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INTRODUCTION .

Thé”BioFSéline'Concept. “The term "Bio-Saline Research” was
originally designated by National Science Foundation scientists to
describe a concept "that in time will lead to sustainable industries

} parti-

- based-sbecifiéa]]y on plants selected to grow in salt water“,
cularly in arid land areas of the Earth, where there is an abundance

of $o1af:radiatidn, éea water and dry.CTimate.2 A broader considera-
Ation of the poséibi]ities'of such areaé indicates that it is also
worthwhile tp’édhsider the potential of utilizing plants whfch are

not sa]t-therént, The bio-saline cohcept has been extended to
encombass‘“the elements of research, development, demonstration and
utilization to apply modern bioligical sciences and technologies for
derivihg}essential resoﬁrce materials ih an environmenta[]y harmonious
manner from marfne and arid land mass systems".3 Within this lattér.
framework we can consider both thé use of plants adapted to arid lands,
and modification bf the environment through cdntro]]ed Environmental
Agricultural Tebhno]ogy (CEA)Z to allow a broad range of conventional
and unconVentional crops to be grown with é very limited supplies of
'fresh,or brackish water. Thié water could be derived from the sea, from

saline lakes, or from waste water treatment.

An Urgent Need. Aspects of both arid land plant utilization and

of CEA have“been subjects of research and development for many years, but
there éppears to be a relatively recent resurgence of interest which
presages rapid growth in the future. This is a part of a general désire

to increase production of all kinds of crops wherever possible. That
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this is so is a direct consequence of the awareness of the shortage of

adequate food and proper nutrition in many parts of the wor]d; and of
the potential contributions that research can make fo increasing food
supp]ies.4 It has been estimated that the developing countries need
to increase food production by 3 to 4 pércént eéch year until the end
of the century.4 At the same time there is a wide-spread realization
during the past several years that Supp]ies of qusi] fuels, especially
| petroleum and natural .gas are finite and are being fairly rapidly de-
pleted. A]ong with the rapidly growing,pobu]ation of the Earth, and
limitation of fossil fuel supp]ies.and food production, there afe the
growing expectations of people everywhere for supplies of food, energy,
and chemicals. 'All can be supplied to a greater extent than now by

increased and more efficient use of agriculture.

,Thé Green Revolution and its Limitations. 'Food proddciion esbeqia]ly
has increased greatly in yield per acre in areas of conventional agri-
culture throughAthe:application of plant breeding'programs, increasedF

fertilizer supply, irrigation, and other agronomic improvements. This’

- "Green Revolution” has led to improved nutrition in somé areas and,haé'
maintaihed minima]iieve]s in others in the face of rapid population
growth. No doubt further gains will be made through the application of
these techniques to under-utilized land. There is a growing realization,
however, that such increases may be liﬁited in the fdture. Limitations

‘ iﬁc]ude the amount bf available good farm land, the increasing cost of
ferti]izer_(especia]]y fixed nitrbgen produced by comsumption of fossil
fuels), and possible susceptibility to dise;se qf highly bred plant»

"

species, particularly when grown as a single crop over very large areas.
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3 The L1m1tat1on due to Lack of Water A serious limitation to crop

: product1v1ty in large areas of the world w1th h1gh so]ar rad1at1on and
1ong grOW1ng seasons (with respect to temperature)1n the ava1]ab1]1ty of
water This limitation is felt not only 1n c]ear]y arid and semi arid
reglons but a]so in areas where the rainfall is highly var1ab1e over a
period of time. Such variability may occur over a short span of a few
years or'dver a much longer span of centurles. What makes this kind of‘:
variation so frightening is the fact that the population of the Earth is
; now so much greater than during the past periods of history, when there
waS Tow rainfaT] in areaspresentiy'used for agriculture. Even if it is
true, as some would c]aim, that areas of subnormal and normal rain-

fall tend to evenAout on a global basis, so that one area can supply
another, economic and logistic limitations can and do create great hard-
$hips, inc]uding madnutrition and even starvation in areas dependent on
rainfa]] which'experience a period of drought.

Desert1f1cat1on Another cause of problems in areas of variable

ra1nfa11 is over grazing or in some cases over-cultivation of the land
which acce]erates the process of desert1f1cat1on--the conversion of land
w1th p]ant cover to barren rocky or sandy desert When subnormal rajn-
fall 1s_comb1ned with such overuse, the results are particularly disas-'
trous. ‘Clearly, there is a pressing need to develop technologies to
help those nations in arid and semi-arid regions whose principal energy

resource is the sun.

Interest of Desert Nations with Fossil Fuel Reserves.. Those nations
in desert lands with other forms of wealth éuch as fossil fuel deposits
a]so have an lnterest 1n deve]op1ng local rellable and econom1c supplles

~of food and feed. Such locally produced supplies have many advantages



4
to the people of such nations: 1lessened dependence on imports, creation

of new local industry, and stabilization of the economy and population.
Fortunately, it seems 1likely that the diligent and intelligent app]ica4
tion of a small amount of the resources of the weélthier nations with
high solar energy and little water can serve both purposes: providing

an abundance of fqod and feed from plants for themselves while develop-
-ing the. technology which will be transferable to those without 1argé
energy inputs other than solar energy. Ai the same time, these ﬁealthier
solar nations will be making an es§entia1 contribution to their future
prOSperity when their reserves of fossil fuel begin to be less abundant.

Future Developments. We are for many reasons fortunate that that

- time is still some decades in the future. One reason is that the
research and development of some of ﬁhe "Bio-Saline" or biosolar alter-
natives to. a point of reliability ahq econohic feasibility will require
ten,or‘twenty years or more. Other developments can occur sooner, for
some research groundwork is already laid. In thediscussions that follow,
we should not be too constrained by either time or present economics,

for the economics are certain to change with time. Some things can be
done sobn, and these can be used not only for the immediate benefit but
also to provide a basis for evo]utibn towards}more sophisticated and
more effective systems in the more distant future. Today's five hectare
greenhouse producing tomatoesunufcucumbers can be the forerunner of
tomorrow's ten square kilometer CEA facility producing cfops of staple
foods and chemicals. The quayule p]antation on semi-arid land can be the
forerunner of a_wide variety of dry-land crops producing 1iduid hydro-

carbons from Euphorbia species, lubricating oils from Jojoba, etc.
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Leguntnousfp]antshsuoh@as mesqutte'(Prosopis'ju]if]ora) which were
once aIfoodvstaple-for American indians ofvthe U.S. Southwest could
become;anfimportant source of protein and Carbohydrate.once again.
One of our objeetives shou]d be to recommend a program of reseanch
‘and deve]opment that will permit us. to build on today's knowledge

andutechnology towards both short range and long range future goals.

, SIGNIFICANCE OF RESEARCH AREA

Dry Lands with H1gh Solar Energy. The arid and semi-arid lands

~of the wor]d const1tute about 36 percent of the land area,5 and the -
sea water\uolume is 97.3 percent of tht total water volume of the
Earth.2 IAIthough some dry lands are found in the arctfc regions, the
arid and semi-arid ]ands:with high annual solar energy'lie most]y in
the reg1ons between 15° and 40° north and south of the equator

| Areas with the most abundant solar energy, averag1ng more than
200 KcaI/cm2 “Yyre, 1nc1ude the Arab1an Penn1nsu]a the south coast of
' Iran, much of northern Afr1ca (The Sahara Egypt, and adJacent areas),
parts of the United States southwest and northern Mexico, and parts
of South Afr1ca and Southwest Africa (Fig. ).6 Other areas of high |
so]ar energy, averaging over 160 Kca]/cm2 ‘yr, 1nc]ude nearly all of
Austra11a the rest of Africa north and south of 20° 1at1tude as well
as the trop1ca1 zone of east Africa, most of southern Asia and southern
North Amer1ca and extens1ve regions of South Amer1ca .

Not surpr151ngly, since c]oud cover a]ong w1th 1at1tude determ1nes

the total 1nc1dence of so]ar energy at ground Ievel, some of the wor]d s
great deserts are found in the areas of highest solar energy 1nput,‘

These include the Sahara, the Arabian Desert, the Kalihari Desert in



South Africa, and the Sonoran and Mojave Deserts in North America.5

The coincidence is far from exatt, however, as moyntain ranges, cold
adjacentloceans; and other factors can reduce the land precipitation

to very low levels even where the total solar incidence is less. More
_detai]ed'maps5 of the world's deserts are feduired to show the locations
of all the important deserts including some of the most arid. The Takla
Makan desert, classified as extremely arid, lies in westérn.China; in
the raiﬁ Shadow of the Tibetin Plateau. The Namid Desert lies along the
coést of Southwest Africa, while its coyntefparts, the Peruvian Desert
and the Atacama Desert 1ie a]ongithe west coasts of Pefu.énd northern-
Chile. There are many other important deserts in the world, classified
as arid and semi-arid including the Australian Desert which occupies

the greater part of Australia, the Nofth American, Great Basin, and
Chihuahuan Deserts in North America, the Patagonian and Monte Deserts in
Argentina, and the Turkestan, Thar, and Gobi Deserts in Asia. The arid,
énd especially the semi-afid deserts are particularly interesting with
respeét to possibilities for production of crops of plants adapted to:

dry -environments.. .

Dry Lands Bordering Seas. There are very exténsfve lengths of
coastlines with seas bordering arid lands with high annual incidehce_of
. solar energy. Such 1ands border the South Coast of fhe Mediterranean
Sea, the Red Sea, the Arabian Sea and the Gulf of Omar and the Persian
Gulf, the Atlantic coast of Africa north of about 15° N and south of
10° S 1atifude, much of the Indian Ocean coast of Western Australia,
the Pacific coast of Peruand Chile from 5° S to 30° S latitude, and .
the Gulf of California and Pacific Ocean coast of Baja California in

Mexico. AThis proximity makes it possible to obtain water from the sea,
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e1ther for use w1th salt tolerant plants or follow1ng desal1nat1on,
for use w1th plants requ1r1ng fresh water Also temperature control
of land 1nstallat1ons such as greenhouses may be poss1ble by us1ng the
lower temperature of the sea in the summer.

In a few cases, saline to brackish water lakes are found 1n desert
areas, for example, Lake Chad in Africa. Moreover, there have been }
proposals to admit sea water to"eertain below sea level areas in the
deSerts, such\as the 20,000 sz Qattara Depression in Egypt. A‘fewlother
such projects‘are poSSible if deemed advisable. Conce1vably, salt water
canals could be employed to br1ng sea water to interior areas, 1f an

. agricultural industry based on salt water were to evolve.

hEnvironmental Constraints. Atvthis point, it must be mentioned that
alterations of the environment_by man for his own benefit have a way of
producing environmental consequences, often unforseen and freqUently
undesirable Thus, desertification of once productive semi-arid landsr
resulting from overuse or unwise use for agriculture and graz1ng is one'
of the most serious problems in some of the areas. In other areas .
1rrigation, even wtth nominally fresh water has resulted in great gains
in'productivity for extensive periods of time, only to Be followed
eventually by salt buildup, siltation, and water logging in the land,
' lead1ng to crop fa1lure and decline of human population in the region.
Although some techniques such as flush1ng and dra1n1ng of the land can
sometimes be employed, 1t would be advisable in planning any 1rr1gat1on 7
system to develop strateg1es forthelong range survival of, good produc-

t1v1ty
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Productivity of Dry Lands. Without irfigation, the photosynthetic

productivity 6f dry lands is naturally extremely low. Desert Scrub,
Dry Desert, and Chaparral lands constitute 19% of the continental area
(Table I),7 but only 2.3% of the primary photosynthetic productivity
is found there. Most of the continental productivity is in forests,
grasslands, woodlands, wet-lands and lakes, and in cultivated fields.
Very little of the lands in arid regions are cultivated, but where
irrigation is possible, as in the Nile Va]Tey of Egypt, or the Imperial
Valley of the United States, crop productivity is very high, even though
the problem of salt-buildup can be;ome serious‘in time. In such ’
areas, further extension of agriculture is usually limited by the
avai]ability of good land, water, qr-both.- Some lands, initially:
unsuited to conventional agriculture becausé fhey are too sandy, salty,
or lack humus, can be improved with appropriate.treatment. Water fs
therefore often the limiting factor. While irrigation projects can. be
used in some cases to convert desert areas into regions of high
produttivity, suéh projects obviously are limited by proximity to and
abundance of fresh water in rivers or underground water reachable with
we]ls.. In some areas such supplies are nonexistent or prohibitively
costly due to distance to rivers, depth of water tables or other factors.
These are strong reasons to use whatever fresh water is available for
crop production as efficiently as possible.

Efficient Use of Water. Efficient utilization of water can be

accomplished in several ways. Plants capable of growing in dry lands
can be exploited, application of water to the plants can be made more

economically as by trickle irrigation, waste water from municipal-and
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1ndustr1a] uses can be rec1a1med pur1f1ed and reU>ed for agr1cu1ture,

and evaporat1ve losses can be great]y reduced by ut111’at1on of CEA
prov1ded the system 1s sea]ed to prevent water los>, or sea water evapora-
tlon1s employed to saturate the air over the plants with water vapor.

The use of marine plants, and of higher p]ants capab]e of growyng
in salt water and in brackish water are poss1b111t1es d1scussed in other
papers in this workshop, as is the poss1b111ty of growing algal biomass,
particularly in conjunction with waste water reclamation. This paper
will concentrate on two subjects: the possible use of plants tolerant
to lowtwater, highltenperature, and high 1ight intensities, and the use
of special techniques such as CEA to increase the effectiveness of
water utilization and efficiency of so1ar energy conversion.

Benefits of Increased Productivity. The econom1c and sociologi-

cal 1mp]1cat1ons of 1ncreased crop product1v1ty in the dry-land countr1es
is enormous. There is great diversity among the countries with arid
‘1ands.and high.solar energy input. They vary in population density and
growth rate per cap1ta 1ncome types of land and water resources that
might be deve]oped and many others. The need for more feed and food,
as well as for chemicals and mater1a1s from plants varies in both kind
and'amount from one country‘to another Most or all would we]cowe
increased crop product1on, even though the reasons may vary. The tech-
no]ogy to be emp]oyed in achieving such improvements ult1mate1y must be -
tailored to the spec1f1cvopportun1t1es and needs of each country. Later
in this paper, some exampies of specific possibilities will bedgiven,-

but first we should consider some universal constraints on productivity
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in plants in general as well as in some dry land environments. Then

we can consider strategies for approaching the maximum production
permitted by these constraints. Finally, a program of research and
development leading to the succéssfu] implementation of these strat-
egies can be suggested.

The objectives and rewards of a successful program of this kind -
may be enumeréted:

1. The development of new and improved agricultural, agrochemi-
cal, and agromaterial industries,vwhich in the case of countries
rich in petroleum resources can augment industry based on fossil
fuels as these become less abundant. -

2. The improvement of nutrition and health in all dry land
countries, but especially those with presently inadequate access to
agricultural products, or subject to threat of famine during periods
of drought, or attacks of plant disease or insects, or due to deserti-
fication. |

3. The alleviation of costly imports of food and chemicals -
through improved‘agricuiture.

4. The possibility of environmental benefits to land and water-

sheds by growing of more plants tolerant to local éonditions, and by
relieving fragiTe grasslands of excessive grazing pressure by growing
more forage crops in smaller irrigated areas.

Research and Costs. These important benefits must be kept in mind

when assessing the cost of the research and development program needed
to bring them about. This program will involve the disciplines of .not
only plant physiology and agronomy, but also of genetics, chemistry,

physics, and several kinds of engineering, app]ied to a very diversified
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group. of objectives. ,Some}demqpstratiopbprojects may of necessity

havé to be'rather lapgé in scale to be meaningful, and economic .
feasibility may be achievab]e only.when highly complex systems are
fully integrated. Some simpler concepts may also prove to be feasible,
but the benefits may be more 1imited.‘

A reasonab]efview to take would be that mankind has reached an
extremely critical stage in history, wherevpopu1ation, technology,
education, séience,/and political systems all are changing at an.
acce]eratfng rate. If we are to gain any kind of control of this
situation, it is imperative that we make full use‘of the advanced
state of science to design systems for the future when present day
economic parameters will no longer be valid. We must ask the economists
not what is feasible now but what will be feasible in 10 to 50 years,
and we must supply them with accurate projections of science and |
technology to use with their projections of supply and demand. - We .
should not consider this to be an impossible task, but rather should
do the best we can now, and constantly update the projections as new

data-are.gained from an intensive program of research and development.

PRESENT STATE OF SCIENCE AND TECHNOLOGY

‘Desert Science. As indicated earlier, agricu]ture'in the desert

without abundant sourCes_of fresh water for irrigation or the use of
salt tolerant plants would appear td be limited to two possibilities.
The first islexploitation and perhaps ‘cultivation of plants native to
arid environments. The second is to use CEA systems in which a small
amount bf fresh water obtained ffom salt wafer or limited sources

such as springs; weils,'or'waste water reclamation can be used very
efficiently By pﬁeventing its loss to the dry atmosphere or into the

ground. -
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There appears to be an excellent scientific background of

knowledge about the dry lands and the plants that inhabit them, and
the dangers resulting from misuse of these lands. The reader who is
unacquainted with the qualities and the problems of the'desert and
its agriculture will find an excellent introduction to this complex
.subjeét in the Januafy/February issue of Mosaic, a publication of the
National Science Foundation. It seems clear that although there is
much knowledge about the ecology of dry lands, there is much to be
done by way of applying this knowledge to devéiop éuitab]e technologies
and agriculture which wdu]d permit the utilization df the desert as a
resource without degrading its qualities to a point where it is no
longer productive.

Controlled Environment Agriculture (CEA). Similarly, with respect

to Controlled Environment Agriculture (CEA), a very substantial start
has already been made. The Environmental Research Laboratory (ERL) .of
the University of Ariiona has been a pioneer in the development of CEA
for desert environments. Because such environments often contain
populations thét can otherwise only obtain ffesh fruit and vegetab]eé
by having them brdﬁght in by air at considerable expense, crops grown
in CEA can have a high local value, contributing to the cost effectiveness
of the installation. The four hectare Environmental Farms, Inc, near
Tuscon,‘Arizona,‘in the U.S. produces more than one million kilograms of
tomatoes annually, with the produce being sold at off season times in
the U.S. In Abu Dhabi, nearly a ton of Vegetab]es per day is harvested
from five acres of CEA. .

Desert greenhouses may be built of air-inflated plastic or combina-

tions‘of plastic and glass. Sea water can be used for eVapofative
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cooling, and sea water can be distilled to provide for irrigation.

Problems of salt disposal in the greenhouses can be controlied because
the soils are sandy and can be flushed with fresh Water;

Given this promising gfowth in CEA technology, what is needed for
the future? Can the application of CEA, now limited to relatively
high value crops,'and'fo construction requiring rather high invest-
ment of capital,‘be'applied to staple crops such as grains and fodder,
and‘can'this techhb]ogy ever be constructed by developing natfons not
favored by the possession of large deposits of foséi] fuel wéaith?
" Finally, can those inputs of energy froﬁ fossil fuels, such as the fuel
to drive sea water pumps, distillation units, and fhe hydrbcarbons'
requiréd for the synthesis of plastic be replaced by solar energy? I
believe that there is an affirmative answer to these quéstions.'

Efficiency of Plants as Solar Energy Converters. If we are to

déve]op CEA for widespread application to food and perhaps energy and
chemicals production as Well,_it will be vitally important to maximize
the efficiency of the systems. One efficiency with which we start is
the efficiency of the photosynthetic process itself, which determines
Just how-much of the sun's energy can be captured and stored by'the
plants. Such efficiency is also Very important for desert plants,

~ which must capture and store the sun's energy while at the same time -
conserving water. To prevent loss of water to the 10w~humidity‘sihk of .
the desert in the daytime, but still be able to take up cakbon»dioxide

is a major accomplishment of desert plants. There are four aspect§ of
the plant physiology of green plants that are especia11y important‘in
this respect: thevpfimary process of photosyhthesis'aﬁd its efficiency;9

photorespiration, C-4 metabolism, and Crassulacean Acid Metabolism {CAM).
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The Mechanism of Photosynthesis and its Efficiency. Total dry

mass of organic material produced by a 1andlp1ant, and to lesser extent
the yield of the harvested organ (seed, root, fruit, etc.) are related
to fhe efficiency with which the plant uses the energy of sunlight to
drive the conversion of carbon dioxide, water and minerals to oxygen
and organic compoqnds 10,12__the process of photosynthesis.

Increased photosynthesis is helpful in most cases in increasing
the yield of harvested organs (seeds, etc.), but an increase in photo-
synthesis does not necessarily translate linearly into increased crops
in such cases. When the crop is the whole plant, however, and ihat plant is har-
vested while still growing rapid]y (before senesﬁence sets in) there
should be such a relationship. If the crop is alfalfa, for example,
and it is harvested repeatedly so that the ﬁ]ants are always growing at
high rates, yield will depend on rate of photos}nthesis.

4 The photosynthetic process takes place entirely in the chloro-
plasts of green cells. Chloroplasts have an outer double membrane.
Inside the chloroplasts is a complex organization of membranes and
soluble enzymes. These inner membranes contain the lighE-absorbing,
pigmenté, chlorophylls a and b, and carotenes, and various electron
carriers, membrane-bound enzymes, etc. All these components are
required for the conversion of light energy to chemical energy. The
membranes are formed into very thin hollow discs (thylakoids).

As a result of the photochemistry in the membranes, water is oxidized
inside the thy]akoids, releasing protons gng molecular oxygen, 02. :The
e]ectfons pass through the membranes and bring about the reduction of
a soluble, low molecular weight protein called ferredoxin, which

contains iron bound to sulfhydryl groups of the protein. The oxidation
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of two water mo]ecu]es takes four electrons from water and these are

transferred to four ferredox1n mo]ecu]es anh electron fo]lowfng
th1s course must be transferred through a number of steps. In each
of two of these'steps, a photon of 11ght is used with a quantum
efficiency of 1.0." The light'requirement for the transfer of four
electrdnsvis’thus two times four, or eight photons.

+3 eight photons> 4 H+ +,02 +4 Fd+2

2 H20‘t 4 Fd

This equation does not give the entire result of what happens in
the thylakoids. Concurrent with the electron transfer, there is a

conversion of adenosine d1phosphate (ADP) and 1norgan1c phosphate (P )

to the biological acid anhydride, adenosine triphosphate (ATP)..

Sept ——5 e

ADP™ -4

It appears that about three ATP molecules are formed for each four.

electrons transferred, so the approximate complete equation becomes:

-3 -2 .8 hv -4

+3p, 72 B Yy 3T *2

2 H.0 + 4 Fd™3 + 3 ADP

2 +0

+.4 Fd )

With the'oti]ization"of eight einsteins (moles of photons), the thylakoid
phOtochemical apparatus produces four moles of reduced ferredoxin and
about three moles of ATP. These amounts of reduced ferredoxin and ATP
are needed to bring about the reduction of one mole of carbon dioxide
to sugar in the dark reactions that fo]]ow. This occurs in the stroma
region-.of the chloroplasts, outside the thylakoids. The ear]y.reaCtions
of photosynthesis are complete when carbon dioxide has been converted‘to:
the glucose moiety of starch, a major storage product in chloroplasts. |
By considering only a sixth of a mole of such a‘gluoose moiety, one can

write a simplified equation for the entire process of photosynthesis:'*
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8+ photdns N TPRY
CO2 + H20 - > (CHZO) + 02
1/6 glucose moiety

The free energy stored by this reaction is about 114 Kcal per mole of
002 reduced to starch. (There is a bit more energy stored pek carbon
in starch than in free glucose.) |

Green plants use only light with wave lengths from 400 nm to 700
nm. This photosynthetically active'radiéfion.(P.A.R.) constitutes
only about 0.43 of ‘the total solar radiation at the earth's surface at
Tatitudes common to dry lands. A]] this light is used no more efficient]y
) by the green plant cells than if it were 700 nm 1ight.' The integratéd
solar energy input between 400 and 700 nm at the earth's surface is
equivalent 1in energy to monochromatic light at 575 nm. An einstein of
| light has an energy content given by Avogadfo's number times hv, where
h is Planck's constant and v is the frequency of the light; Withbthe‘
appropriate units, E (Kca]/einstein) = 28,600/X, where A = wavelength
"= .¢/v,.in nm. An einstein of 575 nm light contains 49.74 Kcal. At
]éast eight phdtons of light are reqﬁired per molecule of 002 reduced;
eight»eihsfeins df”1i?ht_are required per mole of COZ. Probably .the
, actual efficiency is %omewhat less, but measurements of quantum require-
ments under optimal conditions in the laboratory have given quantum
_reqdirements in the rénge of 8 to 10 eiﬁsteins required perlozlmo]eculé

evo]ved.]3

!

The maximum‘efficiency of 0.286 is for conversion of P.A.R. The
efficiency based on total solar radiation incident on the plants with
total absorption of P.A.R. is 0.43 x .286 = 0.123. This is the basi; for
‘the stateméﬁt.sometimés made that the maximum efficiency for solar energy

conversion by'photoéyﬁthesis is about 12%.
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_The maiimum,net,effjciency, over a 24 hr period, ahd under field'u
or aouatic conditiohs; depends_oh tWo_other_faCtors: The amount of .
1ncident light aotually absorbed in the green tissue, and the cost of .
energy used tn respiration and_biosynthesis. For land plants it has.
been estimated that the maximum absorption to be expected from an
optimal leaf %anopy may be O. 80 " This is due to some light being
reflected, /some reaching the ground or falling on nonphotosynthetic
| parts of the plant (such as the bark of trees). With aquatic p]ants'
such as unice]iu]ar a]gae that are totally immersed there may be less

reflection and with sufficient dens1ty of algae, absorpt1on could be

essent1a11y comp]ete in green tlssues

4A major loss in stored chemica] energy‘reSults from respiration .
which occurs.in all tissue not actively photosyhthesizing.- This
includes green cells at night or invdimvlight, and roots, trunks and
.other'organs that are not green or only a little green. The energy
derived from respiration is used for various physiological needs of

the p]ant transport and trans]ocat1on conversion of photosynthate to
'prote1n 11p1ds (1nc1ud1ng hydrocarbons in some plants), cellulose for
structures such as stalks and trunks, and so forth. In the green cells
| during photosynthesis, some energy from the photosynthetic process
1tse1f may be used for such purposes, as mentioned earlier. Like the
1lght absorption factor the factor for resp1rat1on/b1osynthes1s is
extreme]y var1ab1e depend1ng on the phys1olog1ca] condltons and needs
of the plant but it 1s est1mated that in a typ1ca1 case resp1rat1on
J1

and blosynthes1s use up one th1rd of the energy stored by photosynthesis.

The factor would thus be 0.67.
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It may be argued that both the absorption factor and the respira-

tion factor are not true maximum values, since there may be cases
where each is exceeded. The product of these two factors, 0.80 x 0.67
= 0.53 probably is close to the maximum, since there is some trade-off
between the two factoks. For examp1é, for a land plant to have all
brightly illuminated leaves and hence lower respiration compared to
photosynthesis would mean that its leaf canopy was probably less per-
fect than reduired for 0.8 absorption. At the other extreme, when
there is dense fo]iége, little light may reaéh the ground, but the
respiratibn in the shaded leaves may neérly equal photosynthesis.
Similarly, an a]gaé pond may be nearly totally absorbing, but the
average.light intensity for the cells would then be so low as to allow
a high rate of respiration.

If we combine the photosynthetic efficiency, 0.123, with the
broduct of the absorption and respiration/biosynthesis factors, 0.534,
we obtain an overall‘maximum efficiency for photosynthetic/biosynthetic
energy storage by green plants of 0.066. This calculated maximum
efficiency canrbe_gompared with various reporfed high yield figures from
agricu]fure. Before doing this it is useful to convert the efficiency to
expected yield of dry maﬁter. ‘

From the equation and.discussion‘given earlier, the reductfon of
a mole of CO2 to the glucose moiety of starch or ce]]u]osé stores about
114 Kcal and results in an organic molecular weight of 27. Each Kcal
of stored energy.thus results in the formétjon of 27/114 = 0.237 grams
of biomass (dry(weight), if.the biomass were_entirely cellulose and
'stérch.' Of course, this is not the actual case, but the assumption

provides a reasonable approximation. -
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Ca]cu]ated Max1mum B1omass Productlon and Rgported H1gh Yields.

From the forego1ng d1scuss1on, the upper 11m1t for biomass product1on
can be calculated by multiplying the efficiency, 0.066 times the daily .
total energy‘times 0. 237 For high solar energy areas with 200 Kcal/

cm2 ‘yr, or 2- 10 Kcal/m A the maximum energy stored would be 0. 066

6 _ 1 32 105 Kcal/m -yr. The biomass, if all starch and_ce]]u]ose,
2, 85.7 grams/day-m2

x 2-10
would be 1.32- 105 x 0.237 = 3. 1284-]04 grams/yr-m
or 313 metric tons/hectare yr.. This, of course is the total dry b1omass

_ that could be produced with contlnuous optimal growth.

‘S1nce opt1ma1 conditions of temperature, light absorption etc. are
never found dur1ng all times for crops grown under convent1ona1 agr1cu1ture,
1t is obv1ous that reported crop yields w111 not approach c]osely to this
maximum on an annual yield basis. Also, crops in the temperate zonevare
usually grown under lower annual energy imputs. Nevertheless, it'ts
instructiveito compare reported high yields and maximum growth_rates
w1th the calcu]ated values.

-What are the actua] rates measured7 The figures in parentheses}

(Table II) are rates during the active growing season, not annual
rates."For C-4'pfahts, these maximum rates range from 138 up to 190
ﬁetric-tons per hectare per year. The highest.(]90) is about half the |
calculated maximum.. Similarly, the‘highest reported annual yield, with
sugar cane in Texas, is 112 metric tons per hectare—-aga1n about 1/2

the calculated maximum (263) for the u. S Southwest. . The energy»storage
eff1c1ency.for.these reported yields suggests that 3f3% to perhaps 5%
with CEA as the best we:can hope for with land plants in the future.
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The Photosynthetic Carbon Reduction Pathway (Reductive Pentose

Phosphate Pathway). The terms "C-4" plants and "C-3" plants encountered

in Table II refer to important characteristics of photosynthetic carbon
metabolism that require some discussion. A1l known green plants and
algae capable of oxidation of water to 02 employ the reductive pentose

15,16 This RPP cycle begins with the car-

phosphate cycle (RPP cycle);
boxylation. of a five-carbon sugar diphosphate (RuDP,lFigure 2). The six-
carbon proposed intermediate is not seen, but is hydrolytically split

with internal oxidation;reduction, giving two molecules of the three-

carbon product, 3-phosphoglycerate (PGA);. With ATP from the light
regctions, PGA is converted to phosphoryl PGA, which in turn is reduced

by NADPH to the three-carbon sugar phosphate, 3-phosphoglyceraldehyde
(Ga13P). The reduced two-electron cérrjer, NADPH, is regeneréted by the
reaction of the oxidized form, NADP+, with two molecules of reduced
ferredoxin, also produced by the light reacfions in the thylakoid membranes .
Five molecules of triose phosphate are converfed to three molecules of the |
| pentose:monophosphate, ribulose 5-phosphate (RuSP) by a series of conden-
sations, isomerizatjons,'and chain ]ength dismutations. Finally, the

vRu5P mo]écules are éonvertgd with ATP to the carbon dioxide acceptor, RuDP,
| completing the cycle. |

B When the three RuDP molecules are carboxylated to.give six PGA
molecules, and these are in turn reduced to six Gal3p molecules, there is

a net gain of one}triose pﬁosphate molecule, equivalent to the three C02
molecules taken up. This net Gal3p molecule can either be converted to .
glucose G-bhosphate zGGP) and then to starch; or it can be exported from -

the chloroplasts to the cytoplasm. Once there, it is reoxidized to PGA,
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yielding in a&dffion ATP and NADH, which thus become available to the
non-photosynthetic part of the cell for biosynthesis._ Some of this
exported carbon and reducing power may be conQérted}to sucrose, a sugar
which can then be trans]ocated fromvthe photosynthetic cell into the
vascular system'of high plants through which it can move to other parts

~ of the plant such as_the growing tip, seeds, roots, or othér sinks.
Alternatively, in an expanding leaf, the material exported from the
éh]orbp]asts may stay in the cell and be used in the synthesis of new

cellular material leading to cell division.

The C-4 Pathway. Plants which have only the RPP cycle for CO2 fixa-
tion and reduction are termed "C-3" plants, since the primary carboxyla-
‘tion product is a three;carbon acid. Certaih plants of supposed tropical
origin including but not restricted to a ﬁumber.of "tropical grasséé"
such ansugar'cane, corn, crabgrass, sorgum, itc. have, in addition‘to

the RPP cycle, another Co, fixation c_yc]e.”']9

In this cycle, 002 is
- first fixed by carboxylation of phosphoenolpyruvate, (PEPA) to give a
four carbon acid, oxalacetate (OAA), which is then reduced with NADPH.

tovgiVe malate (or in some cases the amino acid aspartate) (Figure 3).
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The malic or aspartic acids are believed to be translocated into

the chloroplasts in cells near the vascular system of the leaf which con-
tain the enzymes and compounds of the RPP cycle. There these acids are
oxidative]y'decarboxy]ated, yielding COZ’ NADPH, and pyruvate, which is
translocated back out of the chloroplasts containing the RPP cycle. In
another variant, not shown in Figure 3, the malic acid is converted once
again to oxalacetic écid in the vascular bundie chloroplasts, and this.
acid is decarboxylated to give PEPA which is then converted to pyruvate.
Finally, the pyruvate is converted by reactions which use up two ATP
molecules to reform the PEPA. Since the %irst compounds into which
CQ2 is incorporated in this cycle are four-carbon acids, p]ants with
this cycle are called C-4 plants. The site of the conversion of pyruvate
back to PEPA appears to be in specialized mesophy]l cells whoég chloro-
plasts do not contain a complete RPP cycle (RuDP carboxylase is missihg).
The exact locations of the sites of various reactions of the C-4 cycle and
the possible intracellular transport of metabolites remain the subject of
some contfoversy. | |
The net,resu}p_of the C-4 cyé]e appears to bevthe fixation of 002
at sites'removed fromvtheéRPP cycle chloroplasts, the translocation of the
C-4 acid products into thése chloroplasts, andithe release of.CO2 close
to RuDP carboxylase. The:cost is two ATP's per CO2 molecule transported.
While at first glance thié complex mechanism may appear to-be hardly _
worth the trouble (after é]], C-3 plants do without it), it turns out that
- the C-4 cycle performs an‘extremely va]uab]e function One reflection of
its value is the hlgher product1v1ty of C-4 plants seen in Table II. C-4

p]ants are in general capab]e of h1gher rates of net. photosynthesis in air



under bright:sunlight than the most active C-3 plants. The C-4 plants

‘are be]ieved\toshave-evblved in the very regions we are interested in:
the semi-arid lands with high solar energy incidence.

Photorespiration.zo‘ The -reason for the difference lies in the

virtual abolition of the effects of photorespiration in C-4 plants. In
‘6-3 plants, in éir-under bright shn]ight,'and especially on a warm day
where grbwing conditions should be very favorable, a certain part of

the sugar pﬁosphates fdrmed in the chloroplasts by phbtosynthetic fixa-

tion are reoxidized, and are in part converted back to COZ; Apparently,

" the energy and reducing power liberated by fhis-oxidation a}e not conserved
and the process is enérgeticale wasteful. As light intensity and tempera-
ture increase, any increase in photosynthetic CO2 uptake is negated by
increaéed'phqtorespiration. Net photosynthesis, the difference betwééh

the two processeé, cannot increase beyqnd a certain point, The 1imiting.
effect'on C-3 plants can be removed by reduction of the level of 02 in

" the étmosphere to 2% or by elevating the COz-pressure, but in the field
‘plants must live with the natural atmosphere which contains 0.033% CO

2

and 20% 02.20 _
There' is still: some controversy surrounding the detailed mechanism

of photorespiration, but much evidence supports the role of glycolic

acid as the key intermediate compound.20 It is produced in the_chloro-
plasts by oxidation of sugér phosphate to phosphoglycolate and glycolate |
“which is then oxidized‘outside the chloroplasts to give photérespiratory
C02. Thg production of glycolate is.favored in C-3 plants by high light,
atmospheric or higher-oz, low CO2 pfessures, and elevated temperatures.
Its formation is inhibited by elevated CQZ; a]thdugh there is reported to
be some glycolate formation insensitive to CO2 preséure inside the chlqro-

"plasts where the C-3 cycle is operating, it is thought that g]yco]ate
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formétion from sugar phosphates is minimized in C-4 p]ants.20 Some
glycolate is.produced eVeh in C-4 plants, so that a further effect of
the C-4 cycle may be due to the ability of the PEPA carboxylation in
" the other parts of thelleaf to recapture C02 before it can escape fromA
the_]eaf. C-4 metabolism is of great importance to many plants growing
in desert environments. C-4 plants are able to.continue net photosyn-
thetic CO2 uptake at much lower effective internal CO2 pressures than
C-3 plants, due to the_virtua] absence of photorespiratory lToss of CO2
from the leaves. This is an advantage when water stress dictates partial
or complete closing of stomata, and-at other times permits higher rates
.of photosynthesis in bright 1ight so that the C-4 plants can grow faster
when favorable conditions exist. The importance of Zea mays (corn) to
" Amerindians of the U.S. Southwest,and Mexico stemmed from the. ability of
this C-4 plant to grow in semi-arid environments.

Crassulacena Acid Metabolism. It is of particular interest to

consider p]énts native to semi-arid afeas and deserts which do not reQuire o
irrigation. Not surprisingly, many such plants have evolved very 1ong~
root systems for collecting water from considerable depth and over

large areas. They have also developed physiological mechanisms for
avoiding water 1oss; Suc% mechanisms can conserve water but sometimes at
the cost of limited photoéynthetic productivity. For example, plants with
thick waxy cuticles and with stomata that can be closed during the heat
of the day are not able té take iﬁ carbon dioxide rapidly; thuskphoto-
synthesis is limited. Maéy desert plants exhibit Crassulacean Acid
Metabolism (CAM) in whicthO2 is takeh in through stomata open at night
and incorporated by a carSoxylation of PEPA to give dicarboxy]fc acids

with four carbon atoms (for reviews
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see Osmond;2] Tihg;zz) During the night this PEPA is made from sugars
stored‘in,tﬁe plant. In the daytime, the stomata are c]dsed, limiting
water loss but also CO2 ingress. The four carbon acids are decarboky—'

lated, the CO, released is reduced to sugars by photosynthesis, and the

2
PEPA is also reduced back tosugars. In the morning and again in the
late afternoon there can be ihtermed%ate stages when the stomata are
open andlCO2 fixation by carboxylation df‘both ribulose diphosphate
(RPP cycle) ‘and PEPA occurs at the same time.

P]anfs with CAM also exhibit photorespiration in the'heat>of the
~day whén'the stomata are .closed. 'Thé recycling of CO2 within the Ieaf
 that occurs in such plants is reminiscent of internal CO2 recycling in

C-4 p]ants.2] .
| There are some 18 flowering plant families with CAM metaboliém
including the Cfassu]éceae, the Cactaceae, Alzoaceae, and Succulent

22 . A1l cacti probably have CAM. Although very important

Euphorbiaceae.
to desertiécOlogy, there are also many CAM plants found in areas of high |
vrainfé]]. In desert CAM plants the cycling of carbon thfough‘the‘CAM '
pathWay’can persist for long periods df'time in the absence of any
éxteﬁnal‘water wifﬁﬂthe stomata closed. In one experiment Opuntia bige-
Jovii plants were severed at the basé and mounted in stands in the desert
where cycling of carbon through CAM on a daily basis‘persisted for three
years.22 These plants can therefore derive energy from phdtosynthesis

for very long periods in the desert without opening of stomata in either
night or day. When plants in the desert are watered, the tissue rehydrates,
and the stomata open at night, permitting COé uptake to resume. After"
watering by rainfa]], the stomatal opening may persist for a longer time

in the morning and more C-3 (reductive.pentose phosphate pathway) meta-

bolism can occur.
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Other Physiological Adaptations. The ability to conserve water

is obviously important to desert plants, but there are other require-
ments as well. In very hot areas, tolerance of high temperature is
required. Desert plants employ a great variety of physical shapes,
reflectances, insulation, etc. to protect themselves from heat. Since
water is a limiting factor, few species can afford the Tuxury of eXten—l_
sive cooling by transpiration, as employed by plants accustomed to
plentiful water. One studied species, which does grow ih very hot loca-
‘tions with abundanfifresh water demonstrate the adaptation of enzyme

. systems to high temperatures. Tidestroma‘oblongifola, a C-4 species

grows in Death Valley, U.S., at fresh water springs. Its maximum growth
is reached at 45°C, a temperature at which some temperate zone species

23 Although -

greatly decline in growth rate, even if well ﬁatered.
accustomed to growth iﬁ atmqspheres at very low humidity, this p1ant
does very well in chambers maintained at high temperature and high
humidity. Plants with such characteristics could prove to be very
useful in desert greenhouses when maximum growth rates and minimal -
cod]ing are desirab]ef I will return later to the question of how food

and feed might be obtained from such plants.

Desert Agriculture for Food and Chemicals. Many types of utiliza-

_tion of plants growing in the desert might be imagined, from the’already
widespread (and often excessive) grazing of desert or dryland grasses

by livestock to proposa]S'to hérvest hydrocarbon-containing_p]ants.grow-
ing in dry land as’a source of liquid fue]s and chemical feedstocks,
proposed by Ca]vin.24 Akprincipal problem w%th uSihg the desert fringes

for grazing livestock is the tendency to over graze, resulting in the

conversion of desert fringe to desert (desertification). Educational



programs for the peop]e 11v1ng in these env1ronments might help, but 27

.only if a1ternat1ve sources of food and wea]th from the desert can be
deve]oped,v Even‘so, population control would‘seem to be a necessity,
'onceva stab]e base for}agricu]ture and industry adequate to the p]anned
popuiatfon_were developed. This may sound utopian, but the only alterna-
tive wou]d appear to be cyclic drought, desertification and population
decrease through famine and disease, to be followed by repopulation
during periods of greater rainfa]],‘if_the land recovers during those
periods. At 1east this is the impression received by the newcomer to the
ffe]d of desert uti]i;ation by people. (1t ts expected that this subject
wi]] receiVe considerab]e augmentation‘from Dr. McGinnies at the Bio-Saline
WOrkshop ) | |

One drj-]and plant which has been suggested as-a useful source of
food and mater1a1s iscthe common Mesquite (Prosopis species), found grow-
ing wild in many parts ofvthe u.s. Southwest.25 The pods of this plant
have a high food value as protein and carbohydrate and were used by
Amer1can Indlans as an 1mportant d1etary supplement. Possibly this p1ant
cou]d be used to supp]y both fuel and food. The plants are legumes and
do not requ1re nitrogen fert1]1zat1on An annual Yield of 43 Kg dry
we1ght of pods was harvested from one large tree in Southern California.
The proteln has high nutritional value. 26 , ,

Several types of plants well adapted to semi-arid environments and
capab]e of producing useful chemicals appear to have cons1derab1e poten-
tial. Guayu1e has been raised inyMexico, and at times in the u.s. for-

27 From 1910 to 1946, the U.S.

many years as a source of natural rubber.
1mported more than 150 m11]10n pounds of guayu]e rubber from Mexlco Much
-of th1s came from wild stands, whlch eventual]y cou]d not support such

susta1ned_harvest1ng. During the 1920 s, large plantations were_p]anted
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in the U.S., and rubber from these plantations competed with Hevea rubber

from Indonesia. Such déve]opments stopped during the 1930's, and later
when the supply of Indonesian rubber was interrupted, it was necessary

to launch a massive new project in guayule production in the U.S. and in
Mexico. Over three million pounds of resinous rubber were produced. By
1943, synthetic rubbers were being produced from fossil fuels, and at fhe
end of World War II these synthetics plus large supplies of Hevéa rubber
which became available from Indonesia again removed the necessity for
producing Guayule rubber.

In Mexico; however, guayule development has continued; and agencies
‘of'the Mexican goverhment are embarking on rubber production from guayule
plants growing wild over about 4 mif]ion hectares. Theré is qonsidefab]e
technology available for the production of Guayule, harvesting, extraction |
and dereSinétion. From work done in Manzinar, California in 1942-44; it
is clear that good yields of Guayule can be grown in semi-arid regions -
without irrigation. Thus, Guayule productibn may sefve as a model for
‘the produétion of other dry land plants capable of supplying useful chemi -
céls. Yoka_yama28 has been able to increase the rubber content of harvested
guayule by a factor of 2 to 3 by treating the 4-week old seedlings with
5000 pbm each of 2-(3,4%dich]orophenoxy)-triethylamine and 2-diethylamino-
ethanol plus a wetting Egent, and harvesting three weeks later. -

The direct'pronCtion of hydrocarbons as liquid fuels and chemical
feedstocks by the extraction of latex bearing plants of the Euphorbia .
family has been proposeh and is being studied by Ca]vin.24’29 Test plots
of several species are now being grown in soﬂthern California. Preliminary
yield figures suggest tLat the hydrocarbon content of the biomass,prpdﬁced

could supply as much asgS to 10 barrels of 0il per acre per year. These‘



species. can grow on semi-arid -lands in the U.S. Southwest. Such direct

production of liquid fuels is'veky_attractive-since it -bypasses the
conversion of biomass to heat and then to.electricity,‘with the result-
ing iosses in‘efffciency. Moreover, the time will come when supplies of
petroleum will be exhausted, and it may well be neceésary to obtéin
chemical_feedétocks from plants as a replacement.. Even if that time is -
50 years 6r more in the future, it is hardly too soon to begin to develop
the teChno]ogyvto‘guarantee continuéd,supplieS-so vifa] to modern civili-
zation. Rrefiminary analyses of the hydrocarbon énd 1ipid materials

in the latex of‘plants suggest a wealth of useful chemicals may become °
29

availab]é. _
. Anéther.examp1e of a,specialty'dry land plant is Jojoba. This plant
is now Being_grown on Indian reserﬁations andfrlother areas in Arizona as

a source 6f a valuable Tubricant with properties which allow it to replace

0il obtained from whales.

,Presént CEA Installations in Desert Areas. The status of controlled
environment agriculture around the world has been reviewed in 1973vby
: Da]rymp]e,30 and further discussion of CEA with examples of advanced CEA
systems_ha;Abeen bf&Vided in 1977 by the extensive report.hy de Bivort.3]
In the latter réport.it was concluded that CEA could substantfa]]y alle-
viate the agro-food problems of environmental degradation regional short-
égeS»of afgb]elland, water, énd fertilizers, and unreliability of produc-
tion.  The costs of present types of CEA systems were found to be pro-- =
“hibitive for agronomic.crops, but acceptable for some.high value fresh
vegetab]es, but new types of CEA systems can'be conceiVed for growing

crops- at.considerably lower costs and much less total energy consumption

than present- CEA. Finally, CEA would appear most attractive if integrated
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with solar energy and water management systems for community units of
several thousand people. It was recognized that CEA benefits are of
interest to all concerded with fdod, energy and water resources and neﬁ
opportunities for local se]f-sufficiency.3]'

In reevaluating the possibilities for low-cost CEA, de Bivort and
his associates proposed a system with a double plastic cover, a cab]e
suspension, and a solar chimney fo pull air over the plants for C02
supply and heat removal. This passive, solar powered system wou]d have
dramatically 1owered.capita] ahd operating costs, with capital costs
estimated to be from 10 td 20 dollars perisquare meter. There are many
other novel ideas in the proposals, providing an example of the kind of_
new thinking that will be required to go from canventional greenhouse
raising of very high value plant crops to the.use of CEA for larger |
scale agriculture. | o

The system prbposed seems designed more for areas with cold winters,
however, than for some of the desert lands we are coneidering. In the-
desert it may be important to lose as much heat at night as possible
rather than retainjng it by providing a layer of foam insulation.

At the presenf timé, by far the greatest application of covered.
agricu]ture is in countr%es other than semi-arid and desert lands. - For
Aexample, Japan is by far!the largest user 6f covered dgriculture, with over

10,000 hectares under cu]@ivation in 1973.30

Other leading countries, in
terms of area under covee include The Netherlands, Italy, Belgium, France,
the United Kingdom, USSR, Romania, Greece and South Korea. |
Some of the most advanced CEA systems are to be found in arid lands.
Although relatively sma]] in area, these facilities are often very produc-

tive. Such facilities are located in Abu Dhabi, Kuwait, Iran, in Arizona
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in the. U S s and Puerto P1nasco 1n Sonora Mex1co bne example'of yield
obta1nab1e from such fac1]1t1es is = 538 metr1c tons (fresh'weight) per
hectare of cucumbers from the one.in Abu Dhabi. 3 This faci]ityvincludes
"both an air 1nf1ated po]yethy]ene structure cover1ng 2.5 hectares, and
structured greenhouses covering one hectare. Coo11ng is by evaporation
of seawater, withhfans forcing air through the coo]er and the greenhouses.
Freshwater is pbtained by desa]ting sea water, and considerable care is |
taken to use this costly Water’as“efficient]y as possible. The water.
vapor from the evaporat1ve cooling by seawater is thus extremely important
in preventing excessive water loss to the air from transpiration. Many
other important details of engineering and horticulture have been worked

3 and this experience uill be a most valuable -

out in such installations,
resource for_the deve]opment of 1arger or more advanced syStems. Further
details of CEA, present and proposed, are discussed by de Bivort, in this
wprkshop.' |

~ Can such systems be applied on a large scale to agriculture in arid

or semi-arid lands? - The authorg’?’z"34 has proposed covering large areas

in dry lands with high greenhouses made from tough, sun-resistant plastic.
The structures might by 1 sz in area and 300 meters high (at maximum |
extens1on) perhaps w1th a capac1ty to go up and down daily. A require-
ment would be to maintain growing temperatures year round. Under this
canopy would be grown high-protein forage legumes such as alfalfa. They
would be harvested periodically duringtheyear, leaving after each harvest
enough of the plant to produce quickly a good leaf canopy. Growth would
be year‘round. The atmosphere would be enriched in CO2 and neither;uater"
vapor. nor 002 would be allowed to escape, although some CO2 would diffuse

through the plastic canopy (Figure 4).



While there are serious problems to be overcome with this system 32

(economic, engineéring,'and physio]pgical), there are a number of important
-advantages. |

1. With year round growth and CO2 enrichmeﬁt (photorespiration
eliminated), maximum photosynthetic efficiency should bg possible. At
a 5% conversion efficiencyvthe yield would be about 200 metric tons (dry
weight)/hectare-year. ‘The whdle.plant except for roots wOuld‘be harvested
and used.. L

‘2. Most or perhaps all of the nitrogen requirements in legumes
would be met by}N2 fixation, due to ﬁtimulaﬁion at these high photosyn--
can result in a five-fold increase or

2
more in Nz'fixation in the root nodules of 1egumes.35-

thetic rates. Enrichment with CO

_3. A]fa]fa grown under optimal conditions has as high a$v24%
protein content based on dry Qeight._ It is feasible and economic to
remove a part of this protein as a high value product using the methods
developed at the Western Regional Research Laboratdry of the U.S. Depart-

36 1he residue is a feed for-

‘ment of Agricd]ture at Albany, California.
ruminants. Most of the feeding of expensive cereal grains to éaft]e
could be,féplaced by this alfalfa, and the cereal grains could be sold
for human putrition in the U.S.A. and abroad where there is.a rapidly
growing market. The protein extract of the alfalfa has é high value as .
animal (poultry, for example) feed. An interesting alternative is tov,

convert part of it to a protein product for human consumption;37

38

Nutri-
tionally it is as good as milk protein™ and far superior to soy protein.
From the 15 ﬁetric tons of dry matter removed as juiée from the leaves,

it might bé possible to recover 5 tons of protein, worth $5,000 at $1 per

Kg.
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4.- -Land with relatively low value at present because of lack of

water cou]d be used because of water recyc11ng With water'vapor’contain-

_ment,: only a few percent of the present 1rr1gat1on requ1rements for desert

1and wou1d have to be met.

5. The modular nature of the system would he]p in the prevention,
conta1nment, and e]1m1nat1on of plant. diseases.

" Since this seheme is envtsaged as applicable to areas far removed
from the'sea; the'usedof_evaporative cooling with sea water was not
assumed.t instead, it was proposed to include a high enough canopy to

enclose a sufficient volume of air so that the daytime temperature excur-

sion wou]dunpt'begexcessive., This might work in the higher cooler desert

areas,ﬂespecially where nighttime temperatures are very low, and sufficient
loss of heat through the plastic at night occurs to bring the internal |
temperature down by morning. Even so, additional eooiing powered by .

solar energy collectors outside the enclosure might be required.

The adyantages of}a-tompletely closed system over the air flow-
through system wou1d he complete retention of water vapor and more effective
enr1chment w1th added CO2 | | |

. Of course there are many problems; some very serious. The green-

house effect wou]d,have to be controlled, perhaps by allowing daily

_expansion pf the canopy. Contraction of the canopy at night would tend

to maintain‘a greater temperature gradient across the plastic between

inside and outside, allowing faster heat transfer out through the plastic.

Expansion by day would reduce the daytime temperature excursion. The

pTastic would have to be'tough, sun-resistant, not too permeable to C02,
perhaps .capable of synthesis from materials grown under the canopy,\and

inekpensive. In fact, use of fossil fuels to synthesize the plastic could
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be avoided by making the plastic from some of the solid biomass residue,

after protein extraction. Cellulose could be converted to glucose by
treatment with enzymes from the fﬁngi39 and the resulting glucose could

.be fermented to give ethanol. Ethanol in furn could be converted to
ethylene and thence to pb]yethy]ene or other suitable plastic. The
insoluble material of plants also contains polymers of xylose. After
acid hydrolysis, the xylose can be converted to furfura],40 a possible
starting material for other plastics. |

There are other problems, but they may all be solvable. These very
serious engineering and economic prdb]ems are'not to be lightly dismissed,
but a discussion of possible solutions will require considerable engineer-

ing study to be meaningful.

FUTURE RESEARCH NEEDS

Many -areas requiring research and engineering will be evident from
the foregoing discussion. some are extensions of already abundant know-
ledge, such as thé identification and characterization of desert plants.
Other areas require the development of relatively new research and engineer-
ing areas. |

Botany and Taxonomy. Identification and listing of abundance of

various species of plants in dry lands seems to be very complete in some
areas. For example, there is a very detailed study of the plants of the -

Central-Southern Nevada Area.4]

Probably there are large areas of dry
lands where sﬁch detai]edlétudies are:not yet available, but would be
useful both fdr eva]uatidﬁ of the bdtentia] qf.native plants, and for
assessing environmental costs of proposed developments.

- Plant Physiology. As indicated earlier, the biochemistry of plant

photosynthesis including that of desert plants is widely studied and-
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appears. to be well understood. Other areas of plant physfo]ogy relating
to water and mineral use and conservation may be much less well studied

or understood,

Potential of Native Plants to Provide Useful Food, Feed, and

Materials. While there may be much historical and cultural knowledge

about plants from dry lands as sources of food and feed, there appearé to
be a need for extensive analysis of_p]ants to determine the amounts and
identity of useful constituents. A few examples were given earlier of

some plants that are only recently being recognized as sources of valu-
able substances. Also, there is little information about the pdtentia] of
crops from hatiVezplants-if they were systematically cultivated.

Plant Improvement and Adaptation. Experience with temperate zone o

pTants requiring moderate to heavy wéter application shows that very
great increases-in productivity, qua]ity‘of product, resistance to
diseasé,.and-other desirable properties can be achieved through breed-
‘ing and other agronomic techniques. Although some plants such as Zea
mgzg; capab]e_of growing under semi-arid conditions have been extenéive]y
bred and improved, there may be many other plants from arid regions that
coy]d also benefit from suéh programs, particularly if the search.is

extended to plants useful for chemicals and materials.

‘Desert Ecology and Management. - Although much has been learned, much
more remains to be: done, particularly.with respect to educational programs
_tq he]p inhabitahts'of dry lands to make better use of these resources
withoutAdegrAdatioh of the land. The prob]em:of desertification of deéert

fringe land deserves much attention.
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- Controlled Environment Agriculture. Although use of greenhouses

goes far back in man's history, advanced CEAisin its infancy. The promis-
ing starts made by several countries around the Persian Gulf and in the
U.S. and Mexico should serve as a beginning for more extensive and sophis-
ticated prqjects. In particular, systems should eventually be pdwered
entirely by solar energy. There are complex prob]ehs of mechanical, chem-
ical, and. civil engineering involved.

At the same time, CEA can create new conditions for plant growth
for which no plants growing in natura]yen§ironments are fully adapted.

The possibilities are very great for plant breeding to produce plants
capable of improved properties suitablé for CEA. .Among these may be
mentioned:

1) High temperature tolerance

2) High growth rates at high temperatures and humidity . -

3) Maximum use of CO2 enrichment and ability to tolerate substantial -

Tevels of sul fur dioxide

4) Resistanée to mildew

5) For legumes, high rates of N, fixation under CEA conditions.
No doubt many more.could be added to this list.

There is a need for a long range, stable (ih terms of financial
Support) of research and deve]opment in CEA, in which engineers, agron-
omists, economists, p]aht physio]ogists, and chemists would interact
and work together toQards a really new kind of agriculture capable of
highly efficient sol%r_enekgy utilization to produce needed food, feed,

and materials.
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CURRENT AND FUTURE RESEARCH RESOURCES .~ .- ,

. Dr. William McGinnies, a discussant for this subject is himself
- an authority on desert lands management and ecology, and can supply a
list of other experts on the various aspects of deserts and their plants -
mentioned in the preceeding section. Another discussant, Dr. Lawrence
de Bivoft, has recently compiled an exfensive report on CEA and can
supply .a cbmp]ete list of research and development resources for CEA.
The third discussant, Dr. Bessel é&k, is an authority on photosynthetic
enérgy capture and conversion and can provide nameé of the principal
contributors in that field.

Plant physiologists in the U.S. working on various aspects of
plant photosynthetic metabolism and its regulation include: Dr. Clanton
Black, University of Georgia; Dr. Gerald Edwards, University of Wisconsin;
Dr. Ollie Bjorkmann, Stanford University; Dr. N.E. Tolbert, Michigan State
University; Dr. I. Ting, University of California, Riverside; the author;
_ and.many_others. Dr. Bjorkmann and others at the Carnegie Institute of
IWashington, Stanford University, have done extensive mobi]e.1aboratory
studies pf~desert plants in Death Valley, California, U.S., as well as at
Stanford; and have éccumu]ated much information‘about response to tempera-
ture and othervenvironmental factors. Prof. 0.H. Lange, University of
Wurtzberg, Germany, is an authority on desert plants, including those
near the Red Sea. Dr. R. Pearcy at the University of California, Davis,
is another expert on physiology of desert plants. |

Institu;ions devoted to the'Dgsert and its resources in the U.S.
include the Ihternationa] Center for Arid and Semi-Arid Land Studies at .-

~ Texas Tech University, the Desert Research Institute in Reno and Boulder
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City, Nevada; and The Environmental Research Laboratory (ERL) of the

University of Arizona, Tuscon. ERL has designed many of the CEA systems
presently in existence including the facilities in Abu Dhabi, Kharg
Island, off the coast of Iran, the 4 hectare facility at Environmental
Farms, near Tuscon, Arizona and others. The Director of ERL is Carl
Hodges. | |

The National Science Foundation haé played a leading role in various
aspects of desert research. Much of the CEA work by ERL‘is supported
by NSF, and NSF funded a study on the pesert Biome | for the Interna-
tiona]lBiologica] Program. |

Many more institutions and names could no doubt be added to this
list. Given sustained, long range planning ahd funding in a well managed
program with clear goals, there is littie doubt that skilled scientists
and engineers could be found to do the_work._ In a re]ativé]y short time
. they would produce a successful program for obtaining abundant supplies
of food, feed, chemicals and materials from the desert lands bordering

the oceans. This would be done using only the energy of the sun.



CTABLEI. 3
PRIMARY PHOTOSYNTHETIC PRODUCTIVITY OF THE EARTH
‘Area ' Net Product1v1ty ‘
o 5. _ (tota] = 155.2 billion tons
(total = 510 million Km ) _ ~dry wt./yr.)
Total Earth 100 100
 ‘Continents 29.2 - 64.6
‘Forests . 9.8 | 81.6
Tropical Rain 3.3 21.9
Raingreen ' 1.5 7.3
. Summer Green 1.4 4.5
Chaparral 0.3 0.7
Warm Temperate Mixed 1.0 3.2
Boreal (Northern) 2.4 3.9
Woodland - 1.4 . 2.7
Dwarf' and Scrub 5.1 A Y
Tundra = - 1.6 - 0.7
Desert Scrub 3.5 . . , 0.8
Grassland | 4.7 | | 9.7
Tropical ‘ 2.9 6.8
Temperate 1.8 : 2.9
Desert (Extreme) 4.7 . 0
Dry- B 1.7 0
Ice =~ 3.0 : : 0
Cultivated Land = -~ 2.7 5.9
Freshwater - 0.8 ' 3.2
Swamp & Marsh 0.4 ' 2.6
Lake & Stream 0.4 0.6
Oceans o 70.8 - o 35.4 .
Reefs & Estuaries 0.4 2.6
Continental Shelf 5.1 6.0
Open Ocean 65.1 26.7
Upwelling Zones - 0.08 0.1

Percentages based on data presented by H. Lieth at the Second Nat1ona1

Biological Congress, 1971. 7
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MAXIMUM PHOTOSYNTHETIC PRODUCTIVITY AND MEASURED MAXIMUM YIELDS -
IN SELECTED PLANTS
Assumed _
Radiation metric tons/ eff.

Kcal/cm@.yr  gm/m-day  hectare yr. %

Theoretical max. (Table II)

High Solar Desert ann. 200 86 ' 313 6.6
U.S. Average annual 144 61 224 6.6
U.S. Southwest ave. ann. 168 72 263 6.6
U.S. Southwest, summer 247 106 387 6.6

Maximum Measured

C-4 Plants | | | .

Sugar cane 247 38 (138) 2.4
Napier grass ' , 247 39 (139) 2.4
Sudan grass (Sorghum) 247 . 51 (186) 3.2
Corn (Zea mays) 247 52 (190) 3.2
.C-3 Plants
Sugar beet 247 ' 31 (113) 1.9
“Alfalfa 247 23 ( 84) : 1.4
Chlorella 247 - 28 (102) 1.7
Annual Yield.
C-4 Plants ; ‘
Sugar cane - . 168 - 31 112 . 2.8
Sudan grass (Sorghum) 168 10 36 0.9
Corn (Zea mays) ' 168 4 ‘13 0.4
C-3 plants
Alfalfa 168 8 29 0.7
Eucalyptus 168 .15 54 1.3
Sugar beet 168 9 33 0.8
. Algae : ) 168 ' 24 - 87 2.2

*
Parentheses indicate maximum rates. Since these are not sustained over
- a whole year, they are much higher than annual yields.
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Figure 1.

Figure 2.

Figure 3,

: Mean Annual InSo]ation;?WOrldwide. Sma]ler area local vakia—
" 'tions are omitted in this g]obé] map in order to provide a

igeneﬁal view of incidence of so]ar energy at the earth's surface.

The figures are for total insolation over one year.

The.reduétive pentose phosphate cycle. The heavy Tines indicate

reactions of the RPP Cyc]e;'the faint lines indicate removal of
intermediate compounds of the cycle for biosynthesis. The

number of heavy lines in each arrow equals the number of times

. that step‘in the cyc1e occurs for one complete turn of the
"cycle; in which three molecules of C02'are converted to one

‘mo]ecuTe of.GA13P. Abbreviations: RubDP, Ribulose 1;55diphos-

phaté; PGA, 3—phosphbg]ycerate; DPGA, ],3-diphosphbg]ycerate;

" NADPH and NADP+;}reduced and oxidized nicotinamide-adenine

dihuc1ébtidévphosphaté, resbectiVe]y; GA13P, 3-phosphoglycer-

aldehyde; DHAP, dihydroxyacetone phosphate; FDP, fructose 1,6-

. phosphate; .G6P, glucose 6-phosphate; E4P, erythrose 4-phosphate;

SDP, sedoheptulose 1;7-d1phosphate; S7P, sedoheptulose 7-phos-
phate; Xu5P, xy]u]ose 5-phosphate, R5P, ribose 5-phosphate; RudP,
ribulose 5-phosphate; and TPP, thiamine pyrophosphate. .

The C-4 cycle of photosynthesis. This is one version of the
preliminary CO2 fixing cycle which occurs in certain tropica]
grasses as well as in a scattering of other plant species. This

cycle byvitsélf does not result in ény net fixation of CO2 into
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organic compounds, but rather serves as a vehicle to move

CO2 from cell cytoplasm and perhaps outer leaf cells into

the chloroplasté of the vascu]a; bundle cells in these p]ants.'
This CO2 transport is thought to be responsible for the mini-
mization of photorespiration in these cells (see text). 1In
some plants, another version (not shown) of the C-4 cycle is
found in wﬁich OAA is converted to aspartaté rather thén
malate for transport. Abbreviations: PEPA, phosphorenb]-

pyruvate; OAA, oxaloacetate.

Scheme for energy and protein production by covered agriculture.
Alfalfa, grown under transparent cover year-round with CO2
enrichment, would be harvested éhd ﬁrocessed to remove some
protein as a valuable product. Thé res}due would be used as
ahimal fodder or, in the version shown'here, as fuél fok poWer
plants. Combustion C0, and H,0 from this and fossil fuels

would be returned to the greenhouses.
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