Legume Crops

5.3.1 Overview

Over the period 2001-2006, a substantial proportion of dry pea (22.0-40.2%
depending on year) and lentil (31.3-38.5%) produced worldwide was exported
(Tables 5.1, 5.3 and 5.4). However, only 9.0-15.0% of chickpea and 9.0-13.3% of
broad bean were exported during this period (Tables 5.1, 5.5 and 5.6). Thus exports

Table 5.3 Dry pea, main exporting and importing countries 2001-2006

Country 2001 2002 2003 2004 2005 2006 Average
Export quantity (million tonnes)

World 3.51 2.75 2.19 3.10 3.97 4.16 328 £0.75
Canada 1.97 0.67 1.00 1.57 2.35 233 1.65 £ 0.70
France 0.57 0.84 0.53 0.57 0.49 0.44 0.57 £0.14
Australia 0.34 0.39 0.09 0.18 0.12 0.24 0.23 £0.12
USA 0.11 0.09 0.12 0.18 0.36 0.43 0.22 +£0.14
Import quantity (million tonnes)

World 3.47 2.71 2.48 3.27 4.03 4.48 3.41 £0.75
India 0.85 0.87 0.70 0.64 0.81 1.39 0.88 £ 0.27
Spain 0.52 0.21 0.19 0.72 1.03 0.66 0.56 +£0.32
Belgium 0.41 0.22 0.25 0.36 0.39 0.34 0.33 +£0.08
Bangladesh 0.26 0.28 0.12 0.19 0.10 0.27 0.20 = 0.08
Netherlands 0.16 0.11 0.27 0.21 0.20 0.16 0.19 £ 0.05

Variability quoted is standard deviation (Source FAOSTAT, 2009).

Table 5.4 Lentil, main exporting and importing countries, 2001-2006

Country 2001 2002 2003 2004 2005 2006 Average
Export quantity (million tonnes)

World 1.18 1.02 1.04 1.13 1.40 1.32 1.18 £ 0.15
Canada 0.49 0.35 0.37 0.37 0.58 0.68 0.47 £0.13
Australia 0.22 0.24 0.08 0.15 0.11 0.17 0.16 £ 0.06
Turkey 0.16 0.12 0.22 0.17 0.12 0.07 0.14 £ 0.05
India 0.11 0.09 0.08 0.14 0.28 0.12 0.14 £ 0.07
USA 0.10 0.10 0.10 0.09 0.16 0.13 0.11 £ 0.03
Import quantity (million tonnes)

World 1.14 1.08 1.12 1.03 1.38 1.33 1.18 £ 0.14
Bangladesh 0.05 0.06 0.12 0.11 0.15 0.11 0.1 £0.04
Egypt 0.11 0.10 0.06 0.09 0.11 0.08 0.09 £ 0.02
Sri Lanka 0.09 0.11 0.09 0.09 0.09 0.08 0.09 £ 0.01
Pakistan 0.07 0.07 0.08 0.04 0.05 0.08 0.07 £ 0.02
Algeria 0.05 0.06 0.07 0.04 0.09 0.06 0.06 £ 0.02
India 0.09 0.07 0.04 0.03 0.04 0.06 0.06 £ 0.02
Turkey 0.10 0.02 0.02 0.06 0.06 0.07 0.06 £ 0.02

Variability quoted is standard deviation. (Source FAOSTAT, 2009).
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Table 5.5 Chickpea, main exporting and importing countries 2001-2006

Country 2001 2002 2003 2004 2005 2006 Averages
Export quantity (million tonnes)

World 1.04 0.80 0.86 0.76 0.86 0.95 0.88 £ 0.10
Australia 0.27 0.09 0.14 0.15 0.19 0.27 0.19 £ 0.07
Mexico 0.21 0.14 0.14 0.08 0.08 0.14 0.13 £ 0.05
Turkey 0.15 0.10 0.19 0.13 0.12 0.07 0.13 £0.04
Canada 0.15 0.11 0.09 0.07 0.06 0.10 0.10 £ 0.03
Iran 0.12 0.14 0.09 0.09 0.07 0.02 0.09 £+ 0.04
Ethiopia 0.0001 0.05 0.002 0.05 0.09 0.09 0.05 £ 0.04
Import quantity (million tonnes)

World 1.12 0.86 0.92 0.74 0.86 0.78 0.88 £ 0.14
India 0.52 0.22 0.26 0.13 0.28 0.13 0.26 £ 0.14
Pakistan 0.11 0.18 0.12 0.07 0.09 0.10 0.11 £0.04
Bangladesh 0.04 0.06 0.08 0.10 0.10 0.07 0.08 £ 0.02

Variability quoted is standard deviation. (Source FAOSTAT, 2009).

Table 5.6 Broad bean, main exporting and importing countries 2001-2006

Country 2001 2002 2003 2004 2005 2006 Averages
Export quantity (tonnes)

World 0.43 0.57 0.52 0.57 0.46 0.77 0.55+0.12
Australia 0.24 0.29 0.09 0.17 0.11 0.22 0.19 £ 0.08
France 0.05 0.13 0.21 0.20 0.16 0.25 0.17 £ 0.07

United Kingdom 0.08 0.10 0.16 0.11 0.10 0.11 0.11 £ 0.03

Import quantity (tonnes)

World 0.56 0.63 0.67 0.63 0.68 0.81 0.66 = 0.08
Egypt 0.24 0.29 0.31 0.31 0.38 0.46 0.33 +0.08
Italy 0.16 0.18 0.18 0.12 0.11 0.11 0.14 £ 0.03
Spain 0.06 0.05 0.06 0.05 0.05 0.03 0.05 £ 0.01

Variability quoted is standard deviation. (Source FAOSTAT, 2009).

of the different cool season grain legume crops over the period 2001-2006 decreased
in the order dry pea 3.28 £ 0.75 > lentil 1.18 &£ 0.15 > chickpea 0.88 % 0.10 > broad
bean 0.55 % 0.12 mt annum™'. The FAOSTAT (2009) values for export and import
quantities of each crop in each year were strongly correlated (Tables 5.3, 5.4, 5.5,
and 5.6) indicating that movement of these crops between the major exporting and
importing countries is closely monitored.

Export values per year ranged from $506 to 866 million, $356 to 632 million,
$348 to 565 million and $104 to 191 million for dry pea, lentil, chickpea and broad
bean respectively over 2001-2006 (FAOSTAT, 2009). Corresponding import values
ranged from $612 to 1126 million, $437 to 670 million, $355 to 523 million and
$156 to 219 million. Differences between corresponding export and import values
may primarily relate to differences in exchange rate (Lawlor and Seddighi, 2001).
International prices are quoted in US dollars and are normally determined through
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the interaction of global demand and supply for the crops, but payments are subject
to fluctuations due to depreciation/ appreciation of the US dollar.

5.3.2 Dry Pea

Canada and France, the main producers of dry pea were also the main exporters of
dry pea over the period 2001-2006, accounting for 50.5% and 17.4% of total world
exports respectively (Table 5.3). Exports of dry pea from Canada increased three-
fold over the period 2002-2006 while those from France were relatively constant.
The only other countries that were responsible for more than 10% of total world
exports of dry pea in any one year over the period 2001-2006 were Australia in
2002 (14.2%) and the USA in 2006 (10.3%).

India was the main importer of dry pea from 2001 to 2006, accounting for 25.8%
of all imports (Table 5.3). Spain also imported substantial amounts of dry pea. It
was the main importer of dry pea in 2004 and 2005 accounting for 22.0 and 25.6%
of total world imports, respectively, and accounted for 16.4% of world imports from
2001 to 2006. Belgium was consistently responsible for around 10% (7.5-11.8%)
of total world imports in all years from 2001 to 2006. The only other countries that
were responsible for more than 10% of total world imports of dry pea in any one
year from 2001 to 2006 were Bangladesh in 2002 (10.3%) and the Netherlands in
2003 (10.9%).

5.3.3 Lentil

Canada was the main exporter of lentil in all years from 2001 to 2006 account-
ing for 39.8% of total world exports over the period (Table 5.4). No other country
consistently accounted for more than 10% of total exports of lentil in all years
from 2001 to 2006, although, depending on year, Australia and Turkey between
them accounted for 16.5-35.3% of total exports. The only other countries that were
responsible for more than 10% of total world exports of lentil in any one year over
the period 2001-2006 were India in 2005 (20.0%) and the USA in 2005 (11.4%).

No one country consistently accounted for more than 10% of total imports of
lentil each year from 2001 to 2006: Bangladesh, Egypt, Sri Lanka, Pakistan, Algeria,
India and Turkey were the main importers of lentil over this period (Table 5.4).

Turkey and India were responsible for significant exports and imports of lentil
from 2001 to 2006 but with the exception of Turkey in 2006, there was a net export
of lentil from both countries in all years (Table 5.4). Turkey imports mainly green
lentil and exports mainly red lentil (McNeil et al., 2007). Pre 2000, Turkey imported
large quantities of lentils from Canada which were re-exported but changes in policy
in Turkey since 2000 have made it more difficult for this to occur (McNeil et al.,
2007). India also imports then re-exports lentils after processing to Sri Lanka and
Pakistan in particular (McNeil et al., 2007).
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5.3.4 Chickpea

Australia was the major exporter of chickpea from 2001 to 2006, accounting for
21.6% of total world exports (Table 5.5). Mexico, Turkey, Canada and Iran were the
other main exporters of chickpea over this period with each country accounting for
around 10-20% of total world exports annually. The only other country responsible
for more than 10% of total world exports of chickpea in any one year over the period
2001-2006 was Ethiopia in 2005 (10.5%).

Chickpea is a comparatively new crop in Australia with the first commercial
crop grown in 1979 (Knights et al., 2007). Production increased from 0.12 to 0.31
mt annum™! between 2005 and 2007 with the 2007 value being the highest recorded
(FAOSTAT, 2009). Commercial chickpea production started in Canada in 1995 at
around 1,000 t but increased dramatically to a maximum of 0.46 mt in 2001: produc-
tion in 2007 was 0.22 mt (Agriculture and Agrifood Canada, 2009). A comparison
of production and export quantities of chickpea from Australia and Canada show
that both countries export by far the bulk of the crop grown.

India was the main importer of chickpea in all years from 2001 to 2006 account-
ing for 29.5% of total world imports over the period (Table 5.5). India, Pakistan and
Bangladesh, the three largest countries in the Indian sub-continent accounted for
38.5-59.8% of total world imports over this period. No other country was responsi-
ble for 10% or more of total world imports of chickpea in any one year from 2001
to 2006.

5.3.5 Broad Bean

Three countries, Australia, France and the United Kingdom were, depending on
year, collectively responsible for 75.3-91.2% of total world exports of broad bean
from 2001 to 2006 while two countries, Egypt and Italy, were, depending on year,
responsible for 68.3-74.6% of the total world imports of broad bean over this period
(Table 5.6). The only other country that was responsible for more than 10% of total
world exports or imports of broad bean in any one year from 2001 to 2006 was
Spain in 2001 (10.7% of imports, Table 5.6).

5.3.6 Trade Summary

Overall, five countries exported more than 0.2 mt annum™! of cool season grain
legume crops over the period 2001-2007 (Table 5.7). Canada was the main exporter
of cool season grain legume crops (dry pea, chickpea and lentil) at over 2 mt
annum™'. Exports in Canada were followed by those in Australia (dry pea, chickpea,
broad bean and lentil) and France (dry pea and broad bean) at ~0.75, the USA (dry
pea and lentil) at ~0.33 and Turkey (chickpea and lentil) at ~0.27 mt annum™".
Seven countries imported around 0.2 mt annum™" or more of cool season grain

legume crops over the period 2001-2007 (Table 5.7). India was the main importing
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Table 5.7 Main export and import countries of the major cool season grain legume crops
2001-2006

Country Dry pea Chickpea Broad bean Lentil
Export quantity (million tonne annum™")

Canada 1.65 £ 0.70 0.10£0.03 - 0.47 £0.13
Australia 0.23 +£0.12 0.19 £ 0.07 0.19 £ 0.08 0.16 = 0.06
France 0.57£0.14 - 0.17 £0.07 -

USA 0.22 +0.14 - - 0.11 £0.03
Turkey - 0.13 +£0.04 - 0.14 £+ 0.05
Import quantity (million tonne annum™")

India 0.88 +£0.27 0.26 £ 0.14 - 0.06 £+ 0.02
Spain 0.56 £ 0.32 - 0.05 £ 0.01 -

Egypt - - 0.33 +£0.08 0.09 £+ 0.02
Bangladesh 0.20 £ 0.08 0.08 £ 0.02 - 0.10 £ 0.04
Belgium 0.33 +£0.08 - - -
Netherlands 0.19 £ 0.05 - - -

Pakistan 0.11 £ 0.04 - - 0.07 £ 0.02

Values in parenthesis indicate standard deviation (Source FAOSTAT, 2009).

country of cool season grain legume crops (dry pea, chickpea and lentil) at ~1.2
mt annum~!. This was followed by Spain (dry pea and broad bean) at ~0.6, Egypt
(broad bean and lentil) and Bangladesh (dry pea, chickpea and lentil) ~0.4, Belgium
(dry pea) ~0.3 and the Netherlands (dry pea) and Pakistan (dry pea and lentil) at
close to 0.2 mt annum~". The export and import values for the main countries trading
the major cool season grain legume crops over the period 2001-2006 are shown in
Table 5.8.

Table 5.8 Export and import values for the main countries trading the major cool season grain
legume crops 2001-2006

Country Dry pea Chickpea Broad bean Lentil
Export value ($ million)

Canada 297 £ 107 40 £ 12 - 174 £ 50
Australia 46 £20 68 + 36 44 £+ 13 57+ 16
France 105 £ 21 - 34+ 16 -

USA 61 + 31 - - 48 £ 11
Turkey - 67+ 17 - 69 + 22
Import value ($ million)

India 211 £75 100 £ 51 - 207
Spain 95 + 58 - 11+£3 -

Egypt - - 89 £ 15 45+ 11
Bangladesh 38+ 14 26+ 9 - 53+21
Belgium 59+ 14 - - -
Netherlands 31+ 10 - - -
Pakistan 19+7 - - 25+7

Values in parenthesis indicate standard deviation (Source FAOSTAT, 2009).
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An obvious feature of the trade data is that the major exporting countries are pri-
marily developed countries while India, Bangladesh and Pakistan, the three largest
countries in the Indian sub-continent in terms of population, are major importers of
dry pea, chickpea and lentil.

5.4 Climate Change and International Trade of Grain
Legume Crops

A substantial proportion of the population of the Indian sub-continent depends
on grain legumes as a major component of their diet. In relation to this, India
Pakistan and Bangladesh are major producers of dry pea, chickpea and lentil.
Indeed, India is by far the largest producer of cool season grain legume crops world-
wide. However, production of dry pea, chickpea and lentil does not meet demand
in the Indian subcontinent and there is a substantial import of these crops from
developed countries, in particular, Canada, but also, France, USA, Australia and
Turkey, which have production in excess of domestic requirements. There is some
potential for India, Pakistan and Bangladesh to increase the productivity of cool
season grain legume crops via increasing the area sown, the use of improved vari-
eties and increased inputs such as irrigation, fertilizers, pesticides and herbicides
(e.g. Materne and Reddy, 2007). However, there is limited land available for crop
production. Also, water is the major constraint on cool season grain legume produc-
tion with limited availability of irrigation water. In addition, the population of the
Indian sub-continent is increasing, thus growing domestic needs will mean that the
demand for imports of cool season grain legume crops is likely to be maintained
even if gross productivity of these crops is increased (Andrews and Hodge, 2010).
Andrews and Hodge (2010), considered how the effects of projected climate
change would affect yields of cool season grain legume crops in the major areas
of production. It was concluded that generally, yields are likely to decrease in the
Indian sub-continent. If this prediction proves to be correct then it is likely that the
Indian sub-continent will need to rely more heavily on imports of cool season grain
legumes. In relation to the current major exporting countries, yields are predicted to
increase in Canada, the USA and France but decrease in regions of Australia and
Turkey with climate change. Because of this and because Canada, the USA and
France have an established infrastructure favourable to increases/shifts in produc-
tion of cool season grain legumes, they are the most likely countries that would be
able to respond to increased demand and they would dominate the export market.

5.5 Conclusions

In conclusion, if climate change results in decreased productivity of dry pea, lentil
and chickpea in the Indian sub-continent over the next fifty years then Canada,
France, and the USA are likely to be the countries that would meet the increased
demand for these crops.
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Chapter 6
Impact of Climate Change on Diseases of Cool
Season Grain Legume Crops

Keith Thomas

6.1 Introduction: Climate Change and Disease

6.1.1 Questions and Complexity

The simple question of how climate change may affect legume diseases is a subset
of the broader question of how climate change may affect diseases in general. As
ever, the simplest questions require the most detailed answers due to their scope of
concern.

That there is no easy or consistent answer to these questions is due to the many
facets of pathogen, host and environment impact on disease prevalence. If climate
change effect on plants were simply a temperature increase it might be possible to
balance the difference between plant and pathogen growth to produce a prediction. If
the effects on plant growth were only due to carbon dioxide increase a parallel model
might be possible. A combination of the two is not beyond calculation. However,
add in factors such as rainfall and humidity, mechanical stress from wind, changes
in the microbial community of soils, altered behaviour of vectors and even impacts
on toxin and antimicrobial agents and predictions become multi-factorial and very
difficult to quantify.

6.1.2 Climate Change Effects on Disease: A World View

The effect of climate change has been extensively discussed for human diseases. A
number of major human pathogens have been identified with potential to increase
their prevalence (WHO, 2003). Twelve animal pathogens identified by the Wildlife
Conservation Society include many with human pathogenisity particularly bird flu,
cholera, Ebola, plague, Lyme disease and TB (WCS, 2008). The World Health
Organisation 2003 report (WHO, 2003) indicates that a complex pattern of disease
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change may result from climate change but that food and vector borne diseases
are likely to increase. For example, the estimated risk of diarrhoea is predicted to
be up to 10% higher by 2030. Malaria is similarly expected to increase in preva-
lence in areas bordering current endemic zones. However, temperate regions may
remain unsuitable for transmission by mosquitoes and remain relatively free of
malaria.

6.1.3 Climate Change Effects on Disease: A Local View

One major threat of global warming is that disease may spread into new geograph-
ical areas with the result that temperature and CO, changes will make new human,
animal and plant populations accessible to a range of serious diseases (Epstein,
2002).

Other effects may also operate in existing disease zones. In some cases, disease
organisms may be directly affected through increased or decreased growth rates.
In other cases, high temperatures may kill pathogens in secondary insect hosts or
conversely allow hosts to penetrate new geographical areas. Spread of disease into
new geographical areas may allow novel hosts to be infected as suggested for the
soil borne fungus Phytophtora cinnamomi currently held responsible for oak tree
(Quercus sp) decline in the Mediterranean (Brasier and Scott, 1994).

Another effect is that high temperatures may kill fungal pathogens of these sec-
ondary hosts. For example the pathogenic fungus Culicinomyces fails to penetrate
Anopheles and Culex mosquitoes when incubated at 30°C compared to incubation
at lower temperatures. If this effect is repeated in the wild Culicinomyces may be
an ineffective control of malaria if temperatures do increase (Sweeney, 1978) so
resulting in greater transmission of disease.

Global warming effects will be multi-faceted and varied and their consideration
must include numerous dimensions. The epidemiologic disease triangle of influ-
ences on disease prevalence is the most fundamental level of consideration (Fig. 6.1)
but indirect influences provide a second layer of effect (Table 6.1).

Local conditions will be dictated by geography and environment. Gross cli-
mate changes may have very different impacts on plant growth factors in different

Fig. 6.1 Interacting
influences in disease Pathogen
progression




6 Impact of Climate Change on Diseases of Cool Season Grain Legume Crops 101

Table 6.1 Possible effects of climate change on plant/pathogen growth and disease

Influence Consequence Possible disease effect

Host

Increased host growth Outpacing of infectious agent Reduction

Earlier host growth initiation Outpacing of infectious agent Reduction

Shorter host growth season Outpacing of infectious agent Reduction

Agent

Increased growth rate More rapid infection Increase

Increased toxin release Faster tissue damage Increase

Reduced pathogen competition Increased pathogen infection Increase

Increased resistance to host Faster infection and tissue Increase

defences damage

Environment

Increased temperature and CO2 Increased host and pathogen Increase/decrease
growth

Increased humidity Increased host and agent Increase/decrease
growth

Increased flooding Increased host necrosis Increase

Increased physical stress to host Increased opportunity for Increase
infection

Increased secondary host mobility  Increased pathogen dispersion  Increase

Increased secondary host survival ~ Increased pathogen infection Increase

Suppression or enhancement of Increase/decrease pathogen soil Increase/decrease

anti-pathogens in soil

load

locations due to latitude and longitude, terrain, maritime impacts, agricultural
practices and many other influences.
Some examples of these are listed below and apply to human, animal and plant

pathogens alike.

6.1.4 Climate Change Effects on Disease: Existing Evidence

Since climate change has been observed for some decades it may be expected
that evidence of disease alterations may already exist. Examples of climate change
effects have been sought: the extension of tick-borne encephalitis and Lyme borre-
liosis in Sweden (Lindgren, 1998; Lindgren et al., 2000) and of malaria in the East
African highlands (Pascual, 2006) and in the Indian subcontinent (Bouma and van
der Kaay, 1996) have been proposed as examples.

Broad weather patterns have been associated with climate change and may affect
disease. Associations of disease with El-Nino have been made and indicate the
potential for future epidemics if weather patterns become more variable (Checkley
et al., 2000; Rod¢ et al., 2002).
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6.2 Climate Change Prospects for Plant Disease

Inevitably the complexity of climate change effects on human and animal disease is
reflected in plant disease and attempts have been made to provide broad assessments
(Clifford et al., 1996; Coakley and Scherm, 1996; Chakraborty et al., 2000; Ghini
et al., 2008; Mina and Sinha, 2008) as well as specific predictions of climate change
(Pivonia and Yang, 2004; Elad, 2009).

Evidence of disease does not require first hand data. In plants, an increase in
disease with climate change has been inferred from an increase in pesticide use for
a range of crops as precipitation and temperature increased in several US locations
(Chen and McCarl, 2001). In another example, the possibility of emergence of warm
climate isolates of soybeans, (Glycine max), increasing the prevalence of Sclerotinia
stem rot has also been voiced (Workneh and Yang, 2000).

Climate effects on plant diseases have been addressed predominantly to cere-
als, rice, (Oryza sativa,) soybean, and potato, (Solarium tuberosum) (Wang et al.,
1992; Scherm and Yang, 1995; Hibberd et al., 1996) but more general models have
been developed (Goudriaan and Zadoks, 1995; Chakraborty et al., 1998; Garrett
et al., 2006; Evans et al., 2008). However, more limited attention has been made for
diseases of cool season grain legumes.

Predictions from such general models suggest that epidemics of plant disease are
likely to increase in severity and in geographic distribution but their specific impact
will depend on how stable a crop plant is in its environment (Evans et al., 2008) as
well as how extreme and variable any temperature increases may be (Elad, 2009).

Climate change may not only produce increased necrosis of plants but may also
be a factor in overall plant productivity. Increasing plant yields due to climate warm-
ing are often implied but are not guaranteed. For example increased temperatures
may encourage growth of soil microbes more than of plants leading to increased
competition for nutrients (Bazzaz, 1996).

Effects may also vary with plant life cycle. Infection by take-all disease of wheat
roots, (Gaeumannomyces graminis var. tritici), was found to induce an increase in
root growth in the early stages of disease. However, this reduced later where the
greater mass of roots was suggested to enhance disease transmission (Bailey and
Gilligan, 2004).

For crops growing under conditions of increased temperature stress, desiccation
is likely to be growth limiting. Fungal parasites will also be affected and disease
potential may depend on how well the host and the parasite respond to the stress.
The production of stress protectants, particularly compatible solutes, in plant and
fungal cells is well documented and may be important adoptions for plant breed-
ing to enhance (Ramirez et al., 2004). More specific virulence factors of plant
pathogens have been identified. For example type III effector proteins released by
Pseudomonas syringae alter abscisic acid defence mechanisms in water stressed
Arabidopsis plants suggesting that pathogens may have selective advantages under
these conditions (Goel et al., 2008).

Models of infection in response to changing conditions also indicate a variable
view. Predictions of epidemics of Magnaporthe grisea on rice in Asia suggest that
higher temperatures would increase the severity of disease in cool subtropical zones
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such as Japan and Northern China but that rainfall will have limited effect (Luo et al.,
1995). In warm and humid tropical zones, however, higher temperature reduced
infection levels. In addition UV-B levels were particularly effective in controlling
pathogen growth.

A similar example of disease predictions as a result of climate change is that
of Mycosphaerella fijiensis on banana (Musa sp) in Brazil. Using scenarios dis-
seminated by the Intergovernmental Panel on Climate Change (IPCC) Ghini et al
(2008) produced maps indicating a reduction in areas favourable for the pathogen for
decades up to 2080. However, the disease is predicted to remain viable in extensive
areas, particularly during the November to April period.

The competing effects of different factors have been predicted to produce no
overall effect on yield in some studies. For example, Roche et al (2008) com-
pared the effect of modelling the impact of brown rust on wheat at different sites
in France and found that changes in temperature and surface wetness duration
produced opposite effects on infectivity.

While static conditions of plant growth allow basic modelling, migration of crops
is also likely to occur with new zones of growth developing as areas become hot-
ter and dryer. Pathogens are likely to follow hosts into new zones but the rate of
pathogen migration may not match that of the host so allowing a reduced incidence
or, equally possible, new diseases to impinge (Coakley et al., 1999). The type of
disease affecting migrating crops is more likely to be broad spectrum rather than
specialized and to require different management approaches (Coakley et al., 1999).
The difficulty of specifying these effects is illustrated by considering two of the
specific factors most often associated with climate change — temperature and carbon
dioxide.

6.2.1 Temperature Effects

Pathogen growth may show a different temperature response to plant growth leading
to reduced yield even in the face of increased plant growth. Moreover, an increase
in plant growth is not guaranteed. An extensive modelling analysis of temperature
effects by Rosenzweig and Parry (1994) indicated that yields increased for a 2°C
temperature rise but were reduced for a 4°C rise in three different climate change
scenarios for four major crops (Rosenzweig and Parry, 1994). Simulations on infec-
tions of rice leaf blast epidemics in Asia by Luo et al (1995) suggest that different
agroecological zones are likely to experience different degrees of disease. Using
actual data, temperature was identified as the most influential factor in epidemics
of powdery rust (Puccinia striiformis) and mildew (Blumeria graminis f. sp. tritici)
on winter wheat in a study of disease outbreaks in the UK between 1994 and 2002
(Te Beest et al., 2008).

Resistance of plants to disease is also temperature dependent and this has been
shown to include temperature at infection as well as during growth. In one example
of this, Ramage and Sutherland (1995) inoculated spring wheat seedlings at 18
and 30°C and monitored infection during growth at temperatures between 18 and
30°C. Infection levels increased with growth temperature but were greater for seeds
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inoculated at 30°C than at 18°C regardless of growth temperature (Ramage and
Sutherland, 1995).

Temperature limits of organisms are dictated by multiple factors rather than sin-
gle genetic determinants. Temperature tolerance may depend on cellular physiology
as much as biochemical stability of enzymes and is, in effect, an organism fea-
ture. Upper temperature limits will result from the first component to break down
and initiate cell death. This may vary according to both internal plant conditions
and the external environment. Since eukaryotes have more complex physiologies
and cellular organisation their temperature limits (60-65°C) are lower than those
of bacteria and archea (up to 80°C). Differences in temperature responses are thus
likely between host and pathogen.

Protection mechanisms against high temperature effects are well documented.
These include homoviscous adaption of membrane lipids to maintain fluidity, tre-
halose incorporation into membranes, heat stability of enzymes and ribosomes and
heat shock proteins (Lba, 2002).

Under field conditions, temperature effects on disease will be complicated by
interactions between fungi and other organisms. A study of interactions of compet-
ing fungi on maize indicated that Aspergillus species had the most rapid growth
when in combination with other fungi but this depended on water activity. Fusarium
species were dominant in conditions of high water activity and Eurotium species
in conditions of lower water activity (Marin et al., 1998). Increased temperatures
may thus result in different effects on disease depending on those factors affecting
humidity including canopy cover and transpiration. These factors may be particu-
larly affected by the detailed consequences of temperature increase where higher
winter temperatures may have significant effects on pathogen survival (Barron,
1995). In a similar manner, increased night temperatures may have a greater effect
than day temperatures as this may particularly affect moisture levels (Coakley and
Scherm, 1996).

Temperature effects on pathogens may vary according to their stage in the life
cycle. Infection efficiency of alfalfa rust (Uromyces striatus) in the USA was found
to be inversely correlated with temperature at infection between 17.5 and 28°C with
a 20 times difference between these extremes. However, rate of pustule appearance
increased between 15 and 30°C during post-infection incubation (Webb and Nutter,
1997). Duration of leaf wetness was also a significant factor in disease develop-
ment and the combination of temperature and wetness relate strongly to day/night
differences in natural crop populations. The potential for higher temperatures to
be associated with increased precipitation has been predicted from climate change
models (Barron, 1995).

6.2.2 Carbon Dioxide

Disease response to a second major factor of climate change, carbon dioxide, may
be similarly complex. Potential increases in plant growth at higher CO; levels may
provide conditions conducive to pathogen growth. Greater biomass and canopy
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density may provide more opportunity for fungal growth and sporulation while
more plant residues in fields may allow greater inoculae for subsequent crops. In
contrast shorter growth periods and ripening give less opportunity for infection and
colonisation (Ghini et al., 2008).

An extensive survey of 27 different plant diseases by Chakraborty found vari-
able effects of elevated CO;. Thirteen diseases produced increased crop losses, ten
diseases had a reduced impact and four produced no difference (Chakraborty et al.,
2008).

Plant physiology may have a direct effect on pathogen infection. Reduced stom-
atal density (Hibberd et al., 1996) or stomatal opening (McElrone et al., 2005)
caused by higher CO; levels have been associated with reduced infection. Similarly
a increased C/N ratio in potato induced by elevated CO; has been correlated with
an increased resistance to Pytophthora infestans (Osswald et al., 2006).

Changes in infectivity involve more than just alterations in growth rate. Growth
rates of Pytophthora parasitica in vitro were similar at low and high levels of CO;
(350 and 700 ppm respectively) but infection was reduced in tomato roots at the
elevated level.

Indirect climate change effects can include other micro organisms than the
pathogen. For example the observation that soil amendments such as green waste
or food by-products may reduce plant pathogen levels has potential for control
mechanisms (Craft and Nelson, 1996; Garbeva et al., 2004; Chen and Nelson,
2008). However, climate change may readily alter the microbial balance in soil. For
example the prevalence of Chlonostachys rosea, an important bio control agent of
Botrytis, was reduced by increasing CO» levels. This did depend on the plant cover
present and with nitrogen availability but could suggest novel means of managing
infection control (Rezacova et al., 2005).

Management, however, requires more direct action in many cases and many plant
groups have specialised predictor and forecasting models to provide rapid analysis
of global, national and local conditions (Afifi and Zayan, 2008; Chakraborty et al.,
2004).

6.3 Legume Diseases and Climate Change

Legumes including soybeans contribute around 10% of the world’s food resource
and because of their unique symbiosis with nitrogen fixing bacteria have consider-
able potential as a major security food with limited dependence on fertilizers.

How might their diseases develop in climate change conditions? It is most likely
that legumes will show similarities in their responses to global changes as those
observed for other crops, despite their unique bacterial symbiosis.

Legumes are no strangers to disease and extensive losses are experienced from a
wide range of fungal pathogens listed in Table 6.2.

In summary the following are particularly pernicious but this varies from
continent to continent and zone to zone and, at least potentially, with climate change:
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Table 6.2 Pathogens of cool season legumes (after Porta-Puglia and Aragona, 1997)

Pathogen Disease Crop

Ascochyta fabae Ascochyte blight Faba bean (Vicia faba)

Ascochyta lentis Ascochyta blight Lentil (Lens culinaris)

Ascochyta rabei Ascochyte blight Chickpea (Cicer arietinum)

Aphanomyces euteiches

Botrytis cinerea

Botrytis fabae, B cinerea
Colletrotrichum lindemuthianum
Erysiphe polygoni

Fusarium solani

Fusarium oxysporium ff spp

Macrophomina phaseolina
Mycosphaerella pinodes
Peronospora viciae

Phoma medicaginis var pinodella

Pythium spp

Rhizoctonia solani
Sclerontinia sclerotiorum
Uromyces viciae-fabae
Uromyces ciceris-arietini

Common root rot

Botrytis grey mould
Chocolate spot
Anthracnose
Powdery mildew
Fusarium root rot
Fusarium wilt

Dry root rot

Ascochyte blight

Downy mildew

Foot rot

Seed, seedling and root rot
Seedling blight

Stem rot

Rust

Rust

Pea (Pisum sativum), faba bean,
lentil

Chickpea, lupin (Lupinus sp)

Faba bean

Chickpea

Pea

Pea, chickpea

Chickpea, pea, lupin, faba bean,
lentil

Chickpea

Pea

Pea

Pea

Pea, chickpea, lentil, lupin

Lentil, pea, lupin

Lentil, lupin

Pea, faba bean, lentil

Chickpea

Chickpea: Ascochyta blight, wilt and root rot.
Faba bean: Ascochyta blight and chocolate spot.
Lentil: Wilt and root rot, Anthracnose

Pea: Mildew, powdery mildew and bacterial blight.

Some legume diseases are more intensive in broad zones of growth with Rhi-
zoctonia blight more common in tropical areas, viruses, rust and common blight
more evident in warm but dry zones (Porta-Puglia and Aragona, 1997).

Legume pathogens vary in their infectivity in different locations with new vari-

eties and species developing progressively. Anthracnose infection of Colletotrichum
truncatum being an example in North America appearing in the 1980s with the
potential to produce yield losses of up to 50% and be more destructive than blight.
In some cases disease virulence may relate to host varieties and their suscep-
tibility and evolution. In a comparison between cultivated and wild chickpeas in
Israel Ascochyta blight isolates from domesticated chickpeas demonstrated more
virulence to domestic chickpea varieties than isolates from wild chickpeas (Frenkel
et al., 2008). A similar virulence pattern was found with isolates from wild
chickpeas being more virulent on wild varieties of chickpea than domestic vari-
eties indicating possible effects of habitat selection possibly due to domesticated
chickpeas being adapted to drier and hotter conditions compared to wild types.
Variation in severity of disease has been found to correlate with environmental
factors but not necessarily as expected. In a field study between 1995 and 1998,
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Sclerotinia sclerotiorum stem rot on soybean was found to correlate positively
with cooler temperatures than normal in north-central areas of the United States
(Workneh and Yang, 2000). This effect was particularly related to cumulative depar-
tures from normal maximum and minimum temperatures in July and August. No
association was found with precipitation, possibly because this was above minimum
requirements throughout the period.

In other cases, moisture can be a critical factor. In blight development on lentils
in Canada, wetness was found to be critical for infection with wetness periods of
24-48 h being optimal (Pedersen and Morrall, 1994). Temperature had a less distinct
effect but produced positive correlations with incubation periods and number of
lesions on leaves. Younger tissues were also found to be more susceptible.

Interactions between temperature and moisture may be important as leaf wetness
periods may alter with temperature and infection may be restricted to a window of
opportunity provided by exposure to moisture for germination initially followed by
stimulation to grow and infect once within the host. Under controlled conditions,
an eight hour period for germination and penetration in blight infestation of pea has
been recorded and related to temperature and wetting periods with greater wetting
being required at non optimal temperatures (Roger et al., 1999).

It is tempting to say that external factors may affect fungal infection and growth
within the host in different ways requiring refined models and control methods.
Differential temperature effects on infection and post infection growth have been
observed on chickpea in Spain and are likely to reflect the different physiological
events occurring at different stages of infection (Trapero-Casas and Kaiser, 1992).

Field conditions are inevitably more variable than those under strict experimen-
tal control and fluctuating climatic changes may both enhance disease and make
predictions more difficult. Details of two example lentil diseases can illustrate these
features.

6.3.1 Ascochyta

Ascochyta blight typically develops as small reddish brown lesions on leaves and
tendrils which enlarge and become necrotic. Infected leaves wilt. Lesions on stems
elongate and eventually coalesce to wilt the foliage above or kill the plant if at the
stem base. Pod lesions are circular with fruit bodies in concentric rings.

The blight may first appear in late winter having been dispersed from infected
plants by rain in autumn. In a study of infection conditions in chickpea in Spain,
periods of wetness over 6 h were found to greatly increase disease severity (Trapero-
Casas and Kaiser, 1992) while this was further enhanced by dry periods after
inoculation. The optimum temperature for infection in young seedlings is 20°C
within a range of 5-30°C although temperature after infection had limited effect
on final disease severity in this study. Drying chickpea leaves after infection
with Ascochyta rabiei, however, decreased disease severity in a later study by
the same investigators although this also varied according to the period of drying
(Trapero-Casas and Kaiser, 2007). Spore type is also important, with this study
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noting a faster germination of ascospores than conidia at all temperatures and also
over a wider range of water potential.

Early studies of Ascochyta on chickpeas in Iran indicated that temperature and
humidity affected not only growth and sporulation but also survival on plant tissue
(Kaiser, 1973). Survival for two years was found to be possible at temperatures
between 10 and 35°C and at low humidity below 30% but viability was lost at
humidity above 65%. Survival was also reduced if diseased tissue was incubated
at soil depths below 10 cm suggesting how post crop management may be directed.
Survival of pea pathogens Mycosphaerella pinodes and Ascochyta pisi in soil in
Ireland have been studied in more detail in the field and laboratory and survival
found to be higher at 2°C than at 15°C (Dickinson and Sheridan, 1968). Success of
survival varied between the species studied and may depend on spore development
in the soil.

Analysis of variety diversity is also relevant. Molecular analysis of 40 Ascochyta
rabiei isolates from Canada, the USA, Syria, India and Australia demonstrated sim-
ilar RAPD DNA patterns suggesting a common origin, possibly from India and
Syria followed by international dispersion. The high level of genetic diversity found
suggests that rare pathotypes will be able to develop rapidly and easily overcome
host resistance (Chongo et al., 2004) if transported to new locations. However,
investigations into the pathogenicity of progeny from crosses between bean adapted
(A. fabae) and pea adapted (A. pisi) Ascochyta isolates indicated that although the
isolates maintained saprophytic fitness their parasitic fitness was reduced (Peever,
2007). More detailed genetic studies to elucidate full details of pathogenisity are a
high priority to complete.

6.3.2 Anthracnose

Anthracnose infection is a recently emerging legume disease caused by
Colletotrichum species. Reports in recent decades of serious crop infections have
been noted from North America (Lenné and Sonoda, 1982), Australia (Ford et al.,
2004) and Eastern Europe (Kaiser et al., 1994). Morphological and molecular anal-
ysis suggests that isolates from lentils were distinct from isolates of other crops and
that isolates from Canada were distinct from Australian isolates (Ford et al., 2004).
The possibility of Anthracnose extending its range due to climate changes should
be considered.

Anthracnose typically overwinters on seeds and stubble releasing spores in spring
and early summer. Disease progresses upwards through the plant infecting lower
leaves first. High soil pH and wet weather in June and July encourage pathogen
growth and leaf infection resulting in brown lesions on leaves. Temperatures of
20-24°C and prolonged wetness for 18—24 h enhance infection. Stem growth results
in defoliation and necrosis. Crown growth reduces vigor and may lead to early
ripening. Spore distribution from necrotic growth in autumn may be involved in
distribution.
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Lentil varieties differ in their susceptibility to Anthracnose infection. Buchwaldt
et al (2004) studied 1,771 accessions from the U.S. lentil collection finding that 95%
were susceptible in field testing. Only 16 accessions were found to be resistant to
the disease. Variability analysis of single spore isolates of Anthracnose identified a
race, Ct0, for which no resistance was identified so posing high risk to world crops.

The potential of novel Colletotrichum genotypes developing has been proposed
on the basis of observations that twice-ambient CO, levels produced a 20-fold
increase in spore production by Colletotrichum gloeosporiodes (Lupton et al.,
1995).

A similar analysis of Anthracnose isolates from lupin demonstrated clustering
of Celletotrichum isolates into a distinct subgroup within the C acutatum species
(Talhinhas et al., 2002). Analysis of how these and other isolates may vary for their
virulence in different conditions would help assess the potential for future disease
severity.

6.4 Future Prospects on Legume Disease

With the many factors affecting the incidence and development of cool season
legume diseases it is difficult and probably risky to develop a global or general
prediction of the effects of climate change on legume productivity. Many of the con-
ditions conducive to specific diseases of cool season grain legumes are now known
and mentioned by various authors in different chapters of this book and this knowl-
edge will become increasingly valuable in managing future epidemics of disease.
Direct application of this information to specific locations, crops and conditions
will be appropriate in the future, particularly where these can be clearly specified.
Development of resistant varieties will also be instrumental in disease management
(Bretag et al., 2006).

Considerable developments have been made on the genetics of both host resis-
tance and pathogen infectivity to make a clearer assessment of future risk. Applying
this information in the face of changing climate may require rapid analysis of dis-
ease strain features to a known host genotype. Detailed molecular analysis of host
genotypes is progressing rapidly providing knowledge on susceptibility and resis-
tance as well as indications of the evolution of varieties (Lichtenzveig et al., 2002a
and b: Pilet-Nayel et al., 2005).

Molecular analysis is also providing extensive information on pathogen genetics
and the variability of isolates in populations (Lichtenzveiug et al., 2002a; Talhinhas
et al., 2002; Ford et al., 2004; Peever, 2007; Frenkel et al., 2008). The Grain
Legumes Integrated Project (www.eugrainlegumes.org) is specifically focused on
collating this information. Its use may be crucial in managing and minimising dis-
ease but may require localised application. Modelling of disease progression based
on disease virulence and strain variety is likely to be equally important as suggested
for Fusarium wilt on chickpea profiled using response surface plots to combine
effects of variables (Navas-Cortés et al., 2007). Neural networks also show promise
in compiling information rapidly and assessing risk (Chakraborty et al., 2004).
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Fortunately the rapid developments of molecular diagnostics may allow this to
be conducted if not in the field then in a closely adjacent facility. Direct and local
response may then be possible. Specific molecular diagnostic tests using PCR anal-
ysis have been proposed for Anthracnose applications (Talhinhas et al., 2002; Ford
et al.,, 2004; Liu et al., 2007) as well as Ascochyta infection (Taylor and Ford,
2007) and it is likely that the application of these developments holds promise in
responding to climate change effects when they appear.
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Chapter 7
Pest Management in Grain Legumes
and Climate Change

H.C. Sharma, C.P. Srivastava, C. Durairaj, and C.L.L. Gowda

7.1 Introduction

Grain legumes such as chickpea (Cicer arietinum L.), pigeonpea [Cajanus cajan
(L.) Millsp.], cowpea (Vigna unguiculata Walp.), field pea (Pisum sativum L.), lentil
(Lens culinaris Medic.), greengram [Vigna radiata (L.) Wilczek], blackgram [Vigna
mungo (L.) Hepper], bean (Phaseolus vulgaris L.), faba bean (Vicia faba L.), and
grasspea (Lathyrus sativus L.) are the principal source of dietary protein among
vegetarians, and are an integral part of daily diet in several forms worldwide. Grain
legumes are cultivated on 23 million hectares, accounting for over 18% of the total
arable area, but only 8% of the total grain production. There is a large disparity
between yields of cereals and legumes. The global pulse production in 2006 was
over 59.47 million tons over an area of 71.21 million ha, with an average produc-
tivity of 835 kg ha™' (FAO, 2008). In India, the total pulse production in 2006
was 13.14 million tons on an area of 22.25 million ha, with an average produc-
tivity of 591 kg ha!. Worldwide, chickpea and pigeonpea are the two major food
legumes, cultivated on an area of 10.38 and 4.57 million ha, respectively. The total
production being 8.57 and 3.29 million tons, with an average productivity of 826
and 720 kg ha™!, respectively. In addition to being a source of dietary proteins and
income to resource poor farmers in the semi-arid tropics, food legumes play an
important role in sustainable crop production. They are an important component of
cropping systems to maintain soil health because of their ability to fix atmospheric
nitrogen, extract water and nutrients from the deeper layers of the soil, and add
organic matter into the soil through leaf drop. However, food legumes are mainly
grown under rainfed conditions and the productivity levels are quite low mainly
because of severe losses due to insect pests and diseases.
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7.2 Climate Change and Its Influence on Production
of Grain Legumes

Despite the availability of overwhelming evidence in support of climate change,
uncertainty prevails over the exact nature and consequences of climate change espe-
cially at the local level, making it difficult to plan and develop appropriate adaptation
strategies, programs, and technologies. Global level simulations using climate mod-
els provide various scenarios with high levels of confidence, but these predictions
become less clear as to the magnitude and timing of the changes at sub-regional,
national and local levels. Difficulties remain in reliably simulating and attributing
observed temperature changes at smaller scales (IPCC, 2007). However, it is widely
recognized that the increased heat stress, shift in monsoons, and drier soils pose
much greater threat to production of grain legumes in the tropics than the temperate
regions (Rosenzweig and Liverman, 1992). With most developing countries located
in the tropics and most of them being heavily dependent on agriculture for food
and income, the relatively poor countries with limited resources face the costly and
formidable task of adapting to climate change. Despite the many assumptions and
uncertainties associated with the crop and climate models, the analysis has indi-
cated that South Asia and Southern Africa are the two regions that are particularly
sensitive to the impacts of climate change, and without sufficient adaptation mea-
sures, are likely to suffer from negative impacts of climate change, and such effects
would be more severe in case of grain legumes which are more sensitive to climate
change than the robust tropical cereals such as sorghum and pearl millet. Unhindered
climate change has the potential to negatively impact crop production because of
shortening of the cropping season, and increased severity of drought and a pest
spectrum.

7.3 Insect Pest Problems in Grain Legumes and the Likely
Influence of Climate Change on Distribution and Severity
of Damage by Insect Pests

Grain legumes, being a rich source of proteins, are damaged by a large num-
ber of insect species, both under field conditions and in storage (Clement et al.,
2000; Sharma et al., 2003) (Table 7.1). Amongst the many insect pests damaging
food legumes, the pod borers, Helicoverpa armigera (Hubner) and H. punctigera
(Wallengren) are the most devastating pests of chickpea and pigeonpea in Asia,
Africa, and Australia. They also damage other food legumes to varying degrees
in these regions (Sharma, 2001). The spotted pod borer, Maruca vitrata (Geyer),
is a major pest of cowpea and pigeonpea, but also damages other food legumes,
except chickpea and lentil (Sharma et al., 1999). The pod fly, Melanagromyza obtusa
Malloch and pod wasp, Tanaostigmodes cajaninae La Sale cause extensive damage
to pigeonpea in India. The leaf miner, Liriomyza cicerina (Rondani) is an impor-
tant pest of chickpea in West Asia and North Africa (Weigand et al., 1994), and
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has also been reported from North India (Naresh and Malik, 1986). The spiny pod
borer, Etiella zinckenella Triet. is a major pest of pigeonpea, field pea, and lentil.
The aphid, Aphis craccivora Koch infests all the food legumes, but is a major pest
of cowpea, field pea, faba bean, and Phaseolus beans, while Aphis fabae (Scop.)
is a major pest of faba bean and Phaseolus beans. The pea aphid, Acyrthosiphon
pisum Harris is a major pest of field pea worldwide. The cotton whitefly, Bemisia
tabaci Genn. infests all the crops, except chickpea, but is an important pests of
Phaseolus spp., black gram, and green gram. The defoliators, Spodoptera litura
(Fab.) in Asia and S. exigua Hubner in Asia and North America, are occasional
pests. The Bihar hairy caterpillar, Spilosoma obliqua Walk. is a major pest of green
gram and black gram in North India, while the red hairy caterpillars, Amsacta spp.
damage the rainy season pulses in South central India. Leathoppers, Empoasca spp.
infest most of the food legumes, but cause economic damage in blackgram, green-
gram, and Phaseolus beans. Pod sucking bugs (Clavigralla tomentosicollis Stal.,
C. gibbosa Spin., Nezara viridula L. and Bagrada hilaris Burm.) are occasional
pests, but extensive damage has been recorded in cowpea by C. tomentosicollis in
Africa, and C. gibbosa in pigeonpea in India. The redlegged earth mite, Halotydeus
destructor Tucker is a seedling pest of field peas in Australia (Thackray et al.,
1997; Ridsdill-Smith, 1997; Liu and Ridsdill-Smith, 2001). The pea and bean wee-
vil, Sitona lineatus L. is a pest of field pea in the U.S. Pacific Northwest, while
S. crinitus Herbst. is a pest of pea and other legumes in Asia. The thrips,
Megaleurothrips dorsalis Karny and Caliothrips indicus Bag. cause extensive flower
damage in food legumes. The bruchids, Callasobruchus chinensis L. and C. macu-
latus Fab. cause extensive losses in storage in all the food legumes worldwide. The
pea weevil, Bruchus pisorum L. is a major pest of field pea in most production areas
(Clement et al., 1999).

The geographical distribution of some of the pest will extend northwards, while
the outbreaks of some other pests will become more frequent as a result of global
warming. The relative importance of many of these insects will also change under
global warming and climate change. The pod borers, H. armigera and M. vitrata,
which are confined to tropics, may extend their range of geographical distribution to
northern Europe, while there may be more number of generations due to shortening
of development time due to rise in temperature. Reduced activity of natural enemies
under warm and dry climates might increase the severity of damage by some pest
species.

7.4 Extent of Losses

Insect pests in India cause an average of 30% loss in pulses valued at $815 million,
which at times can be 100% (Dhaliwal and Arora, 1994). In Africa, insect pests
can be responsible for extensive damage (up to 100%) in cowpea, the major food
legume on this continent (Singh and Jackai, 1985), while in the U.S., the avoidable
losses have been estimated at 40—45% (Javaid et al., 2005). In Pakistan, nearly 10%
of the chickpea grain is lost due to bruchids in storage (Aslam, 2004), and at times,
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there may be complete loss of grain in storage. Helicoverpa armigera — the single
largest yield reducing factor in food legumes, causes an estimated loss of US$ 317
million in pigeonpea, and $328 million in chickpea (ICRISAT, 1992). Globally, it
causes an estimated loss of over $2 billion annually, despite over $1 billion worth
of insecticides used to control this pest (Sharma, 2005). In general, the estimates
of yield losses vary from 5 to 10% in the temperate regions and 50 to 100% in the
tropics (van Emden et al., 1988). The avoidable losses in food legumes at current
production levels of 60.45 million tonnes would be nearly 18.14 million tons (at an
average loss of 30%), valued at nearly US$ 10 billion (Sharma et al., 2008).

7.5 Pest Management in Grain Legumes Under Climate Change

7.5.1 Monitoring and Sampling of Pest Populations

Monitoring of pest populations is the key to determine if a threshold has been
exceeded and control measures are required (Sharma et al., 2002). Monitoring
of pest populations through light or pheromone traps has been practiced for
H. armigera in Asia (Trivedi et al., 2005) and H. punctigera in Australia (Loss
et al., 1998). Sampling based on direct counts or insect damage has also been used
for H. armigera in chickpea and pigeonpea (Wightman et al., 1995), H. punctig-
era in chickpea (Loss et al., 1998), M. vitrata in cowpea (Jackai, 1990; Oghiakhe
et al., 1992), L. cicerina in chickpea (Weigand and Pimbert, 1993), B. pisorum in
field pea (Smith and Hepworth, 1992), pea and bean weevil, S. lineatus in faba bean
(Ward and Morse, 1995) and field pea (O’Keeffe et al., 1991)., S. crinitis Herbst. in
lentil (Kaya and Hincal, 1987), A. fabae in faba bean (Ward and Morse, 1995), and
A. pisum in field pea (Soroka and Mackay, 1990). Sweep net method has been
used for Lygus hespersus Knight (Schotzko and O’Keeffe, 1989), H. punctigera
(Loss et al., 1998), B. pisorum (Smith and Hepworth, 1992), and A. pisum (Maiteki
and Lamb, 1985). Soil sampling has been used to assess egg density of Sitona
spp. (Nielsen, 1990). Plant shaking has been employed to dislodge the larvae of
H. punctigera on different crops in Australia (Mclntyre and Titmarsh, 1989; Loss
et al., 1998). Under global warming and climate change, there has to be a greater
emphasis on regular scouting of pest populations, and use this information for
forecasting pest populations, severity of damage, and pest outbreaks.

7.5.2 Economic Thresholds

Economic or action thresholds have often been used to time insecticide sprays or
other interventions aimed at pest suppression. Economic thresholds have been deter-
mined for H. armigera on pigeonpea (one egg or larva per plant or 2% pod damage)
(Goyal et al., 1990; Meenakshisundaram and Gujar, 1998) and chickpea (one larva
per meter row) (Wightman et al., 1995; Khurana, 1997). Economic thresholds have
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been established for H. punctigera on chickpea in Australia (Loss et al., 1998), and
B. pisorum on field pea (Horne and Bailey, 1991). Additionally, economic thresholds
based on sweep net sampling have been established for A. pisum (Maiteki and Lamb,
1985, Loss et al., 1998). Small producers in many developing countries have limited
resources, and are unwilling to spend money on insect control until damage is visi-
ble or large larvae are seen on the crop. At low population levels, this may be a good
policy. However, when infestations are heavy, by the time spraying commences, the
damage has already been done. Therefore, it is important to monitor adults, eggs
and early larval growth stages, as well as plant damage, to undertake appropriate
control measures in time.

7.5.3 Cultural Practices

Early and timely planting of crops can help avoid periods of peak abundance of
H. armigera in chickpea and pigeonpea in India (Weigand et al., 1994; Dahiya
et al., 1999). However, early planting of chickpea is ineffective in southern India
because of moderate temperatures during the crop-growing season, which sus-
tain high populations of H. armigera. Early and timely planting might become
more uncertain under global warming and climate change, e.g., during the 2009
rainy season, delay in onset of monsoons by 45 days resulted in delayed plant-
ings of pigeonpea that are more prone to damage by H. armigera, while heavy
downpour during August lead to H. armigera outbreak on soybean (due to dense
crop canopy and absence of other suitable hosts), on which it was a minor pest
till recently. High planting densities aggravate H. armigera infestation in chick-
pea (Reed et al., 1987). Use of short-duration cultivars has often been used to
avoid pest damage, but short-duration pigeonpea suffers greater damage by the
spotted pod borer, M. vitrata in southern India. Increased infestations of Sitona
spp- have been observed in late sown crops in Syria. Winter-sown chickpea suf-
fers less damage by the leaf miner than the spring-sown one (Weigand et al., 1994).
Early harvesting of peas reduces the losses due to B. pisorum in Australia (Baker,
19904, b).

Deep ploughing of fields before planting and after crop harvest can expose insect
pupae in the soil to biotic and abiotic mortality factors. For example, deep ploughing
destroys the over-wintering population of H. armigera and other noctuids (Rummel
and Neece, 1989; Fitt and Cotter, 2005). During intercultural operations, birds
such as common Myna (Acridotheres tristis L.), egrets (Egretta spp.), and dron-
gos (Dicrurus adsimilis L.) follow the ploughshare to eat insects that are exposed.
Heavy fertilizer application results in luxuriant plant growth resulting in greater
damage due to insect pests. Early termination of flowering and fruiting also reduces
the population carryover from one season to another, and also reduces the number
of generations of H. armigera (Fitt, 1989).

Careful selection of a cropping system can also minimize the losses due to insect
pests. Intercropping chickpea with mustard, linseed, or safflower (Das, 1998), and
pigeonpea with cowpea (Hegde and Lingappa, 1996) and sorghum (Mohammed
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and Rao, 1999) result in reduced damage by H. armigera. Intercropping can also
be used as a means of encouraging the activity of natural enemies (Bhatnagar et al.,
1983). Planting non-host crops before the planting of susceptible legume crops such
as pea and faba bean reduces the damage by the red legged earth mite (Ridsdill-
Smith, 1997). Trap crops and diversionary hosts have been widely used to reduce
the damage by H. armigera, but there is little data to demonstrate their effectiveness
under field conditions (Pearson, 1958; Fitt, 1989). Marigold, sesame, sunflower,
and carrots can be used as trap crops for H. armigera. In Australia, chickpea and
pigeonpea are used as trap crops in cotton growing regions to reduce damage by
H. armigera. Use of plant kairomones to lure B. pisorum (Clement et al., 2000) and
H. armigera (Rembold and Tober, 1985; Rembold et al., 1990) into traps or toxin
baits has also been suggested. Hand picking of the larvae, nipping the plant terminals
with eggs, and shaking the plants to dislodge the larvae (particularly in pigeonpea)
has been suggested to reduce H. armigera damage (Ranga Rao et al., 2005). Crops
that can serve as perches for insectivorous birds (e.g., sunflower in chickpea) or
provision of bird perches can also be used to increase the predation by insectivorous
birds such as myna and drongo. Egg masses and larvae of S. litura and Amsacta spp.
can also be picked up by hand and destroyed. Irrigation or flooding of fields at the
time of pupation reduces pupal survival and leads to decreased population densities
in the following generation or season (Murray and Zalucki, 1990).

7.5.4 Host Plant Resistance

Grain legume germplasm with resistance to insect pests has been identified, but
the sources of resistance have not been used extensively in breeding programs
(Clement et al., 1994, Sharma and Ortiz, 2002). Insect resistance-breeding pro-
grams are underway for a few crop pests only. Entomologists and plant breeders
have experienced difficulties in screening and selecting for resistance to target pests,
in part, because of the lack of uniform insect infestations across locations and sea-
sons. In addition, it is difficult to rear and multiply some of the insect species on
synthetic diets for artificial infestation. Cultivars with resistance to insect pests have
been identified in pigeonpea, chickpea, cowpea, black gram, green gram, and field
pea (Table 7.2). However, the levels of resistance are low to moderate, but are
quite effective when deployed in combination with synthetic pesticides or natural
plant products such as neem seed kernel extract (Sharma and Pampapathy, 2004).
Cultivars with multiple-resistance to insects and diseases will be in greater demand
in future because of the concerns associated with chemical control and environmen-
tal pollution and the changes in relative importance and severity of damage due to
climate change. There is a need to break the linkage between insect resistance and
susceptibility to diseases, e.g., in chickpea and pigeonpea, H. armigera-resistant
cultivars are susceptible to wilt (Sharma et al., 2005). In Australia, narrow-leafed
lupins, Lupinus angustifolius, with resistance to aphids (Kalya and Tanjil) are being
used in the field, which have greatly reduced the need to apply insecticides (Edwards
et al., 2003).
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Table 7.2 Identification and utilization of host plant resistance to insect pests in grain legumes

Crop Genotypes Reference
Pigeonpea Pod borer, Helicoverpa armigera Lateef and Pimbert
ICPL 332*, PPE 45-2, ICPL 84060, BDN 2, ICPL (1990), Kalariya
4, Bori, T 21, ICP 7035, and ICPL 88039. et al. (1998),
Pod fly, Melanagromyza obtusa Parsai (1996).
ICP 10531-El, ICP 7941E1, ICP 7946-E1, and Lateef and Pimbert
ICP 7176-5. (1990).
Chickpea Pod borer, Helicoverpa armigera Lateef and Sachan
ICC 506, ICCV 7%, ICCV 10*, Dulia*, C 235*, JG (1990), Bhagwat
79*%, BJ 256*, Vijay, and Vishal. et al. (1995), Das
Leaf miner, Liriomyza cicerina and Kataria
ILC 380, ILC 5901, and ILC 7738. (1999), Deshmukh
et al. (19964, b).
Singh and Weigand
(1996).
Blackgram Pod borer, Helicoverpa armigera Lal (1987).
Kalai*, 338-3, Krishna*, and Co 3*, 4* and 5*.
Jassid, Empoasca kerri
Sinkheda 1*, Krishna*, H 70-3, and UPB 1*.
Stem fly, Ophiomyia phaseoli
Killikullam*, 338/3, P 58, Co 4*, and Co 5*.
Greengram Pod borer, Maruca vitrata Lakshminarayana
J1,LM 11, P 526, and P 336. and Misra (1992).
ML 337, ML 5, MH 85-61, and ML 325.
Stem fly, Ophiomyia centrosematis
Co 3.
Field pea Pod borer, Etiella zinkenella Lal (1987).
EC 33860, Bonville*, T 6113*, PS 410, 2S 21,
and 172 M.
Leaf miner, Chromatomyia horticola
P 402, PS 41-6, T 6113, PS 40, KMPR 9, P 402,
and P 200.
Cowpea Pod borer, Maruca vitrata Singh (1978), Lal

TVu 946, VITA 4, VITA 5, Ife Brown, and
Banswara®*.

Jassid, Empoasca kerri
TVu 123, TVu 662, JG 10-72, C 152, and 3-779
(1159).

Aphid, Aphis craccivora
P 1473, P 1476, and MS 9369.

(1987).

* Released for cultivation.

Screening of entire germplasm collections of chickpea and pigeonpea (over
15,000 accessions for each crop) has led to identification of a few accessions with
moderate levels of resistance to H. armigera (Lateef, 1985; Lateef and Pimbert,
1990). However, lack of precision in evaluating thousands of accessions for resis-
tance to the target pests probably resulted in missing many potentially good
sources of resistance. In lentil, genotypic differences for susceptibility to aphid
(A. craccivora), pod borer (E. zinkenella), and seed weevil have been observed,
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but no attempts have been made to breed for resistance to insects (Erskine et al.,
1994). Sources of resistance to chickpea leaf miner have been identified, and used
successfully in the breeding program (Singh and Weigand, 1996). Climate change
may alter the interactions between the insect pests and their host plants. Hence,
development of cultivars with stable resistance to pests would provide an effective
approach in pest management. Problems with new agricultural pests will occur if
climatic changes favor the introduction of cultivars that are highly susceptible to the
prevalent pest spectrum. Therefore, it is important to identify and develop cultivars
that are stable in expression of resistance to the target pests under variable climate.

7.5.5 Biological Control

The importance of both biotic and abiotic factors on seasonal abundance of insect
pests is poorly understood. Early stage mortality is invariably the most severe,
although its causes and extent vary greatly, and comparable data sets are too few
to identify the factors responsible for population regulation across regions. There
is voluminous information on parasitism, and to a lesser extent on predation of
insect pests on different food legumes. The egg parasitoids, Trichogramma spp. and
Telenomus spp. destroy large numbers of eggs of H. armigera and H. punctigera,
but their activity levels are too low in chickpea and pigeonpea because of trichome
exudates. The ichneumonid, Campoletis chlorideae Uchida is probably the most
important larval parasitoid of H. armigera on chickpea and pigeonpea in India
(Pawar et al., 1986). Tachinids parasitize late-instar H. armigera larvae, but result
in little reduction in larval density. In India, Carcelia illota (Curran), and to a
lesser extent, Goniophthalmus halli Mesnil, and Palexorista laxa (Curran) para-
sitize up to 22% of H. armigera larvae on pigeonpea (Bhatnagar et al., 1983), and
up to 54% larvae in chickpea. There are a few reliable estimates of pre-pupal and
pupal mortality of H. armigera, which may be as high as 80% (King, 1994). Six
species of parasitoids have been recorded from field-collected Helicoverpa pupae
(Fitt, 1989). Population of L. cicerina parasitoids builds up late in the season in
West Asia (Weigand et al., 1994). Potential biocontrol agents for B. pisorum have
been documented (Annis and O’Keeffe, 1987; Baker, 1990a, b). The most com-
mon predators of insect pests of food legumes are Chrysopa spp., Chrysoperla
spp., Nabis spp., Geocoris spp., Orius spp., Polistes spp., and species belonging
to Pentatomidae, Reduviidae, Coccinellidae, Carabidae, Formicidae and Araneida
(Zalucki et al., 1986; van den Berg et al., 1988; Romeis and Shanower, 1996;
Sharma, 2001). Some predators have been used in augmentative release studies,
notably Chrysoperla carnea (Stephens) (Ridgeway et al., 1977). Although effective
in large numbers, the high cost of large-scale production precludes their economic
use in biological control in food legumes (King et al., 1986). Relationships between
pests and their natural enemies will change as a result of global warming, resulting
in both increases and decreases in the status of individual species. Quantifying the
effect of climate change on the activity and effectiveness of natural enemies will be
a major concern in future pest management programs.
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There is considerable information on entomophagous pathogens against
H. armigera and H. punctigera, although to date, these tactics have not provided a
viable alternative to insecticides. Spraying Bacillus thuringiensis (Bt) (Berliner) for-
mulations in the evening results in better control than spraying at other times of the
day (Mahapatro and Gupta, 1999). The entomopathogenic fungus Nomuraea rileyi
(Farlow) Samson (@ 10° spores per ml) resulted in 90-100% larval mortality, while
Beauveria bassiana Balsamo (@ 2.68 x 107 spores per ml) resulted in 6% dam-
age on chickpea compared to 16.3% damage in untreated control plots (Saxena and
Ahmad, 1997). A significant and negative correlation has been observed between
insect mortality due to NPV and foliar pH, phenols, tannins, and protein binding
capacity (Ramarethinam et al., 1998). In Australia, a commercially available NPV
has been tested on cotton, with an additive that increases the level of control. Neem
and custard apple extracts, and neem and karanj (Pongamia) oil based formulations
have also been recommended for the management of H. armigera (Ranga Rao et al.,
2005). Much remains to be done to develop stable and effective formulations of
biopesticides for the control of H. armigera and other insect pests on food legumes.
Vegetable oils, neem oil and karanj oil provide effective protection against bruchid
damage in pulses (Reddy et al., 1996). Karanj oil, and leaf and seed extracts act
as oviposition deterrents (Kumar and Singh, 2002). There is a need for a greater
understanding of the effect of climate change on the efficacy of biopesticides for
pest management.

7.5.6 Chemical Control

Management of insect pests in food legumes relies heavily on insecticides, often
to the exclusion of other methods. Control measures directed at adults, eggs,
and neonate larvae are most effective in minimizing H. armigera damage. Spray
decisions based on egg counts could destroy both invading adults and eggs, and
leave a residue to kill future eggs and neonate larvae. Young larvae are diffi-
cult to find as they burrow into the flowers where they become less accessible
to contact insecticides. Spray initiation at 50% flowering has been found to be
most effective (Singh and Gupta, 1997). As a result of heavy selection pres-
sure, H. armigera has developed resistance to the major classes of insecticides.
Helicoverpa armigera populations have shown resistance to endosulfan, thiodicarb,
and methomyl in Australia (Daly et al., 1988; Gunning et al., 1996); cyperme-
thrin, endosulfan, quinalphos, monocrotophos, carbaryl, chlorpyrifos, phosalone,
fenvalerate, and deltamethrin in India (Armes et al., 1996; Kranthi et al., 2002);
cypermethrin, cyfluthrin, deltamethrin, bifenthrin, lambda-cyhalothrin, monocro-
tophos, ethion, chlorpyriphos, and profenfos in Pakistan (Ahmad et al., 1997a, b);
and fenvalerate in Thailand (Burikam et al., 1998). Insecticide resistance manage-
ment strategies have been developed in several countries to prevent the development
of resistance or to contain it. All strategies rely on a strict temporal restriction in the
use of pyrethroids and their alteration with other insecticide groups to minimize
selection for resistance (Sawicki and Denholm, 1987). Considerable information
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has also been generated on chemical control of B. pisorum in pea (Michael et al.,
1990), S. lineatus and A. fabae in faba bean (Ward and Morse, 1995), and aphid vec-
tors in lupins (Bwye et al., 1997). There is a need for a greater understanding of the
effect of climate change on the efficacy of synthetic insecticides, their persistence
in the environment, and development of resistance in pest populations.

7.6 Biotechnological Approaches for Pest Management
in Grain Legumes

7.6.1 Transgenics

While several transgenic crops with insecticidal genes have been introduced in the
temperate regions, very little has been done to use this technology for improv-
ing crop productivity in the harsh environments of the tropics, where the need for
increasing food production is most urgent (Sharma et al., 2004; Sharma, 2009).
Progress in developing transgenic plants of food legumes has been reviewed by
Popelka et al. (2004). Chickpea cultivars ICCV 1 and ICCV 6, transformed with
crylAc gene, have been found to inhibit the development of and feeding by
H. armigera (Kar et al., 1997). Transgenic pigeonpea plants with cry/Ab and soy-
bean trypsin inhibitor (SBTI) genes have been developed at ICRISAT, and are
being tested against H. armigera (Gopalaswamy et al., 2008). Transgenic chick-
pea expressing cowpea trypsin inhibitor (Thu et al., 2003), and a-amylase inhibitor
(Shade et al., 1994; Schroeder et al., 1995; Sarmah et al., 2004) with resistance to
bruchids has also been developed. Research in Australia has led to the development
of transgenic pea for resistance to pea weevil through the expression of a-amylase
inhibitor (Morton et al., 2000), but this technology is not available to pea breeders
in Australia, the USA, and other countries because of the concerns associated with
the use of transgenic crops as food.

7.6.2 Molecular Markers

The use of DNA markers for indirect selection offers the greatest potential gains
for quantitative traits with low heritability, as these are the most difficult characters
to work with through conventional phenotypic selection. The quality of a marker-
assisted selection program can only be as good as the quality of the phenotypic
data on which the development of that marker was based. Therefore, it is essential
to use large mapping populations characterized across seasons and locations, and
using well-defined phenotyping protocols. Progress in marker-aided selection for
resistance to insect pests in grain legumes though limited, and been discussed by
Sharma et al. (2008). Mapping the complex traits such as resistance to pod borer,
H. armigera in chickpea is only just beginning (Lawlor et al., 1998). A mapping
population derived from a cross between a wilt-resistant Kabuli variety (ICCV 2)
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and a wilt-susceptible Desi variety (JG 62) has been used to develop the first
intraspecific genetic linkage map of chickpea (Cho et al., 2002). This population
has also been evaluated for resistance to H. armigera, and the data analysis is in
progress. An interspecific population derived from ICC 4958 (Cicer arietinum) x
PI 489777 (Cicer reticulatum) has been evaluated for resistance to beet army-
worm, Spodoptera exigua (Hub.) (Clement et al., 2008) and pod borer, H. armigera
(Sharma, H.C., Unpublished), and this population is being genotyped to identify
markers for resistance to these insects. Another mapping population (Vijay x ICC
506 EB) has also been developed and evaluated for resistance to H. armigera. In
pigeonpea, a mapping population involving C. cajan x C. scarabaeoides is under
development at ICRISAT (Upadhyaya, H.D., personal communication).

A cross between an aphid (A. craccivora) resistant cultivated cowpea (IT 84S-
2246-4) and an aphid susceptible wild cowpea (NI 963) has been evaluated for
aphid resistance and RFLP (restricted fragment length polymorphism) marker seg-
regation (Myers et al., 1996). The RFLP marker bg4D9b was linked to the aphid
resistance gene (Racl), and several flanking markers in the same linkage group
(linkage group 1) have also been identified. Tar’an et al. (2002) developed the
genetic linkage map of common bean. Murray et al. (2004) detected genetic
loci for resistance to potato leathopper, Empoasca fabae (Harris). In greengram,
TC1966 bruchid resistance gene has been mapped using RFLP markers (Young
et al., 1992). Resistance was mapped to a single locus on linkage group VIII
(approximately 3.6 cM from the nearest RFLP marker). Based on RFLP analy-
sis, a progeny was also identified in the F» population that retained the bruchid
resistance gene within a tightly linked double crossover. This progeny might be
useful in developing mungbean lines resistant to bruchids, and free of linkage
drag. Yang et al. (1998) used RFLP marker-assisted selection in backcross breed-
ing for introgression of the bruchid resistance gene in greengram, while Kaga and
Ishimoto (1998) studied genetic localization of a bruchid resistance gene and its
relationship to insecticidal cyclopeptide alkaloids, the vignatic acids in greengram.
The random amplified polymorphic DNA (RAPD) markers have also been used
to identify markers linked to the bruchid resistance in mungbean (Villareal et al.,
1998). The gene was 25 cM from pMI151a. When pMi51a and pM151b were
considered as alleles of the same locus, the bruchid resistance gene was located
11.9 cM from the nearest RAPD marker Q04 sub 900, and 5.6 cM from pMI5].
Progress has also been made in locating molecular markers for resistance to pea
weevil in crosses between field pea (P. sativum) and the wild species (P. fulvum)
(Byrne et al., 2002).

7.7 Storage Pests and Their Management

Bruchids, Callosobruchus chinensis and C. maculatus are the most important pests
of grain legumes in storage, including chickpea and lentil. Bruchid infestation
in grain legumes commences in the field even before the crop harvest, and then
they multiply quite fast in storage, resulting in heavy losses. The Callosobruchus
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species are commonly known as spotted pulse beetle, Oriental pulse beetle,
bruchid, bean weevil, bruchid seed beetle, gram bean weevil, southern cowpea
weevil, cowpea weevil, etc. Callosobruchus chinensis and C. maculatus are cos-
mopolitan in distribution, encompassing Australia and Oceania, Europe, Asia,
Africa, and the Americas (Rees, 2004). The members of the family Bruchidae
have long been reported to destroy the seeds of leguminous plants. They also
feed on seeds and flowers of non-leguminous plants belonging to the families
Compositae, Malvaceae, Convolvulaceae, Anacardiaceae, Rosaceae, Umbelliferae,
Papavaraceae, and Palmae (Arora, 1977). Among the several species of bruchids
attacking edible legumes, C. maculatus and C. chinensis are most destructive, and
attack almost all edible legumes, including chickpea and lentil.

Females of C. maculatus and C. chinensis lay eggs singly on seeds, which are
visible to the naked eye. Bruchids tend to lay eggs singly on a given host and if
all the seeds are occupied, then the female starts laying eggs on already egg-laden
seeds (Messina and Renwick, 1985). The neonate larva bores into the seed beneath
the oviposition site, and completes its development within a single seed. Damaged
seeds are riddled with adult emergence holes, which are unfit for human or ani-
mal consumption (Schoonhoven and Cardona, 1986). The life cycle of bruchids
passes through five larval instars, three pre-pupal stages, pupal, and adult stages.
The egg incubation period of C. maculatus in green gram lasts for 3-5 days, and
the combined larval and pupal period lasts for nearly 19 days. Total development is
completed in about 24 days. The adults of C. chinensis and C. maculatus are easily
distinguishable with the naked eyes.

7.7.1 Pre-harvest Control

Spraying monocrotophos (0.04%), fenvalerate (0.02%), and dimethoate (0.03%) at
45 and 50 days after flowering of pulses reduces C. chinensis damage in stored
pigeonpea (Subramanya et al., 1999). Similarly, cowpea protected by spraying
malathion (0.05%) at maturity reduces the bruchid damage (Ravindra, 1999). At pod
maturity, the dehisced pods with exposed seeds are more vulnerable to oviposition
by bruchids, and this problem can be avoided by harvesting the crop at physiological
maturity.

7.7.2 Hermetic Storage

Storing grain legumes in polythene bags with a cotton lining has been found effec-
tive against C. maculatus (Caswell, 1973). Even though the adult females could
penetrate the polythene bags, the cotton lining posed hindrance for oviposition, leav-
ing the grains safe. Bagged grains encased in polythene sacks are also less damaged
by the bruchids (Wilkin and Green, 1970).
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7.7.3 Solar Treatment

High temperatures due to solar radiation have been found to kill developing bruchid
larvae in the seeds (Zehrer, 1980). Exposing grain legumes to 70-80 °C temperature
for short duration has been found to be effective in reducing the bruchid infestation.
Solar heaters operated at 65°C for 5 min provide 100% control of C. maculatus
(Murdock and Shade, 1991). Solar heat treatment is being used in India for
disinfesting the grains.

7.7.4 Use of Inert Dusts

Dusts remove the epicuticular lipid layer of the insects and have been used effec-
tively against bruchids. Some of the dusts in use include bentonite clay, hydrated
lime, attapulgite dust, limes, clays, synthetic silica, and sand. Treatment of pulses
with fly ash also hinders emergence of C. maculatus adults up to 12 months.

7.7.5 Use of Traps

Pitfall traps can be used for capturing insects that are active on the grain surface,
and in other layers of grain. It also serves as a monitoring cum mass trapping tool.
Two models are available viz., standard model and the TNAU model (Mohan and
Fields, 2002). A standard model has 2 parts, perforated lid (2-3 mm) and a cone
shaped bottom portion. A special coating with sticky material on the inner side of
cone to hold the trapped insects is essential. The model devised by Mohan and
Fields (2002) has a perforated lid and a cone shaped bottom, which tapers into a
funnel shaped trapping tube. It is made of plastic, and is simple and economical.
Another two-in-one trap is a combination of probe and pitfall traps, and is designed
to increase the trapping efficiency. This trap is also suitable for pulse beetles as they
are seen only on grain surface. It does not require coating on the inner surface with
sticky materials. Beetles are captured alive in this trap. The release of pheromone
by the trapped insects attracts more insects.

7.7.6 Chemical Control

Chemical methods such as fumigation with phosphine, methyl bromide, or dust-
ing with primiphos methyl and permethrin are effective against bruchids, but have
certain disadvantages such as increased costs, handling hazards, pesticide residue,
and possibility of development of resistance. With the proposed ban of fumigants
by 2015, there is an urgent need to develop safer alternatives to conventional
insecticides and fumigants to protect stored grain from insect pests.
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7.7.7 Host Plant Resistance

Several cultivars of different grain legumes have been reported to be resistant to
C. maculatus (Lambrides and Imrie, 2000; Riaz et al., 2000; Khattak et al., 2001;
Jha, 2002). Apart from the cultigens, wild relatives of several grain legumes have
shown high levels of resistance to bruchids. Several varieties have been developed
by crossing wild species with of the cultigens, and the results have been highly
promising.

7.7.8 Natural Plant Products

Neem, Azadirachta indica (A. Juss) possesses antifeedant, oviposition repellant,
ovicidal, and adulticidal properties against bruchids (Said, 2004; Singh and Mehta,
1998). Seed treatment with neem leaf powder at 0.5-2.0 mg 100 g~! of grain, neem
seed kernel powder, neem bark powder, and neem seed oil at 3% have been reported
to be effective against bruchids. Neem oil and Pongamia oil reduce seed damage by
C. maculatus (Durairaj and Muthiah, 2003). Singh et al. (2003) suggested the use
of coconut, mustard, and groundnut oil (@ 12 ml kg™!) to suppress adult emer-
gence for two consecutive generations. Volatile oils of Cymbopogan nardus (L)
and C. schoenanthus., Clausena anisata (Wild.) Hook f. ex. Benth, C. citratus
(DC) Stapf., and Ocimum basilicum L. have oviposition repellent and adulticidal
effects (Boeke et al., 2004; Aslam et al., 2002). Lantana camara L. and Parthenium
hysterophorus L. have also been reported to be repellent to pulse beetle in chickpea.

7.7.9 Strategies for Controlling Bruchid Damage in the Field
and Storage

Prevention of infestation in the field through timely harvest of the crop or insecti-
cide use can be quite useful for reducing bruchid infestation. Optimum drying of the
grain, use of solar radiation to kill the bruchids infesting the grain, and storing the
grain in polyethylene bags can be used to reduce bruchid infestation. Dusts, neem
leaf or kernel powder, treatment of seed with neem, Pongamia, or other vegetable
oils can be used for minimizing the losses due to bruchids. Under severe infestation,
the grain should be fumigated to get rid of bruchids infesting the grain. An ideal [IPM
schedule should be as follows: spraying monocrotophos or dimethoate at pod for-
mation stage and just before pod maturity to reduce infestation by bruchids in the
field, reducing the moisture content of the grains to less that 12% before storage,
using cotton lined polythene bags for storage, treatment of grains with inert dusts
such as clay, silica, fine sand, or fly ash, use of pitfall traps as a low cost device for
use in households and medium scale storage, and treatment of grain with botanicals
such as neem oil, neem leaf powder, etc. Though the above methods are econom-
ical, developing durable varieties with resistance to bruchids through interspecific
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hybridization and genetic transformation would be helpful in the long run. Use of
biocontrol agents, semiochemicals, and controlled atmosphere storage (CAS) has
been found to be very effective, and can be used for minimizing the losses due to
bruchids.

7.8 Conclusions

There is considerable information on the insect pests that damage food legumes
in different countries, although the factors that influence the population build up
and population dynamics of many insect species is not sufficiently clearly under-
stood. There is a need to gain a thorough understanding of the factors that lead to
heavy losses in food legumes. Cultivars with resistance to insect pests will play a
pivotal role in pest management in food legumes, but only if breeding programs
utilize identified sources of resistance. Resistance genes from closely related wild
relatives of grain legumes should also be utilized wherever possible. Genetically
engineered plants with different insecticidal genes can also play a role in IPM.
Molecular marker-assisted selection has the potential to pyramid resistance genes
and other desirable traits to magnify the value of host plant resistance in food
legume IPM. Moreover, cultural practices that reduce the intensity of insect pests
are another important element of pest control. Cropping systems that encourage the
activity and abundance of natural enemies should be popularized among the farm-
ers. Insecticides provide quick and effective pest control in food legumes. However,
where insecticide resistance has developed as in case of Helicoverpa, a more inte-
grative strategy may be needed. Neem seed kernel extract, Bt, and HaNPV have
been recommended in many cases, but limitations on timely availability, quality
control, and economic feasibility limit their use in pest management on a regular
basis. However, biopesticides applied in combination with synthetic insecticides or
in rotation can be quite effective for pest management on different crops. Release of
natural enemies for biological control has been successful in some situations. The
integrated strategy has to be developed for each region to suit the farming practices
of the growers in that region. As a result of climate change, earlier emergence of
pests and faster generation turnover will result in problems with the timing of pest
control interventions. There is a need for a greater understanding of the effect of
climate change on the efficacy of natural enemies, host plant resistance to insects,
biopesticides and synthetic insecticides, and their persistence in the environment to
develop effective strategies for pest management in grain legumes in future.
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Chapter 8
Agronomic Approaches to Stress Management

Gurigbal Singh, Hari Ram, and Navneet Aggarwal

8.1 Introduction

Droughts are generally classified into three categories, namely, meteorological,
hydrological and agricultural droughts (Ramakrishna et al., 2003). Meteorological
drought is a situation when there is a significant decrease (more than 25% of normal
rainfall) in rainfall over an area. In the situation where a meteorological drought is
prolonged, it results in a hydrological drought with the marked depletion of surface
as well as ground water levels. Agricultural drought occurs when both rainfall and
soil moisture are inadequate during the growing season to support a heavy crop.
Droughts affect the agriculture sector to a large extent. Not only is the productivity
of crops reduced under drought conditions but they also influence food security, the
national economy, livestock numbers and health, etc. Drought may not be avoided
but it can be managed.

There are many agronomic approaches for drought management. Some of these
must be applied in anticipation of drought whereas others can be made use of when
there is an actual occurrence of drought. Examples of management options include,
land management changes, making an informed choice of crops and varieties to
be grown, manipulation of planting date, planting method and sowing depth. Other
options include the use of seed priming, changes to plant population, use of straw
mulching, alterations in intercropping, improved weed control, modifications to fer-
tilizer application and use of water harvesting, etc. These are only some of the
techniques/practices which could help in managing/alleviating the adverse effects
of drought on cool-season grain legumes. This chapter discusses the role of some of
the more important agronomic approaches for drought management in some of the
agriculturally important cool-season grain legumes in the world.
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8.2 Choice of Crops and Varieties

Farmers like to grow any crop which provides them with high profits. However,
the crops and their genotypes actually grown in an area depend upon their suit-
ability based upon climate, soil type, etc. In drought-prone areas some of the
crops/genotypes are more suitable than others due to their specific characteris-
tics such as their genetic ability to tolerate drought, crop duration, growth pattern,
rooting pattern, etc.

Crops do vary in their ability to tolerate drought. For example, Lathyrus
(Lathyrus sativus L.), a crop of dry areas, can better tolerate moisture stress than
fieldpea (Pisum sativum L.). Desi chickpea (Cicer arietinum L.) generally has a
greater drought resistance than kabuli chickpea (Yadav et al., 2006). Some of the
reasons for this greater tolerance can be explained by the physiology and phenology
of the crops.

Under drought conditions short duration varieties generally perform better than
long duration ones, which could be due to their ability to escape terminal drought.
For example, Silim et al. (1993) found 49% of variation in yield of lentil lines was
a result of early flowering leading to drought escape. Robertson et al. (2002) have
taken this explanation further by quantitative modeling of the effects of drought on
several legumes and indicated that earliness (eg Early Bunch peanuts) can directly
benefit yield under drought. In many parts of the world, crops like chickpea expe-
rience high temperatures and moisture stress during the reproductive phase. As
indicated above varieties which mature earlier better escape moisture stress than
those which take a longer period to reach maturity. However, other factors may
adversely affect the ability to flower early. In areas such as southern Australia and
northern South Asia where average temperature at flowering are <14-16°C, pod
setting in chickpea is delayed and crops experience terminal drought. There is thus
a need to search for reproductive chilling tolerance (Berger, 2007) so that there is
early pod formation and early maturity before the occurrence of terminal moisture
stress. Two chilling tolerant chickpea varieties namely, Sonali and Rupali, have been
released in Australia (Clarke et al., 2005) which have this character and thus better
escape terminal drought. Further, double-podded genotypes, such as ICCV 96029, a
very early germplasm line of chickpea, are more suitable for drought-prone condi-
tions (Kumar and Rao, 2001). Rubio et al. (2004) suggested double podding leads to
greater yield stability under droughted conditions independent of earliness. In addi-
tion to avoiding terminal drought there may be benefits in growth habit differences
to modify evapotranspiration (Rubio et al., 2004). In Australia, it has been estab-
lished that for improving water use efficiency, soil evaporation should be reduced
by genotypes/practices which promote earlier-developing canopies during winter
whereas transpiration needs to be reduced by minimizing canopy development to
some extent in spring (Siddique and Sedgley, 1987).

As well as these phenological changes some genotypes may perform better under
moisture stress conditions than others due to physiological differences. Examples
are reported in chickpea (Mhase et al., 2006; Bakhsh et al., 2007; Raut et al.,
2003), narrow-leafed lupin (Lupinus angustifolius) (Palta et al., 2004) and lentil
(Lens culinaris Medik.) (Shrestha et al., 2006). These improvements in performance
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under drought may be due to accumulation of soluble constituents such as soluble
protein, phenolics and sugars, and proline (Raut et al., 2003), faster rate of seed
growth (Palta et al., 2004), deep and prolific root systems (Kashiwagi et al., 2005;
2006) as well as the development of rapid ground cover and early flowering and
podding (Siddique et al., 2001) as previously described.

In faba bean (Vicia faba L.) plants originating from very small (<700 mg) and
small (700-1,000 mg) seeds are reported to be faster in emergence and earlier in
flowering, podding and maturity and higher yielders compared to the plants from
large (>1,500 mg) and medium (1,001-1,500 mg) seeds (Al-Rifaee et al., 2004),
especially under low rainfall conditions. Poor germination from large seeds could be
due to slower water imbibition and the need for a greater amount of water for imbi-
bition, which is actually not available under such situations. Thus under moisture
stress conditions, genotypes with small seed size should be preferred for sowing.

Chickpea is able to draw water from depths greater than 60 cm, though most of
the active roots are concentrated in the top 0-30 cm and most of the water use comes
from this layer only (Anwar et al., 2003). In another study, rooting depths of about
120 cm in chickpea and 90 cm in lentil have been reported (Zhang et al., 2000) and
due to greater root system and longer growing period, chickpea has a greater ability
to utilize soil moisture than lentil. Therefore, genotypes with longer root system
should be preferred under drought-prone areas. An early study (Robertson et al.,
1980) suggested that the ability of peanut and soybean to maintain root length under
drought explained their better yield stability compared with corn which could not
maintain its root system as well.

8.3 Tillage and Water Conservation

Well-leveled and cultivated fields ensure more intake of rain water than the
un-leveled and non-cultivated ones. In the case of the latter there could be high
rainfall losses. Not only is the rain water lost but also the fertile surface of the
soil is washed away. For efficient capture of rain water, infiltration rate needs to be
enhanced. Prior to the high rainfall season, fields are cultivated to conserve moisture
for the next post-rainy season crops. In rainfed agriculture in semiarid regions, con-
ventional tillage is done with four main purposes (Van Duivenbooden et al., 2000):
(1) to prepare a seedbed, (ii) to promote infiltration, (iii) to conserve water within
the soil profile, and (iv) to prevent wind and water erosion. The fields should be
cultivated as soon as the conditions permit. For example, in dry areas, due to little
moisture in the soil at the time of harvest owing to extraction by the crop, it may not
be possible to cultivate the field immediately and the farmers have to wait till some
rain showers occur.

It has been found that in bread wheat (Triticum aestivum)-chickpea-watermelon
and durum wheat-lentil-watermelon crop rotations, chickpea and lentil do not
need deep tillage (Pala et al., 2000) and shallow cultivation was found promising.
Compared with deep tillage practices, zero tillage and minimum tillage practices
left more water at harvest for the following crop. Many of the benefits of tillage are



144 G. Singh et al.

lost if they bring moist soil to the surface to increase soil evaporation, expose more
soil to sunlight and wind by removal of stubble or lead to increased compaction and
reduced infiltration below the plough layer. Therefore, increasingly in some areas
zero or minimal-tillage is practised with stubble retention. Zero-tillage with stub-
ble retention increases rain water use efficiency and grain yields (Li et al., 2005).
Especially at sowing, no-tillage provides greater amounts of soil moisture compared
to conventional tillage (Li et al., 2005; Lenssen et al., 2007). In many crops, no-
tillage provides similar grain yields to those after conventional tillage. However,
zero tillage can have problems if followed for a long period as more infestation of
weeds may cause reduction in crop yields if other methods for weed control are not
adequate.

8.4 Planting Date

In drought-prone areas, the crop should be sown as soon as adequate rainfall is
received to make best use of the available moisture at sowing. Otherwise, in the
case of prolonged drought, it may not be possible to sow the crop at all or its sow-
ing could be delayed to such an extent that the productivity will be too low. In
some areas, particularly drier areas of Eastern Australia (http://www.dpi.nsw.gov.
au/agriculture/field/field-crops/pulses/general/dry-sowing), dry sowing is practiced
to get the benefits of the earliest suitable rains. However, this may result in poor
germination and weed problems if followed by brief showers or prolonged hot dry
weather. The planting time, based on past experiences, should be decided in such a
way that the crop does not suffer for the want of moisture during its growing sea-
son. Forecast of the drought is not very reliable as it is influenced by a large number
of factors. However, increasingly climate modelers are attempting (with some suc-
cess) to improve their forecasting tools. Price et al. (2006) are using these tools in
a real collaboration with growers in Australia with in season climate forecasting in
conjunction with crop response modeling (Yield Profit) being increasingly used in
Australia to determine in season practices such as extra fertilizer application (www.
yieldprophet.com.au/).

In southern Europe where faba bean is being introduced as a new crop, November
sowing has been found to be more suitable than February sowing, mainly because
the plants flower earlier and pods fill before the drought period, resulting into high
yields (Stagnari et al., 2007). Similarly winter sown chickpea produces almost twice
the yield of the spring sown crop in Syria (Malhotra et al., 2007) and Jordan
(Al-Rifaee et al., 2005), as the crop benefits from better moisture conditions,
resulting in better vegetative as well as reproductive development. In the whole
Mediterranean region, shifting the sowing date from spring to winter could increase
the productivity of cool-season grain legumes to a great extent through better
utilization of moisture.

In chickpea, Ascochyta blight, caused by Ascochyta rabiei, is a serious disease.
In Turkey, it has been found that a delay in sowing by 6-9 weeks could almost
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eliminate blight, however, yields are reduced considerably due to drought stress
(Dusunceli et al., 2007). In Australia, early sowing of lentil in late April or early
May resulted in more water use and consequently higher yields than delayed sowing
in late June or early July (Siddique et al., 1998). In the case of chickpea sowing
has to be shifted from spring to winter season for making best use of the available
moisture as described earlier, there will be a need to develop Aschochyta blight
resistant genotypes or management options (Bretag et al., 2003).

8.5 Sowing Depth

Optimum moisture in the seeding zone is required for germination of the crop. In the
situation where there is inadequate moisture in the soil, a patchy plant stand results
in consequently low crop yields. At sowing time, when there may be drought or less
availability of moisture in the upper few centimetres of the soil, sowing a crop at
shallow depth may result in poor germination. However, placing the seed deep in
the deeper moist soil layer is expected to provide reasonably good germination.

In western Australia, the optimum sowing depth for chickpea and faba bean has
been reported to be 5—8 cm and for lentil 4-6 cm (Siddique and Loss, 1996; 1999)
due to greater soil moisture and consequently better crop establishment at this depth
than at shallower depths. When chickpea is sown at 5, 10 or 15 cm depths the yields
are either similar (Dahiya et al., 1988a) or highest with highest depth of 15 cm
(Dahiya et al., 1988b) or 9 cm (Khan et al., 1999). Furthermore, the incidence of
Fusarium oxysporum f.sp. ciceris is low when chickpea is sown at a deeper depth of
15 cm (Dahiya et al., 1988b). Though seedling emergence may be slightly delayed
with deeper sowing depth (Sivaprasad and Sarma, 1989; Siddique and Loss, 1996)
the plant stand is generally not affected.

8.6 Seed Priming

After the seed is sown, it imbibes water and then germination takes place. Thus
water imbibition by seed is an important step before germination. Under moisture
stress conditions, there is little moisture for imbibition by the seed, with the result
there is very poor germination. Under such situations, however, germination can be
improved by soaking seed in water for specific period prior to sowing. Soaking of
seed could be in normal water only or in water containing some chemicals.

Many benefits of on-farm seed priming — a technique in which seed is soaked
overnight, surface dried and then sown the normal way — have been reported under
moisture stress conditions in different crops including chickpea (Harris et al., 1999;
2001; Musa et al., 2001). These benefits include faster emergence; better, more
uniform stands; more vigorous plants; better drought tolerance; earlier flowering;
earlier harvest and higher grain yields (Table 8.1). The optimum period of seed
soaking could vary with different crops. However, for chickpea seed should not be
soaked for more than 8 h (Harris et al., 1999) as longer period of soaking may cause



146 G. Singh et al.

Table 8.1 Plant characters, yield components and yield of chickpea from on-farm trials of seed
priming in chickpea [modified from Musa et al. (2001)]

Increase due to

Variable Primed Non-primed  priming (%)
Emergence (seedlings/m?) 35.1-36.7 28.8-30.2 21-22
Early growth height (mm) 99-105 82-86 21-22
Height at harvest (mm) 364413 330-371 10-11
Number of plants at harvest (no./m?) 30.6-32.4 25.0-26.7 22

Number of pods/m? 1226-1493 1074-1105 11-39
Grain yield (t/ha) 1.44-1.63 1.11-1.21 20-47
Straw yield (t/ha) 1.88-2.00 1.53-1.68 12-31

sprouting of seeds, which could be more susceptible to physical damage during
the sowing operation. This low cost technology could help poor farmers in drought-
prone or otherwise moisture stress areas in a big way by reducing risk of crop failure.

8.7 Plant Population

Optimum plant population is a pre-requisite for obtaining high yields of crops. In the
case where there is drought at the time of sowing, it may not be possible to sow the
crop or there may be very low germination and consequently a very thin plant stand.
However, germination could be improved by following practices such as deep sow-
ing and seed priming, as explained above. In tall and erect genotypes a higher seed
rate may be needed in comparison with the rate needed for more spreading types.

Sometimes crops experience drought during the vegetative or reproductive phase
of their growth. At that stage there may be quite high evapo-transpiration, with
greater moisture loss with high plant population. Under such situations the crop
may not reach its maturity due to continued loss of moisture from the soil. However,
there may be benefits if the crop is thinned by removing some of the plants within
a row or removing alternate rows. Potentially, in some situations, grazing may also
reduce leaf mass though it may also reduce growing tips and vegetative parts causing
problems of its own. These management options may reduce moisture loss through
reducing evapo-transpiration and the water so saved could be used by the remaining
plants to yield something.

8.8 Straw Mulching

In some parts of the world crop residue is considered waste and is burned, which
results into the loss of valuable nutrients, loss of microflora and microfauna and
causes lot of environmental pollution. The straw could be used as a mulch, which has
many advantages with moisture conservation as one of the most important. Straw
mulching reduces soil evaporation and evapo-transpiration and improves water use
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efficiency (Deng et al., 2006). Straw mulch may be applied immediately after sow-
ing or at a later stage. Straw mulch application at sowing should be at such a rate
that it does not create any hindrance in the germination of the crop. At a later stage,
the straw mulch is applied between the crop rows. Though the application of straw
mulch involves some cost to the farmer it offers many advantages, such as conser-
vation of moisture, weed control and high crop yields. However, during drought
periods availability of straw for mulching purposes may be poor on a large scale
as there is a scarcity of green fodder for animals during drought and straw may be
used as fodder. Under such situations, there is a need to test the use of plastic film
mulch. Zero tillage also has the benefit of leaving standing stubble as mulch but may
require the use of special equipment for sowing.

8.9 Intercropping

Intercropping is the practice of growing two or more crops in different rows on the
same piece of land in the same season. This system is followed to have at least one
crop succeed in the case the other crop(s) fail due to some adverse condition such
as drought.

Chickpea + mustard (Brassica juncea) is an important intercropping system in
the Indian subcontinent (Arya et al., 2007). Intercropping is generally followed by
small holding farmers who perform different field operations manually. Some of
the practices such as weed control, irrigation application, insect pest control and
harvesting need to be specifically designed such that neither of the crops suffers in
the intercropping system.

In inter/mixed cropping system, crops compete with each other above ground
as well as below ground for various resources. Some grain legumes or genotypes
of a grain legume may differ in their ability to compete in inter/mixed cropping
system. The leafy genotype of peas “Bohatyr”, due to its higher growth rate owing
to its greater leaf area, was found to be more competitive with maize (Zea mays L.)
than a semi-leafless genotype “Grafila” (Semere and Froud-Williams, 2001).
Furthermore, under water stressed conditions, root as well as shoot competitive
abilities of pea were higher than those of maize. Wheat + chickpea intercropping
has been found advantageous over monoculture due to the higher than 1.0 land
equivalent ratio (Gunes et al., 2007). However, some researchers reported wheat +
chickpea mixed/intercropping not to be a promising system due to low yields of
both the crops (Jahansooz et al., 2007) or due to sensitiveness of chickpea to salt
stress (Agarwal et al., 2003).

8.10 Weed Management

Weeds compete with crop plants for moisture, nutrients and sunlight and thereby
reduce crop yields. The reduction in crop yields depends on the stage and duration
of crop-weed competition, weed quantum and flora present, etc. Weed control is a
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must for realizing high crop yields particularly when an additional stress such as
drought is present. Weeds may be controlled by using herbicides, cultural practices,
hand weeding, etc.

Sowing is usually done when the soil has an adequate moisture for proper ger-
mination and this moisture level is sufficient for effective control of weeds using
pre-plant incorporation or pre-emergence herbicides. Post-emergence herbicides
could also be used for controlling weeds in cases where there is sufficient mois-
ture level at the time of application of such herbicides. In the case where the crop is
experiencing moisture stress at the optimum time of application of post-emergence
herbicide, the application of herbicide should be avoided, otherwise there may be
poor weed control and the crop may be adversely affected due to the toxicity of the
herbicide (Sikkema et al., 2005). Further, under drought, water may not be available
for spraying herbicides. Under such situations, weeds may be controlled manually
and weed biomass so collected could serve the purpose of fodder for animals, the
availability of which is generally scarce during drought.

8.11 Nutrient Management

Under moisture stress conditions the soils are not only thirsty but hungry too.
Fertilizer application is known to increase crop yields under optimum moisture
conditions. However, it has been found that under moisture stress conditions also
the fertilizer application may have beneficial effects in improving the crop yields.
Application of phosphorus and potash singly as well as in combination improved
the yield of chickpea under water stress conditions (Kumar et al., 2003; 2005).
Phosphorus has beneficial effect on root growth, which, in turn, helps in extracting
more moisture and ultimately leads to high yields under moisture stress envi-
ronments. However, the financial benefits of applying fertilizers to relatively low
yielding crops need to be factored into the decision.

As discussed earlier, terminal drought is experienced by many cool-season grain
legumes in many parts of the world. Remobilization of pre-podding nitrogen is an
important source for seed-filling in grain legumes, as reported in chickpea (Davies
et al., 2000). Foliar application of urea, equivalent to 30 kg N/ha, at first flower or at
50% flowering i.e. before the occurrence of terminal drought, increases grain yield
and seed protein content in chickpea (Palta et al., 2005). Foliar application of urea
increases grain yield by increasing the number of pods with more than one seed
and not by increasing pod number/plant or increasing seed size (Table 8.2). Foliar
application of urea after the occurrence of drought does not have any beneficial
effect as the uptake of nitrogen is limited due to leaf senescence. Therefore, foliar
application of urea should be made in anticipation of drought, especially in those
areas where terminal drought is a regular feature.

Genotypes may also vary in acquiring nutrients from soil. For example, ICC
4958, a drought tolerant chickpea genotype with a large root system, acquired more
phosphorus than other genotypes (Ali et al., 2002). Higher uptake of N, P, K, Ca,
Zn, Mn and B does occur in drought tolerant chickpea genotypes (Gunes et al.,
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Table 8.2 Effect of foliar application of nitrogen through urea during flowering and podding
on various parameters of chickpea under conditions of terminal drought induced at first podding
[Adapted from Palta et al. (2005)]

Seed N content  Seed
Time of Biomass Seed yield Pods/ Seeds/ weight at maturity protein
application (g/plant) (g/plant)  plant  pod (mg/seed) (mg/plant) content (%)
First Flower 21.5 5.6 41 1.4 191 445 28.9
50% Flowering  21.4 5.1 39 1.3 196 439 27.8
50% pod set 18.8 4.2 36 1.0 209 379 259
End of podding  18.0 4.1 41 1.0 205 385 26.1
No foliar 17.9 4.0 42 1.0 206 335 25.1
application
l.s.d. (P=0.05) 2.5 0.8 n.s. 0.2 n.s. 55 1.5

n.s., Non-significant.

2006). So there is a need to develop genotypes which have greater ability to acquire
nutrients under moisture stress conditions so that yield is limited to lesser extent due
to nutrient deficiency under such situations.

Cool-season grain legumes fix atmospheric nitrogen in the soil. However, under
drought conditions nodulation and nitrogen fixation are adversely affected as
reported in chickpea (Kurdali et al., 2002), pea (Hill and McGregor, 2004), faba
bean (Kurdali et al., 2002) and narrow-leafed lupin (Hill and McGregor, 2004).
Potash application increased dry matter production and total N, fixed under mois-
ture stress conditions in faba bean (Kurdali et al., 2002; El-Sayed and Ahmad, 2003)
and peas (El-Sayed and Ahmad, 2003). Chickpea inoculated with vesicular arbus-
cular mycorrhiza (VAM) Glomus macrocarpum have more growth rate and nutrient
levels under moisture stress than the ones without VAM association (Anilkumar
and Kurup, 2003). So there is a need to use biofertilizers to improve nitrogen fixa-
tion, nutrient content in plants, growth and yield of cool-season grain legumes under
drought stress conditions.

8.12 Water Harvesting

Water harvesting may be defined as the process of concentrating precipitation
through runoff and storing it for beneficial use (Oweis and Hachum, 2006). Under
rainfed or drought-prone areas some rainfall does occur. This rain water needs to be
conserved and used efficiently. Micro-catchments and macro-catchments techniques
may be used for water harvesting. Micro-catchment water harvesting techniques
include contour ridges, semi-circular and trapezoidal bunds, and small runoff basins
whereas in macro-catchment systems runoff water is collected from relatively large
catchments. Rain water may be harvested and then used later to irrigate the crop at
the most sensitive stage(s). The pod initiation stage is the most critical with respect
to moisture stress in different cool-season grain legumes. Therefore, life-saving
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Table 8.3 Effect of supplemental irrigation (SI) on aboveground dry biomass and grain yield of
lentil and chickpea [4-year averages worked out by these authors from Oweis et al. (2004a) for
lentil and Oweis et al. (2004b) for chickpea]

Lentil Chickpea
Above Above

Number ground dry Grain  Number ground dry  Grain
Irrigation of irri- Total SI ~ biomass yield  ofirri- Total biomass yield
treatment gations (mm) (t/ha) (t/ha)  gations SI(mm) (t/ha) (t/ha)
Rainfed 0 0 4.34 1.10 0 0 3.17 1.32
1/3 SI 2 68 5.43 1.56 3 80 4.03 1.57
2/3 81 2 137 6.43 1.80 3 160 4.82 1.89
Full SI 2 206* 6.46 1.93 3 241* 5.17 2.02

* Amount applied to full supplemental irrigation. 1/3 SI and 2/3 SI treatments were irrigated at
the same time but with 33 and 67% of the amount.

irrigation at this stage results in high yields (Soltani et al., 2001). Compared to
traditional furrow irrigation, the use of alternate furrow irrigation has been found
promising in some crops (Karajeh et al., 2000; Kang and Zhang, 2004) and this
technique needs to be tested in cool-season grain legumes. In the case of less avail-
ability of water, the crop may be irrigated two or three times as per the need but
with lower amounts of water (may be 1/3 or 2/3 of the full irrigation) and still high
biomass and grain yield may be obtained (Table 8.3) as reported for lentil (Oweis
et al., 2004a) and chickpea (Oweis et al., 2004b). With more availability of water,
irrigation with the full amount of water needed may be applied which improves the
crop yields further.
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Chapter 9
Major Nutrients Supply in Legume Crops
Under Stress Environments

M. Yasin Ashraf, M. Ashraf and M. Arshad

9.1 Introduction

Scarcity of water is the primary limiting factor for crop production globally under
arid and semi-arid conditions (Hussain et al., 2004). Drought can suppress nearly all
the processes of plant growth and metabolism. However, the extent of the drought
stress response by the plant depends upon the intensity, rate and duration of expo-
sure and the stage of crop growth (Wajid et al., 2004). Without optimum moisture
supply, application of fertilizers and cultivation of high yielding crop varieties are
likely to fail to produce economical yields (Maiti et al., 2000). Consequently appli-
cation of relatively high quantities of fertilizers under low soil moisture conditions is
considered risky as well as a cost-intensive means of nutrient management for crops
exposed to water limited conditions. However, to reduce the cost to benefit ratio
an optimized system of fertilization can be devised to achieve higher yields where
there is low availability of soil moisture. Release of from fertilizers of phosphorus,
potassium and sulphur is relatively slow when applied under limited soil moisture.
Thus they should be applied at rates which keep in mind the soil properties and
total nutrient uptake needed by a crop to achieve its maximum yield potential in a
season with moderate availability of soil moisture. Nitrogen if needed as a starter to
replace failed N fixation should be applied as a series of split applications, which
may be adjusted during the season according to the degree of water stress observed.
By careful estimation of yield potential, and appropriate adjustments of soil fertility,
this type of soil management could be practiced to reduce the cost to benefit ratio
(Piha, 1993; Ruben and Lee, 2002).

Nutrient availability has a vital role in plant growth and productivity. However,
uptake of nutrients by plants from soil is not simple and depends upon the inter-
action between plant, soil and water (Postel, 2000). Plants possessing an extensive
and efficient rooting system (i.e., with high rates and levels of root extension, root
radius, root hair density and root length; Ashraf et al., 2005; Fageria et al., 2002;
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Samarah et al., 2004) may thrive well under drought conditions. But plant root-
ing systems are adversely affected by soil moisture stress and as a result of which
absorption of nutrients is severely reduced under drought (Marschner, 1995; Baligar
et al., 2001). Different plant species and genotypes within a species respond differ-
ently with respect to their nutrient uptake under water limited conditions (Garg,
2003). Due to this reduction in nutrient uptake under drought, reduced growth
and disturbances in physiological and metabolic activities of plants are commonly
observed (Baligar et al., 2001).

Legumes are severely affected by moisture stress in terms of their growth and
productivity and more than 50% of countries of the world are facing this prob-
lem (Postel, 2000). Nutrient deficiency is common in the soils of small landholders
in developing countries, where most of the world’s acreage of grain-legumes are
cultivated and farmers cannot afford costly fertilizers.

Legumes are second to cereals in providing food for human being world-over
(Kamal et al., 2003). In comparison with cereal grains, legume seeds are rich in
protein, and thus are a source of nutritionally rich food (Ahlawat et al., 2007). For
example, bean, lentil, peas and chickpeas are very rich in protein. Legumes can be
grown on a wide range of soils varying in texture and fertility but when they are
grown on arid and semi-arid soils their productivity is very low due to the low fer-
tility of these soils. Thus for attaining optimum legume productivity proper supply
of essential nutrients is vital.

Drought stress severely reduces the nitrogen fixing process in legumes by
decreasing nodulation in plants (Streeter, 2003). But in soybean, it was observed that
leaves suffer more from water stress than nodules (Gonzalez et al., 1995). However,
there are leguminous plant species or varieties which are well adapted to arid
environmental conditions such as Medicago sativa, Arachis hypogaea, Cyamposis
tetragonoloba, and Melilotus spp. In addition to these species, a drought-tolerant
cultivar of Phaseolus vulgaris was identified (Ramos et al., 1999).

Nutrient deficiencies commonly observed in major legume producing areas are
those of nitrogen (due to low rate of N fixation), P, S, Fe, Zn and B (Ali et al.,
2002). Samarah et al. (2004) were of the view that proper nutrient management of
legumes in drought stressed land improves the drought tolerance potential and plant
productivity of legumes. The literature also indicates that nutrient use efficiency in
plants is reduced under to low soil moisture conditions. However, for economical
grain legume yield, cultivation of drought tolerant genotypes is vital (Baligar et al.,
2001). Nutrient use efficiency can also be enhanced with proper supply of nutrients
to crops grown under drought stress (Ali et al., 2002).

The chapter summarizes the role of nutrient management of soils with low
moisture to attain optimum plant productivity from legumes.

9.2 Nitrogen

Legumes have an inherent ability to fix atmospheric nitrogen through sym-
biosis (Soon et al., 2004) but symbiotic N, fixation is highly sensitive to
limited water conditions (Toker et al., 2007). Legumes such as Medicago sativa
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(Meuriot et al., 2004), Pisum sativum (Soon et al., 2004), Glycine max (Kamal et al.,
2003), Arachis hypogaea (Redfearn et al., 2001), the shrub legume Adenocarpus
decorticand (Moro et al., 1992), Vicia faba (Guerin et al., 1990), Vigna sp.
(Pararjasingham and Knievel, 1990) and Aeschynomene (Albrecht et al., 1981),
exhibited a severe reduction in nitrogen fixation when subjected to water deficit
conditions. Reduction in nitrogen fixation is due to a decrease in nodule formation
and initiation (Zahran and Sprent, 1986; Ashraf et al., 2005).

Legumes are known to improve soil physical conditions by deriving substantial
amount of N through biological nitrogen fixation (BNF). However, a starter dose of
10-15 kg N per ha is often recommended for most leguminous crops (Ramakrishna
et al., 2000). In fields where the rhizobial population is low or water is limited, late-
sown legumes respond to applications of N up to 40 kg N per ha. The application
of N may not only be directly beneficial to the legumes but also could be useful
for the succeeding crops. Nitrogen is one of the integral components of proteins,
which are essential for healthy crop growth and optimum physiological develop-
ment. Nitrogen is also needed to synthesize chlorophyll, an important pigment for
photosynthesis. New leaves may contain up to 6% N. It is a very mobile nutrient
because it moves from older to newer leaves. It is taken up throughout the growing
season and is transported and stored in the leaves. In legumes, the N requirement

Table 9.1 Recommendations and effect of N application in improving growth, yield and other
parameters of legumes under drought conditions

Recommended Rate

Legume species  of N Effect of N on plants Reference
Pea (Pisum 1.1-1.3 g N m? Seed weight and N uptake Soon et al. (2004)
sativum) increased under 90 mm
rainfall
Alfalfa 2 mM (NH4NO3) as  Improved growth, leaf area and Meuriot et al. (2004)
(Medicago foliar spray N uptake under limited water
sativa) supply conditions
Alfalfa 85 mg N kg’l soil Increased shoot, root, and Barber et al. (1996)
(Medicago crown growth and nutrient
sativa) uptake under moisture stress
environments
Chickpea (Cicer 20-45 kg N ha™! Increased yield and nutrient Saeed et al. (2004)
arietinum L.) uptake under low soil Walley et al.
moisture contents (2005)
Groundnut 60-130 kg N ha™! Increased yield and nutrient Hafner et al. (1992)
(Arachis 110-220 kg N ha™! uptake in sandy soil Redfearn et al.
hypogaea) environments. (2001)
Common bean 2.64gN L' as foliar Improved the rate of Santos et al. (2006)
(Phaseolus spray photosynthesis drought
vulgaris) conditions
Faba Bean (Vicia 9-36 kg N ha™! Improved yield under water Ghizaw et al. (2001)
faba) stress in limited soil moisture
conditions

Chickpea (Cicer 50 mg N kg™! of soil  Improved plant growth and Gunes et al. (2006)
arietinum L.) as NH4NO3 nutrient uptake
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for pod development is partially met from N stored in the leaf canopy. So, proper
supply of N is necessary for optimum growth and plant productivity under environ-
mental adversaries. Hafner et al. (1992) found that application of 60 kg N ha~! is
beneficial to enhance shoot dry matter production but it was not found to be effec-
tive in increasing pod dry matter in groundnut (Arachis hypogaea L.). The same
authors found that plants supplied with N were more drought tolerant than the con-
trol plants. In contrast to the above findings, Vadez and Sinclair (2001) reported
that water deficit caused a considerable reduction in N»-fixation and application of
urea was not effective in mitigating the adverse effects of drought on N»-fixation
because most of urea applied was lost due to ammonia-generation during drought.
Walley et al. (2005) also reported that seedbeds with low moisture are not conducive
for nitrogen fixation in chickpea and recommended 30-45 kg N ha~! for “desi”
type chickpea cultivars to have an optimum crop production. Legume crops under
drought conditions often show the symptoms of nitrogen deficiency so application
of N is necessary to mitigate the adverse effects of drought on formation of nodules
in the chickpea. Application of 20 kg N ha™!, as a starter dose was effective in main-
taining the plant vigour of chickpea under drought condition (Ahlawat et al., 2007).
While Barber et al. (1996) found that 85 mg nitrate N kg~ of soil was effective
in re-growing of alfalfa. Recommendations regarding N application and its effect
on improvement in growth, yield and other metabolic activities are summarized in
Table 9.1.

9.3 Phosphorus

Legumes require a high amount of P for their optimum growth and productiv-
ity (Dodd and Orr, 1995) and are less tolerant to low P availability which is
very common in soils with low moistures. Therefore, application of P is recom-
mended to maximize plant productivity of legumes on soils experiencing water
deficit conditions. Application of P was effective in increasing the dry matter yield
in lablab (Lablab purpureus) but it was not effective in the case of mucuna (Mucuna
cochinchinensis) (Carsky et al., 2001). In contrast to the above reports, Hafner
et al. (1992) found that application of P fertilizer (16 kg P ha™') did not affect pod
yield of groundnut (Arachis hypogaea L.). Ramakrishna et al. (2000) recommended
17-26 kg P ha™! to increase seed yield of legumes under normal conditions and
suggested higher rates of P fertilizer for soils encountering water deficit conditions.

Plants absorb P in the form of phosphate ion; a very low amount of organic P is
also absorbed (Bucher, 2007). However, P ion in the form of solution undergoes sev-
eral physicochemical changes which in most of the cases make it less available to
plants (Genre et al., 2005). The physiochemical alterations involve immobilization
or fixation reactions that are highly dependent on pH (Dodd and Orr, 1995). In the
soils with low pH, aluminum and iron suppress the mobilization of P. In neutral and
alkaline soils, calcium compounds react with P and reduce its availability to plants
(Bucher, 2007). Soil organic matter also plays an important role in the absorption of
P, because some organic compounds promote its adsorption while others compete
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with phosphate ions for adsorption sites in plants, resulting in less immobilization of
phosphate ions (Santos et al., 2004). So the P fertilizers are highly soluble and avail-
able at the time of their application and P availability decreases with time. Because
of this P fertilizers are applied before or at sowing time, and localized along the
area that is exploited by the young roots (Forde and Lorenzo, 2001; Lépez-Bucio

Table 9.2 Recommendations and effects of P application in improving growth, yield and other
parameters of legumes under drought conditions

Recommended
Legume species rate of P Effect of N on plants References
Groundnut 16 kg P ha™! Not effective in improving yield ~ Hafner et al.
(Arachis and nutrient uptake under (1992)
hypogaea) water stress conditions
Guar 75-300 mg Improved water relation and Shubhra et al.
(Cyamopsis KH,POy4 kg™ chlorophyll contents under (2004)
tetragonoloba) of soil drought conditions
Moth bean 40 kg P ha™! Improved drought tolerance Garg et al. (2004)
(Vigna potential, photosynthesis,
aconitifolia) starch, soluble protein and
nitrate reductase activity
under drought conditions
Common bean 10gPiL ! as Improved photosynthetic Santos et al.

(Phaseolus
vulgaris)

Vicia faba

Faba Bean
(Vicia
faba L.)

Faba bean
(Vicia faba)

Chickpea
(Cicer
arietinum L.)

Soybean
(Glycine
max)

Groundnut
(Arachis
hypogaea.)

NH4H;POy4 as
foliar spray

17.5-52.5kg P
ha~! (banding
amendment)

15-45 kg P, Os
faddan™!

23-69 kg P205
ha!

50 mg P kg~! of
soil

30 mg P kg ™! soil

30 and 60 kg
P,0Os/fad

activity and water relations
thereby improving drought
tolerance

Improved yield, yield
components and drought
tolerance potential

Increased leaf and stem dry
weight, yield and its
components and NPK
contents in seeds and straw
and NPK uptake under
drought conditions.

Improved seed yield under
water stress conditions

Improved Plant growth and
nutrient uptake under low
moisture availability
conditions

Alleviated the adverse effects of
drought stress on plant
growth and enhanced nutrient
uptake under water stress
conditions.

Increased vegetative growth,
yield and its components as
well as seed quality under
water stress conditions

(2006)

Turk and Tawaha
(2002)

El Habbasha
et al. (2007)

Ghizaw et al.
(2001)

Gunes et al.
(2006)

Jin et al. (2006)

Gobarah et al.
(2006)
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et al., 2003). Phosphorus levels should be maintained in the high range, because P
is an important element for ATP, an energy currency in plants and animals (Bucher,
2007). Phosphorus also plays a major role in root growth and survival of newly
established seedlings of plants (L6pez-Bucio et al., 2003).

Available P for plants in soils can be improved with the acidification of the rhizo-
sphere. Most plants acidify their rhizosphere, which in turn improves the solubility
of P fractions. Generally, legumes like clover, alfalfa and faba beans cause acid-
ity during the nitrogen fixing process which is reduced due to drought stress (Soon
et al., 2004) as a result of which P availability to plants is reduced. However, appli-
cation of nitrogen fertilizers enhances acidification of the rhizosphere (Soon et al.,
2004). Some research findings suggest that under low soil moisture, legumes need
N and P fertilizes to optimize their productivity (Carsky et al., 2001; Santos et al.,
2006).

Phosphorus (P) fertilization improves tolerance to drought stress in many plants
(Shubhra et al., 2004). Jin et al. (2006) examined the interactive effects of P nutrition
and drought stress on accumulation and translocation of P in plants, seed yield, and
protein concentration in soybean [Glycine max (L.) Merr.]. They found that drought
stress reduced P translocation to the seed. However, addition of 30 mg P kg~! of
soil enhanced the concentration and accumulation of nitrogen (N) and P in shoots
and seeds of the soybean cultivars under study. However, drought stress increased
the concentration of N in shoot and protein in grains. The addition of P alleviated
the effect of drought stress on plant growth, P accumulation, and grain yield in all
the cultivars examined. Their results suggest that application of P fertilizers mit-
igated the adverse effects of drought stress at the reproductive stage, resulting in
less yield losses and improved grain quality of soybean grown in P-deficient soils.
Similarly, El Habbasha et al. (2007) reported that application of P increased the seed
yield and yield components, and NPK uptake in faba bean grown in sandy soils
(Table 9.2).

9.4 Potassium

Potassium plays a multitude of roles in plant metabolism (Mahajan and Tuteja,
2005). In addition it improves resistance to different abiotic stresses (Ashraf et al.,
2003). Reduction in potassium uptake results in a reduced rate of photosynthesis,
translocation of assimilates and enhanced rate of dark respiration (Fu and Luan,
1998; Kabir et al., 2004). However, application of potassium improves the rate
of photosynthesis and plant productivity. Potassium fertilizer mitigates the adverse
effects of water stress on legume plants (Jouany et al., 1996). Addition of external K
alone or in combination with P, Ca and N can significantly increase plant growth and
productivity under saline conditions (Idrees et al., 2004; Shirazi et al., 2005). Foliar
application of potassium during vegetative growth is one of the potential means
of enhancing plant growth and productivity. Potassium is essential in osmoregula-
tion and has a positive impact on stomatal closure which plays a vital role in water
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stress tolerance (Ashraf et al., 2008). Moreover, it is involved in activating a wide
range of enzyme systems which regulate photosynthesis, water use efficiency and
movement, nitrogen uptake and protein building (Nguyen et al., 2002). In this
regard, Thalooth et al. (1990) found that potassium application improves the water
content in the leaves of broad beans and the plants showed great tolerance to drought
stress. In another study Thalooth et al. (2006) found that foliar application of K
was very effective in increasing the leaf area, number and weight of leaves plant™!
as well as number and weight of pods plant™! in mungbean. Basole et al. (2003)
recorded improvement in growth parameters in soybean by the foliar application of
K. Jouany et al. (1996) also found that K fertilization improved the crop yield in
calcareous soils. Application of K and farmyard manure improved the seed yield
and water use efficiency of soybean (Hati et al., 2006). Tawfik (2008) also reported
that soil amendment with K is very effective in improving the WUE of mungbean
under water limited conditions. It was observed that transpiration rate and stomatal
conductance decreased significantly due to water deficit (Ashraf and Iram, 2005), as

Table 9.3 Recommendations and effect of K application in improving growth, yield and other
parameters of legumes under drought conditions

Legume Recommended

Species rate of K Effect of N on plants References

Vicia faba 0.8 or 0.3 mmol Improved nodulation and N fixation Sangakkara
and KL! under water stress conditions et al. (1996)
P vulgaris

Soybean Broadcast Grain yield increased under low soil Nelson et al.
[Glycine application moisture availability (2005)
max (L.) 140-560 kg K
Merr.] ha™!

Foliar application
9, 18, and
36 kg K ha!

Mungbean Foliar application Increased all growth parameters meters ~ Thalooth et al.
(Vigna of 2.0% KNO3 under limited water availability (2006)
radiata)

Mungbean 50 g potas- Mitigated the effect of drought stress Tawfik (2008)
(Vigna sium/30 kg of on plant growth
radiata) soil as

K-biofertilizer

Chickpea 62.5 mg K kg™! Improved growth rate and nutrient Gunes et al.
(Cicer of soil as uptake under water stress conditions (2006)
arietinum) (KH,POy4)

Groundnut 48 kg K»O/fad Increased oil and protein content in Darwish et al.
(Arachis seeds and overall yield (2002)
hypogaea.)

Vicia faba Presence of 0.8 Improved the nodulation under low Sangakkara
and or 0.3 mM K water regimen (25% depletion) et al. (1996)

P. vulgaris
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a result of closure of stomata to prevent the transpirational water loss (Mansfield
and Atkinson, 1990). However, application of potassium is effective in improv-
ing the rate of photosynthesis by regulating stomatal conductance and transpiration
(Tawfik, 2008). Similarly, plants fertilized with K maintained the highest content
of photosynthetic pigments under stress conditions (Ali and Moswafy, 2003; Garg
et al., 2004). N and K contents were high in leaves of stressed mungbean plants
fertilized with K under water stress conditions (Nandwal et al., 1998). Sangakkara
et al. (1996) found that application of K alleviated the adverse effects of water short-
age on symbiotic N fixation of Vica faba and Phaseolus vulgaris. The presence of
0.8 or 0.3 mmol K L™! allowed nodulation and subsequent nitrogen fixation in V.
faba and P. vulgaris under water stress conditions. Sangakkara et al. (2001) reported
that potassium fertilizer application mitigates the adverse effects of water stress and
increases the growth and seed yield in mungbean (Vigna radiata L. Wilczek) and
cowpea (Vigna unguiculata L. Walp). Darwish et al. (2002) found that application
of 48 kg K,O /fad (fad.=4,200 m?) combined with spraying zinc (1,000 mg L™
zinc sulphate) gave the highest seed and oil yields per fad and protein percentage in
groundnut grown under osmotic stress conditions (Table 9.3).

9.5 Sulfur

Sulfur (S) being an essential major element, is involved in multiple metabolic
processes including the synthesis of fatty acids and proteins. It takes part in the syn-
thesis of some important S-containing amino acids such as cystine, methionine and
thiamine, thereby improving the quality of proteins (Havlin et al., 1999). Generally,
soils of arid regions are deficient in S. The deficiency of S may also result due
to excessive use of chemical fertilizers, intensive cultivation of exhausting crops
like rice, higher cropping intensity and limited supply of organic matter/fertilizers.
Dubey et al. (1997) found that application of sulphur to lentil was effective in
enhancing the number of branches per plant, capsules plant™!, number of seeds per
capsule and 1,000-grain weight of the crop. In groundnut, application of sulphur
improved the number of branches and number of pods plant™!, plant height and
100 seed weight of groundnut (Chaubey et al., 2000). Sarker et al. (2002) studied
the influence of S and B fertilizers on yield, quality and nutrient uptake in soy-
bean using five levels of S and B (0, 10, 20, 30 and 50 kg S ha! and 0, 0.5, 1.0,
2.0 and 4.0 kg B ha™!). The results showed that protein and oil contents of soy-
bean significantly increased with the increase in both B and S levels. In another
study, pod length of soybean was improved by the application of S (Hemantarajan
and Trivedi, 1997). Gupta et al. (2003) found deficiency of S in arid soils and
recommended foliar application of 1% H,SO4 or 25 kg ha~! gypsum as soil amend-
ment to overcome S deficiency and to improve the growth and yield of mungbean
(Vigna radiata L.) under arid environmental conditions. However, high rates of S
application are toxic, which can substantially reduce crop productivity (Tripathy
etal., 1999).
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9.6 Calcium and Magnesium

Calcium plays a key role in maintaining cell integrity and membrane permeability. It
speeds up germination and growth activities as well as the enzymes involved in mito-
sis, cell division and elongation (White and Broadley, 2003). It also has an active
role in protein synthesis processes. Some workers also reported that it is involved
in the transfer of carbohydrates synthesized during photosynthesis (Montoro et al.,
1995). Calcium (Ca) can also detoxify the toxic actions of heavy metals in plants
(Hepler and Wayne, 1985). Therefore, optimum concentration of Ca in plants is
necessary for normal growth and metabolic activities of plants to maintain proper
growth rate and productivity under water deficit conditions. Usually, drought prone
areas in arid regions are also salt-affected where Ca®* can counteract the excess
uptake of Na* in plants (Zhu, 2002; 2003). Generally, calcium is able to coun-
teract toxicity problems caused by a number of other minerals by improving the
balance of nutrients in the soil. Calcium deficiency can be seen as the death of
crop apical meristems, root tips and even buds as well as reduction in plant size,
and poor yield or forage production. While conducting a series of experiments,
Amede and Schubert, (2003) found that drought-induced solute accumulation can
improve drought resistance in grain legumes such as common bean (Phaseolus vul-
garis), faba bean (Vicia faba), pea (Pisum sativum), and chickpea (Cicer arietinum).
Reduction in growth and yield was observed in all the grain legumes. However,
chickpea and common bean grown under drought had relatively higher yields which
may be due to the maintenance of tissue trugor. Turgor maintenance resulted due to
decrease in osmotic potential. Calcium in inorganic form contributes up to 19% of
the pool in osmotic adjustment and thus may be important in turgor maintenance
during drought stress.

Magnesium is a mobile element in the plant and its deficiency cannot be eas-
ily corrected. In the case of Mg deficiency, plants may show chlorosis, yellowing
or necrotic spots. These spots are very commonly found under water deficit con-
ditions, because Mg availability is closely linked with proper water supply. Foliar
application of magnesium is recommended to reduce the crop yield losses due to
drought stress (Thalooth et al., 2006). Magnesium has several physiological and
biochemical roles such as in chlorophyll formation, activation of enzymes, synthe-
sis of proteins, carbohydrate metabolism and energy transfer (Shaul 2002; Cakmaka
and Kirkby, 2008). It also acts as a catalyst in many oxidation-reduction reactions in
the plant tissues, as well as it may increase crop resistance to drought. Foliar applica-
tion with magnesium sulphate increases net assimilation rates, seed yield and crude
protein content of faba bean growing under adverse environmental conditions (Saad
and El-Kholy, 2000). Thomas et al. (2004) reported that a water deficit imposed
at the vegetative, flowering or pod formation growth stages, significantly reduced
growth, yield and yield components as well as contents of photosynthetic pigments.
However, foliar application of Zn, K or Mg had a beneficial effect on growth, yield
and yield components but the effect of K application was more than that of the two
other nutrients in mungbean (Table 9.4).
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Table 9.4 Recommendations and effects of S, Ca and Mg application in improving growth, yield
and other parameters of legumes under drought conditions

Recommended
Legume rate of S or Ca
Species or Mg Effect of N on plants References
Mungbean 50 ppm Mg as  Improved yield and yield components Thalooth et al.
(Vigna foliar (2006)
radiata) application
Mungbean H,SOy4 at Improved the yield and growth in arid Gupta et al.
(Vigna 0.1% as environmental conditions (2003).
radiata L.) foliar and S
(gypsum) at
25 kg/ha
(soil) were
also applied
Soybean 30kg S ha! Improved protein and oil contents Sarker et al.
(Glycine (2002)
max)
Chickpea 20-30kg S Improved the growth and yield Ahlawat et al.
(Cicer ha™! (2007)

arietinum L.)

9.7 Micronutrients

The involvement of micronutrients in different physiological and biochemical activ-
ities of the legume plants is well documented. Mostly positive correlations exist
between micronutrient supply and crop growth and productivity (Baligar et al.,
2001; Samarah et al., 2004). Use of micronutrients like zinc, iron, boron, copper,
manganese and molybdenum has now become a common practice to enhance crop
yields under normal as well as adverse environmental conditions. Plants deficient in
micronutrients may become susceptible to diseases and abiotic stresses (Ali et al.,
2002). Soils of arid and semi-arid regions are often deficient in micronutrients par-
ticularly zinc, iron, boron and copper. Therefore, applications of micronutrients
could play an important role in improving the stress tolerance potential indi-
rectly because micronutrient-deficient plants not only exhibit an impaired defense
response but also a number of metabolic phenomena are disturbed (Gunes et al.,
2006). As an example in much of the dry areas of Australia fixation is limited by
Mo deficiency. Thus, soil or foliar applications of micronutrients are recommended
to achieve optimum crop productivity from soils low in moisture and micronutrient
content.

9.8 Conclusions

Reviewing the above literature it can be concluded that application of N, P, K
through the soil or as a foliar spray, is necessary to obtain economical seed yields
of legumes from soils with low moisture contents. Similarly, many drought prone
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areas are also salt-affected, so amendment of Ca and Mg is beneficial in enhanc-
ing the crop seed yield. Soils of arid lands are often deficient in S as a result of
which deficiency of some essential proteins and susceptibility to diseases increase.
Therefore, proper supply of S is necessary to achieve the maximum legume yield
from drought prone lands. However, the literature on methods regarding fertilizer
application and crop stages at which nutrient amendment is necessary, is scanty.
Well planned research is required to select the proper method of nutrient applica-
tion through which maximum fertilizer use efficiency can be achieved in legumes
under limited soil moisture availability conditions. Similarly investigations are also
required to work out the crop growth stages for the application of different nutri-
ents, where yield losses should be minimum and fertilizer use efficiency should be
maximum.
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10.1 Introduction

With the publication of the IPCC 4th report (2007) global climatic changes are now
almost accepted fact by most of the world’s governments and scientists. The exis-
tence of effects at present is supported by evidence of observations and recent events
like cyclones, floods, excessive rainfall and droughts and melting of ice. The increas-
ing surface temperature and evapo-transpiration will influence strongly the water
cycle of many regions and may result in either more or lesser precipitation, desicca-
tion and continuous droughts due to changes in already varying patterns of regional
climates. Changing phenomenon of snowfall and ice melting in higher latitudes and
mountainous regions may increase the likelihood of larger springtime floods and
runoff. Some scenarios indicate that dry regions of the world would become drier.
It may become more difficult for water scarce countries to cope with natural con-
ditions with even lesser water than what is now available (Bino, 2008). Surface
water scarcity will increase pressure on utilization of groundwater, the major part
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of which is not of safe and usable quality. All these expected changes are closely
related to surface salinity and sodicity because high temperature, low rainfall and
excessive evaporation favor salt concentration and salinity build up. Thus, secondary
salinity can be enhanced tremendously that will affect crop growth and yields neg-
atively. Most of the legumes are sensitive to salts. Cool season grain legumes are
often described as having very high sensitivity to salinity stress. Sodicity, in partic-
ular, impairs physical properties of soil that also creates an inverse relationship with
plant growth and resultant yields. Therefore, special management practices have to
be adopted for coping with the global climatic changes, especially increased soil and
water salinity/sodicity. More precise and accurate predictions of climate, especially
rainfall will be important to face hard and critical climatic changes (Anonymous,
2009).

10.2 Soil Salinity and Sodicity

Soil salinity and sodicity are global problems and are included in major threats to
the present world’s agriculture. Based on the FAO/UNESCO Soil Map of the World,
the total area of saline soils is 397 million hectare while that of sodic soils is 434
million ha. Out of the current 230 million ha of irrigated land, 45 million ha are
salt-affected soils (19.5%) and of the almost 1,500 million ha of dry land agricul-
ture, 32 million ha are salt-affected (2.1%), to varying degrees by human-induced
processes (Oldeman et al., 1991). Primary salinity resulted from natural geological
cycles such as migration and redistribution of salts. Also deposition of salts dur-
ing processes of weathering and soil formation by surface and groundwater resulted
in salinization. Secondary salinization is caused by soil and water mismanagement
through improper irrigation, un-leveling, leaving the lands uncultivated and poor
drainage.

The term soil salinity is used in dual senses. In its true sense it denotes a partic-
ular condition of a soil when its soluble salts exceed a specified limit (4 dS m™!). In
a broader meaning, soil salinity indicates all problems and conditions of soil related
to salts including sodicity as well. However, technically salinity and sodicity are
two separately distinguishable stresses with well defined definitions and limits. Soil
sodicity indicates excess of Na on soil exchange sites. Under sodic conditions, the
physical properties (bulk density, porosity, permeability, water infiltration rate and
hydraulic conductivity) of the soil are deteriorated. Problems like hardening of soil,
closure of macro pores, restricted penetration of air, less infiltration of water, more
runoff, more evaporation, lesser availability of water to plants, standing of water on
soil surface for longer periods, less root development and proliferation, decreased
workability emerge and consequently very low yields are obtained from a soil in
degraded physical conditions. Thus, soil and water salinity, sodicity, physical prop-
erties and crop yields are interrelated and inter-dependent. These relationships are
important to understand for appropriate management, especially under the changing
climate.
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Salt affected soils can be classified in many ways like; natural occurrence, gene-
sis, original soil taxonomical classes or manmade grouping. However, identification
on the basis of dominating salts (soluble salts and exchangeable Na) present in a
soil is now globally accepted.

10.2.1 Saline Soils

These soils have concentration of soluble salts that adversely affects the growth
of most of plants. The general limit specified for classification is EC, > 4 dS m™!
(Soil Science Society of America, 2008) while pH and SAR are less than 8.5 and
13 (mmol.L~")"? respectively. Soil salinity is usually measured through electrical
conductivity of the extract of saturated paste (EC,), although suspensions of higher
soil to water ratios (1:1, 1:2 or 1:5) are also used. However, the critical limit of
EC 4.0 dS m™! is just arbitrary and wide variations can be observed among differ-
ent plants and crop varieties as well as under variable soil and climatic conditions.
Structure and other physical conditions of these soils are not impaired. Therefore,
these soils remain permeable.

10.2.2 Sodic Soils

Sodic or black alkali soils have EC, lesser than 4 dSm~' but ESP (Exchangeable
Sodium Percentage) more than 15 or SAR (Sodium Adsorption Ratio) more than 13
(mol.L~1)!2 while pH is more than 8.5. Soil sodicity can be measured by determi-
nation of exchangeable cations and calculating Exchangeable Sodium Percentage
(ESP) but Sodium Adsorption Ratio (SAR) can also denote sodicity because a very
close relationship was found between the two parameters (US Salinity Laboratory
Staff, 1954). The parameter of SAR can be determined from analysis of saturation
paste extract using Na and Ca + Mg values. The organic matter present in the soil
gets dissolved and gives dark brown or black color to these soils. The soil structure
deteriorates and physical characteristics are impaired. Rehabilitation of such soils
becomes difficult and needs an amendment application.

10.2.3 Saline Sodic Soils

Values of EC.. and SAR of these soils are more than 4 dS m™! and 13 (mmol.L~1)1/2
respectively while pH may or may not be more than 8.5 depending upon relative
magnitudes of soluble salts (EC.) and exchangeable sodium (measured through ESP
or SAR). Thus, these soils have the characteristics of both saline and sodic soils.
Initially, these soils have good permeability but physical conditions may deteriorate
gradually when rainfall or irrigation water leach down soluble salts and sodium
becomes dominant and consequently physical characteristics become closer to a
sodic soil.
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10.3 Water Salinity and Sodicity

Although irrigation of crops can achieve higher yields but is also coupled with
variety of associated problems, like waterlogging from seepage, soil salinization
and sodication, specific ion effects; especially from boron, carbonates and bicar-
bonates, sodium and chlorides, impairment of soil physical properties and related
health hazards. When the irrigation water is coming from rivers and canals, it is
mostly problem free though not always as indicated in the Australian Murray region
(Tee et al., 2003) but groundwater and untreated industrial effluents cause mani-
fold problems to soils and plants. Enhanced utilization of such waters has become
major sources of salts addition and accumulation even in fertile soils during recent
decades. Like soils, water can be saline, sodic or saline sodic as well.

At least four hazards are associated with use of saline waters in particular. These
are; loss in soil productivity due to salinity, sodicity or waterlogging, pollution of
associated water resources with salts and toxicants by drainage, damage to the pre-
vailing ecosystems and increased risk to public health resulting from water pollution
and waterlogging (FAO, 1992). Consistent usage of salty water for irrigation pur-
pose has emerged as the biggest cause of secondary salinization in arid and semi
arid regions. In studies of Hussain et al. (2002b) soil EC and SAR were tremen-
dously increased (Figs. 10.1 and 10.2) in three years (after harvesting of six crops)
when saline sodic water (ECjy, = 1.43 dS m™!, SAR 6.5 and RSC 5.7 mmol, L‘l)
was used continuously that resulted in conversion of normal soil into saline sodic.

6]

@ Canal water
24 m Ground water

Soil EC (dS/m)
w

1 2 3 4 5 6
After harvesting of crops

Fig. 10.1 Effect of groundwater on soil EC [Source: Hussain et al. (2002b)]
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Fig. 10.2 Effect of groundwater on soil SAR [Source: Hussain et al. (2002b)]



176 N. Hussain et al.

2
£15
£ ] @ Canal water
3]

B Ground water

O
Qo5

0

1 2 3 4 5 6
After harvesting of crops

Fig. 10.3 Effect of groundwater on soil hydraulic conductivity [Source: Hussain et al. (2002b)]

The hydraulic conductivity was also reduced significantly (Fig. 10.3). Most of the
legumes are highly sensitive to saline or sodic waters and are negatively affected
when irrigated with salty waters. For example, in general, threshold of water salin-
ity for beans has been reported as 0.7 dS m~! whereas 50% reduction in yield was
recorded at 2.4 dS m‘l(Ayers and Westcot, 1985).

10.4 Salinity Effect on Transpiration, Photosynthesis,
Plant Growth and Crop Yields

Soil and water salinity stress has threefold effects on the plant: reducing water
potential, causing ion imbalance and disturbing availability of nutrient ions. Terms
like physiological unavailability of water or physiological drought are used when
the plants become unable to take water from the soil due to its increased osmotic
potential, although water may physically be present in sufficient quantities. Such
alteration in water status leads to loss of turgor pressure, closure of stomata, sig-
nificant reductions in transpiration, photosynthesis, protein synthesis, and energy
and lipid metabolism. Consequently, many physiological and morphological disor-
ders in plants may emerge. lon uptake and transportation by vascular tissues (xylem
and phloem) can be retarded due to impaired water flow within the plants. The
energy requirements are increased due to more utilization in osmoregulation to save
the plants from stress damage. The final consequences are growth reduction and
limitation of plant productivity. Growth suppression is directly related to total con-
centration of soluble salts or osmotic potential of soil water. The detrimental effects
are observed at the whole-plant level.

Suppression of growth occurs in all plants, but their tolerance levels, rates of
growth reduction and lethal concentrations of salt vary widely among plants. Proline
accumulation in plants may be a symptom of stress in less salinity-tolerant species
and may play multiple roles in plant stress tolerance (Alia et al., 1995; Yoshiba
et al., 1997; Hayashi and Murata, 1998; Yeo, 1999; Sanchez et al., 1998; Munus,
2002; Ramoliya et al., 2004; Flowers, 2004; Sanchez-Blanco et al., 2004; Parida
and Das, 2005; Benlloch-Gonzales et al., 2005; Rabie and Almadini, 2005; Ghadiri
et al., 2005).
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10.5 Salinity and Global Climatic Changes

Soil and water salinity are the problems of arid and semi arid regions because these
are directly associated with levels of precipitation and temperature. More rainfall
causes dissolution of salts that are leached down the soil profile and subsequently
drain horizontally into the natural drainage system. These processes occur during
weathering of minerals of the parent material and soil genesis. But dissolution
and leaching processes remain incomplete when the rainfall is insufficient, as is
the case in arid and semiarid regions. The salts generated during soil formation or
subsequent weathering or added through irrigations or runoff remain in the pro-
file and come to the surface or subsurface with the capillary movement of soil
water under dry conditions coupled with high temperature. The water evaporates
and leaves dissolved salts on the surface or just underneath. When such a process
continues for longer periods the consequence is salinization (accumulation of salts)
followed by sodication (Substitution of Ca + Mg by sodium on the clay complex).
Irrigation or rainfall temporarily revert these processes but prolonged dry periods
and high temperatures persisting in arid climates prove favorable to salinization.
Thus, relatively small mismanagement of soil and water as well as cultural prac-
tices like fallowing (leaving the lands uncultivated) or unleveled conditions may
become a big factor in creating secondary salinity. Data of Hussain et al. (2002a)
presented in Table 10.1 indicate a close relationship between salinity/sodicity
parameters (Soil EC and SAR) and rainfall. There was salt accumulation during
pre monsoon periods in the cases of lesser or scanty rainfalls but the accumulated
salts were washed away during intensive monsoon rainfall, especially that of the
year 2001.

Climatologists claim that arid and semi arid regions may become drier and envi-
ronmental temperatures of hot regions may increase due to global climatic changes.
These two important factors are closely related to salinity and sodicity. Evaporation
may tremendously increase under high temperature and less relative humidity.
Consequently, net capillary movement of water will remain upwards during major
part of the year. Thus, soil and water salinity/sodicity problems are expected to
enhance under changing environments of the future. The data and observed evi-
dences of the last two decades support this hypothesis. Despite all best possible

Table 10.1 Relationship of rainfall, soil EC and SAR

Seasons Rainfall (mm) Soil EC (dS m™!) Soil SAR (mol, L™1)12
Pre monsoon 2000 11 6.8 75
Post monsoon 2000 123 49 72
Pre monsoon 2001 121 17.8 200
Post monsoon 2001 500 6.1 103

(Hussain et al., 2002a)
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efforts and improved technologies, it has not been possible by the global community
to reduce sanity and sodicity menaces.

10.6 Legumes and Salinity/Sodicity

Salinity decreases plant growth and yield, depending upon the plant species, salin-
ity levels, and ionic composition of the salts. Increase in the salinity of soils or use
of saline water for irrigation result in decreased productivity of most crop plants
and leads to marked changes in the growth pattern of plants. Large differences are
found between plant species under saline environment. For example, with 200 mmol
NaCl a salt-tolerant species such as sugar beet might have a reduction of only 20%
in dry weight, a moderately tolerant species such as cotton might indicate 60%
reduction, and sensitive leguminous species such as soybean might be dead at the
same level (Greenway and Munns, 1980; Cordovilla, 1994; Delgado et al., 1994;
Tate, 1995). Because most of the legumes have no salt tolerance mechanisms like
osmoregulization or ion selectivity therefore suffer more. Similar to other plants,
legumes may be affected through; osmotic impact of salts, specific ion toxicity,
nutritional imbalances and allied effects on different plant parts. Most legumes may
suffer due to restricted long distance transport of nutrients and metabolic processes
like, transpiration, photosynthesis, respiration, energy transformations and excretion
of toxicants under excessive salt conditions.

The dominant ions in saline water and soils are Na* and C1~. Excess Na* often
harms non-halophytes by displacing Ca®* from root membranes and thus changes
their integrity and normal functioning (Cramer et al., 1985). Excessive concentra-
tion of salts under saline conditions and drastic shifts in soil pH may affect the
conversion of ions into soluble forms. Consequently, ions like Na, Cl, B, Li, Se, Cd,
Cr and Pb may have toxic effects on legumes when their concentration within the
plants exceeds a specific level. These effects may appear as improper functioning
or death of cells and tissues, or suppressing the uptake of other essential ions. The
growth is retarded at lower concentrations of such ions while mortality of legumes
may occur when the concentration of toxic ions are very high and beyond the tol-
erable levels. Data presented in Table 10.3 indicted that threshold of Cl ion in cool
season legumes, especially beans is very low (10-15 mol m~>) and negative effects
may appear with relatively lesser concentrations of this ion as compared with other
plants. Similarly, most of the legumes are grouped in sensitive class with respect to
effects of Na ion (Table 10.4).

10.6.1 Nutritional Imbalances in Legumes Under Salinity

Soil infertility in arid zones is often due to the presence of large quantities of salts.
Imbalanced plant nutrition is an indirect effect of salinity and sodicity in contrast to
direct osmotic and specific ion effects. Soil and water salinity and sodicity bring
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drastic changes in availability and uptake of many plant nutrients. The absorp-
tion and passive uptake of ions like N, K, Ca, Mg, P and Zn may decrease and
plants can suffer scarcity of required nutrients while concentrations of Na, B, CO3,
HCO;3, Cl and SO4 may increase to excessive limits. Thus, the plants may suffer
simultaneously for want of certain essential nutrients or toxicities of others due to
higher concentrations. Legume plants may be special victims of this phenomenon
because these are devoid of any specially developed mechanisms to face the saline
environment.

Experimental evidence from previous studies indicated that increased treatment
of NaCl induced significant increase in Na* and decrease in K*, Mg?* and Ca”*
levels in shoot system of faba bean plants. High salt (NaCl) uptake competes with
uptake of other nutrient ions, especially K*, leading to K* and other ion deficiencies.
Increasing salt concentrations may have a detrimental effect on soil microbial pop-
ulations as well, either due to direct toxicity or through osmotic stress. Therefore,
bacterial nitrogen fixation (NBF) in legumes may decrease under salinity stress. The
activities of nitrogenase and phosphates enzymes (acid and alkaline) were signifi-
cantly reduced by raising salinity in faba bean (Khan, 2001; Ferreira et al., 2001;
Rao and Tak, 2002; Yano-Melo et al., 2003; Parida et al., 2004; Zandavalli et al.,
2004; Rabie et al., 2005).

10.6.2 Root Development of Legumes Under Salinity Stress

Roots are the first plant part affected by increased salt concentration in the rhizo-
sphere. These are in direct contact with salts and the root radical starts suffering
right from germination. Roots remain exposed to the salt stress throughout the life
cycle of the plant. The roots of legumes which are devoid of any tolerance mech-
anism may lose growth, proliferation and bearing of root hairs. There may be root
mortality in acute cases either for want of water and nutrient uptake or toxic ions,
and extreme hardening of soil. Roots may also suffer due to restricted respiration
under less aeration, a consequence of closure of macro pores, soil dispersion and
temporary or prolonged waterlogging. Significantly reduced fresh and dry mass of
roots of different legumes was recorded with increasing levels of salinity up to 16 dS
m~!. The nodulation and symbiotic nitrogen fixation was suppressed significantly or
even lost totally. Salinity inhibited nitrogen fixation by reducing nodulation, mineral
nitrogen level, protein content and nitrogenase activity in faba bean plants. (Soussi
et al., 1999; Serraz et al., 2001; Parida, Das, 2005; Rahman, 2008).

10.7 Salt Tolerance in Legumes

Salt tolerance in plants is a complex phenomenon that involves morphological and
developmental changes as well as physiological and biochemical processes. It is
a complex; quantitative and genetic character controlled by many genes and can
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be measured in different ways. Plant salt tolerance is generally inherent ability of
the plant to withstand the effects of high salts in the root zone or on the plant’s
surfaces without a significant adverse effect. Salt resistance is another term that is
often used for this phenomenon. Although some have tried to differentiate the two
terms (Levitt, 1972), these are mostly used interchangeably. In an agronomic con-
text, salt tolerance is described as a complex function of yield decline across a range
of salt concentrations (Maas and Hoffman, 1977; Van Genuchten and Hoffman,
1984). Using a simple convention, salt tolerance can be measured on the basis of
two parameters: the EC threshold (ECa), the salinity that is expected to cause the
initial significant reduction in the maximum expected yield and the slope. Slope
(S) is simply the percentage of yield expected to be reduced for each unit of added
salinity above the threshold value. Relative yield (Y) at any salinity level (ECe)
exceeding ECa can be calculated as

Y = 100 — S(ECe — ECa) where ECe > ECa

As with most cultivated crops, the salinity response of legumes varies greatly
and depends on factors like climates, soil properties, and the stage of growth. While
most crop legumes are sensitive to salinity stress a large variability of salt tolerance
also exists among them. Some legumes, e.g., Vicia faba, Phaseolus vulgaris, and
Glycine max, are more salt tolerant than others, e.g., Pisum sativum. It has been
reported that some Vicia faba tolerant lines sustained nitrogen fixation under saline
conditions. Tree legumes, such as Prosopis, Acacia and Medicago sativa are salt
tolerant (Abdel-Wahab and Zabran, 1981; 1983; Cordovilla et al., 1995a, b, c; Fagg
and Stewatt, 1994; Zhang et al., 1991).

Studies using three attributes; shoot dry weight, plant height, and visual symp-
toms of salinity toxicity to determine salt tolerance of 309 accessions of lentil (Lens
culinaris Medik.) indicted that 237 of the 309 screened accessions were significantly
affected by 6 dS m~' NaCl. Australian cultivars generally had low tolerance to NaCl.
Only one accession that performed well in all three attributes was LG128 (ILL3534)
from India (Meher et al., 2003). Selected salt tolerance data from different studies
on cool season legumes have been presented in Tables 10.2, 10.3, 10.4 and 10.5.
These data suggest that cool season cereal legumes are classified as sensitive (S)
to moderately sensitive (MS) with very low threshold (1.0-3.4 dS m~! even below
the critical level of 4 dS m™! used for classification of saline soils and high slope
(percent decrease of yield/growth) varying from 9.6 to 19.0. These legumes are also
sensitive to sodicity and CI ions at very low levels. Studies on soybeans, chick-
peas, peas and faba-bean (Elsheikh and Wood, 1990; Delgado et al., 1994; Elsheikh
and Wood, 1995) showed reduced shoot growth in these plants when treated with
NaCl concentrations (0.05 and 0.1 mol L™1). This reduced shoot growth was based
on reduction in nodule number and mass, percentage of nitrogen, and dry tissue
mass. In Phaseolus vulgaris, concentrations 0.05 mol L' NaCl caused stunted
growth from a salt-induced reduction in photosynthates (Brugnoli and Lauteri,
1991).
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Table 10.2 Salt tolerance of cool season legumes

Crops Salt tolerance parameters
Threshold

Common Botanical (EC,) Slope %

name name dS m™! perdSm~' Rating  References

Chickpea Cicer — - MS Manchanda and Sharma

arietinum (1989); Ram et al.

(1989)

Broad bean  Vicia faba 1.6 9.6 MS Ayers and Eberhard
(1960)

Milk vetch  Astragalus — - MS USSL Staff (1954)

cicer
Vetch Vicia 3.0 11 MS Ravikovitch and Porath,
common angustifolia 1967
Bean, Phaseolus 1.0 19 S Bernstein and Ayers
common vulgaris (1949); Hoffman and

Rawlins, (1970);
Nieman and Bernstein
(1959); Osawa (1965)

Gram black  Vigna mungo — - S Keating and Fisher, 1985

Peas Pisum sativum 3.4 10.6 MS Cerda et al. (1982)

(FAO, 1992). S, sensitive; MS, moderately sensitive.
Note: These data serve only as a guideline to relative tolerances among crops. Absolute tolerances
vary, depending upon climate, soil conditions, cultural practices and crop varieties.

Table 10.3 Chloride tolerance of cool season legumes

Threshold of Cl ion Percent decrease in yield at Cl concentration
Legumes (mol m™) above threshold (per mol m™)
Bean 10 1.0
Broad bean 15 1.0
Vetch, 30 1.1
common
Cowpeas 50 1.2

(Maas, 1990)

Table 10.4 Grouping of legumes for relative tolerance to sodicity (ESP)

Sensitive (ESP < 15) Semi tolerant (ESP 15-40) Tolerant (ESP > 40)
Green beans, Peas, Mung Clovers Alfalfa
bean, Lentil, Groundnut, Berseem Sesbania

Gram and Cowpeas

(Ghafoor et al., 2004)
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Table 10.5 Sodicity tolerance of cool season legumes

Legumes Botanical name Original soil ESP Slope (%) ESP for 50% yield
Cow peas Hordium vulgare 13.5 3.5 223
Gram Cicer arietinum 7.7 5.0 17.7
Lentil Lens esculentum 4.9 5.5 14.0
Lin seed Linum sitatissnum 133 23 25.0
Peas Pisum Sativum 7.7 4.1 19.9

(Gupta and Sharma, 1990)

10.8 Drought Management Techniques with Respect to Salinity,
Sodicity and Brackish Water Irrigation

To cope with future consequences like aggravation of salinity/sodicity, enhanced use
of brackish water and deterioration of soil physical properties, special management
techniques are the only alternative to avoid worsening of situation.

10.8.1 Improved Hydraulic Techniques

Less availability of water will remain as the major and permanent constraint of
crop production in arid and semiarid regions. It has to be tackled through appro-
priate, timely, effective, economic and easily practicable techniques of hydraulic
management.

10.8.1.1 Leaching of Salts

Salt accumulation, salinization and sodication are the ultimate results of aridity,
drought, high temperature and supplemental irrigations with brackish water but con-
centration of salts in rhyzosphere must remain within tolerance potential of legume
crops to be grown otherwise significant reduction in growth and yield may occur.
Therefore, accumulated salts must necessarily be leached down either through rain-
fall or deep and continuous irrigations with good quality water. When crops are
irrigated with saline water but monsoon rains are effectively harvested the accu-
mulated salts can be leached down fully or partially depending upon intensity of
rainfall. In some of investigations, the surface salinity build-up (ECe and ESP) dur-
ing an irrigation cycle was taken care of by one above average yearly rainfall or
two sub-seasonal rainy seasons, especially monsoon rains (Dhir, 1977; Jain, 1981).
Rains could convert or keep 40 cm soil surface as non-saline. For this purpose, the
field boundaries should be kept strong and fallow plots need to be plowed to control
water runoff and increase infiltration during the rainy season.

When irrigation with brackish water is a continuous practice then extra water
over that used by the crops has to be utilized for preventing salt accumulation and
keeping the flow of water going into lower soil depths so that the rooting zone of
the soil remains salt free or within tolerable limits of the crops under cultivation.
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The additional water is called leaching water (Leaching fraction; LF or Leaching
requirement LR). This is dependent upon quality and quantity of irrigation water
and crop tolerance of plant for salt stress. It can very easily be calculated by divid-
ing Depth of drainage water (Dgw) by Depth of irrigation water (Djy) or EC of
irrigation water (EC;y) by EC of drainage water (ECq4y ) as proposed by US Salinity
Laboratory Staff (1954).

LR = Dgyw /Diw = ECiw/ECaw

However, when the irrigation water is sodic as well then some amendment like
gypsum has also to be added that can be calculated on the basis of soil or water
analysis. There may also be problems with this method because it may cause
rise of water table where subsoil drainage is poor which has also to be improved
simultaneously.

10.8.1.2 Drainage

Natural drainage is the soil’s ability to drain water (rainfall or irrigations) away later-
ally or horizontally. Excessive or impeded drainage can both cause problems. Rapid
drainage of soil will allow less water for plant utilization whereas poor drainage can
cause waterlogging coupled with poor aeration and salt accumulation. If the soil
is poorly or well drained, its drainage must be improved artificially by addition of
organic matter for rapid drainage or adding an artificial drainage system (surface
or sub-surface) in case of impeded drainage. The open and tile drains must also be
maintained for effectiveness of performance.

10.8.1.3 Improved Irrigation Practices

Irrigation practices for crops and legumes have to be amended under the changing
scenes of climate. Requirements for irrigation will increase due to lesser or scanty
rainfall that will demand increased usage of groundwater, the major part of which
will be brackish. Therefore, not only water saving strategies will direly be needed
but also such practices and techniques have to be selected that can control or min-
imize the deleterious effects of enhanced quantities of saline or sodic water. In the
first step the irrigation system itself has to be changed and modified into sprinkler,
drip or sub-surface instead of surface irrigation. Early warning systems for predic-
tion of irrigation scheduling will be required so that under and over irrigations are
avoided. When water is saline then leaching fractions (Section 9.9.1.1) have to be
added into consumptive water use of crops. Cyclic use of brackish and good qual-
ity water is also a good and safer strategy (Hussain et al., 2002b) but awareness
of sensitive stages to salinity stress of different crops and knowledge of their salt
tolerance will have to be acquired. Brackish water can wisely be used at relatively
salt tolerant stages of various crops or salt tolerant crops of different rotations. More
frequent irrigations may be required under salinity stress because available water
between field capacity and permanent wilting point is lesser under stressed condi-
tions. Treatment of sodic water before its entry into field with powdered gypsum or
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gypsum stone (put in the tube well tank) has also proven to be a useful technique to
reduce SAR and RSC of water. To increase the partial usefulness of gypsum stone,
its supplemental placement in the water channel in a zigzag manner at distance of
0.5 m on both sides was also found useful. The effectiveness increased directly with
the increase in length of gypsum stone lining (Hussain et al., 2002b)

10.8.2 Appropriate Agronomic Practices

Appropriate agronomic practices have to be adopted to cope with future climatic
changes. However, these practices have to be selected according to prevailing set of
conditions of soil, climate and crops/legumes to be grown.

The selection of cultural practices must match prevailing conditions. The con-
cept of minimum tillage is emerging rapidly and may be appropriate under highly
mechanized agriculture. However, in order to reduce salt accumulation, deep plow-
ing/chiseling has to be practiced regularly (may be once a year or before sowing
of crop/legume), especially if crops are being irrigated with saline water. Cultural
and land preparation practices like; rotavation and disc plowing have proved helpful
(Sadiq et al., 2007) in opening of soil pores (Decreasing bulk density and increas-
ing soil porosity and hydraulic conductivity), movement of salts into lower profiles
and keeping root zone less saline. These practices also prove helpful in conserving
the moisture for longer periods and facing drought, the early establishment of roots,
rapid growth and proliferation resulting in healthy and stout plants making plants
capable of dealing with stresses and favorable soil physical properties.

Runoff occurs when the land is unleveled resulting in wastage of precious water.
Contour plowing can be helpful to control runoff when the fields naturally vary in
topography. Over and under irrigation may be the ultimate outcome in unleveled
fields. Plants suffer on higher parts of fields (that become drier early) for want of
water and on lower parts due to more water, especially in early growth stages (may
be submergence of seedlings or temporary waterlogging that creates root aeration
problems). The higher parts are converted into salinity patches slowly and gradually.
Thus, patchy salinity develops. A more uniform application of water achieves better
leaching of salts.

Application of organic matter helps a lot in improving water infiltration, keeping
the soil porous, and increasing microbial activity, supplying plant nutrients. Plants
growing in high organic matter soil are stronger and able to face unfavorable condi-
tions and stresses. Organic matter applications like; farm manures, composts, crop
residues, industrial wastes, green manures etc. also help in fighting against salinity.
The release of H ions during decomposition of organic material behaves like Ca ions
and keeps the soil aggregated resulting into larger porosity and less evaporation that
ultimately cuts down surface salt concentrations. Application of farm manure, rice
straw and compost helped to mitigate deleterious effects of soil and water salinity
on soil chemical and physical parameters and controlled yield losses (Hussain et al.,
1995; Hussain et al., 1998). Balanced nutrition of legumes can also assists plant
growth. However, nutrient carriers and method of application have to be selected
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according to soil texture, type and method of irrigation and crops being grown.
Type and quantity of soil and water salinity must also be considered in selection of
fertilizer sources and their application method. When the soil is sodic or sodic water
is in use for irrigation, the acidic or acid forming nutrient sources prove more useful.
Band placement, especially of P sources and split application of nitrogen that has
to be increased by 15-20% over recommendations for crops of the rotation under
normal conditions have been found to give good yields. Of course, nitrogen fixation
from cool season legumes in the crop sequence has also to be considered.

Special sowing methods for crops and legumes have to be adopted under the
scenario of global climatic changes. Line sowing results in saving water because
irrigation only to plant lines can be provided. Planting on the shoulder of ridges has
been highly beneficial because this area has the least salt concentration. High seed
rates/more seedlings can improve populations reduced by salinity stress. Problems
of poor germination (Welbaum et al., 1990) high mortality and less tillering can be
overcome through these techniques and yields almost equating those under normal
conditions may be obtained.

Mulching is another agronomic technique that helps to reduce evaporation, con-
serve moisture and thus reducing salt accumulation. This technique may be helpful
in sowing of crops and legumes that are sown in lines. Putting a few centimeters of
chopped date palm residues on the soil surface significantly cut down evaporation,
kept the soil with higher moisture and cooler than black plastic sheet during tomato
growing in the Sultanate of Oman (Al-Wahaibi et al., 2007). Brackish water was
used for irrigation but salt concentration (Soil ECe) was less than found in the con-
trol (without any mulch). Hence, mulching can be adopted as proven technology to
face drought and salinity stresses simultaneously.

10.8.3 Inclusion of Legumes in Crop Rotation

Inclusion of leguminous plants in crop rotations is very beneficial and proven agro-
nomic practice that not only ensures good yields but also keeps physical properties
of soil favorable for good plant establishment and subsequent growth under severely
stressed conditions. This practice also helps in conserving moisture and keeping
water available for longer periods for the subsequent crop either through burying in
fresh material or crop residues of grain legumes. The symbiotic N fixation also helps
in cutting fertilizer application. All these outcomes favor management of salinity
keeping it under control or at least in the tolerable range of cool season legumes and
other cereal and forage crops of the sequences.

10.8.4 Application of Amendments

When salts in soil solution are dominated by carbonates and bicarbonates of Na
instead of chlorides and sulphates and ESP/SAR exceed critical limits, the stage is
set for sodication. To mitigate sodicity and get rid of excessive Na from the exchange
complex, application of amendments like gypsum, sulphuric acid, sulphur, FeS, CaS
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becomes necessary (Hussain et al., 1995; Hussain et al., 2002b; Qadir et al., 2001).
The divalent ion (Ca) can also be released from native lime (CaCO3) in the soil by
application of inorganic acids. The excessive Na will leach down with subsequent
irrigations.

In the case of sodic water irrigations, amendments have also to be added regularly
to mitigate the negative effects of Na otherwise the physical properties of the soil
rapidly deteriorate and expressed in reduced growth and yields. Calculations for
quantities of amendments can be made on the basis of soil and water analysis.

10.8.5 Appropriate Selection of Plants

The selection of crops and crop sequences is highly important and must necessar-
ily be decided in view of the site specific conditions of soil, climate and available
water. It was suggested that the best option is selection of suitable crops well suited
to local conditions of a water scarce country like the Sultanate of Oman (Hussain
et al., 2006). Inclusion of a legume in the crop sequence is a positive practice to face
the effects of climatic changes. Symbiotic N fixations and incorporation of all the
crop and legume residues help a lot in maintenance of soil physical properties and
keeping down the salt concentration. In the case of water scarcity and utilization of
increasing quantities of saline or sodic water, at least one salt tolerant crop must be
included in the crop rotation that can safely be irrigated with such water. However,
management practices have also to be adopted simultaneously so that salinity sta-
tus left over after harvest of salt tolerant crop may not prove detrimental for the
subsequent crop/cool season or any other legume. Hence, appropriate selection of
crop sequences including a legume will be of prime importance to face the expected
climatic changes.

10.8.6 Genetic Variability and Breeding for Salt Tolerance

When it is expected that salinity and sodicity can increase manifold (Depending
upon soil texture, irrigation and management practices) under the scenario of global
climatic changes, the responsibility of plant breeders also enhance accordingly.
Although cool season legumes are classified in sensitive and moderately sensitive
groups with respect to their salt tolerance potential as compared with salt tolerant
legumes like sesbania, alfalfa and Acacia ampliceps as well as cereals like wheat,
rice and barley but still a large genetic variability exists in different parts of the
world. For example Maliro et al. (2007) screened 200 germplasm accessions of
chickpea (Cicer arietinum) and its wild relatives, originating from 22 different coun-
tries for salt tolerance (EC 6 dSm™). He rated (by weighted scores) 47 (23.7%)
accessions, from 7 countries of 4 geographical regions (Middle East, South Asia,
USA and Ethiopia) as tolerant to NaCl. Five of these accessions rated as most tol-
erant included CPI 060546, ILC 01302 (from Turkey), ICC6474 from Iran, ICC
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8294 from India and UC 5 from United States of America. None of the wild relative
accessions rated as tolerant to NaCl. Therefore, screening studies on all cool season
legumes can help to identify relatively salt tolerant accessions which can further be
used as salt tolerant gene pool.

Breeding for salt tolerance has not been the major objective in the past in most
of the countries even facing salinity hazard. Now it is direly required that strong
breeding programs be started to evolve salt tolerant varieties in countries grow-
ing cool season legumes as important crops. Modern techniques like mutation,
biotechnology and genetic engineering can help a lot in this regard.

10.9 Conclusions

1. Increase in temperature, droughts, evaporation, utilization of brackish water and
salinity are expected under predicted global climatic changes in arid and semiarid
regions.

2. Plant growth, crop yields and soil characteristics (chemical and physical) can
negatively be affected due to water scarcity, enhanced secondary salinity and
inappropriate management practices.

3. Legumes are mostly sensitive to salinity and can be affected largely at lower
levels of salt stress.

4. Special management practices have to be adopted for coping with changing
global climate that may include:

Suitable hydraulic options (leaching and drainage).

e Appropriate agronomic practices like; leveling, deep plowing, rainfall har-
vesting, application of organic matter, balanced nutrients, suitable sowing
methods, mulching, selection of crop sequences that can withstand salinity
stresses, increased seed rate/number of seedlings, inclusion of legumes in the
crop rotations etc.

e Appropriate irrigation technologies; scheduling, modification of irrigation
system (shifting from surface irrigation to drip, sprinkler or sub-surface),
cyclic use of good quality and brackish water.

5. Starting strong s