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Climatic Relations of
Sugarcane and Sugar Beet
Bj^ E. W. BRANDES and G. H. COONS '
THOUGH it is not possible to change the cUmate to fit the
plant, it is often possible to change the plant to fit the climate.
The Indians did this with corn over a period of many thousand
years. The plant breeder of today telescopes the process into
a few years simply because the systematic and precise methods
of modern science enable him to find out quickly just what
needs to be done and what material there is to do it with.
Nowhere is this more evident than in the breeding work with
sugarcane and sugar beet, which has accomplished striking
results in recent years.
^E. W. Brandes is Hoad PalholoiiiHl in Charge, and G. H, Coons is Principal Pathologist, Division of
Sugar Plant Investigations, Burean of Plant Industry.
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IN THIS DISCUSSION of the influence of climate upon sugarcane and
sugar beet an attempt will be made to deal with these crop plants as
dynamic entities, capable of much variation, rather than as static things
fixed forever in certain forms. In the field of biological resi^arch
directional breeding seeks to produce sorts that are improved because
they fit the environment instead of succumbing to it. The fruitfulness of specific efforts in this direction may be gaged in advance by
taking into accoimt the geographical range, the behavior, and tlie
reactions not only of all the cultivated forms of the species but also of
those close botanical allies w^ith which the plant types íTI question can
be made to intercross. In other words, the gene complement of both
the species and the genus represents the major entity whose response
to climate and other factors must, in the long view, be considered.
Examples wnll be given for both sugarcarie and sugar beet to illustrate how advances may be made w^ithiTi the inherent limits imposed
by the species. Apparent obstacles imposed by some phase of climate
may be surmounted b}^ revolution in the strains growm. However,
there must exist with the stock from which the crop plant arose
intercrossable forms suited to the climatic conditions for which adaptation is desired.
The effects of the changing pattern in the crop plants themselves, as
well as in their culture, may be far reaching. Conclusions drawn at
any one period as to the reaction to climatic factors and the relation
of a plant to an environment necessarily wnll be subject to rather broad
revision as the orbits of adaptation of the plants are w^idened,

SUGARCANE
WORLD DISTRIBUTION

Setting out on a study trip to visit the numerous parts of the world
where sugarcane is produced, a traveler will encounter variations
seemingly not much short of extreme in the temperature, moisture,
and light conditions in the different countries and also in the natural
plant cover. Farmers of all races engage in sugarcane husbandry in
more than 50 countries having modern mills for sugar manufacture
and in many others where sugarcane is important for food but is not
processed into refined sugar. The countries encircle the globe and
range from about 40° north latitude to 32° south latitude (fig. 1),
encompassing more than half the earth's surface and an even greater
proportion of the habitable land surface.
Starting west around the earth at the Equator in the western
Pacific islands, without going 10° north or 10° south, the traveler
will first find large-scale sugarcane industries in the coastal plain lowland and low^ valleys of the great Malay Archipelago jutting southeast from Asia. Most of this area may be described as having a
tropical rain-forest climate. Cane growls almost everywhere in the
entire region, but no largo commercial industries are centered there
except where there is a brief annual respite from the rains. The
same belt in Africa is unimportant for sugar production, although
a few cane mills are foimd in Uganda and Kenya at liigh elevations
and one in the Belgian Congo. In equatorial South America the
departure from tropical rain-forest conditions reaches an extreme in
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Peru, where cane is grown on the rainless western side of the Andes
under irrigation. As compared with the hixiiriant rain-forest vegetation of the same latitude in the East Indies, the scanty desert
íloí'a of tliis rc^gion suggestsanythingbutthepossibility of cane culture;
yet, with controlled water supply, conditions for the crop are favorable. Northward in the same belt, sugarcane grows better in some
of the high hinnid valleys of the Andes than in any other part of the
New World. Farther north, but still below 10° north latitude, the
important sugar industries of the Guianas are located on the seacoast
or low-lying lands along the rivers, some even below tidewater.
Having progressed around the world within the narrow confines of
wha t may be considered the deep Tropics and received striking revelations of the great variation in natural conditions under which sugarcane culturéis pursued, the traveler meets with more surprises when
he turns his attention to the great circles at right angles to the
E([uator.
Starting again in the western Pacific, but farther south, he encounters sugai'cane culture along the coastal rivers of northern NewSouth Wales (28'' to 30° S.), where a mild, Temperate Zone, humid
climate prevails, with occasional freezes in Jidy and August. Without special remark on the important intervening sugar countries,
which include Queensland, the Philippines, southern China, anci
Formosa, he follows the great circle (approximately 140° east longitude) northward 6,000 miles to the sugarcane industry of the small
islands south, of Kyushu in the Japanese Archipelago (30° to 32° N.).
Distinctive among the climates of important sugarcane countries is
that of parts of northern India, with frost in Dc>cember and January,
hot winds in early April, and rains commencing in June. In spite of
apparent differences, the sea-level, temperate, rain-forest areas of
the southeastern part of the United States (25° to 30° N.), with
mild to severe winters, the high tablelands of northwestern Argentina
(25° S.), and the undulating coastal areas and acacia-grassland
saranna of Natal and Zululand (30° S.), with long, cool winters and
marked drought hazard, have a common problem—how to make more
efficient use of the winter months. In partial compensation, these
countries, together with northern India, New South Wales, and
others in similar latitudes, share the advantage of long summer days
and accelera,t(>d gj'owth, as compared with that in the equatorial
zone of 12-hour days. The small sugarcane enterprises of southern
Spain and the Azores (38° N.) are believed to be the northernmost
commercial industries.
Returning to the Tropics, the traveler perceives that the islands,
or groups of islands, lying between 10° and 30°, both north and south
of tlie Equator, and tliose fringing the outermost limits of the tropical
zone have more in common climatically than any other sugarcane
countries thus far mentioned. In respect to certain features, principally the amount and distribution of rainfall, there are differences,
but in general the light, water supply, and temperature conditions
are similar. As a group these islands produce a large proportion of
the world's cane sugar. Except at high elevations they are frost-free.
Seasonal effects on cane, however, are pronoimced, and in particular
the combination of short days and temperatures somewhat below
optimum for growth in winter results in a long period of stagnation
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FIGURE

1.—World dislribulion of sugarcane and sugar beet. Potential areas of production are shown without reference to quantities
of sugar produced.
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in the development of the varieties now grown. This lias long been
recognized in some of these countries, inchiding Hawaii, Cuba, Santo
Domingo, Puerto Rico, Reunion, Mauritius, Fiji Islands, and others.
ORIGIN AND SPREAD

Until quite recently it has not been possible to consider broadly
the climatic and weather re(iuirements of sugarcane in general. Obviously, the potential adaptation of the plant to particular conditions
depends on study of its full range of characteristics or, more precisely,
on the inherent characteristics of all its ancestral forms. Only in the
last few decades has knowledge accumulated as to what these ancestral
forms of sugarcane are. Present information indicates that the cultivated kinds are a complex of mixed ancestry {2, 3)}
For thousands of years the sugarcane, represented by a relatively
few varieties of garden canes developed from several wild species of
Saccharum by primitive people in Melanesia and British India, has
been cultivated. Before historic times sugarcanes started on their
migrations eastward and westward from the various Melanesian
centers of origin, beginning with the unrecorded voyages of men to
the islands of the Pacific and the backw^ash of migratory races from
Melanesia to the Indian Peninsula. The latter movement accounts
for the presence in southern India and Malaya of the so-called noble
varieties (the varieties of Saccharum qfficinarum are called ''noble''),
although they are not indigenous there. The indigenous Indian
canes found in northern India are very different from these introduced
forms in both botanical origins and characteristics.
Within historic times the sugarcane of Melanesian origin, or chiefly
of that origin, w^as carried from India westward to Iran, Mesopotamia,
and the Mediterranean countries, including southern Spain. With
the discovery of the New World and the increasing demand for sugar
in Europe, sugarcane of that t^^pe was settled in country after country
in America until the center of sugar production for trade rotated
westward through 180° of longitude. The varieties of northern India
were concerned little, if at all, in this migration.
The few Melanesian varieties that comprised the group of migrants
became successively fewer in number as the}' radiated outward during
this long period of time. With such restricted material, very little
improvement of sugarcane was possible in the New World, and there
is Tio record of any being made. When, during the past century,
shipping facilities permitted more rapid transport, additional varieties
of the same general type were brought to the New World. As far as
is now known, few varieties w^ere imported, only a small fraction of
the range available in the native habitats being represented. It is not
surprising, therefore, that the potentialities of sugarcane as a whole
in the New World were ver}^ insufficiently (explored. Reasonably
satisfactory performance of sugarcane was all the New World planters asked. The proximity to markets, only a voyage across the
Atlantic being required, in contrast with the much longer trip around
the Cape of Good Hope, the vast new lands, and slave labor gave the
American producer an advantage. Because of this geographical advantage with respect to markets, it was even possible to extend
2 Italic numbers in parentheses refer to Literat Lire Cited, p. 438.

426

•

YearbooJi of Agriculture^ 1941

the range of sugfircane northward and southward, to cover 60° of
latitude in the Americas.
Inasmuch as only very restricted plant material was used in these
sugarcane enterprises in the Western Hemisphere, which merely
''resettled" Old World varieties, the performance of cane in the West
Indies and North and South America shows that the plant has
considerable adaptability.
With the gradual development of agricultural science and closer
scrutiny of the performance of cane—in terms of the increase of
recoverable sugar by the month rather than by crop seasons, which
may vary greatly in length—it has been possible to measure performance with a much greater degree of refinement. This has permitted
evaluation of the diííerent sugar-producing regions by new and more
precise methods, taking into consideration climate and other natural
conditions. It becomes apparent that some deeply rooted ideas on the
relative advantages of sugar-producing regions need revision. The
regions where sugarcane is important may owe their rank as producers
to considerations among which natural advantage is not paramoimt.
A comparative analysis of climate in the sugarcane areas of the
Eastern and Western Plemispheres reveals certain similarities and also
certain striking differences, as the description already given shows.
Everything considered—including daily periods of daylight, annual
and daily fluctuations in temperature, mean temperature, amount and
distribution of rainfall, and soils—the similarities are less impressive
than the differences. This is partly due to the different character of
the land areas in equivalent latitudes in the two hemispheres.
At zero latitude in the chief sugar-producing part of the Eastern
Hemisphere are moimtainous islands with tropical island climates
characterized by rather abrupt local differences in rainfall but uniform
temperatures at equal elevations and surface features favorable for
drainage. There is a well-defined east-and-west monsoon, advantageous for ripening. The equivalent land area in the Western Hemisphere is the vast South American continent, mostly low except at the
extreme west, where it rises abruptly to the chains of the Andes, with
high flat valleys between the ridges. In general the local differences
in rainfall are not so pronounced, daily change in temperature is not
so great, and the mean temperature (except in the Andes) is somewhat higher than in the Eastern Hemisphere. There is no well-defined
monsoon but almost continuous heavy rain broken by periods of less
rain in the montaña, or region of the great fan of tributaries in the
upper part of the Amazon watershed. Except for length of day, the
climates of the Eastern and Western Hemispheres at this latitude are
therefore dissimilar. For sugarcane the lack of pronounced temperature change in the montaña is, of course, not unfavorable, but
the absence in much of the area of a droughty rest period results in
watery juices. These contrasting land conditions are almost the
same for a distance of about 10° north and south of the Equator.
The principal tropical sugar-producing coimtries of the Eastern
Hemisphere are in this equatorial band.
Between 10° and 20° both north and south latitude the character
of land areas important for sugar in the two hemispheres is reversed.
North of the Equator, they change from insular to continental in the
east, while in the west they change from continental to insular. The
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two principal tropical sugar-producÍDg countries of the west are in
this area.
Between 20° and 30° N., sugar production is continental in both
hemispheres, except for the island of Formosa; in the equivalent band
south of the Equator it is exclusively continental.
BejT^ond 30° N. and exteîiding to about 40° wild forms of Sacckarum
have recently been found in the Old World, the outward limits of the
range in the Ti^mperate Zone being midcontinental.
PREHISTORIC AND RECENT ADJUSTMENTS

The wide différences in the climates where sugarcane is grown need
to be reconciled with the undoubtedly definite requirements of the
crop. A part of the explanation lies in the fact that a sexual cycle
is not involved in sugarcane culture as it is in that of most staple
crops. The commercial product of sugarcane is not fruit or seed but
a constituent of the cell sap of the stem, a vc^getative part. In general the relationships of Ught, temperature, moisture, etc., are more
exacting for sexual maturity than for vegetative growth. Wherever
grown, sugarcane requires about the same units of climate, in whatever pattern they appear, in the course of a year, and takes relatively
the same length of time to grow. The total requirement of light,
whatever the day length, is large and must synchronize with abundant
water and with growth tenip(>ratures approaching the optimum during a reasonably long crop season; and during the season there must
be at least one rest period, or interruption of rapid growth.
In the Old World long association of the garden forms of cane with
wild ancestral forms, with which they freely hybridize, lias permitted
continuous selection for coimtless centuries, and there may be found
illustrations of distinctly diffen^it cultivated or garden forms adapted
to widely different climatic conditions. Since in a short space it is
not possible to direct attention to more than a U^w examples, the most
diverse forms of cane and the greatest departures in climate will be
discussed.
By far the greatest sugar production in India is in the Temperate
Zo7ie portions. The cane varieties grown commercially are the garden
foi'ms selected by unsung horticulturists ages ago from the local
forms of Saccharum spontaneum, the wild cane indigenous in northern
India. These varieties, slender and free stooling, make tremendous
growth in the long days of summer and withstand the cold of winter
and the hot dry winds of spring. They are short-cycle forms, completing a sexual gen(>ration in 8 to 10 months, and when they bloom
th(^ flowers are pi^oduced in late autumn. Experimental plantings
of varieties of this type in the United States indicate that growth
starts at considerably lower temperatures than with varieties of
Melanesian origin.
In great contrast with the Temperate Zone climate of northern
India is the tropical-island climate of the equatorial belt in the East
[lîdies. In keeping with the climatic requirements the cane varieties
are distinctly different from the Itidian canes aivd are of different
ancestry. The exemption from extremes of temperature and the
almost unvarying light during the year have resulted in the selection
of varieties with growth characteristics adapted to these more uniform
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conditions. It is not surprising that in Java the Melanesian gardon
canes are the basis of the commercial varieties that give such excellent
results there. In the Americas only the more fertile equatorial
valleys of the Andes may be compared with the native habitat of th(^
Melanesian garden canes, and even there conditions are not exactly
the same.
Sugarcane is not native to the New World. When the West Indies,
the Americas, and Africa were colonized, canes originally from th(>
East Indies region, where the climate is relatively stable and always
hot, were exclusively used, although climates of that type prevailed
in only a relatively few places in the Western Hemisphere, chiefly
in small areas in South America. In Cuba and countries equally
far from the Equator, where cane of that type is still grown, its
relatively poor performance as compared with that in Java is doubtless
partly attributable to climatic conditions distinctly different from
those of the original habitat. In other parts of the New World
where cane was established, climatic conditions departed to an even
greater degree—for example, in Louisiana and Argentina, where
extremes of temperatirre prevail. Although sugarcane culture has
been important in the Western Hemisphere for centuries, the adaptation of varieties to climate has been imperfect. Only in a few places,
most of them of limited area, have the migrants found conditions
truly satisfactory.
For most cane-growing countries, distinct opportunities have
recently been opened for selection of suga,rcane material better fitted
to the climate than that now grown. In many parts of the world,
particularly in the Western Hemisphere, a gradual transition is taking
place in the character of the sugarcanes grown commercially. This
transition, which is far reaching and of great economic consequence
in many important sugar-producing areas, has lately been much
accelerated. It consists chiefly in replacing varieties long in use by
hybrid varieties. These hybrids are bred by crossing the old varieties,
or varieties of similar character, with w^ild or primitive types from
different and sometimes rentóte environments (fig. 2). The results
of this work have been to double the acre yield of sugar in many
instances (1) a,nd to focus attention on the relation of the plant to
its environment.^
In the Old World there is evidence in some places of a greater degree
of adjustment to climate by use of a somewhat wider range of sugarcane forms.
Only within the past few years, with study of the wild and garden
forms of cane of varied origin, has there been a realization that a
very small part of the whole range of sugarcane forms available in the
world has been used in the sugarcane ^^resettlement" enterprises in
America. No clear statement of this far-reaching, important conclusion has heretofore been made. Demonstrations on a large scale
have indicated that when the climatic requirements are considered
and a wider range of plant material is used, great improvement is
possible. Only a beginning has been made, centering in the sugarcane-improvement project of the Division of Sugar Plant Investiga3 This varietal revolution is the result of several causes, among which attempts to control the diseases of
cane by substituting resistant varieti(>s M^ere important. For example, the prevalence of sereh in the Notlierlands East Indies and of mosaic in Puerto Rico and Louisiana resulted in renewed attention to breeding for
better adaptation to climate as a sequel to breeding for resistance.
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tions of the Dopartmont of Ao:ricultiirc, but results, signalized by
the higher acre-yield levels already attained by the completely reconstituted sugar industry of the South, indicate the possibilities. By
attention to these principles of climatic requirement, improvement
slightly less in degree is possible in the important sugar-producing
countries fringing the equatorial belt, where the annual fluctuation of
temperature reaches 50° F. or more and the differences between the
longest and shortest days are very significant for the growth responses
of sugarcane.
The transition in the character of the sugarcanes grown commercially
has been somewhat more pronounced in Temperate Zone countries.
In Natal, Egypt, Louisiana, and Argentina, all in the Temperate
Zone, the first stage of the transition is complete. An analysis of the
changes, which were at fii'st brought about largely by laborious cutand-try methods, demonstrates the practical application of the principles here emphasized. The trend is toward hybrid canes having an
admixture of the noble varieties formerly grown and cane types originating in the north Temperate Zone. Without doubt the improvement resulting from this belated concession to the demands of climate
can be followed bj^ still further improvement. Conscious selection of
breeding material, with attention to the great number of forms assembled during the past 20 yeais and due consideration of the climatic
and other requirements of these forms, will bring nearer the goal of
highly efficient sugar production.

I''i(;iKE 2.—Kespoiisc lo cliiiiali- of dilTcrriil sufrarcane varirllc^ in Louisiana. Two
roinmercial varieties, Co. 281 ami C. P. 807 (at left and al center), both of which
have a strong infusion of Temperate /<»ne tyi>es, jiro\\" hetter in the Louisiana climate
than P. O. J. 213 (at right), whose breedin;; history deiluitely iucludes only one such
infusion.
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DETERMINING CLIMATIC REQUIREMENTS BY TEST
OF BASIC TYPES

In contrast with the large amount of narrowly circumscribed material previously used for test and culture a systematically collected
assortment of sugarcane comprising a wide range between extreme
forms is now available (S). Studies now being carried on by the Division of Sugar Plant Investigations and its cooperators contemplate
observations on a large group of wild and "original" garden forms of
cane at each of a series of 10 stations spaced at intervals between the
Equator and 37° N. The same group is also being studied under controlled conditions of temperature and light. The group comprises
forms collected where they are indigenous extending from 40° N. in
central Asia to the southern islands of Oceania.
This project, now only in its second year, includes the simultaneous
monthly measurement of growth rate and sugar increment throughout
the year beginning at the spring solstice. The work is expected to contribute, in the course of time, to a much moi'e precise evaluation of the
world's resources of sugarcane germ plasm in varying forms and to the
better adjustment of the crop to the climates in present or prospective
sugar-producing areas. The attack on this problem has already yielded
results indicating that stagnation of growth during the cool rnonths
in the outer Tropics and occasional cold injury in the lower latitudes
of the Temperate Zone need not be accepted as permanent impairments
of farming efficiency. In the collection are wild forms that grow

FicuRE 3.—Wintcr-liardy wild sugarcane from Turkestan growing as a perennial at
Arlington, Va., where noble canes kill out comiiletely. This wild type arrows (blooms)
profusely in August; noble canes flower much later in the Tropics. By '"jiing advantage of the reversed seasons north and south of the F.quator anil utilizing speedy
transport of pollen by airplane, cross breeding has been effected.
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rapidly in cool as well as in hot weather and others that tolerate cold
(fig. 3). A more discriminating selection for nobilization of basic
types (biotypes) adapted to these particular climates is now possible.

SUGAR BEET
WORLD DISTRIBUTION

In nearly every important country, the production of sugar forms a
part of the agricultural economy. Climate determines whether the
source of sugar is sugarcane or sugar beet. The sugar beet, a plant
of the Temperate Zone, produces one-third of the world's supply.
Sugarcane, a perennial grass, requires 8 to 9 months to attain adequate
tonnage and satisfactory quality, and its culture is limited to tropical
and subtropical climates. The sugar beet, on the other hand, is a
relativ ely cold-hardy plant, grown for sugar production as an annual,
which in 160 to 200 days (5^ to 7 months) is capable of producing a
large tonnage of roots of high sucrose percentage. Its culture therefore can extend widely north and south; in the Northern Hemisphere
the sugar beet is grown from an extreme southern limit of about 35^
N. to an extreme northern latitude of about 60°. At Malaga, Spain,
sugarcane and sugar beets growing in adjacent fields represent the
culture of the two crops at about their respective north and south
limits (fig. 1).
As vrith sugarcane, the potential range of the sugar beet as a crop
plant may be predicted from the distribution and attributes of its wild
ancestors. Rather general agreement places the center of origin of
the genus Beta in eastern Asia, possibly Asia Minor or the Caucasus
region (11). From this general area the distribution of the genus
has been westward along the Mediterranean coast, northward and
eastward in the arid steppe regions, and as a littoral, or seacoast,
plant northward along the Atlantic and North Sea coast lines. The
wild relatives of the sugar beet, especially Beta maritima L., are coldhardy, extremely resistant to drought, tolerant of high salt concentrations as evidenced by their growth in situations exposed to ocean spray,
and capable of persistence and fair growth even in pauperized soils.
Among the types of B. maritima adapted to difl-erent environments
(ecotypes), annuals, winter animais, biennials, and pereiuiia.ls are
found; a north(yrn ecotype, biennial in habit, has been described from
Sweden (8). Thus the (ixpectations from th(^ genetic complexes
encompassed in the genus Beta are fulfilled by the establishment of the
sugar beet as a cro]) plant from Spain to Iran in the south and as far
north a,s central Sweden, with production possibilities claimed for the
vicinity of Leningrad, Union of Soviet Socialist Republics (9) ; successful culture of the crop on an extremely wid(^ range of soil types,
including thosc^ highly alkaline or brackish; and the behavior of the
plant when subjected to hÍ2:h temperatures, drought, and spring or
fall frosts (fig. 1).
xis far as temperature is concerned, the sugar beet can grow in any
State of the United States. A distinction must be made, however,
b(4ween mere growth of the plant in reasonably fertile, well-watered
soils and the efficient production of sugar-beet roots rich enough in
stored sugar to make them satisfactory for sugar fabrication. In
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general, the sugar beet makes its best and most efficient growth as a
crop plant in the United States within a zone lying between the summer-temperature isotherms of 67° and 72^ F. In his early studies,
Harvey W. Wiley called attention to this relationship and mapped
the potential belt of sugar-beet culture in the United States (12).
Subject to water supply and plant diseases, the localization of the
sugar-beet industry in the United States has tallied rather closely
with this masterful generalization (fig. 4).
In Europe the approximate course of the July 70° F. isotherm is
through north-central France, central Germany, what was formerly
Austria about at Vienna, Hungary near Budapest, and thence Tiorthward through Kiev, U. S. S. R. The important and highly productive
Magdeburg, Czechoslovakian, and Polish regions lie slightly north of
this isotherm, and those of Spain, Italy, the Balkan States, Turkey,
and Iran, where sugar-beet culture presents more problems, lie to the
south, the districts in the last two countries being nearer the July
80° isotherm. The limited sugar-beet culture of the Southern Hemisphere is confined, in the main, to regions crossed by the January
70° isotherm.
CLIMATIC REQUIREMENTS

The great adaptability of the sugar beet to environment makes it
necessary to outline rather broadly the climatic conditions Tiecessary
for completion of a crop cycle in which a high level of sugar storage
may be attained. As with other plants, temperature and water relations are most decisive. Sugar-beet SCíHI germinates slowly at
temperatures only a few degrees above freezing; hence to assure emergence rather than rotting in the soil, air temperatures of 45° to 48° F.
or above are required. At the emergence stage, when the benthypocotyls are pulling thc^ seed leaves above the ground, the sugar beet is

FIGURE

4.—Loca (ion of beel-siigar factories in the United States. The zone between
the mean summer isotherms of 61° and 72° F. is shaded.
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most sensitive to cold (temperatures of about 27° or below). Once
above ground and somewhat conditioned, the plants become very
hardy,^ tolerating without injury cold exposures almost as great as
those withstood by small grains. The normal progression of spring
temperatures, especially those approaching a daily average of 60°,
induces strong growth. Crop growth in late June, July, and August
is speeded by mean daily temperatures of 70° or slightly higher, but
with extremely high summer temperatures, growth apparently flags.
Within the sugar-beet zone, summer temperatures probabl}^ affect
production and quality of sugar beets less than does the water supply.
Fall temperatures, however, because of their profound effects on sugar
storage, are a critical factor. In the humid area and in general in
districts in which the crop is grown imder irrigation, a sugar-beet plant
which has made luxuriant root and top growth usually has attained by
September 1 a sucrose percentage of about 12. With the cool days and
frosty nights of late September or October, growth is checked, but
photosynthetic activity and storage of sugar are augmented (Î0)
(fig. 5). Sucrose percentages rise, reaching in mid-October averages
of 15 or more; and in November, if injury has not been caused by
severe freezing, percentages as high as 18 or even higher may be
reached. This relation of sugar storage to cool temperatures is
stressed because it explains in a large measure the mediocre or poor
performance of the sugar beet in more southern areas which have
relatively warm and wet fall weather. Wiley (ÍS), found—and abundant tests since have confirmed his findings—that abound W^ashington,
D. C, sucrose percentages of sugar beets reach their highest point
(about 12 percent) in late August or early September, but fall conditions bring about definite retrogression in these percentages coincident with vigorous growth of the plants.
In apparent contradiction to this course of development and sugar
storage under cool, fall conditions is the production in California of
extremely high tonnages of sugar beets of a quality not matched in
more eastern centers. Sugar beets planted in California in December,
January, or February are harvested and processed beginning in late
July. Highest sucrose percentages are attained in the hottest months
of the year, and sucrose accumulation in the roots takes place at
temperatm-es which in the daytime greatly exceed 100° F. It is
commoTi practice there to withhold irrigation water as the harvest
period approachc^s. Probably the high temperatures and decreased
water supply operate to check further growth while intensive photosynthetic activity continues, and thus storage of sugar gains to the
degree that growth, which consumes foodstuffs, is retarded.
Assuming an accumulation of soil moisture from winter precipitation and normal distribution of moisture tlu'oughout the growing
season and discounting heavy rains largely lost by run-off, the rainfall
r(H(uirements in the himiid area for average crop production may be
placed at 3 to 5 inches for the period from April 15 to June 15, 4 to 6
inches from June 15 to August 15, and 3 to 4 inches from mid-August
to October 15, or a total seasonal requirement ranging from 10 to 15
inches. Crops have been grown without irrigation with only 6 inches
of efl-ective summer rainfall, but under such conditions production fell
^ The capacity of the siigar-bocl plant, ovon when small, to recover from hail injiirv is a very important
consideration in many areas where hail damajíe frequently destroys other leafy crop plants.
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FIGURE 5.—Harvesting sugar beets in the humid area of the United Slates in late
fall after cooler weather has checked growth and proini>ted storage of sugar in the roots.

far below average. With almost garden culture, outstanding yields
are obtained in the Sacramento delta region of California imder conditions of nearly unlimited water supply, the problem in this district
being to keep the water table sufficiently low. In contrast to this are
the extreme reductions in yields in other districts, caiised by drought
periods, and the very noticeable effects of rainless periods of 3 weeks
or more. For optimum growth of the crop abundant moisture available
throughout the season is necessary so that growth shall not be checked
at any stage. In the irrigated sections, where rainfall is either negligible or so small in amount as to be largely lost, and relative air
humidities are extremely low, 15 to 24 acre-inches of water are commonly given by a series of applications. Light but frequent irrigations are more efficient than fewer, heavier applications of water. The
common fallacy that withholding water from young beets makes
deeper rooted plants has been exploded ; the practice in reality results
in stagnation of plant growth and loss in yield.
The factors of humidity and hours of sunshine operate concomitantly with the major factors mentioned, and their direct effects are
difficult to assess. On the other hand, day length may have rather farreaching effects. The sugar beet is classified as a long-day i)lant in its
fruiting habit. As sugar beets are grown for root production in a
season starting in April, the period from April 15 to July 1 is not
ordinarily cold enough to cause bolting (sending up seed stalks in the
first season of growth) with commercial strains; from midseason on,
vegetative growth continues, the shortening hours of daylight operat-
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ing further to restrict annualism. Thus, in nearly all districts the
sugar beet grows entirely vegetatively. Seed production comes
about in the second year of growth as a response to fall exposures
and winter cold storage.
The excessive and unwanted bolting of ordinary varieties of sugar
beet when the crop is grown for sugar production with planting dates
advanced to as early as October or November—a practice followed in
the coastal areas of southern and central Cahfornia and in the San
Joaquin and Imperial Valleys—presents a serious problem. As
high as 25 to 50 percent or more of the plants in the field may go to
seed, with consequent loss of sugar. This change from the vegetative
to the reproductive phase is associated with conditions during early
growth, when temperatures are frequently low enough, combined with
adequate light, to induce fruiting, with adverse effects on early plantings. Significant quantitative differences in the cold-exposure periods
necessary to induce bolting have been found among varieties and inbred
lines. Varieties slow to bolt have been developed by selection, and
soon such types will be used almost exclusively for plantings made
at advanced dates.
In contrast to beet growing for sugar production, in which the object
is to suppress bolting as much as possible, is the correlative activity
of the seed-production enterprises, in which maximum seeding of the
sugar-beet plants is desired. The responses of the sugar beet to
temperature as well as to day length have extremely important
relations to seed-production methods, since, within mass-selected
varieties, the types vary in their responses, especially to thermal
iiiduction of fruiting (seed production brought on by exposures to
low temperatures). Selection away from the bolting tendency to
obtain varieties which will not go to seed the first season if sown at
advanced planting dates has brought up new p>roblems in maintaining
these varieties because, within such nonbolting varieties, there remains a certain small proportion of individual plants which still
will go to seed readily under mild exposures. If seed production
is carried on under mild winter conditions, the individuals which
have a tendency to bolt go to seed; those which are slow to bolt do
not. Thus, the desired characteristics of the nonbolting sort may be
changed drastically in one season of reproduction because of this
failure of the desired individuals to go to seed. Certain established
sugar-beet seed-growing areas of the United States which have a
rather mild winter climate are thus unsuitable for producing seed
of the strains refractory to bolting. This seeming impasse in producing seed of nonbolting varieties for growers' use has been overcome by research on the fundamental principles involved. Genetic
factors determining bolting proclivities have recently been determined. Studies of thermal induction and photoinduction (fruiting
induced by length of day) have been made (7), and it has been found
that in the former case duration of exposure below some critical
temperature (about 45^ F.) is a determining factor for fruiting.
There is evidence that the thermal-induction process may be reversible, warm periods nullifying previous effects of cold. An important
practical outcome of this research is the recognition that a long
exposure to prevailingly cool weather, not necessarily below freezing,
causes practicall}^ all refractory types to go to seed, thus turning
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attention away from brief, extreme cold exposures and emphasizing
desirability of long-continued low temperatures which still permit
some growth. The recent development of the sugar-beet-seed enterprise in the Pacific Northwest stems from these physiological discoveries, and this area has been found suitable for the reproduction
of the varieties which could not be grown satisfactorily elsewhere.
FITTING CROPPING PRACTICES TO PLANT AND
CLIMATIC REQUIREMENTS

Placing the right plant in the right environment is fundamental in
man's conquest of nature. Certain soil types arc sought to meet the
requirements of a given plant. The obstacle that climate presents in
arid, continental regions because of deficits in precipitation is met by
utilizing water from distant watersheds or underground sources.
Thus the desert is reclaimed. Adjustment of the cropping season so
that untoward climatic conditions are avoided likewise assists man
in his conquest of the environment.
The recent entrance of sugar-beet culture into the Imperial Valley
of California on thousands of acres is an arresting example of such
agricultural strategy. In this great fertile expanse, practically rainless and torrid in the summer months, the lack of raiTifall has long
been met by irrigation. By reversing the sugar-beet season and planting in late September or October, the crop, which has been customarily cataloged as fixed to the spring-summer-fall schedule, has been
introduced successfully into a new environment. But even in the
Imperial Valley the winter temperatures may induce ordinary
varieties to go to seed in the first season. Hence the varieties to be
planted must be chosen to fit the climatic situation. U. S. 15, a
variety moderately resistant to curly top, obtained in breeding work
of the Division of Sugar Plant Investigations, has also the valuable
character of being a type slow to bolt under cold exposure. This
variety and other selections are coming into wide use for fall and winter
plantings. The accomplishment in the Imperial Valley and the
possibilities for extension into other regions of mild winter climate
hinge therefore on the development and maintenance of nonbolting
strains. As such agricultural problems are encountered, emphasis
must shift from the more or less fixed factors of the environment to
consideration of the right plant for the place and the potentialities
within the plant material which may permit better adaptations to the
imposed conditions.
DISEASE EPIDEMICS AND CLIMATE

In large areas of the united States within the temperature belt for
efficient production, sugar beets are not now grown. Usually some
major factor such as lack of an adequate water supply is responsible.
In other districts, the reason is economic. There are, however, many
areas having adequate soil and water resources where the growing of
sugar beets was started, met obstacles, and was abandoned. In the
western part of United States, the limiting factor commonly was curly
top, a virus disease. Curly top is introduced and spread in the
sugar-beet field solely by its insect vector, or carrier, the beet leaf-
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FiGl RE 6.—Climate, ihrougli its iiifliience on the insecl-virus relalii)iislii|), determines
the degree of curly top exposure. The susceptible European variety jjlanted liere in
the center strip has been almost completely destroyed, but the resistant varieties at
left and right have made normal growth. (Twin Falls, Idaho, 1938.)

hopper. The prevalence of the disease in any season is a function of
the size and movement of the beet leafhopper population. The
insect population, in turn, is governed by the kinds and quantities of
host plants on the western range lands, which arc the breeding grounds
of the leafhopper. Thus, in the complicated host-vector relationship
of curly top, the effects of climate on the plant successions of western
range lands determine curly top epidemics. The recurrent epidemics
of curly top at one time seemed to present unconquerable obstacles to
sugar-beet culture in the Western States. By the breeding and
widespread introduction of curly-top-resistant varieties (6), the
crop has been restored to the West, and production has been renewed
in many districts previously abandoned (fig. 6).
Other areas of the United States are made almost marginal for
sugar-beet production by leaf spot {Cercospora heticola Sacc.) (5).
This fungus disease assumes epidemic proportions in warm seasons if
rainy periods are frequent in the first half of the growing period.
Fundamentally the relationship of epidemics to climate traces to the
fungus, whose growth and spore formation are speeded by high temperatures and whose spread and infection require rainy weather.
Where climatically induced epidemics have jeopardized production,
the newly introduced leaf-spot-resistant varieties have great promise
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These plant diseases whose epickimic outbreaks affect the sugar beet
as a crop phmt are cited because the progress made toward control
again turns attention to the plant as an adjustable factor in the
envh"onment-plant complex.
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