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INTRODUCTICH

At a time when many of the leading cocoa producing countries are concerned about
the price which they receiwve for their product and are considering ways and means of
diversifying their agricultural economies, the need for a publication on the selection
of soils for cocoa may be questioned. Yet, it is in a competitive market that high
production efficiency is most essential and a wital factor in efficient cocoa production
is the choice of so0il on which the crop ie grown. By careful selection of soils, equal
and perhaps greater yields of cocoa can be obtained on a countrywide basis from a
greatly reduced area of land. Areas at present occupied by unthrifty cocoa can then be
released for the production of other cash crops, to which the soils may be better suited,
or to produce the food requirements of increasing populations.

In many cocoa-producing countries a large proportion of the present crop is
harvested from trees which are already past their prime and the need for large areas of
new plantings is foreseen if the present level of production is to be maintained. In
choosing sites for these new plantings maximum use should be made of experience on the
goil requirements of cocoa which has acoumulated in different parts of the world.

In one sense, the publication is premature, for many gape remain to be filled in
pur knowledge of the soil requirements of cocoa and, as yet, few of the desired scil
characteristics can be defined in exact terms. The relative importance of individual
goil characteristics differs in different environments, however, and only rarely is
the expression of a single characteristic sc exireme that it alone dictates the suit-
ability of a soil. More important, at this stage of knowledge, is & general under-
standing of the interrelationships of different soil characteristics and of their mutual
influsnce on the healthy growth of cocoa. For this reason, and because 1t is hoped that
the publication will be of wvalue to readers who are not soil specialists, considerable
space has been devoted to discussion of the basic principles which underlie these
relationships.

The influence of individual soil characteristics on the suitability of a soil
for cocoa are so closely inter-related that it is difficult to avoid some degree of
repetition in discussing different aspects of the subject. An attempt has been made
to minimize this repetition by summarizing the conclusions of earlier chapters within

E:aptar Five, where they are discussed in relation to the recognition of s=oil quality
classea,

Insofar as it has been possible to suggest specific criteria as minimal soil
requirements for cocoa planting, rather high standardes have been deliberately chosen,
The reason for this is clear for mere survival of the trees ie not sufficient. TIn the
future, the economic use of land for cocoa production will demand the use of modern
management practices and these are only profitable if the soils on which the trees are

planted are capable of supporting high ylelding cocoa for many years, with or without
the aid of fertilizers.
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CHAPTER ONE

CLIMATIC CONSIDERATIONS

Research aimed at discovering the environmental conditions most fawvourable to
cocoa has made it increasingly clear that conclusions on the soil and nutrient
requirements of the tree cannot be drawn without reference to the climatic con-
ditions under which the tree is to grow. GOeneralizations on the climatic require-
ments of the tree without reference to soll conditions a2re =pt to be equally
misleading (Havord, 1958). Climate, itself, represents a complex inter-relationship
between the major factors of temperature, rainfall (quantity and distribution),
humidity, cloud cover and windepeed. Nevertheless, some limits, defined largely
by temperatures, can be placed on the climatic requirements of cocoa, within which
the relative success of cocoa farming will depend on the methods and plant material
employed and on the nature of the soil., Climatic conditions exert a lerge influence
on the processes of soil formation and so, by plecing limits on the climatic range,
a8 certain degree of limitation is alsoc placed on the range of soils which can be
considered for cocoa. Thus, to provide a setting for subsequent discussion, a brief
resumé of the climatic requirements of cocoa is necessary, although different aspects
of this subject have been considered in detail in wvarious publications.

CLIMATIC REQUIREMENTS

Alr Temperatures

Air temperatures are known to influence wvarious physioclogical processes of
cocoa and world cocoa distribution ie largely dictated by the narrow range of
temperature conditions under which the plant thrives. Hardy (1960) has discussed
research on the temperature relations of cocoa carried out in Costa Rica, Trinidad,
Ohana and Brazil and concludes that the optimum average temperatures throughout the
year should be around 25.5°C (78°F) with a daily range of 9°C (16°F), Daily
temperature fluctuations of this order appear to be necessary to initiate bud-
bursting, but bud-bursting and leaf-flushing may be excessive if the daily range

atly exceeds 9°C, particularly if maximum temperatures rise much above 28°C
?EE°F}. Low temperatures adversely affect the tree and, on the basis of Erneholn's
studies in South America (1948), Hardy suggests that 15°C (60°F) should be regarded
as the lowest mean daily minimum temperature acceptable for coco=, with an absolute
minimum of 10°C (50°F). At temperatures below 25.5°C flower formation appesrs to be
inhibited and trunk growth appreciably reduced.

From these, and other considerations, Hardy (1960) concludes th=t the limits of
the temperature ra favourable for cocoa may be set at 159°C (60°F) as the monthly
mean minimum and 30°C (86°F) as the monthly mean maximum. Ideally seasonal temper—
ature variations should be small z2nd the diurnal temperature range almost constant
throughout the year. OSuch temperature conditions are found in low-lying areas at,
or near, the equator. North and south of the equator diurnal temperature ranges
increase and conditions become progressively less suitable for cocoz. In fact,
although the limits of cocoa cultivation extend to almost 20°N (in Mexico) and to
almost 3095 (in Brazil), the bulk of the world's crop is harvested within 10° of
the equator, mostly at elevations below 1,000 ft. (Urquhart 1955). In latitudes
greater than 15°N or S5, temperature relations are likely to be marginal for cocoa
and may even constitute a factor limiting production (Hardy 1960).



Rainfall

Whilst the majority of cocoa-growing areas enjoy 1,500-2,500 mm. (60"-100") of
rainfall per annum cocoa is, in fact, grown under a much wider range of rainfall
conditions. With the aid of irrigation, satisfactory crops are obtained on the
sandy desert coast of Peru where rainfall is less than 100 mm. (4") a year (Alvim,
1959). Even without irrigation, cocoa is grown quite extensively in parts of
Higeria and Ecuador where annual rainfall is less than 1,250 mm. (50") and four
months of the year are almost dry. On the other hand some cocoa is grown in New
Guinea under rainfall approaching 5,000 mm. (200") per annum. Nevertheless, fow
cultivated plants are as sensitive as cocoa to water shortage or excess in the soil
and successful cultivation under the extremes of rainfall gquoted demands careful
water management or, at least, very careful selection of soils.

The relationship between soil moisture conditions and rainfall involves not only
the nature of the soils but also other environmental factors, particularly temper=
ature., The relationship is so complex that generalizations on the rainfall in any

riod is less than the water loss caused by evapotranepiration. Accordirg to Hardy
E;EED}, measurements made in several cocoa-growing countries indicate this loss to be
of the order of 100-125mm. (4-5") & month, implying that a minimum monthly rainfall
of the same order is required to aveid depletion of soil moisture during dry months.
Fronounced dry seasons, in which losses by evepotranspiration exceed rainfall for
several successive montha, profoundly affect the flowering and fruiting behaviour of
cocoa and there can be no doubt that prceseively prolonged dry spells could be fatal
to cocoa in ithe absence of irrigation. There appears to be no evidence to support
the theory that & resting period from growth, induced by dry conditions, is beneficial
to cocoa (Urquhart, 1955). On the contrary, rainfall evenly distributed throughous
the year appears desirable,

The difficulties inherent in attempting to extrapolate apparent climatic
requirements from onc territory to another, in vwhich environmental conditions may
be subtly different, can be illustrated by a comparison of rainfall conditions in
the neighbouring West African countries of Ghana and Nigeria. Thus, whilst Adams
and McKelvie (1955) noted that very little cocoa was grown in those areas of Chana
in which rainfall during the period November to March was less than 10" (250 mm,),
in the greater part of the important cocoa-growing areas of Western Nigeria rainfall
during this same period rarely exceeds 7" (180 mm.) (Smyth and Montgomery, 1962).
Yot yields from Amelonado and Amazon cocoas, produced by comparable farming methods
in Ghana and Nigeria, do not differ wvery greatly.

In some areas the size, as well as the distribution, of cocoa harvest is
regulated by rainfall more than by any other ecological factor. Alvim (1959)
quotes a rumber of authorities from different parts of the world who have noted a
close relationship between harveat distribution and the distribution of rainfall
5=T months previously. This, Alvim points out, indicates the predominant direct
effect of moisture availability on flower and fruit formation. In Bahia, Brazil,
vhere temperature cycles appear to exert a greater influence than rainfall dis-
tribution on crop rhythm, the same author reports & strong positive correlation
between rainfall and yield about two years later. This he explains as an indirect
effect effect of rainfall on yield caused primarily by the influence of water supply
on vegetative growth and bud wood formation. On the other hand, negative correl-
ation between yield and rainfall 2-3 months before harvest has been recorded in
West Africa, probably because of increased incidence of fungal pod diseases under



wetter conditions. These relationships require consideration in the interpretation
of experimental work on cocoa and, for field trials on mature trees, make it desire-
able to calibrate yields in relation to rainfall on the trial site preferably for at
least two years before treatments are applied.

The selection of soils for cocoa planting under different rainfall regimes is
discussed in some detail later.

Other Climatic Factors

Atmospheric humidity and windspeed are both factors controlling the rate of
evapotranspiration and their combined influence can be of considerable significsnce
in areas where soil moisture tends to be deficient. In some parts of lest Africa,
for example, increasing frequence and intensity of the hot dry "harmnttan" winds,
sweeping south from the desert areas in the early part of the year, are major
faztors limiting the spread of cocoa farming northwards.

Relative bumidity is usually wery high in cocoa-growing areas and this has
freyuently been stated as a requirement for successful growth. However, as Alvim
(1959) points oui, there is no experimental avidence that lower humidity par_se
would be harmful to cocoa and he himself was unable to detect sizns of water streszs
in cocoa when midday relative humidity decreased to about 40-50%, provided soil
moisture was adequate. Nevertheless, high humidity and continuous cloud cover may
serve to ameliorate the adverse effect of long periods of very low rainfall and this
may explain the rather surprising success of cocoa farming in parts of Nigeria and
Ecuador where, as mentioned earlier, the wolume and distribution of rainfall is far
from optimum. Where soil moisture is adequate, wery high humidity can be considered
undesirable since it undoubtedly favours the development of various diseases of
COCOa.

Cocoa is exceptionally susceptible to mechanical damapge by wind. The surface
concentration of its root system offers weak anchorage in the face of wvery strong
winds and even light winds of less than 16 miles per hour can cause apprrociable
damage to young leaf flushes, which, unlike those of many other trees, reach their
meximum size before hardening (Venning, 1958).

Effects of Shade on Climate

The majority of the world's cocoa is grown under soma form of shade which
inevitably modifies climatic conditions in the immediate viecinity of the cocoa
tree. Since direct insclation and air movements are reduced, the chiaf effect
of shade trees is to reduce the daily temperature range of the air surrounding
the cocoa lowering maximum temperatures and raising miniaum temparatures
(Hardy 1960). An experiment in Trinidad showed that, during the dry season, the
mean diurnal range in a well-gshaded plot was 13.9°F compared with 20,4°F in a
poorly-shaded plot (HcDonald, 1932). In a shada expariment in GChani a 2=39F
temperature difference was noted in the canopies of shided and unshaded cocoa
(Burd and Cunningham, 1961) and Hardy (1960) estimates that, in general, chade
trees reduce the maximum air temperature range Lty about 2.6°C (4.,7°F). Reduced
temperatures under shade increase the relative humidity within the cocox canopy
and, since the vapour pressure within the leaf is reduced in relation to that
of the atmosphere, water loss through transpiration is reduced (Alwim 1957). As
much as 20% of the rainfall is intercepted by the leaves of the shade treca and



evaporates before reaching the soil but this is of no significance unless soil
moisture is already depleted, since in evaporating it absorbs a part of the energy
that would otherwise be dissipated by transpiration and surface evaporation so that
the total water loss at the site of evapotranspiration remains essentially the same
(Hardy, 1960).

SOIL FORMING PROCESSES IN POTENTIAL COCOA-GROWING AREAS

To provide a background for subsequent discussion it is worth considering in
broad terms the significance of the climatic limitations of cocoa described in the
previous section in relation to the soil forming processes which are likely to be
active, and thus the range of soil characteristics one can expect to encounter, in
areas climatically suitable for cocoa. For this purpose we will neglect the
possibility of irrigation and consider only those processes which are active in the
80il under the conditions of high temperature and moderately high annual rainfall,
variable in distribution, which prevail in the humid equatorial regions.

The Influence of High Temperature and Intense Rainfall

In these regions soils remain moist throughout most, if not all, of the year
and with soil temperatures at levels even higher than those of the atmosphers,
chemical processes within the soil proceed continuously at a high rate., Thus
weathering of rocks and of parent material is rapid, tending to produce deep soils,
and the breakdown of rock minerals and clay mineral formation proceeds further than
is the case under temperate conditiona., Appreciable, sometimes dominant, quantities
of the free sesquioxldes of iron and aluminium are released, and under conditions of
good drainage, the silicate clay minerals formed are predominantly of the 1: 1
lattice, Kaolinitic, type. Such a clay complex has a low capability for moisture
absorption and for storing and exchanging nutrient cations. Absorbing little
moisture, the clay complex expands little on wetting and contracts little when
dried so that structural units within the soil are rarely strongly dewveloped.
However, the sesquioxides present assist in 'cementing' the ultimate particles of
the soil into fine, very stable, aggregates {Batan, 1960) and preserve an open
microstructure to great depths in the scil profile. Typically, therefore, soils
of the humid equatorial regions, although almost structureless in the mass, are
friable in consistence and are filled with minute inter-connecting pore spaces,
which permit free air and water movement.

Intense tropical rainfall, rapid release of soluble compounds by weathering,
the low retention properties of the clay complex, and the freely draining nature
of the soils, combine to produce conditions favouring the rapid loss of nutrient
elements by leaching. Such losses tend to increase progressively as total annual
rainfall increases and in some areas may deplete the soil to an extent that makes

cocoa farming an unattractive proposition from the economic, if not the technical,
point of view.

Biological Influences

The influence of vegetation on soil formation is particularly wigorous in
bumid equatorial regions., Under warm, moist conditions plant growth is very rapid
and root systems proliferate to considerable depths in the porous soils, Actively
growing vegetation reduces nutrient losses dus to leaching by transpiring moisture



to the atmosphere, thus reducing percolation, and by absorbing anions, especially
nitrate, from the soil solution (cations are also absorbed, of course, but in a
fertile soil these would merely be replaced in the soil solution by further cations
from the exchange complex) (Nye and Greenland, 1960). The nutrients taken up by
the vegetation, some from the depths of the soil, are eventually returned to the
surface soil in fallen leaves and dead plant material. In this way, under mature
tropical forest, the nutrients are maintained in a nearly closed cycle from which
few nutrients are lost in the drainage (Nye and Oreenland, 1960). Furthermore, the
rrocess leads to a very marked concentration of nutrient elementa, especially those
in forms readily awvailable to the plant, in the top few centimetres of the soil,
Clearing, or drastic thinning, of the natural wvegetation in order to plant cocosn

or other crops, breaks this nutrient cycle and, at least until a new canopy is
restored, nutrients are lost by leaching and the soil is exposed to torrential

rain which breaks down surface soil structure and may cause erosion.

Climatic conditions also influence microbiological processes in the soil.
The high soil temperatures prevailing in the tropice fawvour the development of
soil bacteria in relation to soil funghi and, since bacteria work much faster
than funghi in the breakdown and mineralization of orgesnic matter and store much
less of the transformed material in their own bodies, a predominance of bacteria
leads to rapid and complete destruction of organic matter (Mohr and van Baren, 1954).
The process is accelerated by the relative rapidity of straight chemical reactions
under high temperatures. Mohr and van Baren E1954 estimate that the rate of
decomposition of humus, assumed to be due largely to bacterial activity, will exceed
the rate of accumulation of humus when temperatures riee above 25°C (TT&F}. Hardy
(1960) quotes this estimate in connection with the climatic requirements of cocoa
and stresses the need for adequate shade precautions when air temperatures rise
much above this figure, in order to lower soil temperatures and conserve organic
matter.

Warm, moist conditions also fawvour the multiplication of some larger soil fauna,
such as earthworms, termites and ants, These creatures play an important role in
the tropics in the breakdown of organic matter and, in some areas, exert a strong
influence on the morphology of the upper soil horizons (Nye, 19555- Their activities
are also responsible, in part, for the rapid changes in surface texture which are
characteristic of many arezs of tropical =soil.

The Influence of Parent Material and of the Age of the Soil

To provide an understanding of the broad range of soils which cccur in potential
cocoa growing areas, further factors of major importance in the development of soil
characteristics need to be mentioned, although neither is directly related to
climate. The first is the nature of the parent material from which the scil is
formedy the second ia the age of the soil. These two factors are to some extent
inter-related.

The parent material of a soil is itself derived from one or more pzrent rocks,
which may be directly beneath or, if the parent material hzs been transported, may
originally have been some distance from the present site of the soil. In either
case, the parent material and thus the scil, derives many of its characteristics
from the parent rock, or rocks, from which it forms. In this connection the
structure and grain size of the rock influence the ease with which it weathers
and may be reflected in the coarseness of the texture of the soil to which it
gives rise; the mineral assemblage of the parent rock also influences ease of



weithering and largely determines the proportional distribution of nutrient elements
and the nature of the mineral weatharing products found in the Seoil. Almost all geo-
logical suites are represented within a belt lying 20° on either side of the equator
but a broad pattern can be detected and some generalizations made on the significance
of this pattern in relation to soil formation.

The continental masses within the equatorial belt are largely deweloped on stable
geological shields composed mainly of acid igneous and metamorphic rocks of great age.
These areas have been subjected to little geoclogical movement in recent eras and
usually present a mature topography with gentle slopes at the present day. Although
the rocks of these stable shields are predominantly acid in mineralogical composition,
minor areas occur of more basic rock, containing a lower proportion of silica and a
much higher proportion of ferromagnesian minerals. The latter areas are more important
than their limited geographical distribution might suggest, since the more basic rocks
generally give rise to soils of higher agricultural potential, often well suited to
cocoa.

Uithin the continental masses gquite extensive areas of the basement shield are
covered by alluvial, colluvial and sedimsntary deposits. These areas are mainly to
be found in the great river basins and in relatiwvely narrow strips of land following
the present coast line. Although small in relation to the continents as a whole, the
areas occupied by these deposita are commonly those climatically best suited for
cocoa and thus are of importance in this atudy.

The western side of continental South America, comprising the mountain range and
footslopes of the Andes, is exceptional in that its structural geology is unstable and
its topography relatively immature. In this reapect it has much in common with
llalaysia and the major islands of Indonesia and of the Far East. In these areas soils
are derived from a wide wvariety of igneous, sedimentary and, especially in parts of
Indonesia, wolcanic rocks. On the steep slopes associated with the immature topogra-
rhy young scils can be expected, but it must be borne in mind that processes of soil
formation proceed very rapidly in those areas which have wery high rainfall.

In Central America and some of the equatorial islands, extensive areas of soil
are formed directly or indirectly from wvolcanic rocks and ash deposits. Other
equatorial islands are composed largely of limestone.

The nature of the soils developed on these rocks in any giwven area depends upon
the prevailing rate of differemnt soil forming processes and upon the length of time
during which the soil parent material has been exposed to these processes. Since
temperatures are uniformly high in the tropics, the rate of soil development in turn
depends largely on the amount of rainfall. Once the parent material has weathered
sufficiently deeply to support a tree crop, the further action of soil forming
processes tends to reduce the agricultural quality of the seil for continued weather-
ing releases socluble nutrients, which are either lost in the drainage waters or trans-
ferred to the natural vegetation and thence, in part, to the surface socil. In either
case, nutrient reserves in the main body of the soil are depleted. Prolonged weather-
ing may improve the physical characteristics of the soil, particularly in regard to
struzture, but this seldom outweighs the disadvantage of the loss in nutrient status,

Consideraztions such as these have led Hardy (1958) te list the young soils
derived either from fresh wvolcanic materials or from alluvium containing unweathered
minerazls as the most suitable soils for cocoa.



The stage of profile development reached is of particular significance in
relation to the agricultural quality of soils in areas overlying ancient geclogical
ghields. The fact that not all the scoile in these areas are of very great age
reflects past climatic changes, with dry periods in which little scil formation
peourred and very wet periods in which dramatic erosion removed much of the soil
miterial that had formed. In some areas, for example parts of Western Nigeria and
of the Ivory Coast, extensive development of cuirasse ironstone in the past may hawve
affectively reduced rock weathering. BRock weathering has proceeded after the
cuirasse has decomposed or been eroded away but the soile retain many youthful
characteristics (Aubert, 1963; Smyth and Montgomery 1962). These influences ars
undoubtedly partially responeible for the apparent differences in maturity which
are observed in tropical soils, not all of which can be simply related to present-
day climatic zonation or geology. At the same time, present knowledge is insuf-
ficient to state with certainty that the profile characteristics displayed by
different tropical soils derived from similar parent materials represent separate
stages in a continucus process of seoil formation. Subtle differences in environ-
mental conditions, particularly in rainfall distribution, may result in diverging
lines of soil formation tending towards differing end products,

Important differences can be recognized in tropical soils derived from similar
perent materials which can be loosely related, bearing in mind the gqualifications
given in the previous paragraph, to differences in the degree of maturity of the
goils. Thus in 'younger' soils, usually those under only moderate rainfall and
aspecially where a dry season is pronounced, not all the silicate clay minerals
are of the Kaolinitic type and there may be appreciable quantities of weatherable
minerals remaining almoat unchanged in the profile. The profiles are relatively
shallow and may show quite well-developed soil structure. In addition, there may be
evidence of clay movement within the profile in the form of zones of clay accumu-
lation or as 'clay films' on the faces of the structural unita. Although base
exchange capacity is usually only moderate to low, the exchange complex, may, in
some instances, be highly saturated. Where other environmental conditions are
gatisfactory such soils are likely to be suitable for cocoa, provided they are not
too sandy or too shallow.

In areae of higher, more continuous rainfall, or where tropical soil forming
Processes have been active on the parent material over a longer pericd, or whers
the parent material is impoverished from the outset in weatherable minerals (as is
commonly the case over sedimentary formations, particularly sandstones), the soil
characteristices described as typical of the humid tropice at the beginning of this
section are more clearly developed. Profiles are deep, almost structureless and
show little differentiation into separate horizons. They lack weatherable minerals
and their clay fractions are composed almost entirely of Kaoclinitic silicate clays
and free sesquioxides. Both base exchange and base saturation are low and such
available nutrients as are present are largely concentrated in the top few centi-
metres of soil. Physically such soils may be ideal for tree orops but their nutrient
status may be too low to be acceptable for cocoa.

In some areas, notably in parts of the Congo (Sys, 1959) and of Brazil
{Bunnema, 1963), processes of tropical weathering are so far advanced that silicate
clay minerals are almost totally absent from the soils, which are composed, therefore,
almost entirely of oxides of iron and aluminium. BSuch soils are unsuitable for cocoa,
for not only is their nutrient status wvery low but the technical probtlems involwved in
improving this status by the use of fertilizers are very great. Unfortunately, it is
sometimes difficult to distinguish such soils from less 'mature' profiles of much
greater potentiality by physical examination alone and their true nature may be
revealed only by chemical or mineralogical analysis.



Within and between areas of older socils, developed on plateaux and in basins, soils
of much higher nutrient status may be found developed in relatively young colluwvial
material on and at the foot of steep slopes. Such soils are frequently wvery suitable
for cocoa.

Reference has already been made to the suitability of soils derived from young
volcanic materials. Such materials are predominantly basic in mineral assemblage and
are usually rich in the nutrient elements required for plant growth. Volcanic glass,
present in large quantities in ash deposits, weathers readily to amorphous allophane
with exceptionally high base exchange properties. Thus the nutrient status of soils
derived from wvolcanic ash is usually high {althuugh, in some cases, the availability
of phosphorus may be low). Again a general trend in changing soil characteristics may
be noted in relation to the degree of '"maturity' of these soils, due either to the age
of the parent material or to the effects of increased temperature and rainfall (some-
times related, in turn, to decreased altitude) on the rate of soil forming processes.
They range from very young soils in which, as yet, soil formation has had little
effect on the unconsolidated ashj through soils containing high proportions of allo-
rhane and usually or organic matter; to older soils, similar in their morphology to
those described previocusly as typical of the tropics but commonly of rather higher
nutrient status (Dudal and Soepraptohardjo 1960). As a generalization it may be eaid
that all but the extreme members of this range of soils are well suited to cocoa.

Soils derived from calcareous rocks are usually rather shallow and clayey in
texture since an exceptionally high proportion of such parent materiml is lost in
solution. Characteristically, the upper portion of the profile in such soils is
black to dark reddish brown in colour and strongly structured for, under the condi=-
tions of poor drainage which usually prevail, the clay fraction is commonly rich in
expanding-lattice clay minerals (boidallite, montmorillonite). Such soils will
support excellent cocoa provided their humic topsoil is thick (over 20 cms.) and
neutral to acid in reaction (Hardy, 1960); provided drainage conditions are not too
adversej and provided the soils are not so shallow that a high proportion of the roots
penetrates into the highly alkaline subsoil.

Lastly, but by no means least, there are the soils derived from alluvium. Where
moisture conditions are satisfactory and the alluvium includes a proportion of
unweathered minerals, or is replenished periodically with fresh mineral and organic
materials from flood water, these soils will alsc support excellent cocoa (Bardy, 1960).
However, it must be remembered that unlike the alluvium of temperate areas, which is
very largely composed of rock debris physically shattered during glacial periods,
most of the alluvia of the large tropical basins are composed of preweathered material
very poorly provided with nutrient elements (Edelman and van der Voorde, 1963). Thus,
contrary to widely-held belief, many tropical alluvial soils have low nutrient status
and, for this reason alone, may be ill suited to cocoa.



CHAPTER TWO

ROOT PENETRATION AND ROOTING VOLUME

In the selection of soils for cocoa special attention must be paid to factorsa
within the soil which are likely to limit root penetration, fer the root system of
cocok appears to be more sensitive to such obstructions and less vigorous in over-
coming them than is the case with many tree crops. Hardy, in particular, has
stressed the importance of "root room™ and of "physiological depth", which he
defines as the thickness of the layer of s¢il that is adequately aerated and
structurally suitable for the unrestricted growth of roots, in reletion to the
goil requirements of cocoa (Hardy, 1958, 1960; McCreary et al, 1943).

"Hoot room™ is important since the ability of a soil to supply moisture and
other nutrients depends not only on the guantity of these nutrients available in
8 unit volume of the scil but also upon the total wvolume of soil which the plant
roots can exploit. Failure to dewelop an adequate root system and thus to exploit
such nutrient reserves as may be present in the soil is probably a major cause of
cocoa failure under adverse soil conditions. "Physiological depth", is particularly
important in the case of cocoa since other considerations, such as the need to
establish a closed canopy as quickly as possible, limit the planting distance between
trees and thus, to some extent the horizontal dimensions of the rooting wvolume.

THE ROOT SYSTEM OF COCOA

Various authorities have described the root systems of cocoa growing in different
parts of the world. Their descriptions differ only in detail.

Mature cocoa growing on deep well-drained soils possesses a bulky tap root which
usually penetrates tc a depth of about 1.0 to 1.5 metres (4 te 5 ft.), although
Charter 194&} pointed out that thin terminal roots may penetrate much deeper and, in
some scils, may reach depths of up to 3 metres (9-10 ft.). In soils lacking any
physical obstructions to downward growth the tap root is commonly straight and
undivided (Figure 1b) but in passing through gravel—-concretion layers it may split
into one or more main divisions and follow a tortucus path (Hardy, 1960, Charter, 1948)
(Figure 1a). The tap root terminates in a number of fine rootlets but these carry
few, if any root hairs and the role of the tap root is a subject of mild controversy
between authors. Some assert that ite function is largely confined to anchoring the
tree (van Himme, 1959), others assert that it is equally important in nutrition
(Aubert and Moulinier). There is no doubt, however, that cocoa is mainly a lateral
feader,

There is a definite collar where the tap root meets the trunk and mest of the
lateral roots arise just below this ccllar (Hardy, 1960). Out of about 12 lateral
roots developed by the young tree, 8-10 progressively assume greater importance, the
mest vigorous being those closest to the collar. In a large number of root systems
examined by van Himme (van Himme, 1959), 56% of the principal laterals arcse from the
top 10 cms. of the tap rootj 26% from the next 10 cms; 14% between 20 and 30 Cms j
and only 4% were more than 30 cms. below the collar. The lateral roots show marked
chemi-tropism and almost all arising from the top 30 cms. of the tap root grow
rapidly upwards and ramify in the top few centimetres of the soil. The few remaining
grow downwards towards the parent rock or water table {Hardy, 19603 Charter, 1948).



The principal lateral roots are thin and sinuous, frequently changing direction at
acute angles to avold obstacles. They give off many side branches, divide repeatedly,
and at their extremities develop long tufts of fibrous rootlets and root hairs

(Bardy, 1960; van Himme, 1959). These rootlets, which are concentrated in the
organic litter and freguently are exposed at the surface, are dark bruwn in colour
and fairly hard, in marked contrast to the white and tender rootlets of coffee

(van Himme, 1959).

The pronounced superficial character of the lateral feeding roots and rootlets
of cocoa is clearly of great importanca in assessing the suitability of soils for
this erop. It should be noted, however, that in some young, very fertile scils, in
which the surface concentration of nutrients is not marked, the vertical distribution
of lateral roots about the tap root may b> wore symmetrical (Hardy, 1944). Wright
(pers. comm.) repsrts this to be the case in certain calcareous soils of British
Honduras and basaltic scils of Western Samoa,

van Himme (1959) has described the development of roots in .eedling cocoa. The
rootlat that will become the tap root grows rapidly but remains thin. It grows
6-T cme. in the first two weeke and then more slowly, attaining a length of about
30 cms. after 4?2 months. Principal lateral roots appear about two weeks after
germination and attain a length of 8-9 cms. after 4Y2 months. van Himme draws the
conclusion that potting baskets for cocoa seedlings should be, at least, 25 cms.
long and 12 cma. in diameter. In fan cuttings, roots are adventitious and a
secondary tap root usually develops from a bud on the main stem (McKelwvie, 1962).
van Himme, however, asseria that such tap roots are simlilar in all respects to
thoee produced by socedlinga.

In old cocoa, 30-40 years or more in age, the trunk and rooi system commonly
become senile and decay, to be replaced by chupons which develop their own tap
root and lateral root system in a way similar to the parent tree (Figure 14).
Replacement of the parent tree in this manner occvrs earlier where scil conditions
are unfavourable than it does where soils are well suited to cocoa (Charter 1948).

The root system of cocoa shows some ability to adapt itself to adverse soil
conditions as described in the following section.

FACTORS WITHIN THE S0IL ¥HICH IMPEDE ROOT PENETRATION

The most obvious examples of inadequate rooting velume occcur in soile which
are shallow over a continuous rock surface, or an indurated layer, and yet it is
surprising how frequently attempts are made to establish cocoa and other tree crops
in suech secils. Less obvious factors that may impede downward root growth include
anaerobic conditions dus to poor drainage; adverse textural or structural conditionsj
and excessive gquantities of large particles, including rock fragments, quartz and
ironstone gravels. These factors are discussed individually in the following para-
graphs.

Irainage and Aeration

Frequent renewal of soil oxygen, required for root respiration, and the
removal of carbondioxide and other gasecus products of this respiration, are
essential for the active growth of cocoa roota. This exchange of gasses ie largely
effected by simple gasecus diffusion between the soil pores and the atmosphere and
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may cease (or be greatly reduced), if the pores are even partially filled with water.
Thus, in a poorly drained soil downward growth of the roots will halt at lewvels in
which anaercbic conditions prevail continuously. Evans (pers. comm.) cites an
extreme example of such conditions in riverain alluvial soils with a high watertable
in British CGuiana, where all but the surface roots of plantation cocoa end in knobs
a ‘few inches from the surface and the trees need to be propped artificially to
prevent them falling over!(see Figure 1e and Figure 2) Evans states that abnormal
root development of this kind is not uncommon on the heavy clay soils of north
eastern Trinidad and probably elsewhere in the world where a moderately deep humic
layer overlies stiff poorly—aerated clay. In these circumstances, cocoa develops

an especially dense mat of fibrous rootlets in the surface horizons (McCreary et al,
19433 Charter 1948) and fairly satisfactory growth and yield may be obtained. Never-
theless, cocoa growing under such conditions is extremely sensitive to relatively
minor changes in the moisture regime of the soil and, if the watertable falls, the
very shallow root system is left high and dry and the tree dies rapidly from drought
(Alvim, 1959, Smyth and Montgomery, 1962§ Charter, 1948),

The roots of cocoa appear to be tolerant to short periods of inundation so
that root growth is not seriously impeded by a fluctuating water table providing the
inherent drainage of the soil is good and good aeration is rapidly restored at depth
once the water level falls. On heavy clay soils, subjected to periodic flooding, the
tap root may penetrate deeply during dry periods but is often thin and has many
branches following the cracks which open in the soil (McCreary et al, 1943).
Conversely, on deep sandy soils, which dry out rapidly to depth, a number of the
lateral roots ow vertically downwards towards remaining sources of moisture
(Charter, 1943?:

Texture and Siructure

Seil texture is a measure of the relative abundance of particles of sand, silt
and clay sizes in & given mass of soil, such as a single soil horizon. The textural
characteristice of a soil depend not only on the particle size distribution in any
cne horizon but also on the vertical arrangement of horizons of differing texture.

In fact, the distinction between sand and clay particles does not rest only on
size, for asome forms of clay mineral have the ability to abasorb water within their
crystal structure and thus of expanding very considerably when moistened. The much
larger sand grains and silt particles do not possess this property.

In sandy scils, large voids very rarely form, since individual sand grains are
unaffected by molsture and lackthe cohesion required to stabilize tunnels and fissures
made by animals and plant activity. Thus, ease of root pemetration in a sandy soil
depends very largely on the size of the pore spaces between the sand grains through
which the root tip must be insinuated as the root advances. To some extent, the
growing root may be able to push grains to one side, but this will not be easy in a
normally compacted sandy soil and the roots of cocoa have been shown to be except=
ionally sensitive to physical obstructions (van Himme, 1959). Hardy (1960) points
out that even the smallest root tips have finite dimensions of the order of O, 1mm.
diameter. Pore spaces of similar diameter would, in theory, exist between close
packed uniform spheres 0,33 mm. in diameter which correspond in size to grains of
medium sand (in the U.S.D.A. system of particle size classification). Larger pore
spaces, adequate to receive the larger root tips would be common only in even coarser
textured sand. Thus Hardy blames failure experienced with fine textured propagating
media to poor root penmetration as well as to poor drainage. He advocates very coarsae



FIGURE 2:= 5Stunting of the roots of cocoa grown im British Guiana
in soils having a permanently wery high water table.
(Photo by courtesy of Dr. H. Evans).



sand or fine gravel, "whose particle size is about the same as a emall rice grain"
(Hardy, 1960), as the best sandy medium for use in rooting bins for cocoa cuttings.
Structureless, fine sandy soils, which commonly occur on river:levées, should be
avoided for the field planting of cocoa partly for the same reasons.

In a clayey textured soil, ease of rocot penetration depends, in part, on the
nature of the minerals which make up the clay fraction. If clay minerals having
strong properties of expansion on molstening form a significant proportion of the
clay fraction then ease of root penetration is likely to change ccnsiderably with
changes in the moisture status of the soil. On wettiing, swelling of individual clay
particles tends to close the larger pore spaces to exclude air and to create a dense
anerobic medium unfawvourable to the growth of cocoa roots., On drying, more fawvourable
conditions develop since the clay shrinks and large cracks may open permitting the
penetration of roots and oxygen to considerable depth. Indeed, seasonal swelling and
contraction in a olay soil may lead to the development of large structural units, or
'peda', within the socil. The spaces between such peds provide an easy path for the
growth of roots and the movement of gases, but the peds themselves may become very
hard on drying and plant roots may be unable to exploit the moisture which they
retain. In fact, soils so rich in strongly expanding clay minerals are comparatively
inextensive in the tropice where they are largely confined to low=lying flat areas,
to valley bottoms and to restricted areas of basic and calecareous parent materials,
They are not, in general, very suitable for cocoa.

Furtunately, as discussed in the first Chapter, the clay fraction of most soils
in the humid tropics is composed of Kaolinitic clays and of iron and aluminium oxides.
Such clay expands little when moistened and large structural peds are only weakly
developed. Newvertheless, the finer particles tend to form stable aggregates of about
coarse sand size and thus provide an ideal physical medium for the development of the
cocoa root system., This finely aggregated structure is esasy to recognize in the field
since, whether moist or dry, handfulls of scil are friable, crumbling in the hands
under only slight pressure, and the porosity of the soil between the aggregates is
clearly wisible.

Rapid changes of texture with depth in the soil can have a profound effect on
aage of root penetration. Usually the proportion of clay in the soil increases with
depth and, occcasionally, soils may be encountered in which there ias a clay 'pan' close
to the surface. If the '"pan' is compact and poorly structured it may form a physical
btarrier to root penetration. Attempts to dig in such a soll will usually rewveal the
presence of the pan immediately, especially under dry conditiona, and ite effect on
root growth can beat be judged by studying the pattern of root development of exist-
ing vegetation.

More rarely and usually only in soils formed in alluvial or volcanic deposits,
coarse sandy and gravelly horizons may be found below layers of finer texture, yet
fairly close to the surface. Such horizons may also impede downward root growth
since they are liable to remain dry even when the layers of soil above them are
almost saturated.

Content of Large Particles

There is no doubt that excessive quantities of stones and gravel in the soil
rrofile impede root penetration and cause bifurcation and poor development of indi-
vidual cocoa roots, especially the tap root (Charter, 1948; Aubert and Moulinier,
1954). In some instances, when the downward growth of the tap root is prevented by
large boulders, lumps of ironstone or by dense masses of concretions or gravel, one
or more of the lateral roots may succeed in aveiding these obstacles and, taking over



the role of the tap root, will grow downwards, sometimes reaching depths of over
seven feet (2.1 metres) lﬂharter, 1948).

Good cocoa is to be found, notably in Weat Africa, growing on soils which
contain substantial quantities of quartz and ironstone grawvel below depths of 25-30cms.
from the surface (Smyth and Montgomery, 1962). The problem is to decide what quantity
of gravel should be regarded as excessive and this can be expected to vary from place
to place, particularly in relation to the texture and consistence of the fine earth
and to the size and shape of the gravel. It seems certain that any appreciable
quantity of gravel in the top 25=30 cma. of the soil, where the bulk of the feeding
rootas of cocoa are normally developed, is undesirable. At greater depths quite large
quantities of amall stones and grawvel are acceptable but should the gquantity exceed
about 40¢% of the total wvolume of any one horizon, the danger of severely impeded root
penetration must be recognized. Once agzin a study of the root pattern of existing
vegetation can provide a rough guide to the extent to which root pemetration is
impeded by grawvel in a particular soil.

SUMMARY OF REQUIRED BSO0IL CHARACTERISTICS

Hardy (1958) has stated that for cocoa the depth of root-penetrable soil should
be at least five feet (150 cms.) and this may be ragarded as a useful general rule.
However, deeper soils are desirable where average annual rainfall is low, especially
if the soils temd to be rather sandy or nutritionally impoverished (Charter, 1948).
Conversely, where all other aspects are particularly favourable, soils little more
than a metre deep may be acceptable.

In many areas, solls derived from young colluvium may be best suited to cocoa.
Such soils often include unweathered boulders and their effective depth may wvary
widely over a limited area. This necessitates checking the depth of solil at every
rlanting hole and adjusting the position of holes to effect the best compromise
between soill depth and desirable spacing. Auger borings provide the only practical
approach to such checking but care must be taken not to be misled when penetration
of the auger is prevented by relatiwvely small stones,.



CHAPTER THREE '

MOISTURE AND AIR REQUIREMENTS

. Few tree crops are more susceptible than cocoa to shortages of soil moisture.
Poor soil aeration, usually caused by excess of soil moisture, can be almost equally
detrimental to the health of cocoa. Therefore, in the selection of soils for cocoa
very careful consideration has to be given to those physical characteristios of the
801l which determine its ability to retain moisture. This is especially true in
rotential cocoa growing areas where there is & wide variation in the amount of rain-
fall received at different times of the year.

BIOLOGICAL EVIDENCE OF THE
MOISTURE REQUIREMENTS OF COCOA

Alvim (1959) has discussed in some detail the available knowledge on the responses
of cocoa to water shortage and, in a series of experiments, has shown that cocoa is
less tolerant to drought than most tree crops. In an experiment which compared the
wilting characteristics of detached leaves, he showed that the first signs of tissue
death occurred when cocoa leaves lost about 17% of their original water content,
whereas this figure was 22% in the case of coffee leaves subjected to the same
treatment. When cocoa leaves lost 25% of their original water content, 50% of the
leaf area was killed, whereas a 5T% water deficit was required to kill an equal
proportion of the coffee leaf area. Yet coffee itself is a plant with little tolerance
to drought.

In other experiments, Alvim studied the opening and closing of leaf stomata and
showed that those of cocoa were extremely sensitive to water deficiency. A loss of
only 4.5% of the original water content of the cocoa leaf is apparently sufficient to
induce complete stomatal closure and when a leaf with wide open stomata is plucked
from the tree stomatal closure ocours within 5 or 6 minutes. By way of comparison
Alvim (loc. cit.) states that in the case of rubber and mango stomata close 10 to
15 minutes after leaves are removed from the plant and that in most plants, includ-
ing coffee, citrus and bananas, the process takes at least 20-30 minutes. In pot
experiments on 6-month-old cocoa seedlings, stomatal opening started decreasing
when soil moisture was reduced to about 60% of the awailable range between field
capacity and permanent wilting point. Closure was complete when soil moisture
approached the permanent wilting point.

Stomatal closure drastically reduces carbon dioxide absorption and also trana=
piration by the plant and thus the results just described go far to explain the
results of Lamée's experiments (Lamée, 1955i on the effects of water deficiency on
the photosynthetic, transpiration eand growth rates of cocoa. These showed that the
photosynthesis of seedlings was reduced from 90% to 30% of the marimum rate when
s0il moisture was reduced from two-thirds to one=third of the available range; that
transpiration was reduced to about 20% of the marimum wvalue when socil moisture
reached one-third of the available range; and that growth diminished progressively
when s0il molsture dropped below about two-thirds of the available range. At or
near the wilting point, growth and photosynthesis wvirtually ceased and transpiration
was reduced to about 10% of the maximum value.

A partlicularly interesting feature of all these results, of special importance
in considering irrigation practice for cocoa, is that they show that cocoa begins to



suffer moisture stress when so0il moisture is reduced belew about iwo-thirds of the
available range between field capacity and the permanent wilting point. In other
words quite & alight reduction in secil moisture status may be deleteriocus to cocoa
and growth will be seversaly impeded well before the permanent wilting peint is reached.

FACTORS WITHIN THE S0IL WHICH AFFECT
MOISTURE RETENTION, DRAINAGE AND AERATION

General Considerations

Under forest, or a well-developed cocoa canopy, the surface scil usually has an
open structure readily permitting the penetration of any rainfall which reaches it
and, under these conditions, loss of moisture through surface run—off can be regarded
as negligible (Hardy, 1960)., After a heawy rain shower almost all the interconnecting
pores in the upper horizona of the s0il may ba filled with water and the scil air
displaced. However, assuming the lower scil horizons are not saturated and free
eascape of water to depth is poassible (i.e. the soil has 'good drainage'), the water
held in the larger pore spaces cof the upper horizona rapidly drains away under the
influence of gravity and is replaced by aoil air. Moisture then remains only in the
spaller interstices, especially in the minutely porcuscolloidal material comprised of
clay and humus, where capillary and other attractive forces are sufficient to resist
the pull of gravity. After twe or three days, if no further rain falls, downward
movament of moisture under gravity becomes negligible in mest soils and a seil in
thir condition is said to be at its 'field capacity'.

The suction which roots must exert to remove moisture from a completely saturated
scil is wvirtually =zero. Once the larger pore speces are emptied, howewer, a asuction
force must te applied to remove moisture from the smaller interstices and the
required force increases very greatly as the soll dries out progressively. In moot
soils a suction equivalent to one atmosphere is required teo remove moisture when the
soil is at 'field capacity'. As the required suction increases so it becomes increas-
ingly difficult for the plant to obtain the molsture it regquires until a point is
refchaed when the plant cen no longer obtain sufficient moisture even to paintain turgor
in its soft merial parts. The moisture status of the so0il is then said to have
reached 'wilting point'.

The importance of these coneiderationsz lies in their indicntion that not all of
the moisture held in the soil is equally available to cocoa or to any otker plant,
The available range of water holding capacity is commonly taken to be the range of
meisture content between 'flield capacity' and the 'wilting point', This is not
strictly correct since a plant can readily cbtain moisture from the larger pore
spaces in a partially saturated soil, provided at least 10% of these spaces offer
free air movement to permit healthy root growth (Hardy, 1960). Furthermore, the
evidence given in the early part of thie Chapter shows that the growth processes of
coooa are severely affected by moisture shortage long before the wilting point is
raached.

"Properties of moisture retention within the soil constitute only one of severdl
factors which decide the draimage gqualities of a soil. Other factors, external to
the soil, are discussed later in this Chapter. Since air and water occupy the soil
rores in reciprocal amounts, the most important direct effect of poor soil drainage
ia in relation to root aeration. By filling the larger soil pores, excess water
excludes alr and drastically reduces gaseous exchange between the soil and the atmos-
phere, Thia leads toc a shortage of oxygen and to an accumulation of carbondioride

-



in the soil both of which inhibit root respiration and prevent the roots from develop—
ing the energy which they require to absorb moisture and nutrients. An example may be
quoted from the Cauce Vzlley in Colombia, where cocoa growing on poorly-drained soils
gshowed stomatal closure in the midday hours, indicative of great reduction in the rate
of life processes, although more than adequate moisture was present in the soils.
Alvim (1959) describes this cocoa as suffering from "physiological drought™ induced
by poor soil aeration.

Experiments on soil aeration under cocoz conducted by Vine and others (1942,19&3}
in Trinidad suggest that anaerobic conditions, unfavourable to the growth of cocoa,
prevail in the so0il when the wvolume of free air space falls below 12% of the total soil
volume., In the soils studied in these experiments, marked differences in the quantity
and composition of soil air during wet and dry sezsons were noted, as is to be expected.
Under dry soil conditions the seil air in all the scils examined contained adequate
oxygen (taken to be 105 or more) to meet the needs of actively growing cocoa roots to
depths of at leazt four feet. Urder wet soil conditions, even the sandy soils examined
often contained considerably less than 12%¢ free air space in their top 12 inches and
in most of the soils there appezred to be inadeguate oxygen for root growth at depths
below 18 inches. Toxic levels of carbon dioxide accumulation (takan to be 6% or over)
were noted in the top four inches of some soils under wet conditions and exceptionally
high levels of carbondioxide (in excess of 10%) were recorded within 12 inches of the
surface, Hardy( Vine et al, Part III 1943) discussing these investigations, pointed
out that in an average Trinidad cocoa soil, toxic concentrations of carbondioxide could
be expected at and below depths of 75 cms. (2/2 feet) under normal Trinidad moisture
conditions (i.e. about three quarters of saturation).

In Trinidad, and indeed most other areas, the main growing and fruiting period
of cccoa coincides with the wet season when conditions of soil aeration are least
satisfactory. Thus it was concluded fiom the experiments in Trinidad that fluctu-
ations in oxygen supply during the periocd of most active growth must greatly affect
the performance of the tree and that high cocoa production can only be expected on
freely-drained and exceptionally well-vontilated soils. These conclusions are no
doubt valid in other cocoa—growing areas although average conditions of soil drainage
and aeration are more favourable in many areas than they are in Trinidad.

S0il Texture and Structure

The importance of soil texture and structure wac discussed in the previous
Chapter in relation to root penetration. The differing physical properties of
particles of sand 2nd cley sizes are no less important in relation to moisture
retention and drainage within the soil. Moisture is retained most strongly in the
smallest pore spaces in the soil so that the drainage qualities of a soil are clesely
related to the propertion of large and small sized pores which it contains, In turn,
the size of pores is related to the effective average particle eize in the soil which
depends not only on the proportion of sand, silt and clay dzed particles (i.es — on the
texture of the soil as determined by laboratory mechanical cn&lyuiu} but also on the
degree to which the finer particles are aggregated together to form larger fairly
stable particles (i.et — on the structure and micro-structure of the soil).

Coargse sandy soils hove a very low capacity for moisture retention since only
a very small proportion of their pore space is of capillary size and moisture is
retained only as & thin film on the particles themselves and as small wedges between
the particles., The moisture content of a sandy soil at field capacity may be less
than 157 by weight and only one or two percent of this moisture will be available to



plants. In consequence, bowever, sandy soils have excellent properties of drainage
and seration.

A clayey soil wusuzlly contains a far grezter wvolume of pore space per unit
volume of soil than does a sandy soil. There is also much greater wvariztion in the
gize of the indiwvidual pores in the clay soil and greater waristion in the properiion
ef pore space available when the soil is wet or dry. On wetting, very large amounts
of water can be absorbed on and between the surfaces of the minute clay particles
and absorbed, to a greater or lesser extent depending on the nature of the clay
minerals, within the oclay particles themselwves. At field capacity a clay soil may
contain 50-60% by weight of water. As discussed in the previous Chapter, swelling
and contraction of the c¢clay may lead to the formation of large structural units in
the s0il between which both roots and air can freely penetrate. BEut relatively
large quantities of water retained within the structural units may remain unavail-
able to plants. Indeed, gquite a large proporticn of all the moisture held in the
minute spaces between and within the clay particles is retained by forces greater
than can be exerted by a plant and appreciable amounts of water (30 to 405 by w:zight)
may be held in a clay soil at its wilting point.

Botter suited to cocoa than either clays or sands are the scils which are
composed of mixtures of sand, silt and clay=-sized particles. In the tropics, as
discussed in previous Chapters, the finer particles in such soils are wvery often
aggregated to form larpger particles of about coarse sand size. The soils thus
possess the desirable characteristics of free drainage and zood aeration associated
with coarse sandy soils, whilst retaining the properties of large noisture capacity
and high moisitwre retention essociated with their content of wery small particles.
In the uppermost horizons of the soil the aggregutes are often larger =2nd are mainly
cemented by orgenic compounds derived from the breakdown of organis matter and
secreted by the microtauna. Such aggregates are relntively unstable. ‘Then moist
they break down readily under the impact of intense tropical rainfall so that
asration of tha surface horizons may be impaired. The need to protect the surface
atructure from such hombardment provides an additional reason for maintaining a
closed canopy over the cocoa farm. In the lower horizons of the soil the aggresntes
are cemented by other compounds, such as hydrated iron oxides, 2nd are usually wvery
stable, remaining unaffected by repeated seasonal wetting and drying of the soil.
Free air and water movement and easy root penetration is wusually possible, thesrefore,
at considerable deptha in mature tropical soils in upper slope sitaz. Their total
pore space volume may exceed 60% and at field capacity they may hold 507 by weight
of water.

So0il Colour

The colour of a soil does not affect its drainage and aeration but it does reflect
these conditions and is, therefore, a characteristic requiring study in the selection
of soils for cocoa., Differences in soil colour are, in part, dus to differences in
the degree of hydration and oxidation of iron compounds., The least hydrated, most
bhighly oxidized, iron compounds are reddest in colour and scils that have a bright
red matrix colour have excellent aeration and are rarely, if ever, saturated with
water. Orange=-brown, brown and yellow colours arise through hydration of the iron
conpounds and reflect slightly inferior aeration and longer pericds of high noirtura
status in the soils.

Under anaerobic conditions, due to flooding, reduction of the iron compounds
takes place to produce dull grey,; blue and even green colours in tha soil. Alternat-
ing aerobic and anaerobic conditions, which occur under the influence of a fluctuating



watertable or periodic surface flooding, produce a mottled colour pattern in the secil
with bright 'rusty-orange' patches of reoxidized material and dull coloured patches

in which the iron remains in a reduced state. In clayey soils, especially those with
rather poor structure, the presence of this type of colour mottling provides an accurate
indication of the maximum rise of thes water table within the soil. In coarser textured
soilas, however, the lack of such mottling is no guarantee that the watertable does not
approach the surface at some time of the year, since, in socils with good aerationm,
reoxidation may be sufficiently rapid to mask the effects of temporary anaerobic con-
ditions in the upper parts of the soil.

In many tropical soils, brightly mottled clays, in shades of red, brown, yellow
and white, are found at depth. Although this mottled colouration may reflect poor
drainage conditionas in the past, the bright colours are indicative of present amercbic
conditions and this type of mottling should not be confused with the mottling of
presently poorly-drained soils desocribed above.

FACTORS EXTERNAL TO THE SOIL WHICH AFFECT DRATNAGE AND AERATION

Factors external to the soil, notably the intensity and distribution of rainfall
and the topographical position of the site, are especially significant imn relation to
soil drainage conditions in the tropice for, as described previously, the physical
properties of tropical soils commonly favour free air and water movement. In freely-
draining soile the downward movement of water is restricted only if the lower soil
horizons are already saturated. Thias is most likely to cccur in low topographical
gites where the groundwater table may approach, or even rise above, the surface of
the soil. Perched watertables over imperviocus layers are comparatively rare.

In troplecal areas with a pronounced dry season the lewvel of the groundwater table
may fluctuate widely, often through several metrea. These fluctuations are usually
most marked in walley bottom sites high above the base level of major rivers. In
valleys of this kind a temporary stream may flow for a few weeka at the end of the
wet season but saturated or flooded conditions in the soll are likely to be only of
brief duration and the water table may sink several metrea below the surface during
the dry season, even in the lowest sites. The success of cocoa planted near the
bottom of such wvalleys depends very largely upon the extent to which the trees can
gucceed in developing a root system capable of maintaining an adequate moisture supply
during the dry months.

Cocoa tolerates short perioda of complete flooding but, if the watertable remaina
close to the surface for a large part of the year, anaesrobic conditiona in the soil
will prevent the formation of deep roots and, unless the properties of moisture
retention of the upper soil horizons are wery fawvourable, cocoa planted under such
conditiona is likely to suffer and perhapa die from drought soon after the watertable
falls away. An erxample may be gquoted from Bahia, Brazil, where many cocoa trees died
from water shortage during the severe dry summer of 1951-52 and where it was noted
that the treea most frequently affected where those in lowlying sites, having shallow
root systems due to wet season waterlogging (Alvim, 1959).

Fluctuations in the level of the watertable are usually less rapid and less
pronounced in sites close to major riveras which flow all the year round. Here it may
be possible to select areas for cocoa with a fair degree of certainty that the root
systems are unlikely to be left high and dry. Even in these circumstances, however,
a continuously high watertable must be regarded as far from ideal for cocoa since the
trees, forced to rely upon a dense surface root mat, will be extiremely suaceptible to
unexpected droughts encountered in exceptional years.



S0IL MOISTURE REQUIREMERTS UNDER DIFFERENT CLIMATIC CONDITIONS

From the preceding diecussitns it will be apparent that the selection of soils for
coocoa involves a delicate compromise between two partially opposed requirements, that
of good moisture retention on the one hand and that of good drainage and aeration on
the other. A soil which combines these requirements, by virtue of its ocontent of well-
aggregated fine particles, can be regarded as ideal for cocoa under any climatic
gondition in which the crop will grow. However, the extent to which soil physical
characteristics can be allowed to depart from thie ideal or, in other words, the range
of soil physiocal characteristice which can be regarded as acceptable for cocoa varies
from area to area in accordance with differences in climate and, in particular, with
differences in the wolume and distribution of rainfall.

In areas where rainfall is very heavy throughout the year, as in parts of New
Cuinea and the Cameroons, adequate root aeration is a primary consideration and
exceptionally well-ventilated soils on gently-sloping sites high above the reach of
groundwater are most suitable for cocoa. Under these conditioms clayey textures are
acceptable only when good aseration is preserved by stable aggregation of the finer
particles and the clay minerals have low properties of expansion. Course sandy soils
have physical properties appropriate to such areas but under continuous rainfall their
nutrient status is likely to be so low, and further nutrient losses dus to leaching eo
heavy, that their use for cocoa may prove impractical, Nevertheless, in areas where
there is little or no risk of drought, and where the use of fertilizers is economically
possible, sandy soils may be accepted as marginal for cocoa, especially when they are
well supplied with organic matter. Organic matter is espedially important in the soile
of high reinfall areas. In soils of sandy texture it serves as a storehouse for moisture
- and plant nutrients and, in finer textured soils, it serves to improve topsoil siructure
and thus seration. In an experiment conducted on heavy clay soils in Surinam, for
example, organic matter content was the soll factor most closely correlated with pod
production over a fiwe year period on young clonal cocoa (see Figure 3). The higher
ylelds on soiles with higher organic matter content were ascribed, in this case, to
improved topsoil structure and better nirfhoiaturq relationships (Ameon and Lems, 1963).

Where rainfall is moderate to low and especially where a dry season is fairly
pronounced, as in most of West Africa, problems of moisture supply are more severe
than those of aeration and sandy soile with excessively free drainage are to be
avoided. In Western Nigeria, for example, where rainfall distribution is far from
optimum, it wag concluded that a minimum of 25% clay plus silt was required in the
fine earth fractions of soil horizons between depths of 10 and 20 inches (25-50 cms.)
to support healthy cocoa (Smyth and Montgomery, 1962). The beat soils for cocoa
under Western Nigerian conditions appeared to be those with 35 to 55% clay plus silt
(the silt content being low) in all horizons.

Where rainfall conditions are marginal special attention should be paid to topo-
graphical position in the selection of planting sitea for cocoa. So long as rainfall
is adequate, well-drained upper slcpe sites are to be preferred since in these aites
root penetration is less likely to be impeded by & seasonally bigh water table and
the environmental conditions in general, and lower humidity in particulasr, are less
favourable to the spread of insect and fungal pathogens. However, where total precip—
itation is low or the dry season too prolonged for healthy growth, as is the case near
the forest-savanna boundary throughout most of West Africa, cocoa must either be,
irrigated or planted in wvalley bottom sites where trees can draw benefit from the
proximity of seasonal streams and groundwater (Aubert and Moulinier, 1954). Under
such conditions, soils having a high content of clay in their upper horizons and =
correspondingly high capacity for moisture retention are essential for non-irrigated
COCOR.

The choice of site is especially difficult in areas having a climate that
combines very heavy wet season rainfall with & severe and prolonged dry seascn, as in
the Eastern Provinces of Sierra Lecne. Here the benefit of dry-seascn groundwater in
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lower slope sites may be essential to healthy growth of cocoa tut the soils chosen
must be well-drained to minimize the affects of poor aeraticn during the periods of
heavy rainfall. Permeable soils in which rapid and deep root growth is possitle,
ocoupying terrace sites immedistely above aress of prolenged flooding, are best suited
to cocoa in these circumstances,

The range of acceptable textures is widest in areas where rainfall is adequate,
but not excessive, throughout the year. Under such conditions, texture is of rela=-
tively minor importance in the selection of soils for cocoa since only the extremes
of texture, the pure sands and the strongly cracking clays, need to judged as physic-
ally unsuitable. As climatic conditicns depart from this ideal so the range of
acceptable textures narrows, although optimum textural conditions remain very similar
throughout the possitle climatic range. Thus, in a dry or strongly seasonal climate,
a fairly heavy clay may be acceptable but not a loamy sand® or coarse sandy loam,
whilst in wvery wet climates the reverse is likely tc be the case. In both climates,
however, an intermediate texture such as sandy clay, clay loam or fine sandy clay
loam can be expected to prove the most suitable for cocoa. Where the acceptable
textural range is narrow and changes in soil texture occcur frequently within limited
distances, which is the case in many parts of West Africa, it is particularly diffi-
cult to find contiguous areas of suitable scil for the establishment of large cocoa
plantations.

Where textural changes cccur within the soil profile, the influence of the
various horizons on the suitability of the soil for cocoz under given climatic con-
ditions will depend not only on their textural dissimilarity, but also on their thick-
ness. As Aubert and Moulinier (1954) noted in the Ivory Coast, for example, a fairly
sandy topsoil may serve to offset the disadvantages of a rather too clayey subsoil.
This is especially true in regions of high rainfall where the accumulation of cocoa
feeding roots close to the surface would otherwise be rendered inactive by conditions
of poor ameration. On the other hand, deep sandy textured surface horizons effectively
constitute a sandy soil and, in drier areas in particular, it is important that
horizons with a reasonable capacity for moisture retention be found close to the
surface. These considerations raise the question of the depth at which soil textures
should be determined in assessing the relative suitability of soils for cocom. This
question is discussed in some detail in Chapter Five.

* Textural names refer €b the U.S5.D.A. textural classification (U.S.D.A., 1951)



The marked changes in chemiczl character which ccour at different levels below
the surface in most soils complicate the problem of interpreting analytical data in
relation to the needs of a deep rooted crop such as cocoa. It is very difficult, if
not impossible, to arrive at an integrated assesement of the contributions which
these differing layers will make towards the overall ability of the soil to supply
plant nutrients. The problem may be less severe in the case of cocoa than with many
other tree crops, for as described in earlier Chapters, & large proportion of the
feeding roots of cocoa are to be found in the surface soll layers where, in most areas
potentially suited to cocoa, there is a marked concentration of plant nutrients. These
considerations indicate that analysis data from the top 10 to 15 centimetres (4-6 ins.)
of potential cocoa soile are likely to be especially informative.

Neverthelese; in selecting soils for cocoa we should not ignore the chemical
rroperties of deeper soil horizons. In the first place, the enriched layers may be
very thin and may differ wvery greatly in nutrient status from the scil immediately
below; pointe which are illustrated by the data given in Tables 2, 4, 6 and T.
Secondly, the high levels of fertility found in surface horizons largely reflect the
contributiocn of organic matter, both as a source and as a means of retaining nutrient
elements; a contribution which may diminish significantly within the desired life of
& cocoa plantation. Lastly, the chamical characteristics of mineral component of thes
soil, which are more permanent in nature and which are most clearly reflected in the
analysis data of sub-surface horizons, may have an important positive or negative
influence on the suitability of a soil for cocoa.

In young soils formed from nutrient-rich parent materiale, the nutrient contribu—
tion of fairly deep horizons can be expected to be substantial and to become increas-
ingly important in relation to that of the surface horizons as the cocoa grows older.
Brammer (1959) reports that the best cocoa crops obtained in the Forest Ochrosol Zone
of Ghana sre to be found on relatively immature soils over biotite or hornblends
achists and granites, where roots can reach the zone of rock-weathering within about
510 feat of the surface; "good yields are maintained up to about forty years on such
80ils" whereas on other scils in the same zone "Einlda decline greatly in most cases
after about twenty to thirty years from planting’. On the other hand, excessively
alkaline or acidic hoerizone within & metre, or so, of the surface., mey inhibit downward
root growth and have other adverse affects on the nutrition of the tres. Some eccount
can be taken of these factore in making broad aesesements of the suitability of a soil
for cocoa but the probleme of interpretation whick they invoks severely limit the
possibilities of drawing subtle distinctions on the basis of laboratory data,

Futrient Exchange Characteristics

The laboratory data which are most informative in drawing broad conclusione on
the relative suitability of soils for cocoa are those which relate to the ability of
the soil to store and release nutrient elements, namely "base (or cation) exchange
capacity” and "organic matter content"™, and those which indicate the extent to which
this storage capacity is filled with nutrients, namely 'percentage base saturation'
and "pH',

(a) Base exchange capacit
(a brief explanation of 'base exchange capacity'is included in the Appendix).

The higher the base exchange capacity of a soil, the more likely is it that the
80il in its natural atate will be able to supply the nitrient requirements of a plant
in balanced amounts. Furthermore, additional nutrients, inm the form of fertilizers,




TABLE 2:-

The Average Nutrient Content of the Surface layers of some Soil

Associations in Western Ashanti, Ghana (selected from Radwanski (1957))

Soil Ceneral Suitability | Approx. % 4 Cation Exch. Exchangeable Cations

Asscciation |of Asscciation for | Depth Organic pH | Free Capacity me. /100 grms. soil

Cocoa * Yatter CaC0y me./100grma.
Soil Ca Mg K

Kese Very good O=3" 10. 10 T.31 | 0. 221 47. 32 40. 41| 8.02 0. T1
3-8 3.03 |6.65|0.123 29.74 21.37 | 5.32 0. 32
Adujansu Good o3 E. B2 6.42 | 0.061 22.54 15.62 | 4. 35 0. 53
I=8" 1. 74 5. 91 !l nil 9. 22 3.82 |1 1.03 0. 20
Fwidiam Good O=3n 6.65 T.07 | 0.095 21.04 17. 24 | 3. 46 0. 57
;:B“ 1-29 6!03 0- ﬂ?g 9- 60 6- 86 1- 1{} 0! 1_9
Kunasi Good 0-3" 8.24 |17.00 |0.073 20. 50 16.77 | 2.81 0.72
3-8" 2. 40 6.80 | 0.012 8.39 4. 70 | 1.27 0. 27
mﬁm Foor ﬂ"j" 4. 3":" 6- '51 Q. ﬂﬁ? 16- 5\0 1?0 d-ﬂ - 3ﬁ Q. 35
(forest phase)l 3-8" 1. 72 6.28 10.001 6. TO 4.60 10.96 0. 14
Atukrom Poor 1 5. 04 5.65 | nil 18.73 9.20 | 3.30 0. 35
3-8 - 5.52 | nil 13. 34 4,93 | 2,50 0. 21
Pepri Poor Q=-3n 4. 00 6.42 |1 0.030 13.64 10.14 | 1. 80 0.65
3-8 1.01 6.30 |0.006 4.63 2.63 | C. 60 0. 25
Achinasi Very poor O-3" 3.90 5.12 | nil 12.30 5.11 |1.22 0.33
3-8" 1.60 | 4.85 | nil 7. 22 1.45 |0.28 0. 15

* Egtimates of the general suitability of the various associations for cocoa are based on comments
givan in the text of Radwanski's paper (Radwanski 1957).




In the West Indies, chlorosis of cocoa leaves (loss of green colouration) due to
iron deficiency has been noted on moderately alkaline soils which include free calcium
carbonate in the surface horizons (Havord, 1954).

Similarly, Cunningham {1964) related symptoma of iron, manganese and zinc
deficiency in some Ghanaian cocoa to moderately alkaline soil conditions (pE 7.9). In
pot experiments, Cunningham (loc. cit) was able to show that incidence of abnormal
leaves due to micronutrient deficiency was greatly reduced, and those due to zinc
deficiency completely eliminsted, when the pH of the potting mixture was lowered from
8.0 to 7.2 by the addition of sulphur. Induced deficiencies of micromutirients are
doubtless one reason why cocoa growth is found to be less satisfactory on soils of pH
higher than T.5.

In very acid soils, on the other hand, the high availability of iron and possibly
of manganese, zinec and copper, could have toxic effects on the growth of cocoa. Jones
{personal communications) reports that cocoa growing on 'acid pegasse' soils, of pH
about 4.0, in British Guiana was reasonably healthy in sites where the concentration
of 'water—-acluble' iron in the soil was below 50 ppm, but was stunted and produced
unhealthy looking, yellowish coloured leaves on soils having 250-300 ppm 'water-scluble'
iron. The leaf symptoms were similar to those associated with nitrogen deficiency but
the trees did not respond to applications of nitrogen.

Hardy (1960) hae suggested that cocoa, like coffee and tea, is more tolerant to
acid soil conditions than are many other tropical crops but the desirability of
avoiding soils of pH below & is supported by data from Chana given in Table 3. In
presenting this data in its original form, Charter (1955) emphasized that the sample
aites were scattered throughout the forest region of Chana and that they could be
considered to hawe been selected at random as far as land-use was concerned. He
considered it reasonable ic assume, morecver, that peasant farmers had attempted
cocoa planting on most of the eites sampled, so that the distribution recorded provides
an indication of the relative survival of cocoa on soils of differing surface eoil pH.
In the form in which this data is now presented it will be noted that the distribution
of cocoa shows a bias in favour of survival on soils of pH higher than 6,0 and against
gurvival on soile of lower pH. Although a high rate of survival is recorded on sitea
of pH "more than T.4' it is unlikely that values very much higher than T.4 were
recorded in the forest belt of Chana.

The pH values which hawve been quoted refer to pH determinations made on a 1:1
mirture of soil and water. ©pH can also be determined on a mixture of soil and a
Normal solution of potassium chloride. In almost all soils the latter method yields
appreciably lower valuss for pH. One excepiion to this rule, however, concerns highly
weathered tropical soils developed on basic rocks which have unique exchange properties
in thair subscil horizons and which yield higher pH walues with potassium chloride
than with water. Although the physlcal characteristics of these soile may appear almost
ideal for cocoa, their subsoil horizons contaln little or no exchangeable bases and,
nutritionally, they are totally unsuited to cocoa. Soile which are very deep, very
friable, neither sticky, nor plastic in consistence despite a clayey texture and are
dark red to dark reddish brown in colour ocan be suspsctied to possess these undesirable
sxchangs properties.




TABLE 3:= Distribution of Cocoa in Chana in Helation to Surface Soil rH

(Recaleulated from data given by Charter (1955))

less more
pH Range of Surface Soil thanl 4.0-] 4. 5.0 [5.5 6.0 |6.5 |T7.0-|than |TOTAL
-ﬁ 4!4 - 5.4 L3 5. 6-9 T-4 T.4

Total soils examined
a) No. of soils in each pH range 12 88 | 223 1495 K17 424 [271 |209 | 60 2199

b) % of total soils in each pH range 0.5 | 4.0 | 10.1]22.5 |18.9]19.2}12.3] 9.5] 2.7 |100%

.
ekl

Sites supporting cocoa

¢) No. of cocoa sites in each pH range 0 0 13 1 55 184 29 ] 95 ] 91 | » 498

d) % of total cocoa sites in each pH range| O 0 ] 2.5 |11.016.8}25.9{19.0J18.2] 5. 100

ﬁ— =%
Distribution Ratio:= (b 0 0 | 0.25|0.48 |0.8%]1.35}1.54}1.92] 2.30

RCOTES:

(a)

(b)

In the above table pH data determined colourimetrically and electrometrically, quoted
separately by Charter, have been combined.

The 'distribution ratio' ismerely a device for relating the proportion of a particular
crop found on a particular soil to the availability of that soil in the area. If there
was no relationship between Cocoa distribution and scil pH in Chana the 'ratio' for
each pH range should be close to 1,0. Values rising above 1.0 indicate preferential
survival of cocoa on soils having the pH range in question. Values below 1.0 indicate
reduced survival. (see Chapter Five).



c&rhun@itroﬁn Ratios (a brief explanation of the significance of these ratiocs is
included in the Appendix).

Hardy (1958, 1959, 1960) has laid partioular stress on the value of the oarbon/
nitrogen ratio as a means of distinguishing good from bad soils for cocoa and has
suggested a value of 9.0 as the lowest acceptable C/¥ ratio ("limit of adequacy”) in
the top 0-6" (0-15 cms.) of soils being considered for the orop. He argues that in
soile in which organic matter is not constantly replenished and in which, as a result,
Gjh‘ratiua fall below 10, "the store of nutrient bases and of phosphorus rapidly
diminishes, though the soil may etill be capable of supplying nitrogen" (Hardy, 1958).
Havord (1959) considers that low carbon/nitrogen ratios in Trinidad, which Hardy had
shown were correlated with low yields of cocoa, can be attributed on the island to
'degradation' of topecil following long term substitution of the original forest cover
by cocoa sometimes preceded by arable crops. The carbnn}hitrugun ratio, together with
determination of organic matter content, appears to provide a satisfactory measure of
the present suitability of these particular soils for cocoa. This may be especially
true of some Trinidadian soils, and poesibly of soils from other areas which Hardy
considers, in which the soil horizons below the layer of organic matter accumulation
are poorly suited to cocoa, That Hardy himeelf was thinking on these lines is
illustrated by the possible explanations for low carbon/nitrogen ratios which he
offered, namely; accumulation of nitrogen by leguminocus shade trees commonly planted
between cocoa in the West Indies; decreases in leaf litter under cocoa in comparison
with that under natural forest; and, erosion of the topsoil which might occur under
poorly shaded cocoa or cocoa planted on steep slopes (HBardy, 1959).

From Hirdy's evidence it is very probable that soils with a C/¥ ratio below 9.0
in the surface horizon should be regarded as unsuitable for cocoa, but this statement
requires qualification in two ways. Firstly, the depth of the 'surface horizon'
sampled for this purpose should not be chosen arbitarily, but should be adjusted to
coincide with the thickness of the layer of organic matter accumulation in the eoil,
established by field cbservation. In many tropical soils this layer is appreciably
thinner than the 15 cms. (6 inches) commonly used for surface soil analyeis. Inolusion
of material from lower horizons provides a lower average value for C/N ratio and so
gives a misleading indication of the state of decomposition of the greater part of the
organic matter in the soil. Secondly, the statement will not be true of soils in whioh
the subsoil horizons are exceptionally fertile by nature of their mimeral assemblage
and in whith fertility ie not primarily dependent, therefore, upon their organic matter
content or ite nature. The need for these gqualifications is well illustrated by
analytical data for soil on Sao Tome, given in Table 6 on which Lains E Silva (1958)
reports that cocoa production ies 'high'. It will be noted that valusa for base

and base saturation suggest that the deeper horizome of this soil are
exceptionally fertile and that although & very low value is quoted for the C/¥ ratio
{ﬂ.ﬁf this refers to a surface sample 20 ocms. thick and may not reflect, in faot, the
condition of the bulk of the organic matier in the soil.

In most potential cocoa growing areas carbon/nitrogen ratios lower than 10 will
rarely be found in the surface horizons of soils recently cleared from well developed
natural vegetation. On the other hand, undesirably high values for this ratio ( greater
than about 14)may ocour. These high values are suggestive of a shortage of nitrogen
and, in some cases, of an undesirably slow rate of release of nutrient elements from
the soil organic matter. In areas of very high rainfall, high C/N ratios are found in
very acid soils, whilst in areas of rather low rainfall, high C/N ratios are found in
soils under grassy vegetation (Nye and CGreenland, 1960). In both cases, criteria

other than that of the C/N ratios are likely to eliminate the soils from consideration
for cocoa planting.



The valus of carbon/mitrogen ratios in the selection of soils for cocoa lies,
therefore, in the indication they provide of situations where surface soll fertility
has been lost as the result of past agricultural practice, or erosion. If the major-
ity of the soils under consideration are under natural forest, C/F ratios will provide
very little indication of their relative merit.

The level of Individual Nuirienta

¥With present kmowledge, laboratory determinations of the level of individual
nutrients are of wery limited wvalus in the selection of soila for cocoa. In attempt-
ing to interpret such data it is essential to bear in mind the major difficulties which
stand in the way of deviseing analytical techniques that will provide a reliable measure
of the nutrient lewvels required to support a healthy orop.

The probleme involved can be summarized under three headings:-

(a) The problem of determining what proportion of the total quantity of
each nutrient element present in the scil is, in fact, awvailable to
cocoa

(b) The problem of assessing the influence, if any, of other nutrients
in the ecil on the uptake of a particular nutrisnt;

(c) Problems related to the time and place of sampling for analysis.

In discussing pH; it was mentioned that nutrients are present in the soil in a
variety of forms. This is illustrated in the case of soll phosphorus by data obtained
by Bates and Baker (1960) for a soil in Western Nigeria and given in Table 4. This
soll, although sampled under forest, belongs to A soil series widely used in Western
Figeria for cocoa, It is falrly obvious that not all nutrient forms will be equally
available to plants and experience has shown that analysis data on the total amounts
of individual nutrients present in a soll provide little guidance toc the performance
of oropa.

TABLE 4:- Phosphorus in the fine earth fraction (less than Zmm.) and in
ironatone concretions at different depths in a Weatern Nigerian
soil (selected from Bates J.A,R. and Baker T.C,N. (1960).

Worm
Casts|0-2"2-T"|7-12"]| 12-20"]| 20=-30" |40-50" |60-T 3"

Total P in fine earth (p.p.m.) 603 [553 | 210 |28) 275 230 252 260
Organio P in fine earth (p.p.m.) | 450 |405 | 95 | 70 45 42 50 103
Total P in conocretions (p.p.m.) 718 | 715 |665 563 570 510 358

'Available P' = Truog (p.p.m.) 32| 29 1.5 [1.7 142 1.2

Determination of the proportion of the total quantity of a given nutrient which
is avallable to planis in a particular scil is hampered by our present lack of knowledge
of the exact method, or methods by which plants themselves obtain nutrients from the



goil. Chemical reagents can be selected which also extract only a proportion of a

given nutrient in a s0il sample and the laboratory analysis of such extracts may yelld
data which can be correlated with actual crop performance in field or greenhouse trials.
In many areas, satisfactory correlation has been achieved in this way between analytical
data and the performance of specific crops on specific suites of socil. Elsewhere, how-
ever, notebly in the humid tropics where cocoa is grown, very little success has attended
attempts to obtain such correlations, even when thes test crop was & short-term arable
variety. It can be presumed that this lack of correlation reflects differences in soil
chemistry to which the analytical methods are insensitive but which affect nutrient
uptake by the plant.

Thua, the aignificance of small differences in the lawvel of individual nutrients,
as determined by soil analysis, can only be interpreted with confidence within limited
areas in which a relationaship betwsen the analysis wvalues and crop performance has
been established and calibrated experimentally. In the case of cocoa, practical
problems of field experimentation make the establishment of such relatiomships extrem-
ely difficult.

Strictly speaking the required lewvel for each nutrient cannot be established
without reference to the level of other nutrients in the soil for, in some cases at
least, uptake of a particular nutrient apparently present in sufficient quantity may
ba suppressed by the presence of excaessive, or inadequate guantities of cne or more
other nutrients. The major plant nutrients, nitrogen, phosphorus and potassium,
appear to be absorbed independently of one another (Sutcliffe, 1964) but excessive
quantities of potassium, for example, are lmown to suppress root absorbtion of
magnesium, manganese, zinc and other nutrients. ©Sickle-shaped cocoa leaves, sympto-
matic of zine deficiency, have been noted in Chana on trees growing close to heaps of
rotting pod huskas, which possibly serve as a source of excessive guantities of potas-
sium (Chatt, 19535. Charter has suggested that some other instances of zino shortage
in cocoa trees in CGhana may be due to deficiency of magnesium in the soils, rather
than to excess of potassium or to deficiency of zinec itself (Charter, 19555.

The problem of determining the required nutrient balance is wvery complex, for
the ratios between laboratory determined lewvels of nutrients which could be regarded
ag acceptable for cocoa wvery probably differ im different environments and for
different soils, Imbalanced amounts of minor nutrients, essential to plant growth
although only in very small quantities, are unlikely to be detected by, or aven
considered in, normal analysis procedures. Yet the presence of deficient, or toxie,
quantities of these minor nutrientas could make nonsense of the most carefully considered
analysie interpretation.

The requirements of & perennial crop such as cocoa for individual nutrients
doubtless changes at different stages of growth and even at different seasons of the
year. This raises a problem in determining what these requirements are, for an ildeal
soil would be capable of meeting the largest requirement of any particular nutrient at
all stages of growth. More serious is the problem of determining the possible contribu-
tions of different layers of the soil towards meeting these requirements. This problem
of interpretation has been referred to earlier, but is especially difficult in relation
to the supply of individual nutrients. The marked differences between the level of
'available' phosphorus close to the surface and that at depth has been seen in Table 4.
Comparable differences in the levels of other nutrients can be seen in Tables 6 and T.

In view of these difficulties, it is not surprieing that wvery few attempts have
been made to establish atandards for the lewel of individual soil nutrients required
for cocoa. Hardy, however, on ths bzsis of his wvery extensive experience of 'cocoa-
soils', especially in the West Indies and in Latin Amerlca, has suggested standards




for 'exchangeable' caleium, magnesium and potaseium (i.e: exchangeable cations held in
tha exchange complex of the soil) and for 'available' phosphorus (i.e: that proportion
of the soil phosphorus extracted by 'Trucg's reagent'). These standards, which rafer to
veluss determined for the top 0-6 inch (0-15 cms.) layer of soil having loamy terture
are shown in Table 5.

MBLE S5:- Provieicnal standards suggested by F. Hardy for aseessing
nutrient levels in cocoa moils,

(Top 6 inch leyer)

'Available’ 'Exchangeable’ Bases me/100 grans
Category of Seoil Phosphorus of fine earth

{ Truog) Calcium Magnesium Potasgium

PsPasls
High nutrient statusl/ 120 24.0 6.0 0.55
Medium nutrient status 60 12.0 3.0 0.315
Low nutrient status 20 4.0 1.0 0.20
'Limits of adequacy'2/ 40 8.0 2.0 0.24

1/quoted by Hardy (1960) 2/Hardy (1958)

These standards provide a useful gemeral guide to the lewvel of soil nutrientse
desirable for cocoa, although failure to meet these limits does not, in itself,
provide sound groundes for eliminating a particular seil from consideration for cocoa
planting. Many of the better cocoa soile of West Africa, for example, fail to meet
Hardy's "limlite of adequacy™ for 'awvailable' phosphorus (nee Tables 1, 4 and 6),
Addmittedly, responses to phosphatic fertilizers suggest that the phosphate status of
some of these soils is indeed lower than desirable for cocoa.

With regard to the balance between individual nutrients Hardy (1958) has
tentatively suggested that the ratio between values for exchangeabls caleium end
exchangeable magnesium (Ca/Mg) in the top 6" (15 cms.) of the soil should not be more
than 4.0 and that between calcium plus magnesium in relation to potassiua ((Ca+Mg)/X)
should not be less than 25, Both Charter (1955) and Homés (1953, 1957) have stressed
the undesirability of excessive amounts of potassium in relation to magnesium in soilse
being considered for cocoa. It is very doubtful, however, whether present kmowledge
Justifies quotation of any numerical walues for the desirable ratios between individual
nutrients in relation to the socil reguiremeants of cocoa.

Selected Analysis Data from Different Parts of the World

In preceeding sections emphasis has been placed on the difficulties attending the
interpretation of individual aspects of laboratory data in relation to the wTequirements
of cocca, More informative is an overall comparison of such data with data obtained
from soils known to support cocoa auccessfully. For this reason a section of laboratory
data relating to soils used for cocoa in different parts ol the world is given in Tables
& and 7.

With one exception the scile for which data is quoted can be regarded as being
sultable for cocoa and, in general, they meet the reguirementes for individual ecriteria
suggested in previous sections. The excention is the eoil of "Jerangau Serles"” from
Malaya (Table 7). Although the physical properties of this soil appear to be almost
ideal for cocoa (Panton, 1958) 1t will be noted that its chemical properties fail to
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reach the standards suggested in previous sections in almost every respect. It is of
interest, therefore, that cocoa grown on this socil and on other soils with similar
properties in Malaya suffers so severely from a disease, or disorder, lmown as 'die-
back! that, as Haddon wrote in 1961, "cocoa is not recommended as a crop to farmers
anywhere in Malaya"., Despite considerable research, no pathogen responsible for
'die-back' in Malaya has been identified and it seems probable that nutritional
deficiency, or imbalance, is an important contributory factor, if not the scle causs,
of the disorder.

The data from COrenada (Table T7) are included since they are of particular
interest, although they relate only to surface samples. The site sampled at Mount
Horne is representative of soils which bave proved extremely fertile in cocoa trials
and, with the addition of potash, hawve giwen ylelds equivalent to 7,000-8,0001lbs of
dry cocoa per acre per annum. The site at Hope Estate suffers from a fairly sewvere
dry season but supports excellent cocoa when the soils are irrigated. In contrast,
good yields are obtained at Mirabeau Agricultural Station and at Brimington Estate
only when fertilizers are applied (& 12:8:24 Mixture) although the physical properties
of the soils and the climatic conditions at these sites are wvery favourable (I.T.Twyford,
personal communication).

A few examples could be gquoted of soils, notably in the Congo, which have
supported cocoa successfully but which appear from their analysis data to be of very
low nutrient status. Their data is similar in fact to that gquoted for Jeranagau series
in Malaya. The Malayan experience, however, illustrates difficulties which may be
encountered when such so0ils are selected for cocoa planting and emphasizes that it may
not be easy to overcome these difficulties by application of fertilizers or by other
management practices.

ASSESSING NUTRIENT STATUS IN THE FIELD

Under this heading we can consider inferences which may be drawn, not only from
a field study of the soils themselves but also from knowledge of their recent agri-
cultural history. OSuch inferences are qualitative in nature and will only provide
valid comparisona between soils ocoupying an essentially uniform environment.,

If the solils under consideration occupy an area which includes no major wvariation
in present climate, natural wvegetation, topography or soil parent material, observations
made in the field can be used with some confidence to predict probable wariation of the
nutrient status of the soils. If cocoa is already growing in such an area, the relative
success of the crop on different soils providea atandards of comparison and permite
qualitative assessment of the probable nutritional suitability of the soile without
rasort to laboratory analysis, These asseasments are especially wvaluable for they
represent the integrated affect of many different aspects of the chemical character of
the soils which would be extremely difficult to evaluate separately.

Circumstances permitting this approach are not as rare as might be expected. In
both Ghana and Nigeria, for example, soils occupying very extensive areas have been
classified in relation to their suitability for cocoa almost entirely on the basis of
their physical characteristics (Crosbis, 1957; Smyth and Montgomery 1962). Such
clasaifications do not, in fact, ignore probable differences in nutrient status, for
these are likely to be related to the physical criteria selected to differentiate the
soils. In Western Nigeria, it was possible to show that, in appropriate circumstances,
80il guality classification based on morphological characteristice of the soils provide
a Ea;iabla guide to sites on which cocoa will grow successfully (Smyth and Montgomery
1362).



Physical Characteristics of the Sgil

Of the soil characteristice which can be studied in the field, texture is the
most informative in relation to probable nutrient stetus, but additional clues are
provided by soil coloury oonsistence and structure; the content of large particles;y
and by studies on the nature and degree of weathering of the parent material,
Conclusions on nutrient status must be based on a summation of these factors and
their reliability will depend to a large extent on the experience of the observer
and his familiarity with the soils of the area examined. Field observation is
inevitably subjective and if conclusions are to be drawn from data obtained by
different members of a team, it is most important that all membera of the team are
carefully trained to use a standard system in observing and recording data,

(a) Texture

Within a limited area differences in texture provide a valuable, if rough, guide
to probteble differences in scil nutrient status. The higher the clay content of a
soil the higher is its nutrient status likely to be. A number of factors contribute
to this relationship. In the first place, the parent materials and conditions of
weathering which yield soils of clayey rather than sandy textures are usually those
which provide and serve to retain nutrient elements in greatest gquantity. Secondly,
the good properties of moisture retention associated with a high clay content enaures
that nutrient lose through downward leaching is at a minimum in clayey textured soils.
Thirdly, cation exchange phenomena on the relatiwvely enormous surface area of the clay
particles themselwes, make an important contribution to the capacity of a soil to
retain and exchange nutrient elements.

Lastly, but of particular importance in the soils of moat cocoa—growing areas,
is the relationship between clay content and organic matter content. In sandy soils,
organic matter accumulation under natural vegetation tends to be slower than is the
case in olayey soila, largely because the growth of vegetation is likely to be less
vigorouas. PFurthermore, for reascns which are only partly understood, organic matter
decomposes more rapidly in coarse than in fine textured soils, especially when land is
cleared for cultivation (FAO, 1962). In general, therefore, within areas in which
environmental factors are more or leass uniform, scils distinguished because of their
higher clay content will also be the scils of higher organic matter content. This
relationship bas an important bearing on soil nutrient status, since organic matter
provides not only a rich source of nutrients, but alsc a very active colloidal exchange
complex in which relatiwvely large amounts of nutrients and moisture can be held.

Since soil organic matter content is so important inm relation to plant nutrition
it may be questioned why the lewvel of organic matter should not be determined by direct
field observaetion. Heference has already been made, however, to the need for laboratory
analysis to obtain a reliable measure of organic matter content in tropical soils.
Furthermore, in establishing broad groupings of soils in relation to their suitability
for cocoms, differences in organic matter content are likely to be localized following
local differences in agrioultural history and rarely provide a satisfactory criterion
for differentiating soil mapping units., Textural differences are likely to be much
more useful for this purpose. The relationship noted between texture and organioc
matter content serves to increase the significance of broad groupings on the basis of
texture, in relation to the requirements of cocoa.

(b) Colour

Soil colour provides a crude, but useful, guide to probable soil nutrient status.
Scils with strongly developed colour, especially those which are dark red, dark brown
or dark reddish brown, usually have higher nutrient status than pale coloured soils.
The reason for this is twofold. Firstly, in many areas, differences in soil colour



reflect differences in the nature of the parent rocks from which the soils have developed
and the soils of reddest, or dark chocolate brown, colour are usually those derived from
the most nutrient rich rocks (rocks containing a high proportion of ferro-magnesian
minerals). Secondly, soil colour may reflect the degree of leaching to which the soil
has been exposed. Very pale coloured soils are likely to have lost a large proportion,
not only of the compounds which are responsible for colour, but alsc of the nutrient
elements required by plants.

It must be emphasized, however, that judgment of nutrient status on the basis of
colour can be wvery misleading. Some rocks which are poor in nutrient elements btut rich
in iron, such as ferruginous sandstones, can give rise to bright red scils of low nutrient
status. Other red soils of the tropicse, which are in a wvery advanced stage of weather-
ing, consist predominantly of oxides of iron and aluminium and have very low nutrient
status. Thus, additional evidence on nutrient status, derived either from laboratory
data or by observation of existing cocoa in surrounding areas, is needed to support
inferences based on soil colour.

(e) Consistence and structure

A study of the consistence and structure of clayey textured soils provides a broad
indication of the probable nzture of the clay minerals which they contain. Since, as
explained previously, different clay minerals differ in their ability to retain and
exchange nutrient elements this indication is of walue in comparing the probable nutrient
status of different soils. Standard terms for the identification and description of
soil consistence and structure are to be found in the Soil Survey Manual of the U.S5.
Department of Agriculture (1951) but it must be admitted that considerable experience
iz needed to interpret these characterietics reliably.

Soils which are rich in non-expanding clay minerale having low base exchange
capacity, are usually not more than slightly sticky and slightly plastic in consiastence
when moist and show little, if any, development of macro structure. Stickiness and
plasticity of the moist scil increases in soils which have a progressively larger
proportion of expanding lattice clay, of relatively high base exchange capacity, in
their clay fraction. The tendency for soils to crack and to form well dewveloped
structural peds also increases with an increasing content of expanding clays. Thus,
very broadly speaking, the more sticky and the more plastic is the clay, and the more
strongly developed is the structure, the greater is the base exchange capacity of the
mineral fraction of a soil likely to be. This does not imply, however, that the soil
is necessarily more suitable for cocoa, for as discussed in the previous Chapter, high
proportions of expanding clay minerals are usually associated with undesirable physical
aoil characteristics which are more likely to prove limiting to cocoa than are nutritional
shortcomings of the soil. High exchange capacity in the mineral fraction of & soil is
only desirable, therefore, insofar as it is compatible with acceptable physical proper-
ties. |

(d) Content of large particles

Large inert particles, such as quartz gravel or ironstone concretions, reduce the
nutritional capacity of a s#o0il mainly because their surface area is wvery much smaller
per unit wolume than that of the fine earth which would otherwise fill the space which
they occupy. Thus, other factors being equal, soils containing appreciable quantitles
of gravel and stones will be nutritionally inferior to gravel-=free soils, even when the
quantity of grawel is insufficient to have any marked effect on root penetration.
Account is rarely taken of the s0il volume cccupied by large particles in considering
laboratory data but Brammer (1962) provides calculated values for the quantity of
nutrienta in the top three feet of some Chanaian solls in which allowance is made for
differencea in the wolume of fine earth in different horizons. Such data for two soil
profiles in the cocoa-growing area of Chana, both of them classified as "Forest

Ochrosols", is given in Table 8. The marked difference in the calculaied total



TABLE Bi1-

Caloulated values for major nutrients in lbs per acre in horizons to a depth of

three feet in profiles of two soil series from the cocoa growing area of Chana
(selected from Brammer (1962))

Kumasi Series Bekwal Serles
% fine % fine

Horizon earth Exchangeable bases Horizon | earth Exchangeable bases

Depth (less | (1bs nutrient per acre) Depth (1lese (1bs nutrient per acre)

(inches) than 2mm) Ca ‘ Mg | Mn K (inches) | than 2mm) | Ca Mg Mn K
1.  0-4" 97.4 3032| 505 | 66 | 548 0-2" 100,0 2534| 510 | 53 | 62
2. 4-9" 8€.8 910 150 0 145 2=11" 93.9 982 100 41 "7
3.  9-18n B1,2 T92| 306 43 T1 11=21" 41,6 149 54 8 40
4, 18-32" 93.4 1175 486 51 73 21-33" 3.4 124 39 T LY
5. (32-36") (92.8) 233 | 109 14 10 (33-36") | (78.7) 54 34 1 9
Total for 3 feet 6142 | 1556 204 B4T Total for 3 feet 3843 137 116 | 265

Notes:= The calculation is based on laboratory data for exchangeable bases and for the % of
oven-dry fine earth (less than 2mm diameter), using assumed values for dry soil

density (1.2 in the surface horizon and 1.6 in the horizon below).



guantities of nutrients in these two soils is not assigned entirely to differences in
their content of stones and grawvel, but the effect of this factor is apparent when the
values in each horizon are compared in relation to the given percentage of fine earth.
It will be seen that the subsoil layers of the gravelly Bekwal series contain only one-
third as much 'fine earth' as comparable horizons in the Kumasi profile. Since thess
figures are calculated they do not prove anything but they serve to illustrate the
poesible magnitude of the effect.

(e) The nature and the degree of weathering of the parent material

Fragments of weathering parent material at depths within the reach of cocoa roots
provide a source of additional plant nutrients which may be gradually released to
. replace those taken up by plants or lost in the drainage waters. The rate of such
release depends on the size and nature of the fragments, the processes active in the
soil and upon climatic factors, so that it is almoet imposeible to tell from field
investigations whether or not this additional source of nutrients is likely to have
a2 significant direct influence on plant growth. Nevertheless, the presence of such
fragments is an indication that weathering processes in the soil are unlikely to have
reached & stage at which the soil is severely depleted of plant nutrienta. The
rresence of weathering rock or rock minerals, either in deep layers potentially within
reach of cocoa roots or as fragments in the upper part of the soil, should be regarded
as a desirable factor in comparing the probable nutritional status of different soils
in the field.

Enovwledge of the nature of the parent rock from which a soil is derived is a very
valuable clue in assessing the probable nutrient status of the soil. In some cases the
nature of the rock can, with experience, be inferred from the morphology of the soil.
In others, sufficiently fresh samples of rock for identification cccur as fragments in
the 20il, although care must be taken to ensure that odd rock fragments are not of
extraneous origin, BSurface rock out-crops in upper slope sites may also be misleading,
eince they commenly consist of rocks more resistant to weathering than those which have
given rise to surrounding soils. Outcrops in stream beds providc a more reliable guide
to the local geology. In many potential cocoa-growing areas geological surveys have
been carried out and the resulting maps can be useful, especially in selecting areas
in which detailed investigaticne are most likely to disclose soils suitable for cocoa,

Providing weathering processes are not too far advanced, soils derived from basic
voleanic ash or basaliic lavas are likely to be of exceptionally high nutrient status.
Amongst igneous and metnmorphosed igneous rocks, those which are most basic in mineral
composition are also most likely to give rise to soils of high nutrient status., Thus
nutritionally, soils derived from amphibolites and from hornblende gneisses or schista
are likely to be superior to those derived from biotite-rich gneisses which, in turn,
are usually superior to those derived from acid rocks, such as granites and granitie
gneisses, in which the predominant rock minerals are quartz, felspar and white micas.

In the case of sedimentary deposita, (including metamorphosed sadiments), coarse grained
rocks, such as sandstones, usually give rise to soils poor in nutrients; somewhat

higher nutrient status may be found in soils derived from finer grained mudstones, clays
and shales, but only calcarecus rocks and recent alluvia are likely to give rise to soils
of high nutrient status.

In the absence of adequate laboratory data, soils known to be formed from
very acid crystalline rocks or sandstones should not be recommended for cocoa, even if
their physical characteristics appear to be suitable,



The Agricultural History of the Site

There is little doubt that cocoa is most likely to succeed on land that, up to the
time of planting, has been under a stand o{ well developed forest. In 1953, Charter
stated "it is well known in the Gold Ccast that, using traditional methods, it is
difficult or impossible to establish cocoa economically on land that has previcusly
been exploited". Using modern methods of establishment and plantation management we
need no longer take so drastic a view, but many have suffered disappointment in
attempting to establish cocoa on old cocoa land or land used previously for other crops.
In general, growth is poor on such land in comparison with that obtained on 'virgin'
soils (Adams and McKelvie, 1955). It would be a mistake to suppose that the poor
growth invariably stems from reduced fertility of the soil as the result of previous
cropping. Other factors play an important part, not least of which is the increased
competition with weeds, especially those of light-loving species likely to flourish
under the conditions which preveil following cultivation or the clearing of old cocoa
plantations (Charter, 1955). Indeed, effective weed control and rapid re-establishment
of shade {artificial, temporary or permanent) seem to be essential factors in the
successful establishment of cocoa on such land,

Nevertheless, some reduction in soil fertility following cropping is to be
expected and, if past management practices have been poor, the loss in fertility may
be serious. Apart from the mineral nutrients carried away in the crop, the annual
return of vegetative matter to soils under cocoa, or most other e¢rops, is much less
than that received by soils under forest. Moreover, increased exposure of the topsoil
under conditions of cultivation leads to more rapid breakdown of organic matter and a
rossible loss of nutrients released too rapidly to be exploited by the crop. Under
poor management, a significant proportion of the richest surface socil layer may be lost
completely by erosion.

In Table 9 (A, B and C) comparative analytical data is given for the surface
borizons of soils under wvarious types of vegetation in three cocoa-growing areas. In
each case the values for organic matter content are lower in soils that have been
exploited than in those under forest. In the Nigerian data, pH values and information
on the exchange complex indicate that the level of soil fertility under cocoa is
appreciably less than that under forest and diminishes progressively with increased
spacing between the cocoa trees. This is to be expected since under the wider spacings
the soil can be assumed to suffer more exposure and to receive lower quantities of leaf
fall per unit area. The Nigerian data is especially significant since the soils in the
closely adjacent sites sampled by Kowal (1959) were morphologically almost indistinguish-
able and were presumably equally fertile before part of the forest was cleared for cocoa
planting.

Interpretation of the data from Chana is less straight forward for, although
fertility is clearly lower in the soils under arable crops and under thicket or forb
fallow, than under forest, those under cocoa are apparently the most fertile. The
data is derived from quite a large number of samples, however, and although all the
g8oils are classified within one Creat Soil CGroup considerable variation in their
fertility could be expected even under uniform vegetation. Since early cocoa plant-
ings in Chana were made on a trial and error basis, survival of cocoa is most likely
on the soile of above average fertility, whilst other soils may have teen left under
forest because much longer experience with other crops had shown them to be infertile,
That the average inherent fertility of the sites sampled under cocoa is in fact higher
than that of the sites under forest is suggested by a comparison of data for organic
matter content and for base exchange capacity.

* Now Ghana.



TAELE 9t Comparison of analytical data in surface samples of soils
under different wvegetation in three cocoa-growing areas.

A, Chana: Data for 9 inch surface samples of 'Ochrosols' (Selected from Charter, 1955)

Base Exchangeable Cations
Kind of No. Organic Exchange | me/100gms. of soil
Vegetation | of Matter GKH pH | Capacity Ca Mg K

Samples| % ratio maf10ﬂgmu.

Forest 23 [3.59 9.74 | €.27 [ 14.01 9.45 | 2.40 | 0.36
Cocoa 53 3.22 10.07 | 6.73 14.38 10.52 2.21 | 0.1
Thicket 14 2,56 9.61| 6.37 10,14 7.08 1.45 | 0,30
Forb
Hegrowth 21 2.78 9.47 | 6.63 11.15 8.73 1.72 |0.34
Farmland 16 2437 10.63 | 6.25 10.53 6.58 1.73 |0.39

Notes: Forest

Includes recent secondary forest as well as primary forest.

Thicket = Woody shrubs 20-30 ft. high representing natural fallow a
few years old.

Ford

Regrowth = Succulent plants and grasses representing the firet one or

two years of fallow.
Farmland = Land actually under subsistence arable cropping.

B, Nigeria: Data for 4 inch surface samples of a single soll serles under different
spacings of cocoa and under forest in adjacent plots (after Kowal, 1959)

Fase Exch.| Total Exoh. | Base

Spacing Depth| pH Carbon| Nitrogen Gﬂl Capacity Bages Satn.
of cocoa % % ma /100gme, meé1ﬂﬂgga. %
5" x 51 O=4" |6.45| 2.11 | 0.222 9.6 T. . 86
TVex7V¥2r 0-4m |6.,20] 2,06 | 0,196 |10.5] T.3 5.7 18
15! x15' O=4" |6.00 2.05 | 0.188 10.9 6.8 4.7 &9
Forest 0""4“ 6-40 2-53 0-270 1015 11-4 1043 9’0

C. Trinidad: Data for scile of similar morphology under forest and under
20 year old neglected cocoa (selected from Hardy, 1933)

Depth of | S5ilt clay 'available!
Vegetation | sample (less than | pH| 0.M{ Totall GfH nutriantsfg.z.m}
.02 mm.) 4 | Wt fratio P05 K0
surface
Forest crumb 18 5.0(20.9 |0.83 p4.4 62 129
06" T4 5.0] 4.0(0.24 | 9.1 14 96
BUrTace
Cocoa crumb T0 4.T|11.T7|0.56 2.1 28 230
0-gn 11 4.6) 2.910.20 | 6.8 15 124

Note: Values for O-6" horizons represent weighted averages of data for four horizons
gquoted by Hardy.



In presenting the data from Ghana, Charter (1955) pointed out that whilst the
level of exchangeable magnesium fell appreciably in exploited soile, that of exchange-—
able potassium remained much the same. It will be noted that in the data from Trinidad
the level of 'available' potassium in the 0-6 inch samples is slightly higher under
cocoa than under forest, whilst the pH data suggests that the levels of exchangeable
calcium and magnesium are probably lower. Charter (loc. cit.) has emphasized the
importance of magnesium in relation to the nutrition of cocoa and suggests that
imbalance between magnesium and potassium may be an important factor in relation to
the poor growth of cocoa on previously exploited soils.

Careful consideration should be given, therefore, to past agricultural history
in asseasing the relatiwve suitability of possible sites for cocoa planting. Special
attention should be paid toc the conditions of the surface horiszons, for soile that
have suffered erosion are unlikely to prove suitable for cocoa. Whilst forest wvegeta-—
tion is desirable, a well developed stand of forest is not, in itself, a guarantee
that the soils are suitable for cocoa. Indeed, in areas which are already extensively
exploited, sites under old forest should be viewed with suspicion - they may hawve been
deliberately avoided by the local farmer, or deliberately left under extended fallow,
because the soils had been found to be of below average fertility.

The most diffioult problem is that of assessing the suitability of old cocoa land.
Here other factors, such as the experience of the farmer with the crop and his desire
to replace trees that have died, or have been cut out following disease, may influence
the decision to replant. It should be emphasized, however, that more expensive methods
of establishment and management will be required on such land and that even these may
not achieve success equal to that obtained with less effort on long fallowed soils.
Unfortunately, the sites on which cocoa replanting is most likely to be considered tend
to be those on which it is least advisable, the cocoa being old and neglected and the
s80il badly exposed through extensive gaps in the canopy. Sites on which young cocoa
has been cut out for phyto—sanitary reasons should prove satisfactory for replanting but
the soils should be examined, nevertheless, to ensure that they are the most suitable
available for the purpose.



CHAPTER FIVE

QUALITY CLASSIFICATION OF POTENTIAL COCOA SOILS

The identification of suitable sites for cocoaz planting can be done on an 'ad hoo'
basis, each site being considered on its individual merits. A far more satisfactory
apvroach, however, is to study the problem within the framework of an overall scoll and
land-use surwvey covering the whole area in which planting may be considered. Such a
survey not only provides a basis for deciding the merits of individual sites but
permits their comperison with those of other sites and ensures that the areas chosen
for planting are the most suitzble available.

Then cocoa is likely to be an important crop in a soil survey area it is desir-
able to estzblish a soil quality classification specifically related to the soil
requirements of this crop and to produce separate maps showing the distribution of
the different soil quality classes which have been recognized. This is primarily a
problem of soil survey interpretztion but at a wvery early stage in the survey, when
the criteria which are to be used to distinguish the individual soil mapping units
are being defined, cereful consideration must be given to those =soil characteristics
which 2re especially important in relation to the requirements of cocoa, If this is
not done, the units mapped may include soils of differing potential for cocoa which it
will be impossible to separate at the interpretation stage of the survey. This point
reguires emphasis, for some of the factors of importance to cocoa, notably differences
in texture, are not always easy to relate to topographicnl features which, because
they are easily recognized in the field, tend to play an important part in defining
boundzries between different soil mapping units. Boundaries which can only be
recognized bty intensive soil sampling add greatly to the time and effort required for

a s0il survey but are often essential to distinguish soils of wvarying suitability for
COCOoR.

THE CHOICE OF GQUALITY CLASSES

Discretion is required in the choice of the number and nature of the soil quality
classes which are to be recognized in a particular survey. There is a temptation to
oultiply the number of classes in order to provide more detailed information and to
nake allowance for subtle distinctions in suitability between rather similar soils,
or between the same soils in different situations. Large numbers of quality classes
are only justified insofar as:=-

(a) they can be mapped individually and their mapped location subsequently
recognized on the ground;

(b) the criteria on which they are defined are of a reasonably permanent
naturej

(¢) their significance can be exactly definedj

(d) they do not so complicate the interpretation as to frighten away would-be
usars of the information.

The value of a particular soil quality class, or sub-class, is greatly reduced
if its distribution can not be shown on a map, or, if shown, its position cannot be
agcurately located in relation to permanent features on the ground. For practical
purposes, one good map is worth several wolumes of printed worda, Howewver, there
are some factors affecting cocoa cultivation, such as variations in the steepness of



slopes, which the farmer will need to examine personally when planning his planting
programmes. The importance of these factors may have to be pointed out to him but,
once on the site, he is unlikely to refer to the map for guidance in matters which
he can see more accurately with his own eyes. Little advantage is gained, therefore,
in complicating the scil guality map with such information.

No map is of wery much use if the boundaries it shows cannot be located with
reasonable accuracy on the ground. The standard of mccuracy required, howewver,
increases in proportion to the amount of interpretative detail shown. Therefore,
the amount and amccuracy of topographical detail on available base maps may limit
the minimum area of & single unit which is worth showing and, thus, the number of
quality classes which are worthy of recognition.

Consideration of the permanence of the criteria used to define the separate
quality classes raises a difficult issue. Differences in suitability which by their
nature can be regarded as temporary, such as those relating to differences in present
vegetation, should be disregarded in defining quality classes. These, again, are
best considered by the planter at individual sites. On the other hand, there is the
possibility that the deliberate introduction of improved farming practices will change
the suitability of soils suffering from limitations such as low nutrient status or
poeor drainage at the time of the survey. It is important to recognize the possibility
of such improvements. At the time of the survey, however, it is often wvery difficult
to estimate all the technical, economic 2nd social factors which dictate the degree
of improvement which is likely to be achieved. This being so, it is best to class
the soils according to their suitability at the time of the survey and tc indicate
separately, possibly by means of subclasses, solls which suffer from apecific
limitations which may be amenable to improvement.

The significance of each quality class needa to be clearly defined. For con-
venience it is desirable to provide simple names such as 'Fairly Good', or 'Poor',
for each class btut the meaning of such names is subjective and, to avoid misunder-
standing, the classes should be further defined not only in the survey report, but
alsc on the soil quality map. Unfortunately, the least ambiguous definitions, those
based on comparative estimates of expected yield, or on the economics of cocoa
production on the soils of each quality class, can rarely be used; for these para-
meters are too unstable., The introduction of higher yielding varieties, the use of
fertilizers and of other improved practices may drastically change the magnitude and
possibly the pattern of the yield potential and fluctuations in the economics of
rroduction are almost impossible to predict.

Bearing in mind the advantages of simplicity, it is suggested that four main
quality classes, defined as follows, would meet the needs of most surveysi-—

Class I Good soils = Soils which have very few, if any, character-
istics likely to limit the growth and yield of
cocoa. Hecommended for planting in preference
to all other soils.

Class II Fairly good secils— Secils which, although not as suitable as the
soils of Class I, suffer from no serious limit-
ations. Recommended for planting in areas where
no Class I soils are awvailable.

Class III Poor soils = Soils bhaving one or more undesirable character-
istic likely to restrict, if not prevent, the
growth of cocoa. Not recommended for planting
in their present state.



Class IV Unsuitable Scoils = BSoils suffering from severe limitations likely
to prevent the satisfactory growth of cocoa.
Unsuitable for planting.

The most important division is that between Classes I and II on the one hand
and Classes III and IV on the other - between the soils that are recommended for
planting and those which are not. Recognition of Class I soils provides an opportunity
of distinguishing exceptionally suitable soils deserving of priority im planting.
Likewise, Class IV serves to distinguish exceptionally poor soils on which planting
should not be attempted, even when these soils occur as small patches within areas of
suitable scil selection for a cocoa plantation. In similar circumstances it might be
convenient to plant up soils of Class III on which complete failure of cocoa is not
anticipated.

Soils suffering from a variety of limitations may be included in Class III and,
in many areas, it will be desirable to recognize subdivisions of this Class to dis-
tinguish soils which could be expected to respond to different aspects of improved
management. The most appropriate subdivisions will vary from area to area but the
following are quoted as possible examplesi-—

Subclass III(n) Poor soils in which the only major limitation is low nutrient
atatus. Likely to prove satisfactory for cocoa if the right
fertilizers are applied.

Subelass III(d) Poor soile in which the major limitation is poor drainage.
Likely to prove suitable for cocoa if artificially drained.

Subclass III(p) Poor soils suffering from various limitations and offering
little prospect of improvement by management.

It may be desirable to recognize subclasses suffering from more than one curable
limitation but, if the subclasses are not to be misleading, consideration should be
given to the practical possibilitiesof effecting improvement. Soils in which con-
diticns of texture, structure or topographical position would meke effective artificial
drainage almost impossible to achiewve, for example, should be included in subclass
I1I({p) rather than in I1I(d) of the classification proposed above. In very detailed
surveys & much wider wvariety of limitations, and combinations of limitationa can be
recognized and related to the management practices required., Havord, in "A detailed
soil and land capability survey of a cocoa area in Trinidad" provides details of
such & classification.

CRITERIA FOR DISTINGUISHING SOIL QUALITY CLASSES

The quality classification which has just been proposed provides a basis for
summarizing the conclusions reached in previous Chapters and for showing how these
conclusions may be applied in practice in the selection of soils for cocoa. Each
of the criteria discussed previocusly will now be considered, therefore, in relation
to the proposed soil gquality classes. It must be emphasized, however, that quality
classification of a particular scil depends on a summation of all these criteria con-
sidered jointly in relation to local environmental conditions.

L]

Nutrient Status

Assessment of nutrient etatus, based on laboratory data, serves primarily to
distinguish poor soiles of Class III from the fairly good and good solls of Class I
and II. Summarising the conclusions reached in the previous Chapter, laboratory



data for Clasas I and II soils should showi=—

(a) base exchange capacity in the surface horizon not appreciably lesa
than 12 me. /100 grams of fine earth and in subsoil horizons not leas
that 5 me./100 gramsay

(b) average organic matter content in the top O = 15 cma. (0-6") of the
profile not less than 3.0% (1.75% organic carbon);

(e¢) base saturation in subsurface horizons not appreciably leass than 350
(unless base exchange capacity is exceptionally high)s

(d) pH in the range 6.0 to 7.5 in the surface horizone and no excessively
acid (pH below 4.0) or alkaline (pH above 8.0) horizons within one
metre of the surfacej

(e) 1levels of individual exchangeable bases in top O = 15 cma. (0=-6")

Calcium not lower than 8.0 me./100 grams fine earth
Magnesaium " " " 2.0 me./100 " " "
Fotassium " " » 0.24me, /100 " " "

Failure to meet these limits does not imply that cocoa will not grow on the
goils in question but does imply that nutritional conditions are not optimum and
that the so0ils should be considered as 'poor' or 'unsuitable!,

Laboratory data for Class I soils can be expected to be more favourable than
those of Clesa IT =moils but normally these classes will be distinguished on the basis
of otber criteria. Similarly, classification as "unsuitable' will rarely be based on
laboratory data alone. In most cases, soils of extremely low nutrient status also
suffer from undesirable physical or environmental characteristics, notably very sandy
toxtures. Exceptions to this rule undoubtedly exist, including soils with positive
charge exchange characteristics (pH in potassium chloride solution higher than that
in water) and other strongly acid and alkaline soils. Present knowledge is inadequate,
howevor, to even suggest limiting values for individual analytical eriteria which could
serve in all circumstances to distinguish scils as totally unsuitable for cocoa as
opposed to soils which, although poor, offer possibilities of improvement through
management.

Soil Depth — Rooting Volume

Exceedingly shallow solls are perhaps the most obvious candidates for Class IV
in the soil quality classification but effective rooting depth is a factor which
requires consideration at all levels in the classification. The probable influence
of soil depth cannot be estimated without reference to other factors which affect
the quality of the seil., It was suggested in Chapter Two, that asoilas little more
than a metre deep may be acceptable for cocoa if all other characteriastics of the
s0il are particularly fawourable. This is a conservative estimate end cocoa is grown
successfully in different parts of the world on even shallower soils,

Only in exceptional cases, however, should soils with less than 150 cms. of
earth readily penetrated by roots be classified as 'good' (Class I). Failure to
meet this requirement may justify downgrading otherwise good soils into Class II.

In areas where shortage of meoieture is a factor limiting growth in some seasons of
the year, or where the sub-soils are of rather low nutrient status, adequate rooting



volume is essential and soils less than 150 cms., deep will normally te regarded as
tpoor' (Class III). In these circumstances, =soils less than a metre deep should be
considered unsuitable. From these remarks it will be clear that no simple numerical
values can be quoted for the minimum depth of soil appropriate to each quality class
under all condtions,

Drainapge — Moisture Supply and deration

As discussed in Chapter Three, the drainage qualities of & soil and its related
rroperties of moisture retention and aeration, have to be considered in relation to
prevailing climatic conditions, bearing in mind that factors external to the soil
itself, notably topographiczl position, influence these qualities, The combination
of adequate meisture retention, good drainage and good aeration found only in stiromgly
aggregated scils containing moderately high amounts of non-expanding clay minerals
from the surface downwards, provides the ideal physical medium for cocoa in all
situations. Soils with chzracteristics departing appreciably from this ideal should
not be classified in Class I. The interpretation of departures from this ideal differs,
however, in different situations. Some soils with sandy textures in the top 40 to 50
cms, of the profile, for example, may have good properties of moisture retention only
in the surface horizon, due to organic matter, and in the deep subsoil. BSuch scils
may be satisfactory for cocoa and be classified as 'fairly good' (Class II) in areas
where rainfall is moderately heavy and uniformly distributed. The same soils would be
classed as 'poor' (Class III), or even 'unsuitable' (Class IV) in areas of marginal
rainfall conditions. On the other hand, in areas of high rainfall, properties of
aeration are of critical importance and soils with poor drainage, which may even be
desirable under dry conditions, would not be acceptable for cocoa planting.

Individual Physical Characteristics of the Seil

(a) Texture:-—

The importance of texture in relation to root penetration, drainage qualities and
nutritional characteristics has been stressed in previous Chapters. High clay content
is desirable in that it implies good properties of retention of both nutrients and
moisture and suggests thot nutrient status is probably highy but is undesirable insofar
as it adversely affects aeration and root penetration, These partially opposed require-
ments need to be considered simultanecusly in assessing textural characteristics. Inter-
mediate textures, ranging from sandy clay loam to sandy clay (U.S5.D.A. 1951) are optimum
for cocon in most circumstaznces. Even in =recss of high rainfall, soils of loamy textures
are preferable to those of sandy texture in which nutrient status would be suspect. In
dry areas, good moisture retention is essenti=l and =oils with clayey textures close o
the surface are desirable, providing root penetration is not serinusly impeded.

In considering the suitability of individual sites on an 'ad hoc' basis the whole
profile of each so0il wmay be studied and allowance made for wvariations in texture which
may bte noted a2t different depths. It is more difficult, however, to make allowance for
textural changes with depth in any broad system of classification of seils intended for
interpretation in relzstion to the regquirements of cocoa. Since a large proportion of
the feeding roots of cococa are to be found in the top 20 cms. of the soil, textural
differences in the uppermost soil horizon are of special aignificance. In most
potential cocoa-growing arezs, however, textures in the top 15 = 20 cms. of the soil
often vary so rapidly as to bte almost valueless as criteria for mapping soils, even
within the area of a amzll farm. Textures below a depth of about 60 cms. on the other
hand, are commonly so uniform over wide areas that they are equally useless as a basis
for goil classification and mapping, Thus, in many areas, it is convenient to bame



broad textural distinctions between different groups of soll on differences of texture
determined at an intermediate depth, say, between 20 and 50cms. Differences in texture
between these depths undoubtedly influence conditions in the surface horizons and thua
have a strong influence on the suitability of a soil for cocoa. Where practical,
further sub-units of scils may be recognized, on the basis of textural differences above
or below this 'control section' at intermediate depth.

The soil classification developed for the cocoa growing area of Western Nigeria
includes textural distinctions similar to those just described. In the areas surveyed
rainfall is marginzl and the dry season quite severe sc that properties of moisture
retention related to texture are of special importance in selecting soils for cocoa,
Soils with sandy textures (not finer than loamy sand or sand) at depths between 10 and
20 inches (25 to 50 cms.) were classed as 'poor' (Class III) and as 'unsuitable' if
sandy textures continued in borizons below 20 inches. The 'fairly good' seils (Cl-ss
II) had textures of sandy loam or finer in the 'control section' and were usually more
clayey at depth. Texture was alsoc an important consideration for distinguishing
'fairly good' from 'good' soils (Class I) in which the whole profile, including
horizons between 10 and 20 inches, had textures of sandy clay loam or sandy clay
(Smyth and Montgomery, 1962). Surveyors in Western Nigeria were able to show a close
relationship between both the distribution and quality of surviving cocoa, planted
without profesasional advice, and the distribution of soils of different gquality claeses
recognized largely on the basis of the textural differences described (see Table 11).
These criteria will only be appropriate in areas having soil and environmental con-
ditiona similar to those in Western Nigeria but they serve to illustrate the assess-
ment of texture in relation to soil quality classification. In areas of moderately
heavy and well distributed rainfall less weight should be given to textural consider-
ationa in asgessing soil quality for cocoa.

(b) Seil Colour:-

Marked differences in colour should be regarded aa an important criterion in
distinguishing soils at the level of classification regquired to separate soils of
differing potential for cocoa. In the first place soil colour is a valuable guide in
judging the drainage characteristics of a soil, as discussed in Chapter Three. Secondly,
in the absence of exhaustiwve laboratory data, soil colour provides a crude measure of
comparative nutrient status and so is useful in the classification of soils into groups
within which nutrient status is likely to be similar.

Quality classification on the bvasis of drainage has already been discussed. Judge-
ment of quality in relation to nutrient status on the basis of colour can only be tent-

ative and requires the support of observations on the success of aziﬂeing cocQa gg the
soils in question or of laboratory data., Nevertheless, 'good soils' (Class Ij will

usually show strongly developed red or dark brown colours although, over calc-reous
rocks or recent alluvia, they may be dark brownish grey or even black. In the abasence
of other evidence, it is prudent to classify pale red, pale yellowish red and yellowish
brown soils with otherwise good characteristics as only 'fairly good' (Class II).
Similarly, pale yellowish brown and pale yellow soils should provisionally bte classified
as 'poor' (Class III), Very pale colours are usually esasociated with very sandy texturas
and such soils are usually unsuitable for cocoa (class IV),



(c) Soil Consistence and Structurei=-

Marked differences of consistence and structure may also be important criteria
in distinguishing soils which are satisfactory for cocoa (Classes I and II) from those
which are not (Classes III and IV). In some tropical areas, however, no great differ-
ence is observed in the expression of these characteriatics in the more extensiwve soils,

In considering consistence and structure special attention should be pald to their
influence on drainage characteristics and on root penetration. Oood structure is
especially important in areas of high rainfall to ensure adequate aeration. In dry
areas, structure and consistence at depth requires careful study to ensure that the
roots of cocoa will be able to reach deep seated moisture during dry periods.

(d) Other Physical Characteristics:=—

The content of gquartz stones and grawvel, of ironstone concretions and of weather-
ing rock and minerals, provide examples of other criteria which have to be conasldered
in assessing the quality of a soll for cocoa. Depending on their quality and thelr
nature, the presence of such particles may reduce the value of an otherwise sulitable
soil from 'good' to 'fairly good' or even to 'poor'. A soil consisting predominantly
of large inert particles is, of course, 'unsuitable'. A moderate content of weather-
ing rock or rock minerals, at depths potentially within the reach of cocoa roots is
a favourable factor but would rarely justify placing a soil in a higher quality
classification than that suggested by considerations of texture, colour, consistence
and structure.

ASSESSING THE VALIDITY OF A SOIL QUALITY CLASSIFICATION

At some stage in a2 soil survey, preferably as early as possible, it is clearly
desirable to chack the walidity of the aoil quality clasasification which is being
established and at the same time obtain information which may permit refinements to
be made in the choice of criteria for this classification. Yet very little referance
is to be found in soil survey literature on suitable methods for carrying out such
checks, or on results that have been obtained.

In arens where cocoa has never been grown before little can be done until the
results of trial plantings are available. In the early years, such plantings will
provide little information on the relative ability of different soils to support
sustained high yields over long periods, which is the ultimate test of soil quality
for cocoa. One cannot wait thirty years, however, to discover whether or not the soil
quality ratings are reasonably reliable and preliminary indications must be based on
the vigour of the trees at an early age. Establishment problems may prove to be
related to undesirable seil characteristics which were previocusly unsuspected and
nutritional deficiency symptoma are often moat clearly rewvealed on young plants.
Experiments in Trinidad (Jones and Maliphant, 1958; Maliphant, 1959) have shown that
a close correlation exists between girth measurements of cocoa trees three and & half
years old and their subsequent yield when six, seven or eight years old. Similar results
have been obtained in other parts of the world. Needless to say, girth increments, and
indeed the whole early wvigour of the cocoa tree, depend on many factors other than the
suitability of the soil. Comparisons averaged from a large number of observations made
on environmentally similar sites will be necessary before any subtle conclusions can
be drawn on the relative suitability of the soils. The point to be emphasized is that
work on assesaing the guality of the soila should not cease upon completion of the
firast draft of a2 quality map based on theoretical principles.



In areas where cocoa is already a firmly established crop wider opportunities for
checking the wvalidity of a soil quality classification exist. The obvious approach,
that of making observations and of checking yields on each of the soil types, is not
always practical, however, and it is wvery difficult to avoid subjective errors if more
than one observer is engaged in such work. Two other methods which have been used
successfully in the field will be described, although each is applicable only in
specific circumstances.

Cocoa Yield Maps

Burridge and Cunningham (1960) have described a successful exercise in mapping
the yield of cocoa within a single large cocoa farm in Ghana and in relsting this to
differences in soil. The method can only be used conveniently where comparatiwvely
large areas are planted with reasonably uniformly spaced cocoa and yield data can be
obtainad for individual trees over at least a two yenr period. The cocoa itselfl must
be of uniform apge and variety and subject to uniform management practices. These con-
ditions severely limit the practicel application of the method but it is useful,
nevertheless, for investigating the influence of individual socil characteristcs.

The investigation in Ghana was carried out as follows:-

(a) The site was divided into small square plots, each including 25 trees)
and the total yield of every four adjacent plots was marked on a plan of

the site at their common corner. Thus, in Figure d4a, the total yield of
rlots a, b, e and f is marked on the Plan at A and that of plots e, f, 1 and
j is marked on the plan at D.

(b) Convenient yield values can then be scaled between the common corners,
Ay By C etc. and connected by lines of equal yield - yield contours. This
is illustrated, using hypothetical wvalues, in Figure 4b. In this way a
yield contour map of the site similar to that shown in Figure 5 can be
constructed.

(u} The exercise should be repeated using data for yield from at least one
more consecutive year and the yield contour maps thus obtained may be
compared to indicate areas of consistently high opr low yield. Alternatively,
the data at each reference point may be averaged to provide a contour map of
average yield., The more years of data, the more significant the map.

(d) Finally the yield contour maps may be compared with detailed soil maps;

or the soile at sites showing especially high or low yields may be investigsated
and compared individually. Analytical data obtained for socils from sites
having consistently high, medium and low yields in the Chana investigation

are shown in Table 1 (Chapter Four).

#  Tnder the conditions of the Chana experiment the yield patterns obtained using
emaller plots with less than 25 trees were too complex, those from 100 tree plots
were oversimplified.
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FIQURE 51— A cocoa yield map prepared by the method described in the text
(from Burridge end Cunningham 1960).

Distribution of Surviwving Cocoa

In several of the main cocoa growing areas of the world, notably in West Africa
and the West Indies, cocoa has been planted extensively by peasant farmers without
professional advice on both suitable and unsuitable soils. The present distribution
of surviving cocoa in these areas thus provides a fairly reliable measure of the
relative suitability of the different soils., Increased bias for the cocoa to be
found on the most suitable soila arises partly through the greater lenpgth of useful
life of cocoa planted on such soils and partly through deliberate selection nof these
soils wherever possible by farmers who have learnt by trial and error. Study of the
present distribution of such cocoa 1s perhaps the only way the scientist can benefit
from thias accumulated experience, for it can rarely be communicated more directly.

Simple comparisons of the acreage of cocoa planted on different soila usually
faila to give a reliable indication of their relative suitability bec~uae there may
be great variation in the quality of the coceoa recorded and great differences in the
total areas occupied by the different soils. Thus, in an extreme case, an idaal s~il
may be entirely devoted to high quality cocoa Lut the total acreage under coco2 on
this soil may be small, simply because there is very little of this soil in the 2re-.
In comparing the distribution of cocoa in relation tc soil type, it is necess-ry,
therefore, to make allowance for the awvailability of each type of coil. A very simrle
method of making these allowances has been demonstrated in relation to the distribu-
tion of cocoa in Western Nigeria (Smyth and Montgomery,1962).



The method can be applied toc any form of vegetation but in the case of cocom
consists simply of dividing the percentage of the totazl acrezge of coceoa found to
be growinz on a particular soil type by the percentage of the total ares which is
occupied by that soil tyze. The resulting ratio was referred to in Western Wigeria
as the "distribution ratio™:

Distribution ratio Percentage of total area of cocoa found on a4 single soil tyve
for cocoa Percentage of total area occupied by that soil type

If the distribution of cocoa were to be entirely unrelated to the distribution
of the soils and a sufficiently large area is considered, it can be assumed that the
nercentage distribution of cocoa on each soil type would be essentially the same as
the rercentzge of each soil type in the area. In these circumstances, the distribu-
tion ratic would be wery close to 1. Values for the distribution ratic higher than
1 indicazte thzt cocoa shows preferential surwvival, or planting, on the soile in question,
whilst wvalues lower than 1 indicate a bias agzinst survival or planting. VWhen distri-
btution ratios have been calculated for all soil types the relatiwve bvias for or against
survival will usually be clearly apparent. ZEnvironmental conditions, especizlly with
regard to climate, must be essentizlly similar throughout the area analyzed =znd the
larger the area considered the more reliable are the conclusions likely to be.

One sdvantage of this simple method is that it can be applied to any convenient
grouping of the soils. Thus distribution ratios can be calculated in relation to the
distribution of cocoa on soils belonging to individual soil series (or other mapping
units), or on groups of soil units considered to belonz to a single Class in the soil
gquality classification, or on soils grouped in relstion to their expression of a single
soil charscteristisc. Once the soils of an aren have been mapped in distinet units
having clearly defined characteristics, the units can be grouped in any convenient way
for the purpose of calculating distribution ratios.

A further advantage of the method is that it can be spplied equally well to
situations in which detailed maps of the s0il unii® and of the overall vegetation are
avzilable, or to situations in which information on the distribution of vegetation in
relatizn to 2o0ils is only available on & spot sample besis. In the first case; mupped
information on the distribution of cocoz is superimposed on the soil map, or the soil
quality map, and the percentage distribution on each soil type is then calculated
directly on an area basis: In the second case, each spot sample is taken to be repres—
entative of & specific freotion of the totzl area depending on the density of sampling
and a numerical count of each variety of sample (i.e.:— each type of soil under each
type of vegetation) is then converted into percentages for calculation of the ratio.
The density of spot sampling must be sufficient to ensure that a truly representative
picture of the area as & whole is obtained. A method of carrying cut the reguired
falcu%ationa simply and accurately has been described in detail bWy Smyth and Montgomery

1962).

¥ The simplest method of carrying out thia task is to cut up the map into small pieces
reprasenting each of the soil types, with or without cocoa, and determining the total
weight of each group of pieces. The weights determined are proportional to the area

in each case, if wvariation in the weight of the mapping paper per unit area is neglected.



TABLE 10: Percentage distribution of different kinds of vegetation on each of four
quality classes of soil in the main cocoa=-growing area of Western Nigeria.
The data refers to an area covering over 9,500 s3. miles (Smyth and
Montgomery, 1962).

VEGETATION SOIL QUALITY ALL
food f.good poor V. poor SOILS

Cocoa 25.0% 6. T 25. 5% 12.8% | 100%

Bush Regrowth

and Cultivation 15.3% 28.4% 30. 8% 25,54 | 100

Thicket

(& Grassland) 12.4% 26.6% 34,04 27.0% | 100%

Forest 9.6% 24. 7% 35.1% 30.6% | 1005

A1l Vegetation 14. 4% 28, 1% 32.2% 25.3% | 100%

TABLE 11: The same data shown in TABLE10(with additional data relating to different
gqualities of cocoa) recalculated in the form of "distribution ratios" for
each type of vegetation (see text).

V20ETATION SOIL QUALITY

£00d L.zo0d poor. Y. poor
.Guud cocoa 2.04 1.29 0.73 0.43
Medium cocoa |1.58 1.36 0.83 0.49
Poor cocoa 1.46 1.28 0.85 0.61
A1l Cocoa 1.74 1. 11 0.79 0.51

Bush Regrowth

& Cultivation|1.06 1.01 0.96 1.01
Thicket (&
Grassland) 0.86 0.95 1.06 1,07

Forest 0.67 0.88 1.09 1.21




TABLE 12: Distribution of surviving cocoa and kola planted by peszsant farmers within
an area of detziled soil survey in Western Nigeria (Smyth and Montgomery 1962)

VEGETATION | FACTOR KINDS OF SOIL (see table below) ALL
G and FG P VP W SOILS
Cocoa Arealacres) 193 68 108 78 447 acres
% distrib-
ution 43.28% 12, 2% 24.1% | 17.5% 100%
Distribtution
Ratio 1.64 0. 77 0.60 1.29
Kola Area(acres) 130 40 BT 26 283 acres
7t distrib-
ution 45.9% 14.2% 30. 7% 9.2% 100%
Distribtution
Ratio 1. 74 0.72 Oa?? 0.66
gmm+m=r___
A11 Arealacres) 995 T42 1,511 526 3,774 acres
Vegetation | % distrib-
ution 26. 4% 19. 7% 40.0% | 13,9% 100%

Note on kinds of soil:=

G and FG := Fairly clayey deep soils considered suitable for cocoa.

P 1= Rather sandy soils considered poor for cocoa.

VP t= Very sandy soils and shallow soile over ironpan, considered
wvery poor for cocoa.

" t— DSoils with water table seasonally within 48" of surface.

As stated, distribution ratios can be calculated for any class of vegetation.
Indeed, a single type of vegetation can be divided into guality subclasses on the
bagis of its wvisual appearance or on the basis of yield and the distribution ratio
for each subclass calculated separately. Theoretically it would be possible to
calculate the distribution ratio on the basis of the percentage of the total yield,
rather than of the total area, on each soil type. This would provide much more
valuable comparative data but, in practice, it is rarely possible to obtain the
required yield information.

Tables10 and 11 show results obtained by the application of the method to apot
sample data obtained during a reconnaissance soil survey of the main cocoa-growing
area of Western Nigeria covering over 9,500 sg. miles. Table 10 shows the data
expressed as simple percentages of each vegetation type on each of four quality
classes of soil. The percentage distribution of "all vegetation" in this table
reveals the relative availability of the soils of each soil quality class. In
Table 11 the same data, augmented by additional data on different quality classes of
cocoa, is presented in the form of 'distribution ratios' for each type of vﬁgptation



in relation to the scil quality classes. The birs for coceoa to be found on the
better quality seoils is clearly apparent in this data. The fact that this bi=zs is
more pronounced in relation to the better qualities of cocoa is especizlly interest-
ing, for in this assessment cocca quality is besed entirely on the wvisual appezrance
of the trees which in the area in guestion is strongly influenced by differant lewvels
of insect and wirus attack., Also of interest is the fact that distribution ratios
for Bush Regrowth (young fallow land) and Cultivetion (arable farmland) are very close
to 1 for each scil quality class, indicating that the fectors which dictate the dis-
tribtution of arable farming are unrelated to those which =2re chosen to decide the
soil quality classes. Very probably, choice of =o0il is not a decisive foctor in the
distribution of arable farmland in this area, in marked contrast to the distribution
of cocoa. The reversed pattern of distribution r=tios for Thicket =nd for Forest
vegetation, both representing stages in long term natural fallow, largely reflect the
reduced availability of the better quality soils as the result of their preferential
use for tree crops.

Table 12 provides an example of distribution ratios calculated directly from
area measurements made on a detailed map which combined information on the distribu-—
tion of different soils and that of both cocoa and keola. In this case a different
grouping of the soils has been used and the distribution ratios serve to demonstrate
that, whereas cocoa shows preferential distribution on the soils of moderately high
water table} this is not the case with the other tree crop, keola.

Table 3 (Chapter Four) shows how the distribution ratio can be applied to soils
grouped on the basis of a single characteristic, in this case soil pH.

* The area surveyed has a marked dry season.



CHAPTER SIX

SURVEY _METHODS

Surveys which hawve, as their primary objective: the location of soils suitable
for cocoa do not differ in basic principle from other kinds of soil survey. It would
be a mistake, in fact, to carry out 2 survey with the sole intention of identifying
soils suitzble for cocoa, or for any other severely restricted purpose. A large part
of the cost of 2 soll survey is often incurred in assembling and locating the soil
survey parties and their equipment in the area of the survey. Once these expenses
have been met, therefore, it is essentizl to obtain as much informztion as possible
so that the resulting secil maps can later be interpreted in a variety of ways and
are adeguite to meet all foreseable needs. The gresatest care must be taken in
selecting criteria to distinguish the indiwvidual soil units and nll charzcteristics
of these units must be closely investigeted 2nd clearly described. If this is not
done, future planning demands may necessitate 2 complete resurvey of the area.

A summary of soil survey methods would be out of place in this publication and
this Chapter 1s ineluded merely to highlight certzin practical preblems which arae
likely to arise in surveys of potenti=1 cocoz-growing areas. These problems are
connected with the detziled nature of the survey retuired to locate suitable planting
sites and with the environmentzl conditions which normally prevail in areas suited to
CoCoa.

The Scale of Mapping

The sensitivity of cocoa to gquite subtle differences in the physical character=
istics of soils h2s been stressed in previous Chapters. In a general purpose soil
survey it is unlikely that 2ll these differences would be recognized in the soil
classification, much less mapped individually, yet this is necessary if a survey is
to demarcate exactly those areas which are most suitable for cocoa. Havord (1955;1957)
in particulsr, has stressed the need for surveys of a very detailed nature for the
selection of planting sites for cocoa. This need is especially pronounced in districts
where the soil pattern is very complex, due to hilly topography or complex geology, or
btoth of these factors. Such conditions are commonly encountered in areas guited to
COCOD&a.

Havord himself (1961) has demonstrated the advantages of a survey carried out
at a very large scale, working on field sheets at a scale of 1:2,400 with subsequent
rublication at a reduced scale of 1:5,000. In Nigeria it was found to be necessary
to examine between 50 and 100 profiles per square mile and to publish maps at a scale
of approximately 1:8,000 in order to indicate the distribution of individual soil
series distinguished with special regard to the requirements of cocoa. Hven at this
level of detail it was not possible to map variations of series based mainly on
differences of colour and texture which, althoush minor, were thought to have signif-
icance in relation to performance of cocoa, (Smyth and Montgomery, 1962).

Surveys of very large areas at scales less than 1:10,000 are both time consum-
ing and expensive and, in the first instance, such surveys are usually restricted to
areas of special interest. Indeed, as a general rule, it is not advisable to embark
upon very detailed surveys until a general picture of soil distribution in the aras
has been obtained from surveys at smaller scales. Unless such information is avail-



able, much time can be wasted during detailed investigations in attempting to dis-
tinguish criteria which will provide & practical basis for soil mapping. Minor
variations in soil character of extremely localized occcurrence tend to obscure the

more significant differences which would provide suitable criteria for mapping - one
cannot "see the wood for the trees". Failure to carry out a preliminary reconnais-
sznce survey has other more serious disadvantages. It is often difficult, for example,
to correlate the soil classifications erected in separate detailed surveys so that
unrelated classifications tend to proliferate in areas where no broad reconnaissance
has been carried out, Furthermore, in the absence of reconnaissance date, it is
impossible to say whether the pattern of the scils examined in detail is representative
of surrounding solls, or whether or not it is likely that more suitable scils are to
te found beyond the boundaries of the detailed survey.

In almost all cases, therefore, it is desirable to carry out 2 rapid recomnais-
sance survey of the area under study before commencing on detailed surveys. It may not
be necessary for the reconnaissance survey to cover an entire region. Preliminary
investigations, existing maps of soils, geology or wegetation, and local knowledge
may indicate that some large areas offer little promise of immediate development, and
these may be temporarily neglected.

The reconnaissance survey should be carried out as rapidly as possible making
maximum use of air phote interpretation and of traverses along roads and other easy
routes of access. The studles should, however, be sufficiently detailed to obtain
& representative picture of the major kinds of scil available, their proportional
distribution and their relationship with wvegetation, topography and other environ-
mental factors. The reconnaissance survey should give rise to soil maps at a scale
of 1:100,000, or possibly 1:250,000, together with an informative supporting text
80 28 to ensure that the data obtained will be awvailable to other workers in the
future. The mapping units used in this survey will doubtless refer to complexes of
soil, associations of soil series or of Oreat Soil Groups, but the more extensive
soils included within these units should be identified and described individually to
provide the required framework for more detailed elassification. Some fairly detailed
studies will almeoat certainly have to be carried out in support of the reconnaissance
survey to obtain information on individuzl kinds of soil and of the broad topographical
and geographiczl relationships between these scils. Very often, government owned farms
or other areas of special interest, provide suitable sites for such studies and the
detailed maps prepared are then of immedinte practical wvalue,

Once reconnaissance information is available nrens can be selected within which
detailed surveys are likely to prove of most value. Deserving of high priority are
surveys for the selection of planting sites for improved cocoa varieties destined to
provide future planting materizl and of sites for field experiments on cocoa. The
selection of sites for experimental work provides an excellent example of the wvalue
of a preliminary reconnaissance survey for, if the experiments are to yield resulis
having wide application, the soils on which they are conducted must be representotive
of a large proportion of the soils in surrounding areas on which cocoaz is likely to bte
grown. The best soils awvailable, although clearly desirable for especially wvaluable
planting material, may not be the most representative and so may not be particularly
suitable for experimental work. In the absence of preliminary reconnaissance data,
neither the best nor the most representative socils of an area can be identified until
the entire area has been surveyed in deteil. Such a delay is rarely acceptable,

The ultimate aim should be to obtain complete coverage by soil surveys at a level
of detail sufficient to indicate suitable planting sites exactly. In most areas
surveys at a scale of 1:10,000 or even larger, will be required for this purpose. It



is wvery doubtful if the expense of such a comprehensive survey could be justified
solely on the grounds of selecting soils for commercizal cocoa plantings but, as basic
documents for the overzll planning of land-use and soil management, the maps produced
would be invaluable.

Until detailed survey data is available selection of sites for commercial cocoa
prlanting must be done on an 'ad hoc' basis. This is not difficult if the identity and
characteristics of the more extensive soils of the arez have been recognized and related
to a soll quality classification during a reconnaissance survey supported by some
detailed mapping. In most cases, factors other than soil, notably ownership, limit
the number of possible sites which can be considered for individual commercial plant-
ztiom8and ezch c2n be studied in considerable detail. YWhere demands for advice on
pPlanting sites are very freguent and the plots concerned are small, which is likely
to be the case in a peasant farming economy, it may be impossible for a soil sclentist
to visit all possible sites. In this case, the soil scientist can usually obtzin
aszsistance from junlor extension workers or from staff trained specifically for the
purpose. Derending on the level of education and intelligence of the staff concerned,
they can be trained, either to pronounce on the suitability of the scils themselves,
er to complete a simple questionnaire on environmental conditions and to collect
representz2tive soil samples from each site on which the soil scientist may pass judg-
ment at his base offica,

Fiegld Methods

In potential cocoa-growing areas the climax of natural vegetation is usually
fairly dense rainforest; topography is rarely flat; local farmers usually practice
'bush-fallow' or 'shifting cultivation' methods rzther than more stable systems of
agriculture; road networks are often inadequate and basic documentation, such as
geologliczl and even topographical maps, is sometimes lacking, These factors combine
to create exceptionally difficult conditions for soil survey. Im particular, they
limit the use which can be made of air photo interpretation and create severe diffi-
culties of access and of accurate mapping.

In recent years zir photo interpretation his earned an increasingly important
place amongst soil survey metheods. Under fawourable circumstances use of photo
interpretztion can reduce the time spent on a2 reconnaissance survey by TD% to BU%
of that necessary for a conventional ground survey, without loss of accuracy. This
time saving is achieved mainly by reducing the amount of field work necessary to
establish the btound=riss between soil units. The characteristics of the units them-
selves can only be determined by ex=amination on the ground and it is essential that
the sites exzmin=d for this purposs are located fairly exsctly on the photographs,
This may be difficult to zchieve in areas of high forest vegetation, especinlly if
the pattern of land-use is cocntinually changing as peasant farmers shift the sites
of their arable cultivation. The pattern of such cultivation is often confusing in
itself, for it is rarely cleosely related t- the pattern of the soills, and patches of
forest of uneven height con mask minor changes in topography which may be signifieant
in relztion to soil distritution.

lespite these difficulties, =zir photo interpretztion can be of great value in
reconn:zissance surveys of arezs suited to cocoa. Under a stereoscope the photographs
draw attention to ure .z of differing topography in which different soils may be
anticipated. Prelininary mapping units, bazsed on position in relation to slopes of
differinz shape, can be recognized and these may later be related to differences in
the zoils by ground investigation. The drainage pattern of the area can usually be



mapped in great detail, which is often difficult to do at ground level, In the
absence of more reliable geoclogic:l information, ch-nges in topography and the
general arrangement of hills, escarpments and streams detected on the photographs
provide clues to the pattern of the underlying rocks. Finally, sites which appear
to be representative of individual topographical units, and presumably, theralore,

of individual groups of soils, can be selected for close investigaticn on the ground.
With the aid of photographs the sites chosen for ground investigation can be those
which are most easy of accesa. This last consideration alone can save weeks of
arduous field work.

The more detalled the survey the greater the amount of actual field work
required whether or not air photo interpretation is employed. In addition, in
detailed surveys the location of sample points and boundaries between soil units
requires to be much more accurate. Thus, in detailed surveys of most cocoa—growing
arezs, the assistance provided by air photo interpretztion is very greatly reduced
and cne is forced to rely azlmost entirely on ground survey methods.

In areas of rainforest vegetation, and perhaps of hilly topography, problems of
access and of mapping the position of sample holes and soil boundaries can be wvery
severe. Visibillty within the forest is often only & few metres in each direction
and it is often impossible to obtain a broad view of the district as a whole, much
less locate oneself in relation to natural landmarks. A certain amount of sampling
can be done on roadsides or from footpazths but these are normally routed through
the least steep sections of the topography and so provide an unrepresentative sample
of the area as a whole. TFurthermore, the time recuired to survey the tortuous routes
followed by most footpaths outweighs the advantage of easy access which they offer.

The alternitive is to cut traverses on comp:ss besrings. A par=llel grid of
such traverses, not only provides essy access to the area but enables sample points,
spaced at equal intervals on each traverse, to be located mccurately on bose maps
with a minimum of difficulty. Havord (1961) was unable in Trinidad to cut strazight
compass traverses because of the large amount of cocoa in the area which he surveyed,
This was not the experience in Western Wigeria, where traverses were aligned using
three ranging poles and marked by inserting pegs, cut from thicket vegetation at
intervals of only 66 feet (1 Cunter chain - approximately 20 metres). There it was
found that the amount of damage caused by well-tr=ined traverse cutters when travers—
ing cocoa or even closely planted arable crops was ancceptable, even to the farmer!
Where unavoidable, a rectangular deviation was made in the traverse, to avoid houses,
rock hills, impasseble swamps, etc., but the traverse was returned to its original
course as soon as the obstruction was passed, (Smyth and lontgomery, 1962).

The spacing between traverses and the spacing between sample holes on the
itraverse is adjusted in accordance with the density of sampling required. In recon-
naissance surveys, the number of trawverses required depends very much on the adequacy
of the road network and on the amount of supporting information available from
geological maps or air photographs. YWhere much is already known, only an occasional
traverse is likely to be necessary. The best direction and starting point for
individual traverses of this kind can be decided by inspecting air rhotographs to
enszure that each traverse will crose a representative cross section of the topography.

In detailed surveys a complete grid of traverses is usually neceasary. Unless
the traverses are closely spaced, a considerable z2mount of additional checking between
traverses will be required to establish the exact position of soil boundaries. Such
work is likely to prove more arduous, equally time consuming and less relizble in its
results than additional traverse cutting. As & general guide, a spacing of, at most,
200 metres (or yards) between traverses and a similar spacing of sample holes along



traverses, will te required for surveys intended to locate suitable planting sites
for cocoa exactly.

Surveys using a complete grid of traverses are slow and, therefore, expensive.
However, they offer sewveral important advantages over less systematic methods,
Providing the sampling density is adequate and the area sufficiently large, the data
ocbtained from sample points on traverses can be used to estimate the proportion of
different kinds of acil, different kinds of vegetation and the relationship between
kinds of soils and wvegetation in the area surveyed, even if the units considered are
too complex to map individually. If the starting points and bearings of the traverses
are accurately recorded they provide & simple means of relocating areas of good soil
after the survey has been completed. In areas of dense vegetation it is often worth
while to keep some traverses underbrushed and open for this purpose until access
roads have been constructed and planting is actually underway.

Host important, however, is the opportunity which traverse surveys offer for
the employment of semi-skilled assistants. Experience in West Africn has shown that
Junior survey staff of very low acsdemic attainment can be trained to do much of the
field work of such surveys, separate teams being instructed to carry out the cutting
of the traverses, the sampling of the soils, =2nd the simple description of vegetation.
Professional soil scientists are not relieved from 211 field work, of course, but,
having established a2 general understanding of the field relationshipz of the different
soils, the time they spend in the field can be occupied more profitably in the study of
arezs which present special problems. BEach of the junior teams can be trained to
prepare simple records of their work and these, together with samplea representing the
several horizons of complete soil profiles, can be brought into a base office for
study by the soil scientist. In this way, the soil scientist can carry out the
routine examination and classification of samples from a far larger number of sample
holes than he could possibly visit personally in a given time period.

In West Africa the problems of classifying and correlating soil profiles was
found to be greatly facilitated when samples from individual soil horizons, brought
from the field in canvas bags, were laid ocut in wvertical sequence in the hollow of
a piece of bamboo, split lengthwise. Each length of bamboo thus contained samples
representing a single seil profile which, with care, could be preserved for consider-
able periods and carried about for comparison and correlation with other 'profiles'.
Frofiles classified within a single unit can be grouped side by side, thus drawing
immedizte attention to the range in characteristics that hos been permitted within
the unit and to profiles which have been erroneously classified. Since bamboo is
usually available and is inexpensiwve, this tequnique may prove useful in other cocca=
growing areas. Other tequniques appropriate to traverse surveys using large numbers
of semi-skilled staff have been described in some detail by Smyth and Montgomery,(1962).
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APPENDIX

Further Explanation of Chemical Criteris Determined by Soil Annalysis

a) Base exchange capacity

The surfaces of moat tiny mineral and organic particles (colloids) in a smoil

carry negative electric charges. These attract the positively charged particles
(catinns? of nutrient base which are created by the dissociation of the base and acid
radicles of a nutrient salt when it dissoclves in the soil water. The attracted cations
sit on, or near, the surface of the colloid particles, but the bond between them is not
very atrong and exchange takes place between cations on the colleoids and similar, or
different, cations in the soil solution. An equilibrium is established between the
cations in solution and those held on colleid surfaces. In a given soil, the cationms
of & number of different nutrient bases may be serving to balance the charge on the
colloid surfaces and the proportion of each is related to the concentration of each
cation in the soil solution. When plants withdrew nutrient cations from the soil
solution, these are replaced by 'exchangeable cationa' from the colloid surfaces, so
long as they are available, and the system remains in equilibrium. This ability of

the colleidal particles of a soil to 'hold' cations provides a 'storehouse', therefore,
from which nutrients can be released to meet the requirements of plants and "within'
which nutrients are preserved from loss by downward leaching in the drainage waters or
by chemical 'fixation' in forms unavailable to the plant.

Base excha capacity {B.E.G.), alternatively referred to as cation exchange
capacity (C.E.C.), is a measure of the quantityof cations which are required to
balance the negative chargesin a unit volume of soil under & given set of conditions.
The magnitude of this quantity depends on the amount and nature of colloidal material
present in the so0il and on the degree of acldity of the soil at the time the meazsure-
ment is made. DBase axchange capacity is usually expressed in terms of the milli-
equivalents of cations which are required to neutralize 100 grams of soil [m.a.f100
grams soil) at pH7. 1In interpreting laboratory data on base exchange capacity it ia
moat important to know the pH at which this wvalue has been measured since, under more
alkaline conditions than pHT, much higher walues for base exchange capacity will be
recorded. For example, the high wvalues of B.E.C. recorded for soils in Ghana in
Table 6 (Chapter Four) were measured at pH 8,2,

The average base exchange capacity of soil orgznic matter, measured at pH 7, is
near to 200 milliequivalents per 100 grams. That of clay minerals is much lower and
varies widely, depending on their crystal structure. Montmorillonitic clay minerals,
of expanding lattice structure, carry permanent negative chargea equivalent to a base
exchange capacity of 80 to 120 milliequivalents per 100 grzms of clay. Non-expanding
clay minerals of kaolinitic type, which predominate in well drained soils of most
potential cocoa-growing areas, carry permanent charges equivalent to only 1 to 8 milli-
equivalents per 100 grams of clay (Coleman & Mehlich, 1957). In surface soll horizons
the magnitude of base exchange capacity is closely related to the proportion of organie
matter present but, in deeper horizons, where the content of organic matter is usually
very low, valuss for base exchange capacity largely reflect the nature and amount of
clay minerals in the soil.

b) Percentage base saturation

Percentage base saturation is a measure of the proportion of the total base exchange
capacity of a soll sample that is balanced by basic cations such as calcium, magnesium,
godium and potaseium. In & base saturated soil nearly all the negative charges of the
exchange complex are balanced by these cations, whereas in a base unsaturated soil the
moat abundant exchangeable cations are those of hydrogen and aluminium,



Percentage bese saturation read in conjunction with base exchenge capacity provides
a measure of the totzl guantity of nutrient cations which are held in the exchange com-
rlex of the soil and which are potentially awvailable, therefore, to the plant. If the
s0il is freshly cleared from forest, or =ome other natural fallow, it can be assumed
with some confidence that the balance of indiwvidual nutrients contributing to satura-
tion approximates that required by cocoa, or most cother plants, at least in the upper
borizons of the scil. This may not be true, of course, in soils in which high levels
of base saturation are the result of additions of artificial fertilizer, possibly in
unbalanced and injudiciocus amounta.

Low percenta;es of base saturation are an indication that the so0il heze suffered
rrolonged weathering, severe leaching, intensive cultivation or combinations of these
factors and thus is poorly provided with nutrient bases. Furthermore, in unsaturated
soils the quantity of aluminium ions in equilibrium between the exchange complex and
the scoil solution can reach levels which are toxic to many plants and possibly to
COCOR.

c) »pH

PE is a measure of the acidity or alkalinity of any chemical system, including that
of a soil. pH is, in faot, the logarithm of the reciprocal of the concentrztion of
hydrogen ions in such a system:-

pH = log 1
{concentration of hydrogen ions)

As the concentratiom of hydrogen ions increases, that is to say, as a system
becomes more acid, so the pH value is reduced. A neutral system has pH 7. pH values
btelow T indicate that the syetem is acid. ©pH wvalues above 7 indic=te an alkaline
system.

In soils which are acid to neutral in reaction, including the majority of soils in
potential cocoa growing areas, soil pH is colosely related to the percentage base
saturation of the base exchange complex., The lower the percentage saturation, the
larger is the proportion of the negative charge of the exchange complex which is
balanced by exchangeable hydrogen ions and the more acid is the scil. Reversing tkis
argument, low scil pH wvalues are an indication, therefore, of low concentrations of
nutrient bases in the exchange complex of the soil. In strongly alkaline soils,
having high pH values, a large proportion of the exchange capacity is occcupied by
sodium ions. Quite apart from their nutritional shortcomings, the physical character-
istics, and especially the structure, of scils rich in sodium are usually unsuitable
for cocoa.

In the first section of this Appendix reference was made to the fact that the
magnitude of base exchange capacity itself, is dependant, in part, upon pH. This is
especially true of that part of the exchange capacity provided by organic matter,
which is almost entirely dependant upon pH. Thus the exchange capacity of an acid seoil
is less than that of a neutral soil containing the same percentage of organic matter
and having the same mineral assemblage.

In addition to the nutrient bases held in the exchange complex, nutrient elements
are present in the soll in a variety of other forms, not all of which are equally avail-
able to plants. The degree to which some of these nutrient forms are available depends,
in part, on the acidity or alkalinity of the soil and their awvailatility changes with
change in soil pH. The availability of soil phosphorus, in particul-r, is closely
related to pH. Soil phosphorus is most readily available in neutral scils (pH 6.5 to
7.5) and its availability is reduced if pH rises or falls beyond these wvnlues. HReduced
availatility of phosphorus is especially marked s pH falls below £.5 and, in very acid



goils, wery little phosphorus is likely to be awvailable to plants. Nitrogen, potassium,
sulphur, calcium and magnesium, also show reduced availability as scil acidity increases.

Some other nutrients, notably iron, zinc and manganese, which are reguired for
healthy plant growth although only in emall amounts, decrease in availability as pH
rises into the alkaline range (above about pH 6.5).

As an indicator of the nutritional suitatility of soils for cocoa pH possesses the
outstanding advantage that it can be determined conveniently and with acceptable accuracy
in the field, preferably using a portable electric pH meter.

d) ' Carbton/Nitrogen ratios

Undecomposed organic matter containe, on average, about fifty times as much carbon
as nitrogen, thus it has a carhunfnitrosun ratio of about 50. During the process of
decomposition, much of the carbon is released to the atmosphere as carbon dioxide so
that, with increasing decomposition, the carbon/nitrogen ratic of the soil organic
mztter decreases. The rate of decomposition depends on many factors, but an equili-
brium is eventually established when the rate of decomposition ies balanced by the
supply of fresh organic matter and the ratio between carbon and nitrogem in the surface
soil horizons then becomes fairly stable. Thus the ratic between total carton and
total nitrogen in the horizons rich in organic matter provides a ocrude measure of the
state of decomposition of that organic matter - crude, because, in different scils, we
are uncertain how much of the total carbon and total nitrogen determined in the labora-
tory is directly derived from the decomposing organic matter.



