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4.9 Water conserving plants for agriculture

in arid and semi-arid areas
SIEGMAR-W. BRECKLE & M ANFRED KUPPERS

SUMMARY - Nutrition of mankind relies on very few major domestic plant species conventionally grown in
moderate climates. In hot and dry areas or at low water availability such species or varieties become essential
that exhibit higher drought and heat resistance. Since their productivity always depends on a combination of
highly variable abiotic (environmental, technical) as well as biotic factors, it is the search for the best combi-
nation of all of these factors that leads to optimum yield: High water-use efficiency (WUE) and carbon
partitioning are species-specific key characters. For the latter it must be taken into account that commercially
useful yield may constitute only a small fraction of overall plant-specific biological productivity despite ahigh
WUE. Use of irrigation water in arid areas is unavoidable, therefore irrigation techniques keeping salinity low
(by applying leaching and drainage systems) and minimising evapotranspiration are the other pre-requisite for
sustaining productivityAn adequate combination of special land use techniques (minimising waste of water)
with the cultivation of drought and heat resistant genotypes can potentially result in more productive and yet
sustainable agriculture even in hot and dry regions.

N utrition of mankind is based on an astonishingly lofor example, despite identical initial biomass of 0.5 g of
number of agricultural plants. In the course of a fembeechnutfagug and sunflower seethélianthug, the
thousand years of cultivation especially grasses yieldgch seedling will produce just 5 g after 4 months at an
important plants for food: rice, wheat, barley, rye, mille80 cm deep running tap root whereas the sunflower
sugar cane. Including the most important vegetables egmches 3 m height at 6 kg total biomass. While the
fruits the total number of agricultural species will rise tunflower dies in autumn beech continues to grow over
just 100-150, which is relative to 300,000 described flaany decades finally building up tons in biomass. This
wering plants on Earth a very minor percentage. Of thes@ngly emphasises the tremendous significance of
commercial plants almost none originates from dry arggagcies-specific investment of assimilates from photo-
despite the fact that a large fraction of the land surfaceyiathesis into plant organs and its potential accumulation
(semi-) arid. over long periods. Because of this the »individual
Although first agricultural settlements in the stone agenductivity« is much higher in beech, but based on hectar
started under the semi-arid conditions of the »Fertided year it is significantly higher in sunflower.
Crescent, today the largest agricultural productivity is Of decisive economic interest is, depending on the
found in temperate regions, likely for two reasons: Hetsspective yield type, the production of specifically useful
water is locally and reliably available and, secondplant parts: Those could be seeds, fruits, roots, leaves,
almost no agricultural species have been successfelym wood (in case of trees). However, those are ine-
selected for growth in dry areas. Rising populationiably only a fraction of total biomass production. In the
especially in areas of critical water availability and longse that assimilates from photosynthesis are imme-
droughts challenge new efforts in agriculture, e giately re-invested by the plant into new, additional
concerning new varieties of agricultural plants amehves, thus, new productive organs, it will create a large
improved cultivation techniques. Highly productive, heabmpound interest effect with exponential and, therefore,
and drought resistant plants of low water consumptiapid biomass gain in a short period, even when photo-
are an essential prerequisite for future successfyhthesis rates per unit of leaf area are low. If photo-

agriculture in such areas. synthesis rates are in addition high — as is the case in
. . . sunflower — biomass growth will be even more enhanced.

Bf"" biological reqmrem?nis _°' Grain yield often is in parallel enhanced — but not neces-

biomass production and yield in sarily!

commercial plants Concerning drought and temperature resistance of

Plant growth and productivity depend on a variety of gslants their ecophysiology is most important. A key
vironmental parameters: sufficient plant available watpgrameter is water-use efficiency (= WUE) calculated as
optimum temperatures, sufficient nutrients, sun ligbhotosynthetic productivity per simultaneous water
(radiation energy), protection against parasites aswhsumption: How many molecules of water are transpi-
herbivores. On the other hand growth is a species-specéit when one molecule of G& assimilated in photo-
characteristic strongly affected by the plant’s life formynthesis? It is difficult to precisely determine this
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parameter for it strongly depends on time-scale (whetikould exhibit an extraordinarily high WUE and W;
integrated over an hour, a day, vegetation period or a yadgitionally it should allocate a very high fraction of
and, secondly, of complexity (whether looked at a singissimilated carbon into its commercially usable parts.
stomatum, leaf, total plant or 1 ha of cultivated or forestddwever, fractions of fruits, leaves, shoot axes and roots
land); unfortunately also the significance for the optinof total dry matter differ both species- and site-spe-
sation target of a high WUE varies with these scalesctfally, and they indicate »standing crop« only. The true
that changes in scales and up-scaling (leaf, total plamtestment of assimilate into a certain plant part (»carbon
planted area) become highly important: Those are sinpdttitioning«, CP) is very difficult to quantify and
taneously a plant-inherent and a farming technologitizérefore almost never given in the literature (but see e.g.
phenomenon, often neglected but offering a large potKiirrers 1994, Tivm et al. 2004 for non-commercial
tial for optimisation, which is by far reaching further thaplants); it is the annual balance of assimilate flows from
tested molecular-biological chances of improvementsand into certain organs expressed as % of total annual
To illustrate this we composed, deduced and estimagt&ht carbon gain from photosynthesis. It may result in
(mean) values from the literature. The molar water-tesgtirely different allocation values than those deduced
efficiency of leaf photosynthesis in the very moment wbm »standing crop« dry matter partitioning, since it
diurnal carbon gain (»instantaneous WUE« in mol/C@ccounts for respiratory carbon losses, accumulation of
kmol H,0) amounts approximately 5 in beech and 2 lmomass at constant investment (e.g. during stem
sunflower. Obviously, sunflower transpires water in tfi@ermation) or high losses in biomass due to high turn-
light phase of the day much more consumptive than beecér rates of certain organs (e.g. leaf production after litter
(data from Repeenet al. 1991 andi®kan et al. 1991). fall, fine-root production). In deciduous woody plants the
Leaves like other organs also consume assimilatessire assimilate investment into leaves amounts 10-20%
respiration. WUE on the leaf level integrated over the d@yg. Kiprers1985) while their dry matter fraction is only
as awhole (in beech 4, in sunflower 1.5) or over the enfir%. In the woody trunk of trees up to 70% of »standing
growth season (beech 3.4, sunflower ca. 1; aftesden crop« biomass have been accumulated while in herbs the
et al. 1991 and&uLze et al. 1986) must be, thereforapain shoot often contains much less biomass than leaves
lower; additionally periods of suboptimal climatiand roots. Plants growing in dry areas have to invest a
conditions (e.g. cloud cover) lower this value. much larger fraction of their annual carbon gain into a
When in the next consecutive step scaling up to faereaching efficient root system. The ratio of above- to
whole plant carbon losses from respiration of non-gre@low-ground biomass in plants from steppes and deserts
tissues (e.g. in twigs, stem, roots) further diminish tisetherefore, strongly shifted towards their root systems.
value. This new molar efficiency of water use —whichThey grow slower since the totally leaf-dependent
the (annual) biomass production per consumed watesodmpound interest effect« is much lower in their cases.
the entire plant individual — is also called »transpiratitm Table 4.9-1lexamples of total phytomass production
efficiency« (= W). In an 8-year-old beechyflLet al. per ground area, the so-called net primary production
1992) it amounts to 3.6 mol G&mol H,O (dry matter (= NPP; respiratory losses accounted for) are given.
converted into CQequivalents), in sunflower 2.4 (young  Commercially only a certain plant part or organ is of
plants) and 1.0 (when flowering; aftesdcHEr2001).  interest for harvest which is, in general, only a small
Naturally a high-performance commercial plafitaction of total plant production. This fraction is

Table 4.9-1Annual net primary production (aftesnEs1992, larcHER2001) per ground area in t/(flaar) and root-to-
shoot ratios (in kg/kg of »standing dry matter«, from several sources).

Annual net primary production root/shoot ratios
In 360 days = 1 year (vegetation period)
Desert 03-0.2 0.02-2
Meadow (temperate region) 5-20 2-5
Sugar cane plantation 25-75 5-20
Temperate deciduous forest 4-25 5-20
In 120 days (vegetation period)

Potatoe 15 2-5
Rice 30 15-30
Cereals 20 5-20
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frequently quantified by the harvest index (HI) giving thaay be 10-15 °C higher (if no wind). Limits of heat resis-
amount of intended harvest product relative to NR&nce (se@able 4.9-2 are then easily reached. Additio-
Depending on the targeted product HI can be entirely diflly heat increases water losses from plant and soil and
ferent even within the same plant species. If e.g. sanhances drought effects. Of course cooling effects of
flower seeds are the intended product then HI is 5-18%mspiration play a certain role but always demand for
of NPP, while for oil from these seeds Hl is only 1-2%.dtifficient available water.
total biomass of the sunflower plant is used for silage Depending on a commercial plant’s origin one should
fodder then HI may reach 92% of NPP. Obviously HI muestpect different optimum and tolerable maximum tempe-
be exactly defined. In beech HI for harvestable wood&ures of metabolic processes and growth, which are
clearly much higher than for beechnuts. However, stelosely related to species-specific thermal stability of cell
wood can only be harvested once, beechnuts in every sizsttures (membranes, organelles).
year, while sunflower — an annual plant — must be newly Therefore special attention has been paid to proteins
Sown every year. protecting against heat shocks, so-called »chaperones«.

An important future aspect may be the utilisation @hey are synthesised when already supra-optimal
large agricultural areas for production of biological engitemperatures further rise rapidly, and they generate heat
fuel (VorHoLz 2004). If this pays energy-wise is still teesistance by protection of enzymes and membranes. In
debate. If it is not only used the fraction of a plant orggeneral plant genomes have about 20 genes of chaperones
(e.g. oil production from rape oil), but the total plamtvailable which are very precisely regulatech(dfnEr
biomass is harvested, then HI = 100%. 2002). In the future such an induced thermo-tolerance

All parameters looked at so far (WUE, W, CP, NRRay become important in plant breeding by introducing
and HI) are eco-physiologically important but do not tellese genes into genomes of commercial plants. However,
us much about potential production of a given agricultutednspiration cannot be altered this way for it is
field. Here the hectar-based vyield is the appropri@eclusively driven by physical factors. Here effects of
parameter. Grain yield in sunflower amounts to 0.4 to 8s2If-) shading in order to reduce leaf temperatures are a
t/(hayear), in wheat to 3.5, rice 4.9 and maize 6s8nilarly important optimisation target in plant breeding
t/(hayear). These data ofobwmis (1983) and &iusTteER which can e.g. be realised by variation in leaf orientation.
(1993) have been obtained at favourable growth
conditions. Drought resistance of commercial

However, if agricultural production in arid regions iplants and plant breeding
our concern then the amounts of plant available aier
its costs) become the limiting factors. It is NPP and B
relative to the invested volume of water which uItimateg

control the potential for agricultural success in dry areas. " ) '
The most important parameter is, consequently, yield g¥gduced alarge variety of new rice cultivangi(2000)

product relative to volume of consumed water. Here Retter coping with the variable environmental conditions
may observe the paradoxon that a commercial pIanP[)Piﬁerem countries. Neve”helgss' againit hgs become
variety of a better W is doing worse than another pl&Hgar that not only new varieties but also improved
concerning its yield/water consumption, and vice verégricultural knowledge and techniques have strongly
Water consumption consists of two COmponeng’qntnbuted to increase harvest yields, e.g. by taking shorter

evaporation (where the plant is not directly involved) ad§PWth periods and better rotation systems (up to 3 harvests
transpiration (directly from the plant body). per year) into account. For this a larger number of adequate
commercial plants will be needed in the future.

During the 20 century grain yield of wheat — a crop
adapted to temperate environments — could be strongly
increased, despite constant NPP, by breeding of new
At high temperatures (above 42-45 °C) NPP and plaatieties of higher HI (which could be achieved by redu-
growth become strongly reduced by inadequate shiftgimg carbon investment into the main shoot, thus resulting
metabolic processes, gradual degradation of protdémsmaller plants). For this success there is also good hope
(including those enzymes that regulate metabolism) aadbreed more drought resistant wheat varieties although
especially through an exponential increase in respiratthgir grain yields are expected to decrease. In contrast to
losses of CQat declining photosynthesis. wheat is the strong increased productivity of maize

One must consider that not air temperature (e.g. ofetpecially in the USA, which results from new varieties
°C) is decisive but the temperature inside a leaf whigtowing at higher plant densities{&E2004); however,

psides breeding for better heat tolerance the improve-
nt of drought and salt resistance is similarly important.
er the last decades conventional plant breeding
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Table 4.9-2:Heat resistance of leaves of higher pla

n . . .
originating from diverse climates (50% injury after halfaé?‘ region) as it has been done since hundreds of years

hour’s heat treatment) (fromkcHer 2001). employing sophisticated methods (»runoff farming« e.g.
Tropical trees 45-55 °C to feed the Nabatean town »Avdat« in the Negey desert,
Herbaceous mesophytes 55-60 °c| 300 BC_ - 10Q AD). However, run-off ag_nculture is very
Subtropical palms 55-60 °c | labour intensive at very low harvest yields per hectar,
Grasses from steppes 60-65 °C | although efficiency of water use can be very high (»lalmi«
Succulents 58-67 °C type of cultivation in Afghanistan). Agriculture in dry
Aquatic plants 38-44°C areas, therefore, strongly depends on artificial watering.
C4-grasses 60-64 °C Nowadays watering systems often reach an effective-
Broad-leaved-boreal-trees 42-45°C | ness of much less than 50%, which means that less than
\’{l\flnter-demduous trees . um 50 C half of the invested water reaches the cultivated field or

eedle-leave-trees from the taiga 44-50 °C

the roots of cultivated plants. In the utopian case China,

in dry areas not sufficient water will be available to culffdia and Pakistan —representing half of the Earth’s agri-
vate those. Irrespective of this breeding for altered €ypitural area with artificial irrigation —would change from
still offers a large potential for improvements. Since tfi"oW irrigation to sprinkling irrigation or, even better,
1930s HI in most maize varieties has been not larger tHHRPING irrigation, the demand for water of these coun-
ca. 0.5 (sugar cane 0.85). Obviously, Hl is a relativéligs would be more than completely balanced. We can
constant transmissible value, which, however, declifé@$iclude this when looking at required amounts of water
strongly under all kinds of stress. for irrigation under the extremely arid conditions of Egypt
As an example of a drought and simultaneously h€Egole 4.9-3. o
resistant plant the millet and other tropical grasses (e.g.!n arid areas —as indicated by the geomorphology of
Sorghum bicoldr, C4 grasses, can be seen. It is the mgsglorrheic basins missing an outflow to the ocean (e.g.
important millet grass and — on global scale — an ecoR§2d Sea, Aral Sea, Giant Salt Lake, Lake Tschad etc.) -
mically important plantig. 4-9.9). It originates from pqtentlal gvaporanon stro_ngly exceeds preC|p|tat|(_)n. All
equatorial Africa and is nowadays cultivated in all warfinerals imported (by rain, surface flows, leaching of
areas. In southern USA the area where it is cultivated 1Rg&S, wind) remain in the area, accumulate and resultin
doubled within 45 years; at the same time its grain yiéigtural salinisation. Unfortunately the same is true for
increased 4-fold. This grass species transpires little 4figated fields. Assuming an annual irrigation of ¥
can remain in kind of a latent survival state (with g 1,000 mm) at a NaCl concentration of 300 ppm in the
growth) when under extreme water stress, regainifgter (which is fairly low: Euphrat 300-900 ppm, Nile:
growth soon after rain. In Africa and Asia it produces #$0—400, Colorado: 600, Arkansas: 3.000 ppm) this will
the mean 0.98 t of seed/ha, while in the USA — thank §ii@ T % __.w} ] TR

breeding of new hybrids — this amounts to 4.2 t of seed _
on well watered and nourished sites even to 10.0 .,\{, = 15
! A

oA

It might be also useful to look for new wild plantg

productivity, but simply for survival under adversg
conditions.

Fundamentals of agriculture in arid
regions, irrigation in cultivation and
the risk of salinisation

In arid regions huge areas are short of water due to I

these are generally and continuously threatenedfby*= g
salinisation. Only solar radiation as a prerequisite for N !
is excessively available. Despite this it is possible 10

cultivate crops in areas of predictable rain depending,g&_ 4.9-1:Sorghum bicolofrom a field in China (Photo:
the rainy season (e.g. in central Asia or the MediterraggvBreckle).
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inevitably lead to a gradual salinisation of the irrigatd@ble 4-9631A|fEnOUfgth of V\{at_er (inf fhper hla :p%%: fnm;ted
: nsumed in Egypt for watering of several crops cultiv
fields (KREFB 1964). In our example after 10 years 3 der different irrigation methods (afterfivcueL 2003).
NaCl/n? will have accumulated. At a specific soil mass

of 1.500 kg/miand a salt accumulation in the upper soitrop Furrow | Sprinkling| Dripping
horizon (0—-20cm) this results in a salt content of 0.1% irrigation | irrigation | irrigation
after 10 years and of 0.3% already after 30 years. As mMaf¥eat 1,850 1,060
developmental projects of the past 30 years have proveyst bean 1,240 810
already a salt content of 0.3% will clearly reduce yie|dlaize 1,790 950
especially when the classical wisdom »no irrigatipRunflower 2,380 1980
without drainage« has been neglected for purpose TS;F;‘;:; 1'51(%) gfé%
saving money: This rule will gain further |mportanlcmiIrus 790 400

when waste water from settlements with a higher salt loag
will be recycled in irrigation to supplement precipitatioion. In these cases harvest yields relative to water
Sophisticated cultivation techniques which minimig@nsumption are very high.

evaporative losses of water will strongly help to increase Future agriculture will be more and more confronted
agricultural water-use efficiencies. Below-ground dripvith the demand to increase its production but wiser
ping irrigation, concealing the soil with plastic sheets, lagdapted to diverse site and regional conditions. The
pebbles (Teneriffa) or sand were locally successful. Caitential to breed commercial plants of optimal light use
of waste water (if available) used in irrigation could folloat moderate water consumption is by far not fully utilised.
economic rules and may then result in entirely differdri@wever, our expectations should not be too great since
optimisation parameters than just looking at cultivatidh all cases successful cultivation of (new) heat and
techniques (e.g. when considering »trade offs«, ca¥ought resistant crops will strongly depend on adequate
benefit-relationships, costs of labour, yield quality etéield techniques. Inherently this requires the choice of an
BreckLe 2003). Also optimised stand structures (shad@equate plant variety or race for cultivation, optimal
producing trees, optimised self-shading) strongly helpRignting density and protection from high radiation in the
reduce evaporation (shading the ground produces loff@nd, arrangement in rows, planting of trees for extra
soil temperatures) and transpiration (dynamic light $2ading, introducing herbaceous ground covers, optimal
generated by the plant itself reduces leaf temperatuvéatering by minimising evaporative water losses, the
Ropen & Pearcy 1993) at identical photosynthetic carboghoice of the best growth period (e.g. using plants with
gain (KrscHeaum et al. 1998). Obviously it is highlyShort species-specific growth cycles) and site conditions
important to breed commerecial plants which — at reduddtfh @s slope, water availability, wind exposure efc..
transpiration (despite higher temperatures), improved Besides the demand for water any intensified

WUE and W — produce higher yields at better His. ~ agriculture will require extra fertiliser, especially
nitrogen. Without the Haber-Bosch-technique to fix

nitrogen from the atmosphere (unfortunately consuming
large quantities of energy) agriculture of its present glo-
Available agricultural technologies have already provgal productivity would not exist. The amount of N in
that large amounts of water can be saved in cultivatigttilisers produced by industry has already reached the
Employing adequate plants in combination withatural level of global N fixation (by nodule bacteria, soil
technologies drastically reducing evapotranspiration ascrobes, discharging in lightnings etcyiS 2001).
ways to minimise water requirements at optimal cultherefore, future agriculture does not only have to
vation of commercial plants. Dripping irrigation agonsider optimal use of water for cultivation but also,
controlled by water consumption of the crop itself — likaevitably, use of nutrients at high efficiencies.
in Israelian farms — or the use of 10 cm high sand beds inA major problem is long transport ways and
which soil capillaries are interrupted (similarly coveringonduction of water over long distances. Cultivation of
the soil with volcanic slag in the banana plantationsdrbught-, heat- and salt-resistant plants in arid regions
Teneriffa) are among such technologies. will gain more and more importance in the future but it is
Collected water from evapotranspiration — like ionly one aspect of the story. Agriculture can only be
special green house cultivation, plantation towers and fikcessful in the future when several of the indicated
tunnels — may be almost completely recycled for irrigaaths will be followed simultaneously
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