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Abstract

The study aimed to develop agronomic interventions for improving cacao establishment and
identifying cacao varieties which respond positively to the interventions. An experiment
was conducted to study the water relations of three contrasting cacao clones (T 79/501, PA
150 and SCA 6) while using P 30 [POS] as a control genotype under greenhouse conditions.
Another experiment was conducted (using the same genotypes) to study plant response un-
der different shade intensities. Results from these two supplementary greenhouse and
nursery experiments provided background information that was used to explain observa-
tions made in two field experiments [genotype * (shade * manure)] and [mulch * (shade *
genotype)]. In all the experiments that considered seasonal influences, photosynthetic rates
were lowest in the dry season. In the greenhouse watering experiment involving young,
container-grown cacao plants optimal photosynthetic activity was observed when watering
was done every 5" day with the soil’s field capacity of water. Results from the shade exper-
iments showed that heavy shade is associated with low photosynthetic capacity and slower
growth in cacao plants although greater dynamic photoinhibition may occur under higher
light intensities. Under field conditions manure application and the use of mulches was as-
sociated with greater plant survival rates suggesting that in the present circumstance of un-
relenting soil degradation the use of organic manure and mulching (or irrigation) at the es-
tablishment phase may have to be considered. Whereas no clear differences were observed
in the photosynthetic efficiencies of the cacao genotypes, differences in growth rate were
observed. The implications of the findings to field establishment of cacao have been dis-

cussed in this thesis.
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Plate 1 Young pod-bearing clonal cacao plant



A PHYSIOLOGICAL STUDY ON THE FIELD ESTABLISH-
MENT OF CACAO CLONES THROUGH THE IMPROVE-
MENT OF AGRO-ECOLOGICAL CONDITIONS

CHAPTER 1

Introduction and literature review

1.1 Introduction

Average cacao yields across the world are low. Hadley and Pearson (1996) estimated world-
wide yields to be about 271-297 kg/ha. However, the potential yield of cacao is estimated to
be much higher as higher yields have been produced under improved planting conditions.
For example, under experimental conditions in Ghana, West Africa, Osei Bonsu et al. (2002 )
reported yields of over 2000 kgha™. Under optimum experimental conditions in Malaysia
where rainfall distribution is good and soil nutrients are not a limiting factor Lim and Chan
(1986) reported annual yields of between 3000 and 4000 kgha™

In West Africa, where the bulk of the world’s cacao is produced, much of the difference be-
tween actual and potential yield is due to low tree population densities employed in many
areas. A report by Ghana’s Ministry of Finance (Ghana, 1999) for example, shows that of the
1.2 million hectares used for cacao production in Ghana, about 30% contributes very little to
the yield of cacao because of lower tree density per hectare than recommended. Attempts
to rehabilitate or replant such farms are fraught with difficult challenges of field establish-
ment as the growing environment (both edaphic and aerial) is becoming increasingly hostile.
Working on rehabilitation of cacao in Nigeria, Ayanlaja (1983) reported that the difficulty of

seedling establishment, especially in soils carrying old and unproductive cacao trees, was the



major problem in cacao rehabilitation and blamed this as the main cause of a decline in the
nation’s cacao production. He compared some edaphic conditions (pH , % N and % organic
carbon) of old cacao soils with counterpart forest soils and found the former to have values
significantly lower than values considered to be adequate for cacao. It appears that a similar
situation can be found in the rest of the cacao producing countries of West Africa. For ex-
ample, Adu-Ampomah et al. (2006) reported that cacao production in Ghana is faced with
many constraints which cause poor establishment of new plantations and low vyields .

The deterioration of the aerial environment has mainly been blamed on deforestation. An
investigation into the causes and consequences of deforestation in Cameroon between 1970
and 2000 by Gbetnkom (2005) cited erosion of agricultural lands, drying up of water bodies
and modification of local and regional climatic conditions as some of the consequences. For
example, Toxopeus (1968) noted that the traditional Amelonado cacao variety could no
longer be established on a large scale in Western Nigeria. He cited the severe dry season and
the progressive deforestation in the cacao belt as the two main factors which negatively af-
fected young cacao establishment. He explained further that in earlier decades cacao plants
survived better because the climate in the small farms was “dominated by the surrounding
high forest which provided side shade during most of the day and a cool, humid, almost
windless atmosphere with relatively small daily temperature fluctuations even during the
dry season” (Toxopeus 1968). In spite of these known negative impacts on the environment
and on crop production the rate of deforestation is still high. The rate of deforestation in
Ghana, for example, was estimated by Ghana’s Ministry of Environment and Science (2002)
to be 1.5% per annum.

Since the earliest years of planting cacao as a crop it has tended to be planted following eco-

nomic timber extraction from the primary forest. According to Lass (1999 ) this trend started



VL.

in Central America, moving to South America, to West Africa and now, to South-East Asia.
Only in a few isolated cases was planting of cacao ever the prime reason for the clearing of
primary forest.

As the growing environment for cacao deteriorates with more soils being degraded and with
dwindling natural forests, the need for conducting studies that are aimed at identifying ca-
cao varieties which are well adapted to the relevant environmental factors of establishment,
growth and yield becomes greater.

Nearly 40 years ago, Toxopeus (1968) called for a study aimed at developing methods to en-
hance cacao establishment. However, unlike many temperate and a few tropical crops such
as the oil palm, previous research to improve management practices for cacao has been
based on pragmatic and empirical approaches without reference to a clear understanding of
the physiological principles underlying what is observed. Moreover, most of the recent phys-
iological work has been aimed at learning about yield development in young-bearing and
mature cacao. As a complement to such recent work this thesis considers the factors that
affect establishment with a view to gaining a better physiological understanding of how
changes in the microenvironment and agronomic conditions affect establishment.

The study is expected to suggest answers to the following questions:

What simple agronomic practices could be designed to satisfy the water requirement of
cacao during the establishment phase?

What is the best way to optimise cacao plant response to watering?

What is the shade requirement of young cacao plants?

Can the application of organic soil amendments improve cacao establishment?

Is there any genetic variation among available cacao germplasm in the response to water
stress and incident light intensity and

what agronomic practices will help improve the field establishment of cacao ?

The adopted strategy was to conduct two field experiments together with two supplemen-
4



tary experiments involving the same factors but conducted under nursery and greenhouse
environments. Results obtained from the supplementary work were utilised in the interpre-

tation of field observations.

1.2 Literature review

History

Although cacao originated in South America, it was in Central America that its cultivation be-
gan in about 1000 B. C. According to Mossu (1992 ) the Maya Indians were the first to culti-
vate the tree. The Aztec Indians of the high Mexican plateaux extended their empire to the
cacao-growing regions. After their conquest of the Maya Indians the Aztec people levied
taxes on the Mayas in the form of seeds which they called ‘cacahoatl’ from which the word
‘cacao’ was derived.

Lass (1999) reports that in 1520 when Cortes discovered Mexico City (then the capital of the
Aztec people) and met their leader (called Montezuma), he found that cacao beans were
used in the preparation of a luxury drink — chocolatl — made by roasting whole cacao beans,
grinding them and mixing with maize meal, vanilla and chilli. Those cacao beans had not
been grown by the Aztec people but by the Mayas who gave them as a tribute to Montezu-
ma. As they were valuable and easy to count, cacao beans were also used as currency.
Between 1520 and the middle of the 17" century, the main cacao areas were all in, or
around, present-day Mexico, extending as far as Honduras. Columbus encountered cacao
from Honduras in 1502 and introduced it to the “Old World”. He carried some to Spain and
introduced cacao drinks to the Spanish court. The drink became popular among the aristoc-
racy in Spain and later in Italy, Flanders, France and England. Early in the 1800s, consump-

tion of cacao increased but only as a chocolate drink. It was high in fat as it was made from



the whole cacao bean. In 1828, Van Houten designed a press to remove some of the fat and
opened up a vast range of new products — including chocolate as we know it today (Wood,
1985).

As it gained popularity in Europe, cacao cultivation of Criollo types of cacao spread to Jamai-
ca, Martinique and Trinidad in the West Indies, to the Philippines and from there to Sulawesi
and Java, and perhaps to India and Sri Lanka. Brazil and Ecuador were the first countries to
grow Forastero cacao in the 18 century.

Trading activities existed between Brazil and West Africa in the 19t century and from Brazil
cacao was introduced into Principe, off the West African coast in 1822. As an agro-climatic
analogue to the area of the Upper Amazon region of South America (the centre of origin and
of diversity of Theobroma cacao) the equatorial forest region of West Africa provided a fa-
vourable environment for the crop (See Appendices 1 and 2) . However, large scale cultiva-
tion in West Africa only started in 1874 in Nigeria and in 1879 in Ghana.

According to Are and Jones (1973) cacao beans had been planted in Ghana (then the Gold
Coast) earlier, but the first plantings were unsuccessful. The earliest planting of seeds was by
the Dutch missionaries in 1815. Since the seeds were planted in the dry coastal belt of Gha-
na, it is not surprising that the venture was unsuccessful. Better success seems to have at-
tended the efforts of the Basel missionaries in 1857 when cacao was planted at the mission
station at Aburi and was recorded as flourishing in 1868. But the credit for starting up com-
mercial growing of cacao in Ghana is usually given to Tetteh Quashie, who had been em-
ployed as a labourer on an estate in Fernando Po, but who returned to his home-town,
Mampong, in the Akwapim area of Ghana in 1879, bringing with him a pod of cacao. The
seeds were sown and the seedlings flourished and became the ancestors of many cacao

trees in Ghana.



Economic importance of cacao

Significant proportions of the export earnings of many developing countries in the humid
tropics are obtained from cacao. For example, revenue from cacao represents over 40% of
Ghana’s total export earnings. The six largest world producers of cacao are The Ivory Coast,
Ghana, Indonesia, Nigeria, Cameroon and Brazil (see Table 1). Guyton (2006) forecast that
West Africa will continue to be the leader in world cacao production into the foreseeable
future with roughly 70% of the supply. Asia and the Americas are expected to produce 16%
and 14%, respectively.

North America and Europe consume nearly two thirds of all cacao production but demand
from emerging economies is growing (ICCO, 2008). Demand for confectionery products con-
taining chocolate is rising by 4 - 5% per annum in any ten year period during the past 50
years and according to the World Cacao Foundation (www.worldcacao foundation.org) the
demand for chocolate with a higher cacao solids content (43% minimum) is increasing whilst
more small chocolate-manufacturing companies are being set up.

The profitability of cacao cultivation is significantly influenced by the suitability of the condi-
tions in which it is planted and the quality of the planting material. It can be a rewarding
crop for the smaller farmer as it appears to be one that is better suited to small holder culti-
vation. According to Lass (1999 ) a large number of Malaysian estates which planted cacao as
a result of the high prices offered for cacao in the late 1970s have not found it an easy crop
to manage on a large scale.

The first Latin name given for the cacao tree was Amygdalae pecuniariae- meaning ‘money
almond’ in recognition of its status as currency. The Swedish, Linnaeus, himself a regular
consumer of cacao, called the genus Theobroma which means ‘food of the gods’ (Lass 1999).

This was prompted by the native Mayas’ belief that the cacao tree was of divine origin.
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When the Spanish were introduced to cacao, its usage was confined to the nobility and

many claims were made about the new drink, one of which was its being aphrodisiac.

Table 1 World cacao production from the 2003/04 — 2007/08 crop year

COUNTRY
Africa

Cobte d’lvaire
Ghana

Nigeria
Cameroon
Other Africa
Total Africa
Asia & Oceania
Indonesia
Malaysia
Other Asia
Total Asia & Oceania
Latin America
Brazil

Ecuador
Others

Total Americas
World

TOTAL

Units ‘000 tonnes

Source: (ICCO, 2008).

2003/04 2004/05

1,550

605

174

160

38

3,520

460

25

63

548

163

117

165

446

3,520

1,410

560

206

190

41

3,415

470

26

73

569

171

114

152

437

3,415

2005/06

1,516
660
214
172
44

3,721

575
27
79

681

162
113
160

434

3,721

2006/07 (2007/08

1,387

555

175

180

45

3,386

525

28

82

635

126

115

167

409

3,386

1,510

680

190

190

45

3,772

600

29

85

714

154

120

169

443

3,772



Nutritional benefits of cocoa

Lass (1999) quotes Johnston (1880) who suggested that there was a need to pay attention,
not only to the nutritious effects of various foods, but equally to those that affect the ‘nerv-
ous energy’. Johnston (1880) went on to compare a cacao drink with tea and milk - as having
the advantages of both — “the exhilarating properties of tea and the strengthening and ordi-
nary body-supporting qualities of milk.”

The trend for people to reduce calorie intake and consumption of saturated fats that are
linked to health risk factors has made chocolate a target for attack. Chocolate has been ac-
cused of causing headaches and migraines, promoting heart diseases, being addictive, caus-
ing dental decay, being a potent allergen, causing outbreaks of acne, and leading diabetics
to, unreasonably, abandon dietary commonsense. Now, however, as research is demonstrat-
ing that not all saturated fats are equally harmful, many of the popularly held negative be-
liefs about cacao and chocolate have been largely disproved.

Reports on the nutritional benefits of cacao and chocolate are extensive. Work of Kris-
Etherton et al. (1993) demonstrated that stearic acid (the main fatty acid in cacao butter)
elicits a neutral cholesterolemic response which is likely to cause a decrease in plasma tri-
glycerides. Cacao is known to contain more natural minerals than any other food item.
Mossu (1992 ) mentions cacao as a rich source of calcium, phosphorus, iron, and vitamins A
and D. Cacao and chocolate have been used as a major source of dietary copper for North
Americans (Lass 1999).

According to Waterhouse et al. (1996) antioxidants are present in large quantities in cacao
and it has been shown that their presence can protect consumers from many potential prob-
lems such as low-density lipoprotein (LDL), oxidation and stress. It is becoming increasingly

accepted that cacao powder and chocolate are rich sources of high quality polyphenol anti-



oxidants (flavonoids), which are similar to those found in fruits, vegetables and red wine,
that may have positive health benefits (ICCO, 2008). Pimentel et al. (2010) reported that “49
g of D71 dark chocolate has the same quantity of flavonoids as that of 196 ml of Tannat
wine, which is the daily wine intake recommended to produce health benefits in an adult of
70 kg body weight”. In recent years numerous workers in medical practice have published
information that highlight the potential of the antioxidants found in cocoa to protect con-
sumers from free oxygen radicals that are linked to heart disease, certain cancers and physi-
cal degeneration sicknesses associated with ageing (Fisher and Hollenberg, 2005).

For example, Fisher et al. (2003) and Fisher et al. (2004) report that flavanol-rich cocoa in-
duces nitric-oxide-dependent vasodilation in healthy humans and that "Cocoa that is rich in
flavanols reverses endothelial dysfunction of human aging”. Also Addai (2010) hypothesises
"Natural cocoa as a diet-mediated anti-malarial prophylaxis and Bayard et al. (2010) report
that flavanol-rich chocolate may boost blood flow in the brain and reduce the risk of demen-
tia.

Hollenberg (2007) studied the benefits of cocoa drinking on the Kuna people (who drink up
to 40 cups of cocoa a week ) in Panama and found that “the risk of four of the five most
common killer diseases: stroke, heart failure, cancer and diabetes, is reduced to less than
10%”. This author attributed many of the health benefits to ‘epicatechin’- a flavonoid that
natural cocoa contains in large quantity. Suggesting that epicatechin be classified as a vita-
min Hollenberg (2007) reported that the Health Benefits of epicatechin could outshine peni-
cillin."

Flavanols including epicatechin are removed for commercial cocoas because they tend to
have a bitter taste. However, independent reports such as the above are prompting manu-

facturers to develop ways of maintaining flavonoid levels during processing. Chiva (1999)
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points out that cacao also has the ability to provide an “overall feeling of well-being, which

in itself is beneficial to the consumer.”

Cacao botany

According to Toxopeus (1985) Theobroma cacao L. is the only member of the genus Theo-
broma which is widely cultivated due to its economic value. Previously, the genus Theobro-
ma was regarded as belonging to the family Sterculiaceae (Cautrecasas, 1964) but more re-
cently it has been reclassified as belonging to the Malvaceae family (Alverson et al., 1999).
Wood (1985) considers that it is more correct to describe the area of the headwaters of the
Amazon as the primary centre of diversity only but other people hold that the area was both
the centre of origin and the primary centre of diversity of Theobroma cacao (Motamayor et
al., 2002, Lass, 1999 ).

Theobroma species are lower storey trees of the evergreen rainforests of Central and South
America (Toxopeus 1985). Traditionally, certain morphological and genetic characteristics of
pods and beans as well as geographical origins of a germplasm have been used as the basis
of classification into categories. Two main genetic groups, “Criollo” and “Forastero”, have

been defined. A third group, “Trinitario”, has been recognized and consists of “Criollo” *
“Forastero” hybrids (Bartley, 2005) as previously proposed by Cheeseman (1944). According
to Motamayor et al. (2008a) botanists described, in parallel, two subspecies: cacao and
sphaeorocarpum, corresponding to “Criollo” and “Forastero, respectively.

Criollo (Theobroma cacao L. spp. Cacao Caut) has a relatively soft pod husk, sometimes red
in colour and contains an average of 20-30 white, ivory or very pale purple beans (Are and
Jones 1973; Mossu 1992). Although Criollo cacao is regarded as having a higher quality, pro-

duction is small due to its low yields and susceptibility to diseases and mirid infestation. Cri-
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ollos are often not vigorous and if they form jorquettes, they will have three fan branches
with small leaves. Forastero (Theobroma cacao L. spp. Sphaerocarpum Cuat.) populations
are more widely grown, more vigorous and higher yielding. The group contains cultivated,
semi-wild and wild populations among which are Amelonados (which are native to Brazil and
cultivated in West Africa, Costa Rica, Mexico and Guiana), and the Middle Amazon popula-
tions. They are described by Pound (1938, , 1943) as having unpigmented but longer and
more corrugated pods. Generally, the pods are hard and green in colour with 30 or more,
pale to deep purple seeds.

Trinitario is generally considered as a variable hybrid of Criollo and Forastero. In the view of
Cheeseman (1944) the Trinitarios are the most complex of the groups, yet in some respects,
the best known because they happened to have been readily accessible for research in the
countries which have the longest records of scientific study such as Trinidad and Ghana.
There are a few types of T. cacao which look different from all the populations described
above. Examples are populations known as Catongo in Brazil which have more than 35 white
beans in a hard pod; and Djati Roenggo (DR) in Indonesia. This one has a green, soft pod with
35 white beans (Toxopeus 1985).

Based on their recent work which aimed at improving the understanding of the origin, classi-
fication, and population differentiation within the species Motamayor et al. (2008b) have
proposed a new classification of the cacao germplasm that is likely to enhance the manage-
ment of the crop. In that work 1241 accessions covering a large geographic sampling were
genotyped with 106 microsatellite markers and 10 genetic clusters, as opposed to the two ge-
netic groups traditionally recognized within T. cacao, were found by applying Bayesian statis-
tics. The 10 genetic clusters were named according to the geographical location or traditional
cultivar most represented in each particular cluster. They are: Marafion, Curaray, Criollo,

Iquitos, Nanay, Contamana, Amelonado, Purus, Nacional and Guiana.
12



Plant growth

The fruit of cacao, commonly called a pod, contains seeds embedded in a mass of white,
pinkish or brownish, acid to sweet, aromatic pulp developed from the outer layers of the
testa. The pod husk may be thick and woody or thin and easy to cut through, depending on
the variety.

Germination starts with the rootlet growing out first after which the hypocotyl raises the
closed cotyledons about 3 cm above soil surface. This first phase of development, according
to Toxopeus (1985), is referred to as the ‘soldier stage’.

A mature tree has a tap root 120-200 cm long with lateral feeder roots often found in the
top 20 cm of the soil but which may extend to 40 — 50 cm where the humic layer is deep. The
lateral roots extend far beyond the limit of the tree’s canopy forming a complex mat (Tox-
opeus 1985). Toxopeus (1985) reports that the tap root grows from 1 cm in length after 1
week to 16-18 cm after 1 month and 25 cm after 3 months. Thereafter, it takes more than 2
years for the tap root to reach 50 cm.

There are no buds on the stem of the hypocotyl, a situation that is exploited in grafting, as
successful budding below the point of attachment of the cotyledons will prevent shoots aris-
ing from the rootstock. The second phase of development starts when the cotyledons open
to expose the plumule. This phase ends with the appearance and hardening of the first four
leaves. Subsequent growth continues at about six weekly intervals with the appearance of
flushes of 4-6 leaves. When the plant reaches between 70 cm and 2 meters, it experiences
its third growth phase when vertical growth ceases and 5 branches grow out sideways from
the apex of the stem. The point from which the branches grow is called the jorquette (See
Fig 1). Thus growth is dimorphic as the main stem is orthotropic and the fan branches are

plagiotropic. Subsequently, the main stem continues vertical growth with the growth of a
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stem (usually referred to as a chupon) from below a jorquette. This ultimately forms a jor-
guette of its own at a height above older jorquette. This process may be repeated several

times and by such means the canopy of the tree becomes higher.

Figure 1 Stem growth of cacao tree. (a) Adult seedling with jorquette
and five fan branches (b) older tree of three storeys with basal chupon.

Source: Toxopeus (1985) p16

The leaves also have dimorphic characters that are linked to the different types of stem on
which they grow. On chupons, the leaves are arranged in a spiral phylotaxy and have long
petioles which have a conspicuous pulvinus or swelling at the end. The leaves on the fan

branches are arranged alternately down the branch, have shorter petioles and are compara-

14



tively asymmetrical. The leaves of cacao have stomata on the abaxial side only. Leaf produc-
tion takes place as a series of flushes during which the terminal bud grows out, producing
approximately three pairs of leaves. Heavy leaf flushing of individual trees may occur twice a
year during the onset of the rainy seasons, each lasting about 8 weeks, but there is some leaf
production at most times of the year. Initially leaves are soft but gradually harden following
leaf expansion. After the leaves have expanded, the terminal bud remains apparently
dormant for a variable length of time and then another flush of leaf growth occurs. Accord-
ing to Toxopeus (1985) the development of a new flush causes an increase in the need for
plant nutrients which is partly met by the export of nutrients from the older leaves. Flushing
in mature trees is stimulated by temperature and the alleviation of moisture stress and is
mediated by changes in endogenous hormones as reported by Taylor and Hadley (1988). Ex-
posed cacao trees flush more intensely than shaded ones. In addition, leaves that develop
under shade are larger and greener than exposed leaves (Galyuon et al., 1996, Poorter et al.,
2010).

Cacao reaches physiological maturity about 2 years after germination when the jorquette is
formed and initial flowering begins (Toxopeus, 1985). The flowers are borne on the main
trunk and branches and thus exhibit a cauliflorous flowering habit.

The inflorescence primordia are produced from old leaf axils in areas called flower cushions.
Flowers take about one month from initiation to emergence of buds through the bark. Flow-
er bud differentiation proceeds even during periods of water stress but flower bud growth
only goes on when the plant is not under severe water stress. The flowers are small and have
5 sepals, 5 petals, 5 stamens, 5 staminoids and an ovary that is made up of 5 fused carpels.
At bud maturity, the sepals split during the afternoon and opening continues during the

night. Early the next morning, flowers are fully open and pollen grains are released (Billes

15



1941). In its natural setting flowers must be pollinated at this time to achieve pod set. Natu-
ral pollination is carried out by different kinds of small insects, including midges belonging to
the family Ceratopogonidae. Species of the genus Forcipomya are the commonest pollina-
tors (Billes, 1941). If pollination and fertilisation do not take place on that day the flower ab-
scises.

Whereas a cacao tree can produce hundreds of flowers per year only 1 — 5 % of them are
successfully pollinated to produce a pod. Thus in Trinidad a self-compatible tree was ob-
served by Cope (1940) to have produced 4000 flowers a year and set 220 young fruits, which
are referred to as cherelles. Only 8 of the fruits reached maturity, the loss of the majority

being attributed to cherelle wilt.

Pod growth and cherelle wilt

After pollination, the pod takes about 75 days to reach maximum growth rate. Between 40
and 50 days after pollination, the zygote makes its first division to become an embryo. It
takes between 5 and 6 months from pollination to pod ripening although there is considera-
ble variation in the length of time depending on mean temperature and genotype (End,
1990). Alvim et al.(1972) showed that pod maturity was determined by temperature and the
time taken to reach maturity can be predicted by thermal time using the following formula:
N = 2500/ T -9, where N = number of days to maturity and T = the daily mean temperature
(°C)

Usually less than 5% of flowers are successfully pollinated and up to 80% of cherelles (young
fruits) can be lost through cherelle wilt, a physiological mechanism that causes the fruit to
cease growing, turn yellow, then blacken and shrivel, but do not abscise and instead remain

mummified on the tree (McKelvie, 1956). A high proportion of wilting takes place within the
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first 75 days of pod growth and does not completely stop before 95 days (End, 1990,
McKelvie, 1956) after pollination. Thereafter, pods normally continue to mature without fur-
ther cherelle wilt. Other cherelles may be lost to diseases such as black pod caused by the
fungus Phytophthora palmivora or Phytophtora megakarya or to insect pests (Asare-Nyako
and Amponsah, 1973).

The mature pod is botanically an indehiscent drupe which remains attached to the tree until
harvested or long enough to decay away. Natural seed dispersal is done by monkeys, rats or
squirrels which feed on the mucilaginous material inside the pod (Cheeseman 1944; Tox-
opeus 1985).

Senescence

Not much is known about the economic life of the tree but according to (Entwistle, 1972) it
is commonly estimated to be from 40 - 60 years. It is not clear whether this broad limit rep-
resents the lifetime of the tree itself or a nutritionally depleted habitat especially when
yields have been high but fertilizers have not been used. When the environment is favoura-
ble the economic life of the tree may be longer than 60 years if it is considered desirable to

regenerate the trunk from a basal chupon (Lockwood, 1976, Entwistle, 1972).

1.2.1 Field establishment of cacao

Relationship between available plant resources and biomass production

Being autotrophs, plants obtain their energy from solar radiation which is used to fix other
resources (CO;, water and nutrients obtained from the soil) into carbohydrates. By accumu-
lating carbohydrates in different forms the plant increases in size.

Blackman (1919) introduced the concept of relative growth rate (RGR) and presented an
analysis showing the relation between resource capture and dry matter production. Shortly
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thereafter many contributions to the subject laid emphasis on the importance of availability
of plant resources to plant growth.
Today the relationships are better understood. For example, Hunt et al. (1990) that dry mat-

ter produced through photosynthesis can be expressed as a product of three terms:

The resource available per unit ground area
The amount of resource captured per unit of available resource, that is, efficiency of re-
source capture (or the rate of uptake of resource relative to the amount of resource avail-
able), and
The rate of dry matter production per unit of captured resource (efficiency of resource
utilisation).
This suggested that the ability of plants to capture required resources and utilize them is as
important to dry matter production as the availability of the resources. To capture re-

sources effectively plants invest varying proportions of their assimilate into the root and

shoot systems.

Relationship between leaf area and biomass production

The extent to which plants intercept radiation and absorb CO; depends to a large extent on
the leaf area developed which, in turn, depends on the rate of leaf flushing. It has been
shown that leaf flushing in many plant species is linearly related with thermal time for a giv-
en genotype and environment (Chapotin et al., 2006, Pirani et al., 2009, Ramirez et al.,
2006). Besides the rate of leaf appearance, other factors which influence the rate of leaf ar-
ea development include the production of branches, leaf size and disposition. Many workers
have found a positive relationship between the developed leaf area and biomass production
(Briggs et al., 1920, Gregory, 1926, Lambers, 1989, Whatley, 1992, Watson, 1947, Goudriaan
and Monteith, 1990, Hunt and W., 1990)
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Photosynthesis in cacao

Net photosynthesis is limited by the rate at which a leaf can assimilate CO, from the atmos-
phere and reduce it to carbohydrate and does not depend on gross photosynthesis alone. It
is determined by gross photosynthesis, photorespiration and ‘dark’ respiration. These pro-
cesses determine the efficiency with which intercepted photosynthetically active radiation
(PAR) effects the conversion of CO; into plant dry matter. Thus, as explained by Fitter and
Hay (2002), it is a balance between the process of taking up CO; (gross photosynthesis) and
two processes that release CO, (photorespiration and ‘dark’ respiration).

A few workers have attempted to determine the efficiency with which the cacao plant uses
light (as a resource) to produce dry matter. Raja Harun and Hardwick (1988) observed pho-
tosynthesis in cacao to have characteristics that are common in under-storey species; it has
a low light saturation point, low rates of light saturated photosynthesis, and a low light com-
pensation point.

Using leaves of a similar developmental stage Yapp (1992 ) obtained statistically different
photosynthetic rates among mature clones planted on fertile soils in no-shade field plots in
Malaysia. Although the magnitude and direction of the significant differences observed by
Daymond (2000) were different at particular sampling times, he noted a number of definite
trends in the cacao clones he worked on. For example, one of the clones, ICS-9 always had
low photosynthetic rates whereas CP-519 had consistently high rates, again, suggesting ge-
netic differences.

At the canopy level, differences in photosynthesis observed among genotypes are not
caused by the efficiency of the photosynthetic apparatus alone. They may be caused by oth-
er plant factors such as plant architecture, leaf structure or the amount of photosynthetic

material, such as the leaf area.
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In this current work a few measurable leaf characteristics, including the specific leaf weight,
leaf nitrogen, chlorophyll content and leaf water content were measured to estimate the
influence that the different conditions (created as a result of the imposed treatments) had
on them. Whether genetic differences exist in photosynthetic characters and biomass pro-
duction among the germplasm to be studied were also determined, as far as possible. The
interest was to add to the present understanding of the response of the photosynthetic
mechanism of cacao genotypes to environmental factors which could provide a means by

which their sensitivity to the environment would be assessed.

Transpiration in cacao

In order to allow CO; to diffuse through the stomata, plants need to keep the stomata open.
However, as the stomatal pore also serves as the outlet for the efflux of water, plants lose
water simultaneously with the uptake of CO,. In times of water stress, in particular, plants
may be said to be in a ‘dilemma as they need to close their stomata to conserve as much in-
ternal water as possible but in doing so will hamper CO; uptake’ (Sinclair et al., 1984). The
ability of genotypes of a plant species to get a good balance is a desirable character that
helps field establishment and growth.

In a situation such as in Ghana where a shortage of water (for example, during the 3-month
‘harmattan’ period between the middle of November and early March) restricts crop
growth, it may be more valuable to consider the relation between crop growth and transpi-
ration than the potential conversion efficiency of radiation. Hunt et al. (1990) provided a
theoretical framework for using transpiration as a basis for calculating crop productivity. As
reported by Squire (1990) there is evidence that for a particular crop and season, the rela-

tion between total dry weight and transpiration is linear with a slope, € (g kg?), known as
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the ‘dry matter : transpired water ratio’. Tanner and Sinclair (1983 ) observed that the value
of €Ew does not seem to be significantly affected by plant nutrition. However, if the same
crop is grown at different locations or in different seasons, the value of €, often varies from
experiment to experiment. This suggests that plant water use is influenced by environmental
conditions and it would be interesting to know if this feature could be exploited to aid field

establishment in cacao.

1.1 Modulating environmental factors that affect photosynthesis,

growth and establishment of cacao

Physiological processes which determine the growth of plants are influenced in various ways
by environmental factors. Apart from sunlight, notable ones among the factors are soil and
air temperature, soil fertility and moisture, and relative humidity. As observed by many
workers these factors can, in turn, be modulated by agronomic practices such as the provi-
sion of shade, (Wood 1985), irrigation (de Almeida et al., 2002), the application of mulches

(Oppong et al., 1998) and manures. Some of the effects of these factors are discussed below.

Shade

Murray (1953, , 1957) attributed the use of shade in cacao plantations to the early cultiva-
tors imitating environmental conditions of wild cacao trees in the forest of the Upper Ama-
zon and Orinico River basin. Thus a primary question has been to find out whether shade is
an intrinsic requirement of the cacao plant itself or whether it plays a secondary role such as
maintaining appropriate soil conditions and insect population for the cacao plant. Recent
publications seem to suggest that mature cacao requires moderate shade for sustainable

cropping. Using simulated photosynthetic light response curves Ng (1982) provided guide-
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lines as to how the potential yield of cacao could be predicted and showed how it can be af-
fected by shade, canopy area and tree vigour. The outline indicated a big effect of shade on
cacao productivity. A shade tree leaf area index of 0.5 to 1.0 gave as much as 25% to 50%
reduction in cacao productivity. Unshaded cacao canopy photosynthesis (CAP) reached an
asymptotic maximum at a leaf area index of 4.0, but under a shade tree (with leaf area index
of 2.0) cacao canopy photosynthesis saturated at a leaf area index of 2.5. Similarly Zuidema
et al. (2005) applied a physiological growth and production model for cacao (SUCROS-cacao)
based on the SUCROS - family of physiological crop growth models. It calculates light inter-
ception, evapo-transpiration, biomass production and bean yield for cacao trees grown un-
der shade trees. Simulations were carried out using climatic information of 30 locations in 10
cocoa-producing countries, three different soil types and varying shade levels. That study
showed that more than 70% of the variation in simulated bean yield could be explained by a
combination of annual radiation and rainfall during the two driest months. Concerning
shade, moderate levels did not affect bean yield whereas more than 60% shade reduced
yields. Such information indicates that yields of cacao are likely to be greater under no-shade
situations.

In the view of Entwistle (1972), however, several adverse effects can offset the positive as-
pect of a no-shade situation; the most obvious being increases in insect pest attack. Higher
weed growth is also observed under no-shade situations as are, greater nutritive demands of
the cacao plants (Ahenkorah et al., 1974), as well as the production of a high percentage of
small beans (Adu-Ampomah et al., 2006, Adu-Ampomah et al., 1998). Therefore, the ideal
situation appears to be obtained through the provision of moderate shade since cacao has a
low light saturation point (400 pmol m?2s?) and a low maximum photosynthetic rate (4.0

umol m2s?) at light saturation as observed by Hutcheon (1981). Raja Harun and Hardwick
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(1987) reported that the photosynthetic rate of the crop decreases if the photosynthetic ap-
paratus is exposed to light intensities exceeding 60% of full sunlight while prolonged expo-
sure to high light intensities damages the photosynthetic apparatus of the leaves.

Beer et al. (1998) placed the major physiological benefits that cacao receives from shade

trees in two groups both of which are associated with reduced plant stress:

I.  Amelioration of climatic and site conditions through:
(i) Reduction of air and soil temperature extremes
(ii) Reduction of wind speeds
(iii) Buffering of humidity and soil moisture retention
(iv) Improvement or maintenance of soil fertility, and
II.  Reduction in the quantity and changes in quality of transmitted light and hence

avoidance of excessive vegetative growth.

According to Oppong et al. (1998) weed management in a newly established cacao planta-
tion can take up to 70% of all costs during the first two to three years. In the view of Tomkins
(2003) proper selection and management of shade tree species can reduce labour input and
weeding costs considerably.

In spite of the benefits that can be obtained from the use of shade trees, a controversy rag-
es on due to a number of physiological drawbacks including the observation made by Ahen-
kora et al. (1974) that shade trees compete with cacao for soil water. Despite this controver-
sy, shade is invariably recommended for the establishment of cacao although very little
quantitative data for shade in the establishment phase of cacao is available (Alvim, 1977,
Evans and Murray, 1953, Wood, 1985). Obviously the need for shade is greater for young
cacao plants because they have little self shading within their canopies. Without overhead
shade almost all the leaves get exposed to high irradiance, resulting in high transpiration
rates which according to Alvim (1977), is inimical to young cacao as they are very susceptible
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to water stress. Young cacao needs shade of an appropriate density to produce the desired
“shape and geometry”. Too little light induces long internodes and few branches, while ex-
posure to excessive light induces too much branching and short internodes which cause the
production of bushy plants (Lee, 1978).

Although shade from other plant species is generally recommended for cacao, attention
must be given to compatibility between the used plant species and cacao. The ideal shade
tree must not be an alternate host species for the pests and diseases of cacao. A shade tree
must give heavy enough and an even shade throughout the dry season. It must also be pos-
sible to thin the trees or remove them at a later stage without causing much damage to the
cacao. Gliricidia sepium is a legume that is frequently used as shade. It establishes easily
from planting long stems. Its light foliage falls in the dry season, but if the trees are lopped
earlier the new stems which follow will retain their leaves. Other temporary shade plants
include plantains (Musa paradisiacal Linn.), pawpaw (Carica papaya L), and cassava (Mani-

hot utilisima Pohl.).

Mulching

Mulching cacao seedlings is beneficial during the first year of planting in the field, if applied
before the onset of the first dry season. It is also useful to repeat its application during the
second year and perhaps the third year.

Mulching has the potential of reducing seedling losses which usually occur during the first
and second years. Jordan and Opoku (1966) observed that, if properly applied, it is possible
to improve the soil moisture status by reducing soil moisture evaporation. Its greatest bene-
fit may, therefore, be realised in the dry season and in marginal areas. It has been noted that

mulching helps to create a porous, better aerated soil layer with an improved water holding
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capacity making the soil a more suitable medium for the development of plant roots (Araya
and Stroosnijder, 2010, dos Santos et al., 2010, Liu et al., 2010). In addition, organic mulches
eventually break down to release variable but often significant amounts of plant nutrients
usually including nitrogen, phosphate and potassium as well as trace elements. Unlike inor-
ganic fertilizers, organic mulches release their nutrients slowly but constantly. Oppong et al.
(1998) found weed control, protection of the soil against erosion, conservation of the
crumb-soil layer as well as improved plant nutrition to be among the benefits of applying
organic mulches in cacao plantations.

Despite the numerous benefits of mulching, the practice is not widely used in West Africa
and only limited information on its effect on cacao establishment is available. An attempt
was made in Ghana by Frimpong and Akuoko (1994) to study the combined effect of plan-
tain pseudo-stems (used as a mulching material) and a water-absorbing polymer (‘Grow
Soak 400’) on cacao seedling survival and growth under field conditions. Although the exper-
iment did not run its full course first year results indicated a 19.7% greater seedling survival
under the ‘mulch-only’ treatment than under the control treatment where there was no ap-
plication of mulch or water-absorbing polymer. There is, therefore, a need to evaluate the
application of mulches in cacao establishment but taking into consideration, the cost impli-

cations.

Manures

The capacity of plants to photosynthesize and translocate photosynthate is directly affected
by the availability of mineral nutrients. Mineral nutrients play important roles in the synthe-
sis, partitioning and utilization of assimilates. It is well known that mineral nutrient deficien-

cies reduce dry matter production. Partitioning of dry matter between plant organs (for ex-

25



ample, shoots and roots) is differentially influenced by mineral nutrient deficiencies. In a
study on Phaseolus sp. Cakmak et al. (1994) observed that , under P deficiency, a greater
proportion of dry matter was partitioned to roots, while under K and Mg deficiencies root
growth was markedly decreased compared with shoot growth. These effects are likely to
have impacts on the establishment of cacao in West Africa where the growing period is usu-
ally disrupted by a dry season.

Adams and Mckelvie (1955) indicated that the suitability of the soil for cacao cultivation de-
pends on the soil type and soil phase. Soil type is largely determined by geology and topog-
raphy, and soil phase, by the previous history of land use of the site. The history of land use
is of particular importance to cacao establishment. Charter (1947) noted that tropical forests
accumulate plant nutrients in the top few centimetres of soil. When such forests are cleared,
the nutrients are released rapidly and they give the soil enough fertility for only a few years.
The peasant farmer establishes cacao in cleared forest at this time to exploit the fertility.
With appropriate vegetation cover in Ghana, Ahenkora et al. (1974) observed that cacao did
not significantly respond to fertilizer until after two years of bearing. With the dwindling for-
est in most of West Africa, the need to completely replant cacao in the old cacao-growing
areas has been recognised. In these areas, the soil type is suitable for cacao cultivation.
There is also a pre-existing cacao infrastructure in the form of roads, warehouses and buying
depots to support the cacao industry. However, re-establishing cacao on land that previously
carried cacao has been difficult due, partly to poor soil phase, as observed by Adams (1962)
and Ayanlaja (1983).

The soil fertility problem can be addressed through the use of organic and inorganic fertiliz-
ers. Afrifa et al. (2002) observed an increase in total yield over the control with the com-

bined use of poultry manure at 1800 kg/ha and cacao pod husk ash (CPHA) at 135 kg/ha on
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mature cacao in Ghana. It seems reasonable, therefore, to investigate the possibility of in-
cluding organic manures in our effort to find ways to facilitate the re-establishment of cacao

in lands with a long history of usage.

Water relations of cacao

Cacao is characteristically grown in areas of high annual rainfall (1500 — 3000 mm) and does
not tolerate periods of prolonged drought (Bae et al., 2007, Bae et al., 2009). Compared with
other crops such as coffee or kola, cacao is less efficient in the control of water loss because,
as explained by Raja Harun and Hardwick (1988) stomata in the leaves of cacao are not con-
trolled well enough under water stress and low relative humidity.

However, according to Balasimha and Daniel (1988) advantage could be taken of a few cacao
genotypes which are capable of regulating their stomata more effectively and de Almeida et
al. (2002) identified cacao clones which showed a degree of drought tolerance via osmotic
adjustment. However, very little research effort has been made towards the improvement of
drought tolerance in cacao (Balasimha and Rajagopal, 1988) or to develop agronomic inter-

ventions to ameliorate the effect of drought on cacao establishment.

Importance of biomass production to establishment of cacao

In West Africa the ability of young cacao plants to establish in the field is crucial to develop-
ing new plantings. This is because planting is best done in the major rainy season and gap
filling due to failure to establish can effectively be done annually. Faster growth (or vigour)
enhances field establishment as it leads to exponential increases in the ability to capture
more resources from the environment.

Plant vigour is often measured by changes in above-ground structures (seedling stem diame-

ter and seedling height) as well as time to jorquetting and branching intensity. In temperate
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crops and a few tropical crops whose modes of partitioning have been investigated it has
been noted that there can be large variations in plant vigour mostly because of variation in
the proportions of photosynthate re-invested in the photosynthetic machinery. Thus fast
growing plants direct most of their photosynthate successively into above-ground leaves and
such species or varieties survive better (Dingkuhn, 1998, Tekalign and Hammes, 2005, Asch
et al., 1999). In the case of cacao in West Africa where the growing period is disrupted, not
long after transplanting, by a dry season (see Appendixes 1 and 2) the ability to capture re-
sources and efficiently convert them into assimilates and translocate them into organs of
establishment is essential. Since, in the tropics, soil water is more of a limiting factor than
sunlight it may be reasonable to expect root growth to have a strong effect on the ability to

establish in the field.

Assimilate partitioning in young cacao

The partitioning of photosynthate into the root rather than the shoot system has sometimes
been considered a ‘cost’ to the plant (Gregory, 1994). It is regarded as a drain on assimilates
since, as mentioned earlier, under field conditions crop growth is measured as increments in
above-ground structures. However, in most crops roots are the organs adapted to water and
mineral uptake and provide anchorage to the plant so that the shoot can expand without
lodging. Also the idea of considering the root system as being too large in some species and
therefore ‘wasteful’ is dispelled if the requirement to take up less mobile resources such as
phosphorus is considered. According to Gregory (1994) the relative growth of root and shoot
systems is an “integrated process” in which “homeostasis” is upheld as a result of both ‘size
and activity’ of the two systems. Earlier, Brouwer (1962) suggested that plants achieve op-

timal growth in an environment if they are able to achieve a ‘functional balance’ between
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the relative increases in root and shoot biomass. Sharing a similar opinion Evans (1972) not-
ed that since one or more of required plant resources may be inadequate in supply in a par-
ticular environment, plants need strategies that ensure a balanced uptake of resources to
minimise the limitation to growth that will otherwise be caused by the resource(s) in short
supply. This, according to Evans (1972), usually requires more allocation of assimilate to the
structures that capture the most limiting resource(s). Slightly modifying his own view later
Brouwer (1983) explained that ‘functional equilibriums’ cannot exist for long periods of time
due to uncontrollable ‘disturbances’ in existing relationships. For that reason this author fur-
ther suggested the idea of a ‘functional control’ (for example, ‘nutritional control’) as a bet-
ter description of what is observed. However, the fundamental concept of photosynthate
being partitioned to roots and shoots in “inverse proportion to the rates at which they cap-
ture resources” still remains (Li et al., 2006).

Klppers et al. (1988) refer to this adaptation as a “compensating response” in plants in or-
der to sustain total carbon uptake. This response has been demonstrated in radish
(Raphanus sativas L.) by Mooney et al. (1984) who showed that when, for some reason, the
photosynthetic capacity per unit leaf area declines the plant partitions more dry matter in-
to leaf material and thus partly compensates for the shortfall in assimilate production. Com-
pensation responses are also observed in forest tree species as noted by some workers
(Kippers et al., 1996, Paliwal et al., 1994, Kueppers, 1984, Riddoch et al., 1991) who explain
that photosynthetic capacity declines from pioneer to successional species although later
species are stronger competitors and replace the early ones.

Very little information has been published about the relationship between root and shoot
growth in cacao. From a greenhouse experiment Taylor and Hadley (1988) showed that ca-

cao seedlings have alternating phases of root and shoot growth. Mufios and Beer (2001)
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found in cacao under field conditions, that the growth of fine roots was positively correlated
with the frequency of rainfall and that there was an internal competition between leaf flush-
ing and fine root renewal. It would be interesting to find out if, like the frequency of rainfall,
light intensity had any effect on root growth relative to shoot growth in cacao.

Based on the idea of compensation responses that are under the influence of the plant, a
representation (Figure 2) of factors which determine a plant’s carbon supply may be adapted
for cacao seedlings [from Kippers et al.(1988)]. It depicts a compensation effect that takes
into account the four important processes involving plant resources three of which were

mentioned earlier:

The resource available per unit ground area

The amount of resource captured per unit of available resource (that is, the efficiency of
resource capture)

The rate of dry matter production per unit of captured resource (efficiency of resource
utilisation) and

The amounts of dry matter partitioned into the root or shoot over a period of growth.

It will be interesting to pick up differences in biomass allocation as an indicator of genetic
variation between the cacao clones being tested under this study.

Aims and objectives

It is already known that the establishment of cacao is (as with all plants) influenced by sun-
light, soil moisture and soil fertility — environmental factors the levels of which were optimal
for cacao in West Africa. For example rainfall, relative humidity, aerial temperature and sun-
light were all ameliorated in small cacao farms by the surrounding forests. With the changing
environment, primarily as a result of deforestation, and possibly global warming, there is an
increasing need for improved establishment methods and cacao varieties which can tolerate

suboptimal environments. Unlike many temperate and a few tropical crops such as the oil
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palm previous research to improve management practices of cacao has been based on prac-
tical approaches rather than on unambiguous comprehension of pertinent physiological
principles. Moreover, most recent physiological work has focused on understanding yield
development in cacao. Together with such recent work, this study considers the factors that
affect establishment with a view to gaining a better physiological understanding of how
changes in the microenvironment and agronomic condition affect establishment and how

they may be improved.
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CHAPTER 2

General materials and methods:

2.1 Plant material

Three cacao clones T 79/501, PA 150, SCA 6, representing, respectively, a vigorous, an in-
termediate, and a low vigour genotype, and P 30 [POS] were propagated by side grafting
using a common seedling rootstock (T 60/887 x Amelonado) between July and November
2006 and used in all the experiments. Care was taken to insert the scion below the point of
attachment of the cotyledons of the rootstock to prevent chupons growing from below the
graft union. The rootstock had been raised in 25 cm x 32.5 cm polythene bags containing
topsoil.

SCA 6 (or Scavina 6) was among the collections made by Pound in 1938 (Pound, 1943). It
produces relatively small leaves with pink/red flush colour and has a dry bean productivity of
about 1076 kg ha™* and a pod index of 52.3 (pods per kg dried beans) (Sounigo et al., 1993). T
79/501 [POS] was selected in Ghana by Posnette and is grown commercially in many coun-
tries. Its flush colour is green and produces pods that are similar in shape to Amelonado. It
has a productivity of between 1093 kg/ha and 4708 kg/ha. PA 150 (or Parinari 150) is grown
in many countries. Reports on its flush colour vary from country to country (Sounigo et al.,
1993). Its dry bean vyield is about 1456 kg/hectare and has a pod index of 38.5. P 30 [POS] is
a derivative of Amelonado and is grown only in Ghana and Togo. Amelonado cacao has been
a traditionally cultivated genotype in Ghana and most of the early work in West Africa in-
volved this cultivar. With SCA 6 and T 79/501 included the growth rate of P 30 [POS]was ex-
pected to be average in this experiment.

According to Bartley (1998) there may be some confusion between the P 30 [POS] selection
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made by Posnette in Ghana (used in this study) and Pound 30 [POU] which was collected in

Peru by Pound. The immature fruit is green and has a shape similar to Amelonado

2.2 Meteorological data

A weather station was located approximately 300 metres from the greenhouse and nearby
vegetative propagation shade house where the two supplementary experiments were car-
ried out. Records of greenhouse temperature were collected daily in the greenhouse itself

using a screened maximum — minimum thermometer.

2.3 Photosynthesis measurements

An infra red gas analyzer (LC pro+, ADC Bioscience, UK) was used to measure stomatal con-
ductance and the rates of photosynthesis and transpiration on single attached leaves ap-
proximately once every month in all the experiments with or without an artificial light source
depending on the experiment. To reduce differences caused by diurnal fluctuations in pho-
tosynthesis, measurements were taken between 9:00 am and 11:00 am. For each replica-
tion three out of five plants (in the case of the greenhouse and nursery experiments) and
three out of six plants (in the case of the field experiments) were tagged and the youngest

expanded and hardened leaf of a tagged plant was selected for gas exchange measurement.

2.3.1 Measurement of leaf chlorophyll fluorescence:

Leaf Chlorophyll Fluorescence was measured by means of “Fluorpen” Leaf Chlorophyll Fluo-
rescence Meter (FP100; Photon Systems Instruments, Brno, the Czech Republic). Data were
collected between the mid morning and early afternoon (11:00 am and 12:15 pm) on leaves

selected for photosynthetic measurements. Leaves were dark adapted for 30 minutes (using

34



strips of aluminium foil) before measurements were taken.

2.3.2 Leaf traits

2.3.2.1 Determination of specific leaf weight (SLW)

A cork borer (No. 5: diameter = 9.43mm) was used to punch 20 leaf discs from leaves that
had previously been used for photosynthesis measurements. They were dried in a ventilated
oven at 80 °C for 48 hours, cooled in a set of desiccators and their weights (W) measured.
The Specific Leaf Weight (SLW) was calculated according to equation (1):

SLW = [{W * 1000} / {2070 * (4.715)2}] MG/CM2erreverereereereerereesreseeseeseeseeneene (1)

2.3.3 Determination of leaf water content:

Three leaves of approximately uniform size and physiological age were selected from plants
that had been tagged for other physiological data. The leaves were cleaned and, avoiding the
midrib and lateral veins, a cork borer was used to obtain leaf discs of equal area. A set of ten
leaf discs (from all three leaves ) of a selected plant were weighed rapidly and then floated in
20 ml of distilled water in a Petri-dish which was then covered and left to stand for 24 hours
to allow the discs to become ‘saturated’ with water. The discs were then removed and quick-
ly surface- dried between layers of filter paper, pressed by a 1 kg metallic weight for one mi-
nute (to dry off externally held water) and then weighed. The discs were then dried in a hot-
air oven at 80 °C for 24 hours. After cooling the dry leaf discs in a set of desiccators their dry
weights were measured. The weight at ‘saturation’ was considered as showing the weight
when the leaf discs were fully turgid and was used as an index to determine the relative wa-
ter content at the time of destructive harvesting.

The relative leaf water content was calculated according to equation 2:
35



Leaf Water Content (%) = [(fresh weight — dry weight) / (saturated fresh weight — dry
WEIENT)] ® 100%..cceeiiiiiieeiiiiieiiecrtreer ettt e et e e e eee bbb rrerrereteeeeeeeeeesessennnnns (2)

2.3.4 Leaf Chlorophyll content determination:

Leaf chlorophyll concentration was measured by means of an automatic- calibrated and
temperature - compensated Leaf Chlorophyll Meter (CL-01 chlorophyll content meter, Han-
satech, UK) with a capability range of 0 — 2000 chlorophyll units. For each replication three
out of five plants in the case of the greenhouse and nursery experiments and three out of six
plants in the case of the field experiments were tagged and the leaves that had previously
been used for photosynthesis measurements were selected for leaf chlorophyll content de-

termination.

2.3.5 Determination of leaf nitrogen:

Leaf samples (0.5 g) of approximately uniform size and physiological age that had, previous-
ly, been used for photosynthesis measurement were dried overnight at 80°C. With assis-
tance from the Soil Science Division of the Cocoa Research Institute of Ghana samples from
different treatments and replications were ground separately using a coffee grinder and
then, using copper as a catalyst, were digested for two hours with 12 ml of nitrogen-free
concentrated H,S04 to digest the leaf tissue.

The digestate was transferred into a distillation tube and distilled by the Kjeldahl method for
3 minutes using an automated Kjeldahl Unit according to the methods of Stuart (Stuart,
1936) using methyl red as an indicator. 120 ml of the distillate was collected with which a
back titration was done to determine the end point. % Nitrogen (N) was calculated as:

(%N) = [Titre value * N (= 0.02) * 1.401) / 0.5] Puovorreevreeeeieeeeeirreeeecreeeenns (3)



Where,

Normality = 0.02N; weight of sample = 0.5g; Constant = 1.401

2.3.6 Determination of leaf total phosphorus (P)

Samples of approximately 1 g of leaves that had previously been used for photosynthesis
measurement were weighed and placed in digestion tubes. 15 ml of Nitric acid (HNO3s) was
added to each sample and then digested for 30 minutes at 150°C in a digester. 10 ml of per-
chloric acid (HCLO4) was then added to each digest. Each digest was re-digested at 200 °C for
one hour. The digested sample was allowed to cool down, filtered into 250 ml volumetric
flasks, topped up with distilled water to the 250 ml mark and shaken to mix well. Total phos-
phorus (P) in each sample solution was then determined via the ascorbic acid method (Twine

and Williams, 1971) using spectrophotometry.

2.3.7 Determination of leaf K

1.0 g of oven-dried leaves of each of two selected plants per treatment which had been
finely ground in a mortar was weighed into digestion tubes. 15 ml of nitric acid (HNO3)
was added to each sample and digested for 30 minutes at 150 °C in a digester in a fume
cupboard. 10 ml of 1 molar perchloric acid (HCIO4) was then added to each of the di-
gested samples and re-digested for another one hour at 200 ° C. The digests were al-
lowed to cool in a fume cupboard and were then filtered through Whatman No. 42 filter
papers into 250 ml volumetric flasks. The filtrates were topped up with distilled water to
the 250 ml mark and the flask was shaken by hand to mix well. The sample filtrates in
the 250 ml volumetric flasks were used to determine the leaf potassium content on an

atomic absorption spectrometer (de Almeida et al., 2009).
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2.4 Determination of water holding parameters of topsoil used for
the [genotype x (quantity of water x frequency of watering)]

greenhouse and the [shade * genotype] nursery experiments

2.4.1 Field capacity of topsoil:

Five samples of the topsoil were watered until they were completely saturated and then
allowed to drain freely until the water ceased to drip out. At that stage the water that re-
mained in the soil was assumed to be at field capacity. Measurement of the field capacity
was carried out by first weighing, then oven-drying the moist soil at 100 ° C until a constant

weight was obtained and then by subtraction of weights.

2.4.2 ii) Wilting coefficient of topsoil:

The point at which the force with which the soil holds its water is equal in magnitude to the
suction force exerted by the roots of the cacao seedlings was determined by potting 5 seed-
lings (girth = 1.2 cm; height = 47 cm) into 5 plastic containers of equal volume that had no
drains and that contained 14 kg loosely-packed soil at field capacity. The surface of the soil
was sealed with a layer of wax in order to prevent evaporation. When the seedlings had ex-
tracted as much water as they could and had wilted, the residual moisture content of the
soil was determined as before (Section 2.4.1). The values obtained from the two pilot exper-
iments were used as baseline information for the clone x (quantity of water x frequency of
watering) experiment (described in section 3.1).

Data analysis

Results were analyzed (using Genstat) by analyses of variance, and significance among mean

values was determined by least significant difference (LSD) values where P = 0.05.
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2.5 General materials and methods for the field experiments

2.5.1 Study sites

Two field experiments, [(1) genotype * { shade * manure} and (2) mulch * {shade * geno-
type} experiments] were conducted at the Cocoa Research Institute of Ghana, located in the

cacao growing region of Ghana, West Africa (latitude 6 2 13’ N, Longitude 02 22’ W ).

2.5.1.1 Selection of sites

A 1.6 - and a 2.4 - hectare site were selected for the two field experiments, respectively.
Both sites carried moribund cacao trees, Gliricidia sepium and forest trees used, in previous
trials, as shade for the cacao (Plate 2). Land preparation (carried out between December
2006 and May 2007) involved stumping out the old cacao and felling the other trees (Plate
3). Although both sites fell under the ideal soil type classification (based on geology and to-
pography) the soil phase which depends on the previous history of land use, was rated as

‘low’ for cacao establishment.
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Plate 2 Vegetative cover of the site for the genotype * (shade * manure) trial

Plate 3 Clear-felled site for the genotype * (shade * manure) trial
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2.6 Meteorological data

A weather station was located within 1.5 km from the field trials. In addition, ‘Tiny- tag’ data
loggers (Gemini Data Loggers, Chichester, UK) placed inside Stevenson screens were used to
measure temperature and relative humidity on days when physiological data were meas-

ured.

2.6.1 Soil sampling and chemical analysis

In each of the field experiments four spots were randomly selected per block for soil sam-
pling. The soil samples were taken after scraping away the surface litter and then using a
hand trowel the top soil was collected from the surface to a depth of 15cm and kept in a
plastic container. Thereafter, a sample was taken from 15-30 cm deep from the same hole
and kept separate in a different container. Collection of soil samples from the two depths
was repeated for the blocks. Samples in each of the buckets were, homogenized and 100 g
of each sampled through quartering and kept in a black polythene bag and labelled. The 100
g samples were air-dried, crushed and screened (to remove coarse materials), passed
through a 2 mm sieve and stored in polythene bags at room temperature for laboratory
analysis (which was done on my behalf by the Soil Science Division of the Cocoa Research

Institute of Ghana) as described below.

2.6.1.1 Methods of chemical analysis

Soil pH

10 g of the air-dried and sieved soil was weighed into a 100 ml beaker. 25 ml of distilled wa-
ter was added to obtain a soil: water suspension ratio of 1: 2.5 W/V. The suspension was al-
lowed to stand for 30 minutes and then stirred occasionally with a glass rod. The pH was
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then measured with a Jenway 3020 pH meter.

Soil organic carbon and organic matter

The organic carbon in the soil was determined by the Walkley method (Walkley, 1947) The
conversion of % organic carbon to % organic matter was done with the van Bemmelem’s
empirical factor 1.724 (Read and Ridgell, 1922).

Total soil nitrogen

2.5 g of air-dried soil was weighed into a digestion tube and digested with 12 ml concentrat-
ed sulphuric acid for about two hours, using a Foss Digester 2006. When digestion was
complete the digest was allowed to cool. 70 ml of de-ionized water was carefully added to
the tube, and distillation was then carried out in a Tecator Kjeltec distiller (Model Kjeltec
2100).

20ml of Boric acid solution was added to a conical flask and placed into the distillation unit.
The platform was raised so that the distillate outlet was submerged in the receiver solution.
The digestion tube was also placed in the distillation unit and the safety door was closed. 20
ml of a 40% sodium hydroxide (NaOH) solution was dispensed into the tube. The steam
valve was opened and the digested material was distilled for three minutes. The receiver
solution (boric acid solution) in the distillate flask turned green, indicating the presence of
ammonia. A ‘blank’ was also determined in the same manner. The distillate was titrated
with 0.02N sulphuric acid using two drops of 0.1 g methyl blue dissolved in 50 ml Ethanol.

The nitrogen content of the soil was determined using the formula:

% Nitrogen =[(a—Db)/s X M X 14 X MC X (V/t)]cereeeeiiireeiieeeciee e, (4)

where
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1. a= volume of H2S04 required for sample titration
2. b= volume of H,S04 required for blank solution
3. s= weight of air-dried soil sample in grams

M = molarity of H,S04

>

14 = atomic weight of Nitrogen
V = total volume of digest

t = volume of aliquot taken for distillation and

© N o U

Mc = moisture correction factor.

Soil phosphorus

Available phosphorus was extracted from the soil with 0.002N sulphuric acid. This was fol-
lowed by the ascorbic acid method for developing the blue colour for measurement of the
phosphorus. 5 g of air-dried soil was weighed into a shaking bottle. 100 ml of 0.002N H;,S04
was added and shaken on a shaking machine (Model K5 501 digital) for two hours. It was
then filtered with Whatman No.42 filter paper. 5ml aliquot was used for the phosphorus
determination with ascorbic acid as a reductant.

In the ascorbic acid method, 1.056 g of ascorbic acid was dissolved in 200 ml of a reagent
obtained by dissolving 12 g of ammonium molybdate in 250ml of distilled water, and
0.2908g of antimony potassium tartrate separately dissolved in 100ml of distilled water.
These solutions were added to 1 litre of 5N H,S04, mixed thoroughly and made up to 2 litres
with distilled water.

For the colour development, 10 ml aliquot was pipetted into 25ml volumetric flask. Distilled
water was added to make it up to about 20ml. 4ml of the ascorbic acid reagent was added
and made to volume with distilled water. The blue colour developed was then read on Cecil

Spectrometer (Model Aquarius) at a wavelength of 882 nm.
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2.7 Field planting of cacao and shade plants

Field planting of cacao clones in both trials was carried out in June (2007) which is within the

ideal period for transplanting cacao in Ghana.

2.7.1 Imposition of temporary shade treatments:

After lining and pegging the fields, three temporary shade regimes were created using plan-

tains (Musa sapientum) and Gliricidia sepium. They were:

1) The ‘control’ shade regime:
1.5 m tall Gliricidia sepium stakes and plantain suckers planted in April 2007 for the
mulch * (shade * clone) experiment and in May 2007 for the clone * (shade * ma-
nure) experiment at 3m x 3m each as shown in the sample spot plan (Fig 3). Plates 4
and 7 show the shade situation four and ten months after planting the plantain suck-

ers, respectively.
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Cacao (x) + Gliricidia (G) + Plantain (P)

Figure 3 Sample spot plan for the ‘control’ shade treatment

2) The ‘triangular Gliricidia’ shade regime:

Consisted of the ‘control’ shade plus three stands of 0.5 m tall Gliricidia sepium stakes plant-
ed at 0.6m away from the cacao in a triangle to enclose the cacao as shown in the sample
spot plan (Fig 4, not drawn to scale). The added Gliricidia sepium stakes were planted later,
in August 2007. Plates 5 and 8 show the shade situation soon after planting the Gliricidia

stakes and seven months thereafter, respectively.
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Cacao (x) + Gliricidia (G) + Plantain (P) + Enclosing A Gliricidia

G G G G
g g 8 g g 8 g

X P X p X p

g 8 g g

G G G G
g g g 8 g g g

X P X P X P

8 g g g

G G G G

Figure 4 Sample spot plan for the “triangular Gliricidia” shade regime

3) ‘Close plantain’ shade regime:

The same in all respects as the control shade except that the plantain suckers were

planted 0.6 m away from the cacao plants (instead of 1.5 m) and, in relation to the

position of the cacao, towards the west (Fig 5). Plates 6 and 9 show the shade situa-

tion four and ten months after planting the plantain suckers, respectively.

Plate 10 shows the general shade situation 12 months after planting the plantain

suckers and the taller Gliricidia stakes.
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Cacao (x) + Gliricidia (G) + Plantain (P)

G G G

P x P x P x N
G G G

P x P x P x
G G G

Figure 5 Sample spot plan for the ‘close plantain®' shade regime

2.8 Attained shade levels

Shade levels were measured twice in each of the three seasons by means of a ‘SunScan’ Sys-
tem SS1 (Manufacturers: Delta-t, UK). Measurements were taken around midday with the
light sensor held below the canopy of the shade plant and just above the young cacao plants.
With reference to the position of the test plants [in the mulch * (shade * clone) experiment],
the shade provided by the ‘close plantain’ shade regime (the heaviest shade regime) ranged
from 57% to 63% shade (860 umol m™2s7" light - 740 umol m™2s™" incident light) after eight
months of planting the plantains. The ‘triangular Gliricidia’ treatment (the medium shade
regime) attained 54.0% to 57.5% (920 pmol m~2s7" incident light- 850 pmol m~2s™" incident

light) and the ‘control’ shade treatment (the ‘light’ shade regime) attained 50% to 54% shade
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(1000 pmol m™2s'incident light- 920 umol m™2s ™" incident light). In the clone * (shade * ma-
nure) experiment the close plantain shade treatment (the heaviest shade regime) attained
58-61% shade (840 umol m™2s™" incident light - 780 umol m™2s™" incident light), the ‘triangu-
lar Gliricidia’ shade treatment (the medium shade regime) attained 52-57% shade (960 umol
m~2s7" incident light - 1140 umol m™2s™" incident light), and the ‘control’ shade treatment
attained 50 - 52.5% shade (1000 umol m™2s™" incident light — 950 umol m™2s™" incident light)
eight months after planting the plantains. In both experiments the lower levels of shade for

each shade treatment were obtained in the dry season.

Plate 4 The control shade treatment 4 months after planting the plantains
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Plate 6 The close plantain shade treatment 4 months after planting the plantains
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Plate 8 The “triangular Gliricidia” shade treatment 7 months after
planting the stakes
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Plate 9 The close plantain shade treatment 10 months after planting the plan-
tains

Plate 10 The general shade situation 12 months after planting the plantains
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CHAPTER 3
Photosynthesis, survival and growth of cacao genotypes

grown under different watering regimes in a greenhouse

3.1 Introduction

Water stress is known to cause negative effects on the growth and development of plants
(Kaiser, 1987). However, unlike temperate crops, information on the water relations of trop-
ical crops is inadequate and narrowly focused. Earlier work on the water relations of cacao,
for example, focused on the effect of soil water on leaf flushing and cacao yield (Alvim, 1977,
Alvim and Alvim, 1978, de Almeida et al., 1987). Atanda (1972) found rainfall distribution to
be more important to cacao crop yield than its magnitude.

Because changes in environmental conditions are making it more difficult to achieve success-
ful cacao establishment in the field, more recent work has been directed toward improving
our understanding of plant response to water stress in young cacao plants. For example,
Balasimha and Daniel (1988) showed that genotypes of T. cacao that effectively regulate
their stomata are capable of reducing transpirational water loss and survive better under
water stress. However, Raja Harun and Hardwick (1988) reported that leaves of cacao do not
show high stomatal resistance under water stress and low relative humidity.

Although some information about the water relations of cacao is available, it is far from
complete particularly for young cacao. As very little work has been carried out on genotypic
variation in water stress response, this experiment was conducted to determine the sensitiv-
ity of the four cacao clones (SCA 6, T 79/501, P 30 [POS] and PA 150) to water stress and to
increase our understanding of the basic physiological mechanisms of drought tolerance in

cacao. As both the quantity and distribution of precipitation are known to be important en-
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vironmental factors that affect cacao production under field conditions, artificial water
stress conditions were created by varying both the quantity of water supplied and the fre-
guency of watering, and the relative importance of these factors on photosynthetic activity
of young cacao were studied. Any observations that could be applicable to the aim of finding
ways to improve methods of raising seedlings under nursery conditions as well as to improve

field establishment were noted.

3.2 Materials and methods:

The experiment was set out as a split-plot experiment designed to examine the supply of

pot-grown cacao plants with different quantities of water in three different treatments:

(a) 100% ‘field capacity’ (169g of water/ kg soil),
(b) 50% ‘field capacity’ (84.5g of water/ kg soil), and
(c) 25% “field capacity’ (42.2g of water/ kg soil).

Changes that occurred in soil water content with time were erratic (due to constant fluctua-
tion of relative humidity and temperature and the fact that the rate of plant water uptake
changes with plant growth). Owing to logistic constraints (such as the lack of suitable
equipment to measure soil water of potted plants) and the desire to keep the growing me-
dium and plant root disturbance at the minimum, the same volumes of water that brought
the soil to the respective moisture levels at the initial stage were applied to appropriate sub-
plots each time watering was done.

These respective quantities of water were combined with three ‘frequency of watering’
treatments:

(a) Watering every other day (3™ day) (b) Watering every fifth day (5" day) and (c) Watering

every 9t day (9% day).
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The experiment was set up on 16 benches each measuring 2.9 m * 1.8 m in a greenhouse
compartment (15 m * 10 m) at the Cocoa Research Institute, Tafo, Ghana under approxi-
mately 36.4 °C daytime maximum and 22.5 °C night-time minimum temperatures. CO, con-
centration was ambient.

Experimental design and layout:
The layout is shown in Figure 6. Five hundred and forty grafted cacao plants (135 for each of

the four clones) of the same age (6 months) and approximately the same size (girth = 0.85
cm; height = 36 cm) were potted into bigger (32 cm x 37.5 cm) polythene bags. Taking into
consideration the fact that cacao is intolerant to prolonged waterlogged situations (Sena
Gomes and Kozlowski, 1986), the growing bags were provided with a 3.5 cm diameter drain-
age hole at the bottom. Each bag contained 12 kg of the top soil of known water relations
(see sections 2.4.1 and 2.4.2).

There were three replications each comprising thirty-six (36) clone x (quantity of water x fre-
qguency of watering) plots laid out in a split-plot design with clones being arranged in the
split plots. The clones therefore constituted the main plot factor and each sub plot con-
tained 5 grafted plants (Plate 11).

Gas exchange measurement
Starting from April 2007 the infra red gas analyzer was used to measure stomatal conduct-

ance and the rates of transpiration and photosynthesis once every month sampling experi-
mental plants as described in section 2.3.

Leaf traits
In March 2008, specific leaf weight, relative water content, Leaf chlorophyll concentration

and leaf nitrogen content were measured once on a leaf on each of the three plants which

were used for photosynthetic data collection in each treatment (see section 2.3.2 for details)
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Rep 1 Rep 2
Rep 3
E D EEOE@DOO
E I EECOER@TOO
EEEEREOE@TOO
EEDEEBRECOETOO
BN EEBECOETOO
Clone 2 Clone 1 Clone 3
Clone 1 Clone 4 Clone 2
Clone 3 Clone 2 Clone 4
Clone 4 Clone 3 Clone 1

Figure 6 Layout of the clone * (quantity of water supplied * frequency of watering)

experiment.

The columns of differently coloured square blocks (as shown in the first box of
Rep 1) represented the different watering treatment combinations.
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Plate 11 Setup of experiment on greenhouse benches

3.3 Results

3.3.1 Soil moisture levels

Table 2 shows the mean soil moisture levels for the various “quantity of water x frequency of

watering” treatments a day before re-watering.
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Table 2 Percent soil moisture before re-watering

Watering treatment Full field capacity’  50% ‘field capacity’  25% ‘field capacity’

34.62
3 Day 88.04 62.22

27.91
5t Day 46.70 36.80

24.50
9t Day 31.76 29.90

Stomatal conductance

A significant (p = 0.04) quantity * frequency interaction term was observed between water-
ing treatments in the stomatal conductance of the cacao plants. The highest stomatal con-
ductance rates (mean = 0.1181 mol m™%s™") were attained by plants which were watered
with full ‘field capacity’ every 5™ day followed by those which were watered with 50% ‘field
capacity’ every 3™ day. The stomatal conductance rates of cacao plants which were watered
with the lowest quantity of water over time (25% ‘field capacity’ every 9t day) were the
lowest (mean = 0.0306 mol m™2s7") and were the main cause of the significant interaction.
Plants which were watered with the largest amount of water over time (full ‘field capacity’
every 3rd day) had slightly lower stomatal conductance rates (mean = 0.1097 mol m™%s7")
than plants which were watered with the full ‘field capacity’ of water every 5™ day and those

which were watered with 0.5 ‘field capacity’ every 3" day (mean = 0.1118 mol m~2s7").
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Significant (p = 0.033) differences in stomatal conductance were observed among the cacao
genotypes. T 79/501, P 30 [POS], SCA 6 and PA 150 had stomatal conductance rates of
0.0784, 0.0737,0.0711, and 0.0710 mol m~2s™", respectively (Fig 7).

The clone * quantity and clone * frequency interaction terms were not significant. There
were also no significant 2" order interactions.

Transpiration

In parallel to the observations made on stomatal conductance a significantly (p = 0.035) dif-
ferent quantity * frequency interaction term was observed in the transpiration rates of ca-
cao plants. The highest transpiration rate (2.28 mmol m™2s™") was observed under the 50%
‘field capacity’ treatment when watering was done every 3™ day. The lowest rate (0.361
mmol m™%s™") was, however, obtained when watering was done with the smallest quantity
every 9% day.

There were significant (p < 0.001) differences among the mean transpiration rates of the ca-
cao genotypes (Fig 8). PA 150 showed a mean transpiration rate of 1.511 mmol m~2s™" which
was 9.5 %, 20.8% and 28.1% higher than the mean rates at which P 30 [POS], T 79/501 and
SCA 6 transpired, respectively. The clone * quantity and the clone * frequency interaction

components were not significantly different.
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Stomatal conductance (mol m™2s™)
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Figure 7 Stomatal conductance of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean of five measurements on 9
plants per treatment.
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Transpiration (mmol m™2s™")
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Figure 8 Transpiration of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different watering treatments.

Each bar represents the mean of five measurements on 9
plants per treatment.
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Photosynthesis
A significant (p = 0.001) quantity * frequency interaction term was recorded in the rates of

photosynthesis of the cacao plant. Similar to the observation in stomatal conductance and
transpiration, plants supplied with the smallest quantity of water over time (watering with
25% ‘field capacity’ every 9t day) had the least photosynthetic rates (1.611 pmol m™2s™).
The highest mean photosynthetic rate (3.944 umol m™2s™") was recorded in plants supplied
with the soil’s ‘field capacity’ of water every 5% day. Their mean rate was 10.62% higher than
that of plants which were watered with the highest volume of water over time (with full
‘field capacity’ every 3 day) (Fig 9).

There were no significant differences in photosynthetic rates between clones. The clone *
guantity and the clone * frequency interaction components were not significant and there
were no significant 2"? order interactions. For most of the clones a high photosynthetic rate
was maintained at a high watering frequency (Fig 9).The frequency of watering appeared to
have had a higher impact on photosynthesis than the quantities of water that were applied

at each irrigation (Fig 10).
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Photosynthesis (umol m™2s7™")
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Figure 9 Photosynthesis of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and PA 150 under different watering treatments.

Each bar represents the mean of five measurements on 9
plants per treatment.
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Figure 10 Photosynthesis of cacao under different quantity of water
supplied and frequency of watering.

Each bar represents the mean of five measurements on 108
plants per watering regime.
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Water use efficiency

There were significant (p = 0.029) differences among the clones in their water use efficien-
cies over the entire period (Fig 11). Their water use efficiencies ranged from 2.36 [umol
(CO2) mmol™ (H,0)] for PA 150 to 3.28 [umol (CO2) mmol™ (H,0)] for T 79/501. Intermedi-
ate water use efficiency were recorded for P 30 [POS] and SCA 6 (2.59 [umol (CO2) mmol™
(H20)] and 2.63 [umol (CO2) mmol™" (H,0)], respectively).

The quantity of water supplied had no significant effect on water use efficiency. However,
plants which were watered less frequently had a more efficient water use (p = 0.001).

None of the interactions was significant.
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Figure 11 Water use efficiency of (a) SCA 6 (b) T 79/501 (c)
P 30 [POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean of five measurements on
nine plants per treatment.



Leaf chlorophyll fluorescence

The quantity of water supplied was not associated with significant differences in the Fv/Fm
ratio. The highest value (0.565) was obtained by plants supplied with 0.5 of ‘field capacity’.
The frequency of watering was associated with significantly different (p = 0.01) Fv/Fm ratios
(Fig 12). Plants that were watered every 5" day had the highest mean Fv/Fm ratio (0.584)
which was 6.29% higher than the value obtained by plants watered every 3™ day and 6.76%
higher than the value obtained by plants that were watered every 9% day.

The quantity * frequency interaction term was not significant. Consistently, plants that were
watered with 0.5 of the soil’s ‘field capacity’ of water had the highest values [ranging from
0.570 (for those which were watered every 3rd day) to 0.598 (for those which were watered
every 5% day). The group of plants which was watered every 3™ day had the highest mean
Fv/Fm ratio (0.560) under the smallest instantaneous quantity of water (0.25 ‘field capacity’)
treatment. Conversely plants which were watered every 9t day had the lowest Fv/Fm ratio
values (0.534) under the smallest instantaneous quantity of water (0.25 ‘field capacity’)
treatment.

There were no significant differences between clones in the ratio of Fv/Fm. The clone *
guantity and clone * frequency interaction terms were not significantly different. All the
clones had their highest Fv/Fm ratio when they were watered every 5™ day and all the
clones (except PA 150) had their highest Fv/Fm ratio when supplied with 50% ‘field capacity’

(Fig 12). The 2™ order interaction term was not significant.
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Figure 12 Leaf chlorophyll fluorescence of (a) SCA 6 (b) T 79/501

(c) P 30 [POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean of five measurements on nine
plants per treatment.
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3.3.2 Plant growth

In this present work no data were collected on root growth. Plate 12 gives an impression of

differences in root development in the growing pots under the 50% ‘field capacity’ treat-

ment.

Plate 12 A sample of roots developed in plants watered with 50% field capacity
every (a) 3rd (b) 5th (c) 9th day (from left to right)

Stem girth

In harmony with the observations on stomatal conductance, transpiration and the rate of
photosynthesis, a significant (p = 0.032) quantity * frequency interaction was observed in
the stem diameter of plants. The thinnest stems (0.78 cm) were recorded for plants watered
every 9t day with the smallest quantity (0.25 of ‘field capacity’) of water at each watering.
Plants which were watered every 3 day with 50% ‘field capacity’ had the thickest stems
(1.14 cm). Their stems were 0.04% and 8.75% thicker than those of plants which were wa-

tered every 3™ day with the soil’s full ‘field capacity’ and 0.25 ‘field capacity’, respectively.
68



There were no significant differences between cacao genotypes in their stem diameters. T
79/501 had the thickest mean stem (1.017cm) which was 3.84%, 4.73% and 9.6% thicker
than the mean stems of PA 150, P 30 [POS], and SCA 6, respectively.

The clone * quantity interaction term was not significant but the clone * frequency interac-
tion term was significant (p = 0.038). Whereas all the clones had smaller diameters in re-
sponse to reducing frequency of watering, the magnitude of the observed reductions associ-
ated with less frequent watering was different from clone to clone (Fig 13). Also whereas
SCA 6 and P 30 [POS]) suffered a greater reduction when the frequency of watering was re-
duced from every 3 day to every 5" day PA 150 and T 79/501 were more affected when
the frequency of watering was reduced from every 5™ day to every 9" day . T 79/501 and
PA 150 experienced greater reductions with diminishing frequency of watering when the

quantity of water supplied at a time was the minimum than SCA 6 and P 30 [POS].
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Figure 13 Stem girth of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]

and

PA 150 under different watering treatments.

Each bar represents the mean of five measurements on
nine plants per treatment.
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Plant height

A significant (p = 0.004) quantity * frequency interaction was also seen in plant height. With
the supply of the soil’s ‘field capacity’ of water the tallest (59.35 cm) plants were obtained,
not under the most frequent watering schedule but when watering was done every 5 day.
With the 50% ‘field capacity’ treatment, increasing frequency of watering was associated
with the production of taller plants with the tallest (mean height = 54.94 cm) plants being
produced under watering every 3™ day. When 25% ‘field capacity’ of water was supplied, the
tallest plants (49.94 cm) were produced under the most frequent watering schedule (Fig 14).
There were no significant differences between the cacao genotypes in their heights. With
the exception of P 30 [POS] all the clones produced their tallest plants when full “field capaci-
ty’ of water was applied every 5" day and, without an exception, all the clones produced
their shortest plants when watering was done every 9™ day (Fig 14). The clone * quantity

and clone * frequency interaction terms were also not significant.
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Figure 14 Height of (a) SCA 6, (b) T 79/501, (c) P 30 [POS] and
(d) PA 150 under different watering treatments.

Each bar represents the mean of five measurements on
nine plants per treatment.
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Plant volume

Similar observations to what was found on photosynthetic activity were made on plant stem
growth where the quantity * frequency interaction term was significant (p = 0.006). General-
ly, smaller stem volumes were obtained when smaller quantities of water were supplied
over a period of time. However, as also observed for stem diameter and plant height, with
the supply of the soil’s ‘field capacity’ of water, the biggest mean stem volume (22.07 cm3)
was obtained when watering was done every 5™ day rather than every 3™ day. With the
supply of 50% ‘field capacity’ of water, the biggest stem volumes (mean = 20.47 cm3) were
obtained under the most frequent (every 3" day) watering schedule. There were no signifi-
cant differences between the cacao genotypes in their stem volumes. SCA, P 30 POS], PA 150
and T 79/501 had mean stem volumes of 13.16 cm3, 13.77 cm3, 14.16 cm? and 16.18 cm?,
respectively.

Whereas the clone * quantity interaction term was not significant, the clone * frequency in-
teraction term was significant (p = 0.032). In all the genotypes, plants which were watered
less frequently produced smaller stem volumes. However, the magnitude of the response
to decreasing frequency of watering differed from clone to clone. A 25.99% reduction in
stem volumes was recorded in SCA 6 plants when the frequency of watering was reduced
from every 3rd day to every 5th day whereas under the same change in the frequency of wa-
tering T 79/501 became 96.47% smaller and PA 150 and P 30 [POS] became 2.41 and 2.57

times smaller, respectively.
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Figure 15 Stem volume of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different watering treatments.

Each bar represents the mean of five measurements on nine
plants per treatment.



Fig 16 shows positive linear relationships between the rates of photosynthesis and plant

stem volumes in all the cacao genotypes given by the regression equations 1 to 4:

V =8.13 + 2.02A; p = 0.005, r2 = 0.70 (fOr SCA 6)..eevrvreerreeeerreeeeeeeeeceeeerinns (1)
V=6.94+1.85A; p=0.007, 2= 0.67 (FOr T 79/501)cceeerrersmmsrremrsreerereeeeeeenees 2)
V=5.12 + 1.87A; p = 0.029, r?2 = 0.51(for P 30 [POS]) weevevvrrerrecrerreerceeene. (3)
V =6.98 +3.64A; p = 0.09, r2 = 0.34 (for PA 150).....ccccceereeerreeerereeeenreeeererenn. (4)

where V = stem volume and A = instantaneous photosynthetic rate.
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Figure 16 Relationships between mean instantaneous photosynthesis
and final stem volume of the cacao genotypes
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Figure 17 shows a generic graph that disregards genotypic differences and shows the posi-
tive linear relationship between instantaneous photosynthetic rates and final stem volume
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Figure 17 Generic relationship between instantaneous photosynthetic rate and
final stem volume of young cacao clones

3.3.3 Leaf traits

Leaf nitrogen content

Differences among the clones were on the borderline of significance (p =0.054) with respect
to the leaf nitrogen content. PA 150, SCA 6, T 79/501 and P 30 [POS] had 1.776%, 1.669%,
1.585% and 1.573% leaf nitrogen contents, respectively (Fig 18). The quantity * frequency
interaction term was significant (p < 0.001). The highest leaf nitrogen concentrations
(1.853% and 1.779%) were recorded in plants which were watered with 50% ‘field capacity’

of water every 5™ day and every 9% day, respectively. Plants which were watered every 9t
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day with 25% ‘field capacity’ of water had the lowest leaf nitrogen content (1.339 %N).

Leaf chlorophyll concentration

The quantity of water supplied did not have a significant effect on leaf chlorophyll concen-
tration. However, a trend was observed in which plants that were supplied with larger quan-
tities had lower chlorophyll concentration (Fig 19). Plants supplied with full, 50% and 25%
‘field capacity’ of water had 6.97 chlorophyll metre units, 7.68 chlorophyll metre units and
8.06 chlorophyll metre units leaf chlorophyll concentration, respectively.

The quantity * frequency interaction term was significant (p = <0.001). Under the full ‘field
capacity’ of water treatment plants which were watered more frequently had lower leaf
chlorophyll concentrations. Plants which were supplied with 50% and 25% of the soil’s ‘field
capacity’ of water had higher leaf chlorophyll concentrations when watered every 5™ day

and the lowest concentrations when watered every 3™ day.
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Figure 18 Leaf nitrogen content of (a) SCA 6 (b) T 79/501 (c) P 30

[POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean value for 6 plants per treatment.
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Figure 19 Leaf chlorophyll concentration of (a) SCA 6 (b) T 79/501
(c) P 30 [POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean of nine plants per treatment.



The genotype * quantity interaction component was significant (p = 0.016). SCA 6 and P 30
[POS] had increasing leaf chlorophyll concentrations with reducing instantaneous water
guantity. Consistent results were not obtained for T 79/501. PA 150 had its highest value
(9.26 chlorophyll metre units) under the 50% ‘field capacity’ treatment and the lowest under
the full ‘field capacity’ treatment.

The genotype * frequency interaction component was also significant (p = 0.031). All the
clones had their lowest leaf chlorophyll concentrations with the most frequent watering
schedule (watering every 3™ day). Also all the clones (except T 79/501) had their highest val-
ues when watered every 5" day. There were no significant 2" order interactions.

Relative water content

The cacao genotypes did not have significantly different relative water contents of leaves
(Fig 20).

However, a significant (p = 0.016) quantity * frequency interaction term was detected. Alt-
hough under all three ‘quantity of water’ treatments, plants that were watered less fre-
guently had lower relative water contents, more pronounced reductions in leaf water con-
tent were observed under the 25% ‘field capacity’ treatment when the frequency of water-
ing was reduced. Whereas with the full ‘field capacity’ and 50% ‘field capacity’ of water
plants that had their watering frequency reduced from every 3™ day to every 9t day had
62.83% and 62.19% as relative water content, respectively, plants which experienced the
same reduction in frequency of watering under the 25% ‘field capacity’ of water treatment
had a relative water content of 52.15%, reducing their relative water contents by a quarter.
The genotype * frequency interaction term was also significant (p = 0.012). With the excep-
tion of T 79/501 which lacked consistency in its response, all the clones experienced lowered

relative water contents when the frequency of watering was reduced. The magnitude of the
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response to decreasing frequency of watering differed from clone to clone, however. When
watered every 3™ day PA 150 had a relative water content of 69.11% but when watering was
done every 9™ day the value reduced to 63.58%.For the same reduction in frequency of wa-
tering, SCA 6, T 79/501 and P 30 [POS] had their relative water contents reduced from
65.86% to 54.92%, 62.68% to 61.72% and from 70.83% to 56.02%, respectively. The geno-
type * quantity interaction element was not significant.

Specific leaf weight

Plants that received increasing quantities of water supplied at a time had significantly (p =
0.011) lower specific leaf weight. Plants watered with 25% ‘field capacity’ of water had
5.60% and 7.29% higher specific leaf weights than plants watered with 50% ‘field capacity’
and the full ‘field capacity’ of water, respectively (Fig 21). No significant differences were es-
tablished among the frequency of watering treatments. Only a trend was observed in which
plants that were watered more frequently had lower specific leaf weights. Plants which were
watered every 9™ day had specific leaf weights which were 1.49% and 3.46% higher than
plants which were watered every 5" day and every 3™ day, respectively. The quantity * fre-
guency interaction term was not significant. Differences among the specific leaf weights of
the cacao genotypes were not significant. The genotype * quantity, the genotype * frequen-

cy and the 2" order interaction terms were also not significant.
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Figure 20 Relative water content of (a) SCA 6 (b) T 79/501 (c) P30
[POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean of six plants per treatment.
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Figure 21 Specific leaf weight of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different watering treatments.

Each bar represents the mean of six plants per treatment.
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3.3.4 Plant survival

Ranging from 2.5% to 7.2% plant mortality rates were not very different among the clones.
The quantity * frequency interaction term was significant at (p < 0.001). Whereas all the
plants watered every 5" day with 0.5 of the soil’s ‘field capacity’ of water survived 1% of
plants watered at the same frequency but with the soil’s full capacity of water and 2% of
plants watered at the same frequency but with the 0.25 of the soil’s ‘field capacity’ of water
died (Fig 22).

The clone * frequency interaction term was on the borderline of significance (p = 0.08). Un-
der watering every 5 day all SCA 6 and P 30 [POS] plants survived whereas 1% and 2% of T
79/501 and PA 150 plants died, respectively. But when watering was done every 9t day
2.4% of SCA 6 and 0.9% of P 30 [POS] died as against 0.8% of T 79/501 and 0.3% of PA 150,
showing that more of SCA 6 and P 30 [POS] died under less frequent watering than plants
died of T 79/501 and PA 150.

The 2" order interaction term was not significant.
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Figure 22 Survival of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different watering regimes.

Each bar represents the value for 20 plants.




3.4 Discussion

Photosynthesis of plants under different soil water levels

Cacao plants which received the lowest amount of water over time had the lowest stomatal
conductance rates. This confirms previous observations by Rada et al. (2005) which indicate
that when watering frequency was reduced from 3 to 12 and 25 days, stomatal conductance
in cacao plants declined with increasing water stress. The significantly different stomatal
conductance rates that were found among the clones may be an indication that genetic vari-
ability exists among the genotypes with respect to stomatal regulation and or stomatal den-
sity in response to soil water stress. A wider range of stomatal conductance values was ob-
served in this work than that observed by Rada et al. (2005) on four-year-old, field planted
cacao under lower temperatures and that may be a reflection of differences in environmen-
tal conditions.

Similar responses to intensifying water stress have been noted in other plant species includ-
ing soybean (Guan-yu et al., 1991), the woody species Vitis vinifera L. (Perez-Martin et al.,
2009), and the oil palm (Smith, 1989). Hutcheon (1977) showed, in cacao, that changes in
stomatal opening during the day are influenced mainly by the water status of the plant. This
author also observed that whereas in well watered cacao stomatal closure is not very com-
plete even during the night, there is a virtual closure during the day on occasions when both
soil and air were dry. Joly and Hahn (1989a) explained that the leaves of cacao are especially
responsive to plant water deficit, the stomata reacting quickly to moderate levels of stress
such as is caused by a slight decrease in root water status in drying soil. These authors cited
the separate works of Cornish and Zeevart (1985), Lachno and Baker (1986) and Zhang et al.
(2008) which suggest that ABA, synthesized in roots (in response to water deficit) acts to in-

duce stomatal closure.
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The observation that plants which were watered with full ‘field capacity’ of water every 3™
day (the largest amount of water over time) had a slightly lower mean stomatal conductance
rate than those which received about 20% less water would suggest mild symptoms of as-
phyxiation in the former group of plants (Adams, 1962). Possibly the opening provided at the
base of the growing pots for drainage was not big enough to eliminate the creation of occa-
sional hypoxic soil conditions under the highest watering regime. Other possible reasons
could be increased soil density as a result of soil particle compaction under the highest wa-
tering treatment (Kim and Kim, 2010, Sun et al., 2010) as well as a higher level of soil nutri-
ent leaching in that treatment (Kannan, 2010, Nzokou and Cregg, 2010).

The observation that generally plants supplied with smaller amounts of water (by supplying
smaller quantities at a time or by reducing the frequency of watering) had smaller transpira-
tion rates is consistent with observations in previous work which show that water-stressed
plants had a lower stomatal conductance and transpiration (Cameron et al., 1999). Balasim-
ha and Rajagopal (1988) and Rada et al. (2005) observed in separate experiments under wa-
ter stress conditions that transpiration rates in young cacao generally decreased as water
stress increased. In a potted-plant experiment in which soil moisture was varied between
13% and 41%, Nunes (1967) observed in cacao seedlings (varieties Amelonado and Laranja)
that when soil moisture dropped to below 30% transpiration rates showed significantly low-
er values. The observed differences in that experiment were ascribed to decreases in sto-
matal opening.

According to Opik et al. (2005), when a soil is at field capacity plant water uptake can go on
without restraint. Field capacity is the ideal soil state for plants since it has a high water po-
tential but also has air-filled spaces. These authors explain that as the soil begins to dry, the

‘lowered soil water potential leads to a correspondingly lower plant water potential, but wa-
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ter uptake continues until ultimately, the plant can no longer get adequate water to com-
pensate for transpiration losses’. In this current work, however, the highest rate of transpira-
tion was observed in plants supplied with 50% ‘field capacity’ of water every 3™ day rather
than in plants that received the largest amount of water over time. This was a reflection of
the response found in stomatal conductance and is in line with Joly and Hahn’s (1989a) re-
mark that transpirational water loss from leaves is controlled by the stomata.

Results of this current experiment appear to follow a trend observed by Nunes (1967) who
presented data on young cacao which showed increasing transpiration rates between 13%
and 32% but decreasing transpiration rates between 32% and 41% soil moisture ( the maxi-
mum soil moisture treatment in that experiment).

The fact that plants which received either larger quantities of water or increasing frequency
of watering had significantly higher stomatal conductance is consistent with the higher pho-
tosynthetic rates that were observed here. Bae et al. (2007, , 2009) also observed a 29% and
96% reduction in photosynthesis when the frequency of watering of cacao seedlings was re-
duced from a 3- day cycle to a 13- day cycle. Rada et al. (2005) reported from their diurnal
study of young cacao that although osmotic adjustment increased as water stress intensi-
fied, CO; assimilation declined. In addition, Deng et al. (1990) found average photosynthetic
rates of about 2.2 umol CO> m™2s™" when the leaf water potential of cacao was between -1.4
MPa and -1.5 MPa, and close to zero when the leaf water potential fell below -1.6MPa.
Working on two Amazonian types (EET — 399 and EET — 400) and one Trinitario type (United
Fruit cultivar UF — 613) of cacao, Joly and Hahn (1989a) observed a rapid reduction in sto-
matal conductance soon after the imposition of drying cycles on the plants.

The reduction in stomatal opening lowers transpiration and leads to the conservation of wa-

ter, delaying the start of low tissue water potential. Since the stomatal cavity concurrently
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provides a conduit for CO; from the atmosphere to leaf mesophyll cells, soil water deficits
restrict net CO; assimilation. In another experiment Joly (1987) noted in cacao that the ex-
tent to which net photosynthesis was reduced by leaf water deficits depended on both the
intensity and duration of the moisture stress regime.

Unlike the observation made by Yapp (1992 ) and Daymond (2000) the cacao genotypes
used in this work had similar photosynthetic rates suggesting that there was little genetic
variability among them respecting their rate of CO, assimilation per unit leaf area although
the clones did differ in relation to their water relations.

The mean Fv/Fm ratio values were smaller than those reported elsewhere and that could
partly be attributed to the high day-time temperatures (mean 36.4 °C) under which the
plants were grown. The observation that 50% ‘field capacity’ of water (rather than full ‘field
capacity’) supplied to the plants every 5" day (and not every 3™ day) gave the highest Fv/Fm
ratio values [not significant] suggests that this was the best soil moisture content for photo-
system Il activity in this experiment and that soil moisture contents outside what was ob-
tained by using this watering regime were sub-optimal for the young cacao plants. Relevant
results obtained earlier by other workers show that outside the optimal soil water range
photosynthetic activity of cacao is adversely affected. For example Sena Gomes and Ko-
zlowski (1986) noted that excessive soil water is a barrier to the establishment of cacao.
Working on the seedlings derived from the cacao cultivar ‘catongo’, these authors observed
significant reductions in stomatal conductance and transpiration rates within two hours of
imposing a flooding treatment. There were also reductions in leaf formation and growth, as
well as stem and root growth. In contrast, Balasimha and Daniel (1995) found lower leaf
chlorophyll fluorescence in cacao accessions during drier months of the year. These reports

show that both soil moisture deficits and excessive soil water are stressful to cacao plants. In
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the current work, whereas only a trend was observed among the quantities of water sup-
plied at a time, a significant difference was established among the frequencies of watering
suggesting that the frequency of watering has a greater impact on leaf chlorophyll fluores-
cence than the quantity of water supplied at a time. This suggests that to optimize photosyn-
thesis, growth and survival rate more attention may have to be given to the frequency of
irrigation than the volumes of water supplied at a time and under rain-fed conditions cacao
plants benefit from more even rainfall distribution than higher rainfall intensity.

Balasimha and Namboothiri (1996) compared the leaf chlorophyll fluorescence of excised
leaves of two accessions (NC 42/94 and PA 7 * Na 32) of cacao representing drought-tolerant
and susceptible cacao cultivars, respectively. These authors found similar Fv/Fm values
(0.774 and 0.764, respectively) for the two cultivars before a heat stress treatment (dipping
of excised leaves in a water bath at 47°C for 5 minutes) was imposed. Significantly different
Fv/Fm values (0.623 and 0.539, respectively) were recorded for the cultivars 30 minutes af-
ter the heat stress treatment had been stopped “indicating a smaller reduction (19.9%) of
guantum yield in the drought-tolerant cacao than in the susceptible cultivar (30.1%)”. Under
the different soil water treatments of the current experiment, no significant differences
were observed among the cacao genotypes and probably this explains why no significant dif-
ferences were observed in the rates of photosynthesis between the clones.

Soil water and Leaf traits

The observation that plants supplied with the smallest quantities of water over time had the
lowest leaf nitrogen content may be explained by the fact that soil nutrients are taken into
plant roots in the form of charged ions through the root hairs, along with water (Fitter and
Hay, 2002). Hence the lack of adequate soil moisture would result in low leaf nitrogen con-

tents. The observation that plants supplied with 50% ‘field capacity’ of water every 5" day
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had the highest nitrogen seems to suggests a narrow range of soil moisture contents within
which nitrogen absorption can be optimized for young cacao. As optimal photosynthetic ac-
tivity was observed when the plants were watered with 50% ‘field capacity’ but at a higher
frequency (every 3" day), this observation suggests that a slightly lower soil water content
than the optimum for photosynthetic activity was required to maximize leaf nitrogen con-
centration. In this respect young cacao may be regarded as responding differently to soil wa-
ter content from some other plant species. For example a wider range of soil moisture con-
tents may be tolerated (without changes in leaf nitrogen content) by maize (Bahrun et al.,
2003) and rice (Otoo et al., 1989). The marginal differences observed among the cacao
clones with regard to their leaf nitrogen content are probably an indication of some genetic
variability in nitrogen uptake.

Similar to its effect on leaf nitrogen, cacao plants which experienced water stress had lower
leaf chlorophyll concentrations. Joly and Hahn (1989b) also noted that chlorophyll synthesis
in expanding leaves of cacao was supported by the availability of substrates (principally from
older leaves) and is delayed in water-stressed plants; under soil moisture stress either syn-
thesis of the total quantity of substrates is delayed or the rate of their import into younger
leaves is delayed. Disparate results have been reported, in different plant species, on the ef-
fect of soil water on leaf chlorophyll content. For example, De-Souza et al. (1997) reported
that soybean plants subjected to drought stress in a greenhouse lost their leaf chlorophyll
concentration much faster than control plants but Schelmer et al. (2005) reported that
drought stress had no significant effect on leaf chlorophyll content of maize. Mensah et al.
(2006) reported that severe drought stress resulted in an increase in leaf chlorophyll content
of maize and Beeflink et al. (1985) observed an increase in chlorophyll content in onion

plants under drought stress.
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On the other hand, the results obtained here suggest that maintaining soil water close to the
‘field capacity’ was associated with reduced leaf chlorophyll concentration so that maximum
leaf chlorophyll concentration is obtained when cacao plants are grown within a short range
(about 50 - 60 %) of soil moisture levels. Probably, as mentioned earlier, there was a higher
level of soil nutrient leaching where larger quantities of water were applied over time. The
significant genotype * frequency of watering interaction suggests that cacao genotypes dif-
fer in their optimal soil water requirement for leaf chlorophyll synthesis. It is probable that
in SCA 6 and P 30 [POS] (in which consistent trends were observed) plant nutrient uptake -
which is important in chlorophyll development- was adversely affected by supplying larger
volumes of water at a time.

The observation that plants which were supplied with smaller quantities of water over time
had lower leaf relative water contents is consistent with previous work and shows the im-
portance of adequate soil moisture on plant water status. Jiang Xiong Liao et al. (2008), for
example, report that soil water depletion caused decreases in the relative water content of
Adiantum reniforme, an endangered fern. A similar response was found by Joly and Hahn
(1989a) who observed, in cacao seedlings, that irrigated plants had higher relative water
contents than others that did not have as much soil water. Hassanzadeh et al. (2009) states
that relative water content is preferred to plant water potential as a criterion for determin-
ing plant water status because it more accurately indicates the balance between absorbed
water and consumed water through transpiration. These authors contend that genotypes
that have higher drought tolerance qualities should also have higher relative water contents
under water stress and cite Liu et al. (2002) as stating that the relative water content of a
plant is an indication of its vigour under conditions of water stress. The cacao genotypes

used in this work did not have significant differences in their relative water contents, and
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that probably is an indication of limited differences among them as regards tolerance to soil
moisture stress and explains why the transpiration rates were not significantly different
among the genotypes.

The observed association of lower specific leaf weight with increasing soil water was not as
striking as those that have been found in other plant species such as peach (Johnson et al.,
1992), cucumber (Yuan et al., 2006) and Eucalyptus globules (Steinbauer, 2000). The ob-
served effects in the present work may be an indication that increasing soil moisture stress
leads to increased leaf toughness (Lansberg, 1990, Steinbauer, 2000) which, according to
many authors (Choong, 1996, Choong et al., 1992, Lansberg, 1990), is a high index of
schlerophyll development and low leaf water content in many plant species.

Balasimha (1999) found a significant difference among cacao accessions that he worked on
and associated higher specific leaf weight with drought tolerance. In this present work only
non-significant differences were observed among the clones and that was consistent with
the observation that no significant clonal differences were observed in photosynthetic rates.
Plant growth and survival

The fact that, separately, plants which were supplied with greater volumes of water at a
time and those which were watered more frequently produced bigger plant stem volumes
explains the higher survival rates observed as water stress reduced (Cameron et al., 2006).
Cunningham and Burridge (1960) submitted cacao seedlings to full sunlight and showed that
soil water partially ameliorates the stressful effects of full sun exposure.

It was observed in this present work that, separately, plants which were supplied with great-
er volumes of water at a time and those which were watered more frequently had a higher
plant water status (as indicated by the higher relative water content), stomatal conductance,

transpiration and net photosynthesis all of which are known to promote plant growth. It has
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been reported that reductions in plant water status cause restrictions in both plant cell divi-
sion and cell expansion which, as reported by Balasimha (1999), is one of the earliest symp-
toms of plant water deficit (Meyer and Boyer, 1972).

In this present work no data were collected on root growth. However, based on the experi-
ence of Silva and Kummerow (1998) it can be supposed that increased water supply was as-
sociated with greater root development (See plate 2).

Joly and Hahn (1989b) and Bradford and Hsiao (1982) reported that for many plant species
leaf expansion growth is the physiological process most sensitive to water stress. Zuidema et
al. (2005) mentions soil water as one of the important factors that influence leaf dynamics.
Although leaf area development was not assessed in this work the bigger stem volumes as-
sociated with increasing soil water could be a reflection of the relative leaf areas developed
in response to the various watering treatments.

According to Joly and Hahn (1989b) who developed an empirical model for leaf expansion in
cacao, the production of photosynthetically active leaves is an important requirement for
the productivity of a crop. These authors observed that as water stress increases, reductions
take place in individual leaf size, total leaf area and net photosynthesis per unit leaf area. It
also accelerates the rate of senescence in older leaves. Balasimha (1988) stated that a de-
crease in plant leaf area coupled with stomatal regulation helps to reduce transpiration and
these are a major adaptation for water conservation. It is, therefore, not surprising that, in
this work, increasing quantity of water supplied at a time and also a higher frequency of wa-
tering separately led to increased plant growth.

The significant quantity and frequency interaction which showed that plants which were wa-
tered with the ‘field capacity’ of water every 5" day (rather than every 3™ day) produced the

biggest plants does not necessarily imply that maintaining soil water close to the ‘field ca-
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pacity’ hampers the growth of young cacao under all conditions. As explained earlier, rea-
sons such as the creation of periodic hypoxic conditions as a result of possible insufficient
drainage could have occurred in this experiment under the highest water supply treatment.
Such conditions (of excessive soil water) have been known to reduce total leaf area and gen-
eral vegetative growth in cacao (Sena Gomes and Kozlowski 1986). Hence the present data
was interpreted as showing that it is important to supply the right quantity of water (consid-
ering important factors such as drainage) over time to ensure plant growth and survival. The
significant quantity of water supplied * frequency of watering interaction term showed that
this could be achieved, to some extent, by adjusting either the quantity of water or the fre-
quency of watering. However, the data showed that, just as was observed in photosynthetic
processes, the frequency of watering has a greater impact on plant survival than instantane-
ous quantity of water supplied.

The observations made in this experiment may be usefully applied in cacao nurseries in
Ghana, where, owing to inadequate information, not much attention is paid, especially to
the quantity of water supplied at each time of watering. The result is that sometimes young
cacao plants have been under-watered or over-watered and plant survival and growth have
been adversely affected. The fact that reasonably similar results can be obtained in the
plants by slightly adjusting either the quantity of water supplied or the frequency of water-
ing gives room for flexibility. In this experiment it was clearly observed that maintaining the

soil water at around 60 to 62% ‘field capacity’ would give optimal results.
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CHAPTER 4
Photosynthetic activity and growth of four cacao genotypes

grown under different shade regimes in a nursery condition

4.1 Introduction:

Although conventionally cacao has been grown under shade, it is not known whether shade
is an intrinsic requirement of young cacao plants or whether shade only plays a secondary
role such as by causing a reduction in insect pest attack and contributing to the recycling and
sustainability of soil nutrients for cacao. Nevertheless, cacao is often considered to have an
obligatory shade requirement as it has many of the attributes of a shade species such as low
photosynthetic rates (Raja Harun and Hardwick, 1988), low light saturation levels of about
400 pmol m2 s that correspond to about 20% of full sunlight (Raja Harun and Hardwick,
1988) and a high photoinhibitory stress (Serrano and Biehl, 1996). Young cacao is consid-
ered to require shade to aid establishment. However, the physiological basis of this shade
requirement still needs to be more clearly defined. Moreover, there is considerable incon-
sistency in what is considered to be the optimal light levels for cacao. For example, studies
conducted by Da Matta et al. (2001) suggest that cacao seedlings may show increasing pho-
tosynthetic rates as the photosynthetically active radiation (PAR) increases to 750 umol m=
s corresponding to 30% of PAR at full sunlight. Working on four-year old ‘Guasare’ (a cacao
cultivar), Rada et al. (2005) observed higher photosynthetic rates between PAR 800 and
1000 pumol m2st. Thus the shade requirement for the different stages of the growth of ca-
cao is still not clearly defined. Moreover, under field conditions where other living plants are
usually used as shade for cacao plants, it is difficult to determine a clear effect of shade on

cacao plants since other factors such as inter-specific competition for soil water and nutri-
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ents come into play. Furthermore, whilst a short-term study on the interaction between
shade and cacao genotypes in Trinidad has been reported (Galyuon et al., 1996a) no such
studies have been conducted incorporating both the wet and dry seasons of West Africa.
The experiment described here was therefore conducted to assess the shade requirement of
four cacao clones (SCA 6, T 79/501, P 30 [POS] and PA 150 all grafted on a T 60/887 root-
stock) in the different seasons of Ghana (in West Africa) and to determine the physiological
basis of their respective shade requirements. To circumvent complications that could have
emanated from inter-species competition the experiment was conducted in a nursery envi-
ronment using shade netting to vary the intensities of incident light. Results from this exper-
iment were used later to provide useful further insights into similar experiments conducted

under field conditions.

4.2 Materials and methods:

The experiment was carried out inside a 35 m x 30 m nursery shade house that was covered
artificially on all sides with a single-layer of shade netting, supported by galvanized pipes and
rafters. Inside the shade house, pits 4.5 m long * 1.35 m wide * 1 m deep were constructed
of concrete blocks. To provide drainage, large stones were put in the bottom of the pit and
then gravel was added to bring the level up to half way (about 50 cm) below the top of the
pit. A polythene sheet, perforated with five 1 cm - diameter holes across its length at 90 cm
intervals was spread on top of the gravel. An 8 cm deep layer of sand was put on top of the
polythene sheet. Plants of the four cacao clones were potted into large (32 cm x 37.5 cm)
black polythene bags (growing pots) perforated with about 28 evenly distributed 0.7 cm -

diameter holes and filled with top-soil. On 8" March 2007 the growing pots were placed on
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top of the layer of river sand and more sand was added between the pots until the river sand
layer was approximately 27 cm deep, leaving the top 15 cm of the pit empty (see Fig 23).
Thus a greater part of the stems of the cacao plants in the growing pots projected vertically
above the side walls of the pit (Plate 13). The holes in the growing pots provided contact be-
tween the topsoil in the pots and the river sand in the pits whiles the holes in the spread
polythene sheet ensured drainage down the pit. Watering was not direct to the pots, but
was applied to the river sand when its water content declined from “field capacity’ (12.5%) to
about 10%. In the absence of any rainfall the river sand was able to supply the plants with
water for 14 — 18 days depending on the season, the shade regime and the age of the cacao
plants.

The experiment consisted of three shade regimes: light shade (32.5% shade, Plate 13), me-
dium shade (55% shade, Plate 14) and heavy shade (76% shade, Plate 15) created by means
of (a) the outermost single net (b) the erection of an additional single-netted or (c) double-

netted cage, respectively, over the cacao growing in the pits.
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Figure 23 Diagram showing the placement of growing pots in a propagation pit
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The experiment was therefore set out as a split-plot with shade as the main plot factor and
the four clones as sub-plots. There were five plants per sub plot and each was replicated

three times. The layout was as shown in Figure 23.
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Plate 14 Cacao growing under the medium shade
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Plate 15 The heavy shade situation under which the cacao was grown
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32.5% shade 76% shade 55%shade

Figure 24 Layout of the shade * genotype nursery experiment

Photosynthesis measurement:
The infra red gas analyzer (LC pro+, ADC Bioscience, UK) was used to measure stomatal con-

ductance and the rates of photosynthesis and transpiration once every month for 12 months
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beginning in April 2007 (See section 2.3 for details). Measurements were taken under am-
bient light.

To reduce effects caused by diurnal fluctuations in photosynthesis, measurements were tak-
en between 9:00 am and 11:00 am. For each replication three out of five plants were tagged
and the youngest expanded and hardened leaf of a tagged plant was selected for data col-
lection.

A diurnal study was also made on 28 April 2008 in which an artificial light source provided a
constant saturated light intensity (1200 umol photons m=2s!) to assess diurnal photosynthe-
sis under constant light conditions.

Data on Relative Humidity and Temperature:

Screened Tiny-Tag data loggers (Gemini Data Loggers, Chichester, UK) were used to record
the temperature and relative humidity at 15 minute intervals in the three micro-
environments of the trial during days of photosynthesis data collection.

Diurnal relative humidity and temperature values for 28 April 2008 are shown in (Figures 24
and 25)

Diurnal relative humidity
The diurnal relative humidity values under the three shade treatments were between 93 and

96 % around 08:30 hours, and declined progressively during the day. Diurnal relative humidi-

ty values were generally lower under increasing light (Fig 25).
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Diurnal Temperature
Diurnal temperatures ranged between 25 and 26 °C by 08:30 hours under all the shade

treatments to 29°C, 30°C and 32°C under the heavy, medium and light shade treatments,

respectively at 12:45 hours and then declined to about 24 °C by 16:30 hours (Fig 25).

32.5% shade

55% shade

|
76% shade

Humidity %
0
o
o

09h 10h 11h 12h 13h 14h 15h 16h

Figure 25 Relative humidity values under the different shade treatments
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Figure 26 Diurnal aerial temperature under the different shade treat-
ments

Measurement of Leaf Chlorophyll Fluorescence:
Leaf chlorophyll fluorescence was measured using the leaf chlorophyll fluorescence meter

(FP100; Photon Systems Instruments, Brno, the Czech Republic) between 11:00 am and
12:15 pm on the same days that photosynthesis measurements were carried out (see sec-
tion 2.3.1 for details). Leaves that had been selected for photosynthesis measurement were
also dark adapted for 30 minutes by means of strips of aluminium foil before leaf chlorophyll

fluorescence measurements were taken.
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Determination of fresh and dry weight of experimental plants:

At the end of the experiment (in May 2008) two out of the three plants on which growth and
physiological measurements had been made per treatment per block during the course of
the experiment were randomly selected for destructive harvesting. Selected plants were
bulked and their organs were separated for fresh and dry weight determination. Drying was
done in a ventilated oven at 80 °C for 60 hours after which no changes in weight were ob-
served.

Determination of leaf area
Before determining dry weights of the organs of experimental plants selected for destructive

harvesting fresh leaves of the selected plants were taken for leaf area determination using
an automatic leaf area meter (Delta- T Devices Ltd., Burwell in Cambridge, U.K.). The leaf ar-
eas of all the leaves of selected individual plants were measured.

Leaf traits
The leaf traits including the leaf chlorophyll concentration, leaf nitrogen and phosphorus

contents, relative water content and specific leaf weight were determined as described in

the ‘General Materials and Methods’ chapter (See section 2.3.2 for details).

4.3 Results

In the cacao-growing belt of West Africa three seasons are generally recognized: the major
rainy season (March to Mid-July), the minor rainy season (Mid-July to October) and the dry
season (November to February) and these are accompanied by changes in climatic factors
such as rainfall, relative humidity and temperature (Appendices 1 and 2) that affect plant

physiological activity.
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Table 3 Mean seasonal relative humidity (% RH) and temperature (T °C)
under different shade regimes over the experimental period.

32.5% shade 55.0% shade 76.0% shade Mean
RH T RH T RH T RH T

. . 7000 369 728 348 750 322 726 34.6
Major rainy season

Minor rainy season 649 319 731 312 768 310 716 313

50.2 368 51.1 352 585 333 533 35.1
Dry season

Mean 61.7 352 657 337 701 32.2 6583 33.67

Mean aerial temperatures were approximately 3.5°C lower during the minor rainy season
compared with the major rainy season and the dry season as a result of overcast conditions
that characterise much of the minor rainy season. Also the temperature under the heaviest
shade was approximately 3°C lower than under the lightest shade (Table 3).

Over the experimental period the mean relative humidity for the two rainy seasons was
72.1% compared with a mean value of 53.3% for the dry season. The mean relative humidity
under the heaviest shade was 70.1% compared with 61.7% under the lightest shade (Table
3).

Stomatal conductance

Stomatal conductance rates varied significantly (p = 0.001) between seasons. The highest
rate (0.162 mol m™2s™") was observed in the minor rainy season which was 13.6% higher than
the mean rate in the major rainy season and 50.2% higher than that of the dry season of the
2007/2008 crop year (Fig 27).

Over the entire experimental period the stomatal conductance of the cacao clones under the
medium shade (55% shade) had the highest rate (0.1462 mol m~2s7") and the lightest shade

(32.5% shade) having the lowest rate (0.1372 mol m™%s™) (p = 0.002). However, stomatal
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conductance under the different shade treatments seemed to have been influenced by the
seasons. During the dry season, plants under increasing shade had higher stomatal conduct-
ance; whereas in the rainy seasons plants that were growing under the heaviest shade (76%
shade) had 34% lower mean stomatal conductance rates compared with those under the
lightest shade (32.5% shade) during the dry season plants that were growing under the heav-
iest shade had 50% higher stomatal conductance rates than those under the lightest shade.
Thus there was a significant (p < 0.001) season * shade interaction on stomatal conductance.
Over the entire experimental period, differences in stomatal conductance between cacao
clones were not significant. However, a significant (p < 0.001) season * clone interaction was
observed. With the exception of SCA 6, all the clones had lower stomatal conductance rates
in the dry season compared with highest rates obtained in the minor rainy season. P 30
[POS] had an 18.7% reduction in its stomatal conductance during the dry season and T
79/501 and PA 150 had 37.9% and 59.4% reductions, respectively. Thus the reductions (in
the dry season as compared with the rates in the minor rainy season) experienced by the

clones varied considerably (Fig 27).
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Figure 27 Mean stomatal conductance of (a) SCA 6 (b) T 79/501

(c) P 30 [POS] and (d) PA 150 under varying shade levels.

Each bar represents the mean of 12 measurements on three

plants per treatment per block.
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In the two rainy seasons PA 150 had the highest rates (mean 0.1655 mol m™2s™") whilst SCA 6
had the lowest (with 21.9% lower values than PA 150). T 79/501 and P 30 [POS] had inter-
mediate values (0.1589 mol m™2s™" and 0.1504 mol m™2s7", respectively). In the dry season,
however, P 30 [POS] and SCA 6 had the highest rates (above 0.12 mol m™2s™") whilst T
79/501 and PA 150 had 16.2% and 41.4% lower rates than that obtained by P 30 [POS]). The
differences between clones were generally consistent under the shade treatments. There-

fore, the shade * clone interaction term was not significant.

Transpiration

Similar to the observation on stomatal conductance, transpiration tended to be higher under
lighter shade such that under the heaviest shade (76% shade) transpiration was on average,
25.7% less than under the lightest shade (32.5% shade).

The rates of transpiration were significantly (p < 0.001) different between the seasons (Fig
28). A mean rate of 2.066 mmol m™2s™" was observed in the major rainy season which was
50.2% higher than the rates observed in the dry season. Inverse responses on transpiration
were observed under the shade treatments as the seasons changed. In the rainy seasons the
lowest transpiration rates were observed under the heaviest shade; in the dry season, how-
ever, the heaviest shade had plants with the highest rate (1.2 mmol m™2s™") which was 56.5%
higher than rates observed under the lightest shade. Thus the season * shade interaction

term was significant (p = 0.001).
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Figure 28 Transpiration of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different shade and in different seasons.

Each bar represents the mean of 12 measurements on nine
plants per treatment.
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There were significant (p < 0.001) differences in mean transpiration rates between the
clones over the experimental period (Fig 28). P 30 [POS], PA 150, T 79/501 and SCA 6 had
mean transpiration rates of 1.654 mmol m™2s7", 1.632mmol m™2s™", 1.589 mmol m™%s™" and
1.476 mmol m~2s7", respectively. This order was maintained under all the shade treatments.
Hence the shade * clone interaction term was not significant. However, changes occurred in
their respective ranking positions of the clones in each season, so that SCA 6 which had the
lowest transpiration rate during the rainy seasons (mean = 1.674 mmol m™2s™") had the high-
est rate (mean = 1.081 mmol m™2s™") during the dry season. In the dry season, its transpira-
tion rate was 1.2% higher than that of P 30 [POS], 4.4% higher than that of T 79/501 and
13.6% higher than the rate for PA 150. Hence the season * clone interaction term was signif-
icant (p < 0.001) (Fig 27). The season * shade * clone interaction term was not significant.
Photosynthesis

The highest photosynthetic rates (mean = 3.37 umol m™%s™") were observed in the major
rainy season (p < 0.001). That was 34.6% higher than the rate for the minor rainy season
and 2.9 times higher than the rate during the dry season. Photosynthetic rates were signifi-
cantly (p < 0.001) different under the shade treatments so that plants under the lightest
shade had, on average, a rate (3.26 umol m™2s™") which was 34.6% higher than that of the
medium shade and 3.16 times as high as that of the heaviest shade. However, season
seemed to have influenced photosynthesis under the different shade treatments. During the
dry season (unlike the rainy seasons), plants under the medium shade had the highest rate
of photosynthesis (0.823 umol m™2s™") which was 4.7% higher than the rate for the heaviest
shade and 62.8% higher than that of the lightest shade. The season * shade interaction term

was, therefore, significant (p < 0.001).
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Figure 29 Photosynthesis of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]

and (d) PA 150 under different shade and in different seasons.

Each bar represents the mean of 12 measurements on nine

plants per treatment.
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Stomatal conductance had a positive relationship with the rates of photosynthesis in all the
cacao genotypes. Although when averaged over the shade and season treatments, clones
were not significantly different in different seasons, some changes were observed in the or-
der of the clones such that PA 150 which had the highest rate (3.54 umol m™2s™") during the
major rainy season had the lowest rate (0.551 pmol m™2s™") in the dry season whereas SCA 6
which had the lowest rate (3.11 pmol m™2s™") during the major rainy season had the highest
rate (0.957 umol m™2s7") in the dry season. All the clones had their lowest photosynthetic
rates in the dry season (Fig 29). Similarly, all the clones had their highest mean photosyn-
thetic rates under the lightest shade and their lowest rates under the heaviest shade. Thus
the shade * clone and season * clone interaction terms were not significant and there were
no significant second order interactions.

Leaf Chlorophyll Fluorescence

Chlorophyll fluorescence values did not vary between the seasons.

Fv/Fm of the cacao plants increased significantly (p < 0.001) with increasing shade (Fig 29).
The heaviest shade (76% shade) had plants with an Fv/Fm value of 0.7184 which was 23.6%
higher than the ratio for plants under the lightest shade. Although plants under all the
shade treatments had lower Fv/Fm values in the dry season (compared with their respective
Fv/Fm values in the major rainy season) the magnitudes of the decrease were not equal. For
plants under the heaviest shade, their mean Fv/Fm was 3.8% lower during the dry season
than during the major rainy season whereas under the lightest shade plants experienced a
7% decrease during the dry season compared their values during the major rainy season.
Thus the season * shade interaction element was significant (p = 0.013) (Fig 30).

There were significant (p = 0.006) differences between the cacao genotypes with their Fv/Fm

values ranging from 0.6434 (for T 79/501) to 0.6689 (for SCA 6). These differences were con-
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sistent through the seasons and the season * clone interaction term was not significant. The
shade * clone interaction component was also not significant. All the clones had higher

Fv/Fm values under increasing shade.
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Figure 30 Leaf chlorophyll fluorescence of (a) SCA 6 (b) T 79/501
(c) P 30 [POS] and (d) PA 150 under different shade levels and in
different seasons.

Each bar represents the mean of 12 measurements on three
plants per treatment per block.
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4.3.1 Diurnal stomatal conductance

Stomatal conductance decreased as the day progressed. For all the cacao genotypes there
was a striking drop in stomatal conductance between 8:00 and 10:00. In addition, stomatal
conductance declined with increasing shade level (p < 0.001) so that the highest mean sto-
matal conductance (0.2124 mol m™2s™") occurred under the lightest shade and was 30.7%
and 77.2% greater than the values under the medium and heaviest shades, respectively (Fig
31).

A significant (p = 0.018) time * shade interaction was observed. Although there were con-
sistent differences in stomatal conductance between the shade levels, the magnitude of the
differences became smaller as the day progressed.

The shade * clone interaction term was not significant and there were no significant second
order interactions.
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Figure 31 Diurnal stomatal conductance of (a) SCA 6 (b)
T 79/501 (c) P 30 [POS] and (d) PA 150 under different
shade levels.

Each line describes the response of 3 plants per shade
treatment per block.
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Diurnal Transpiration
Diurnal transpiration in the plants did not change significantly with time or shade level. Also

the time * shade interaction component was not significant (Fig 32). Significant (p = 0.033)
differences in transpiration rates were observed between clones (Fig 32). T 79/501 had a
transpiration rate of 1.69 mmol m™s™ which was over 16% lower than those of the other
clones.

No significant time * clone interactions were observed. However, the shade * clone interac-
tion term was significant (p = 0.012). Whereas T 79/501 maintained the same rate (1.6 -1.7
mmol m™2s™") PA 150 had a 26.1% reduction in transpiration rate under the heaviest shade

(Fig 31).
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Figure 32 Diurnal transpiration of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different shade intensities.
Each line describes the response of three plants per shade treatment
per block
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Diurnal Photosynthesis

Significant (p = 0.004) differences were observed in photosynthesis with time, higher rates
occurring during the first half of the day (between 8:00 and 12:00 hours). The peak rates of
light-saturated photosynthesis (4.51 umol m™2s™") were recorded around 10:00 hours after
which time the rates declined steadily till the end of the day (p = 0.004) (Fig 33).
Photosynthetic rate generally increased with reducing shade level (p < 0.001). The time *
shade interaction component was not significant (Fig 33).

There were no significant differences between the cacao genotypes.
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Figure 33 Diurnal photosynthesis of (a) SCA 6 (b) T 79/501 (c) P 30

[POS] and (d) PA 150 under varying shade.

Each line describes the response of three plants per shade

treatment per block
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The shade * clone interaction component was significant (p = 0.02). SCA 6 experienced a
smaller reduction in photosynthesis under increasing shade than the other clones. The pho-
tosynthetic rate of SCA 6 under the lightest shade was 29.6% higher than under the heaviest
shade. On the other hand photosynthetic rate of the other clones declined between 37%
and 55% (compared with their respective rates under the lightest shade). The time * clone
interaction term and the second order interactions were not significant.

Diurnal leaf chlorophyll fluorescence
Overall mean Fv/Fm declined from 0.6774 at 8:00 hours to 0.6250 at 10:00 (when photosyn-

thesis was highest) and then it began to rise steadily (until 16:00) to a maximum of 0.7373
(p=0.001) (Fig 34).

The mean Fv/Fm value under the heaviest shade was (0.7237) being 20% higher than under
the lightest shade (Fig 34) (p=0.001). The time * shade interaction element was not signifi-
cant. Differences between the leaf chlorophyll fluorescence of the clones were significant (p
=0.001) (Fig 34). T 79/501 had the highest mean chlorophyll fluorescence value (0.6864) and
PA 150 had the lowest value. A significant (p = 0.001) shade * clone interaction was ob-
served. Although for all the cacao clones, plants under the heaviest shade had the highest
Fv/Fm value, the magnitudes of the difference that occurred as light levels increased were
different for the clones. Under the lightest shade (32.5% shade) SCA 6 and PA 150 had lower
Fv/Fm values than under the other two shade treatments. For T 79/501 and P 30 [POS]
Fv/Fm values declined significantly under both 32.5% and 55% shade levels.

The time * clone interaction term was not significant. The highest leaf chlorophyll fluores-

cence values were observed at 16:00 hours when photosynthesis was lowest (Fig 34).
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Figure 34 Diurnal leaf chlorophyll fluorescence of (a) SCA6 (b) T

79/501 (c) P 30 [POS] and PA 150 under varying shade.

Each line describes the response of three plants per shade

treatment per block
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4.3.2 Leaf traits

Leaf Nitrogen

Leaf nitrogen concentrations ranged from 1.91% to 2.01% and were not significantly differ-

ent under the shade treatments.
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Figure 35 Leaf nitrogen concentration of cacao clones under different shade treat-
ments.

There were also no significant differences between cacao genotypes. However, there was a
significant shade * clone interaction (p = 0.035) so that SCA 6 plants that were under 76%
shade had a 20% reduction in leaf nitrogen concentration whilst P 30 [POS] plants experi-
enced a 19% increase in leaf N concentration. In contrast, N content was not much affected

by shade in T 79/501 and PA 150 (Fig 35).
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Leaf chlorophyll concentration

Although there were no significant differences in leaf chlorophyll concentrations between
clones (Fig 35), chlorophyll content increased significantly with increased shade level(p =
0.032). Chlorophyll content was 53.5% higher under the heaviest shade than the value for

plants under the lightest (Fig 36).The shade * clone interaction term was not significant.
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Figure 36 Leaf chlorophyll concentration of cacao genotypes under different shade
levels

Leaf Phosphorus Concentration

No significant differences in cacao leaf phosphorus concentration were observed under the
shade treatments. However, there were significant (p < 0.001) differences in leaf phosphorus
concentrations between clones so that T 79/501 and PA 150 had a significantly higher phos-

phorous content than P 30[POS] and SCA 6 (Fig 37). The shade * clone interaction term was
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not significant.
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Figure 37 Leaf phosphorus concentration of cacao genotypes under different shade lev-
els

Relative water content

There were no significant differences between the cacao genotypes or the shade treatments
in the relative water content of plants. However there was a significant (p = 0.003) shade *
clone interaction term so that whereas the relative water content of SCA 6 and PA 150 in-
creased with increasing shade, the other clones showed no consistent trends under the

shade treatments (Fig 38).
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Figure 38 Relative water content of the leaves of cacao clones under varied shade levels

Specific leaf weight

Although the cacao clones did not differ significantly on specific leaf weight, plants that grew

under increasing shade showed a reduction in the specific leaf weight so that the mean val-

ue was 44.1% higher under the lightest shade than that under the heaviest shade. The shade

* clone interaction component was not significant (Fig 39).
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Figure 39 Specific leaf weight of 12 month old cacao under different shade levels

4.3.3 Growth parameters

Leaf number

The number of leaves produced per plant differed significantly (p = 0.002) under the shade
treatments, plants under heavier shade having smaller numbers. At the time of destructive
sampling, the lightest shade treatment had plants with a mean of 202 leaves which was
39.4% and 76.8% more than the number for plants under the medium and the heaviest
shade treatments, respectively (Fig 40).

There were also differences (p = 0.009) between clones in leaf number. SCA 6 had the high-
est number of leaves (177) per plant. That was 23.9%, 40.0% and 41.2% more than P 30
[POS], PA 150, and T 79/501, respectively. The shade * clone interaction term was not signif-
icant (Fig 40).
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Figure 40 Number of leaves produced/plant by cacao under different shade levels

Each bar represents the mean value for six plants

Individual leaf size

Plants under different shade treatments had significantly different (P = 0.013) mean leaf siz-
es, with those under heavier shade producing bigger individual leaves. The lightest shade
had plants with a mean leaf size of 128.16 cm? which was 7.7% and 22.6% smaller than the

leaf sizes of plants under the medium and heaviest shade treatments, respectively (Fig 41).
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Figure 41 Individual leaf size of cacao plants under different shade intensities

Each bar represents the mean value for six plants

There were also significant (p = 0.003) differences between clones. PA 150, T 79/501, P 30
[POS] and SCA 6 had mean sizes of 166.09 cm?, 202.99 cm?, 140.86 cm? and 85.05 cm?, re-
spectively (Fig 41). The mean leaf size of T 79/501 was not very different under varying
shade and P 30 [POS] did not show consistent results under the shade treatments. However,
both SCA 6 and PA 150 consistently had increasing leaf sizes with increasing shade. The
shade * clone interaction element was marginally significant (p = 0.053).

Leaf area per plant

Differences between clones in leaf area per plant were on the borderline of significance (p =
0.05). The leaf areas were 1.31 m?, 1.32 m?, 1.91 m? and 2.34 m? for SCA 6, PA 150, P 30
[POS] and T 79/501, respectively.

The shade * clone interaction term was significant (p = 0.048) with SCA 6 and T 79/501 hav-

ing their biggest leaf areas under the medium shade and P 30 [POS] and PA 150 having their
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biggest values under the lightest shade (Fig 42).

4.5 -
4 A -
3.5 1 LSD clone = 1.47
L
=
EL 2.5 4 35
:ﬁ LSD shade * clone = 1.49
E 2
o]
i 1:5.9
]
E 1 | gl m32.5% shade
- B 55% shade
0.5 - ‘ B 76% shade
0 - ' T = T = T - T T 1
SCAG  T79/501P30[P0OS] PA150

Figure 42 The leaf area per plant under different shade levels

Each bar represents the mean value for six plants

Leaf dry weight / plant

Similar to the observation on leaf area, plants under heavier shade had lower (p =0.05) to-
tal leaf dry weight so that those under the lightest shade had a total leaf biomass that was
8.1 times heavier than that of those under the heaviest shade (Fig 43).

There were no significant differences between clones and the shade * clone interaction term

was also not significant.
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Figure 43 Leaf dry weight of cacao plants under different shade levels

Each bar represents the mean value for six plants

Stem girth

At the end of the experiment the stem diameter of the plants differed significantly (P =
0.001) under the shade treatments with plants under heavier shade having smaller stem di-
ameters (Fig 44). The lightest shade regime had plants with a mean stem diameter of
23.51mm. That was 32.6% and 52.9% greater than those of plants growing under the medi-
um and heaviest shade treatments, respectively.

The clones also had significant differences between them (p = 0.032). The biggest clone, T
79/501 had a mean stem diameter of 19.3 mm and was 8.3%, 10.2% and 20.8% greater than
P 30 [POS], PA 150 and SCA 6, respectively (Fig 44). The shade * clone interaction term was

not significant.
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Figure 44 Stem girth of cacao clones under different shade 12 months into the experi-
ment

Each bar represents the mean value for six plants

Plant height

At the end of the experiment, the clones were not significantly different in height. Their
mean heights ranged from 117 cm (for SCA 6) to 131 cm (for T 79/501) (Fig 45).

Plant height differed significantly (p = 0.012) under the shade treatments. The lightest shade
treatment had plants that were 154 cm tall on average and 9.7% taller than those under the

medium shade but 49.9% taller than those under the heaviest shade (Fig 45).
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Figure 45 Plant height of cacao clones 12 months into the experiment

Each bar represents the mean value for six plants

4.4 Cacao stem volume

Plant stem volumes were significantly (p = 0.007) different under the different shade levels
(Fig 46). The lightest shade regime had plants with a mean stem volume of 248.3 cm3. That
was 88.96% bigger than that of plants under the medium shade and 9.4 times bigger than
those under the heaviest shade. There were also significant (p = 0.015) differences between
clones. The biggest was T 79/501 (193 cm3). P 30 [POS], PA 150 and SCA 6 had 131.3 cm?,
125.3 cm?® and 91.4 cm3 stem volumes, respectively.

The shade * clone interaction term was not significant (Fig 46).
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Figure 46 The stem volumes of cacao clones under varying shade

Each bar represents the mean value for six plants

Stem dry weight

Stem dry matter accumulation was significantly (p = 0.003) lower under increasing shade so
that the lightest shade had plants with a mean stem dry weight of 0.3015 kg/plant which
was 67.1% higher than that of plants under the medium shade and 9.48 times greater than

that of the plants that grew under the heaviest shade (Fig 47).
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Figure 47 Mean stem dry weight of cacao under different shade levels.

Each bar represents the mean value for six plants

Significant (p = 0.026) differences were also found between clones in stem dry weight per
plant, with T 79/501 having the highest value (0.2195kg ) which was 10.7% greater than that
of P 30 [POS], 57.9% greater than that of SCA 6 and 71.2 % greater than that of PA 150. The
shade * clone interaction term was not significant.

Stem dry weight: fresh weight ratio

The stem dry weight: fresh weight ratio was not significantly different between clones or

shade treatments (Fig 48). The shade * clone interaction term was not significant.
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Figure 48 Stem dry weight: fresh weight ratio of cacao under different shade levels.

Each bar represents the mean value for six plants

Root dry weight

There were significant (p = 0.018) differences in root dry weight for plants that grew under
different shade treatments with those under increasing shade having lower values. The
lightest shade had plants with a mean of 0.141 kg/plant root dry matter and that was 20.5%
more than that of plants under the medium shade and 5.9 times greater than that of plants
under the heaviest shade. There were no significant differences between clones and the

shade * clone interaction term, was also not significant (Fig 49).
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Figure 49 Root dry weight of cacao under different shade levels 12 months into the
experiment.

Each bar represents the mean value for six plants

4.5 Root dry weight: fresh weight ratio

The root dry weight: fresh weight ratio was not significant among the clones. They ranged
from 27.60% (for SCA 6) to 30.55% (for T 79/501). Plants under the different shade intensi-
ties had significant (p = 0.034) differences between them, the heaviest shade having plants
with 23% less dry matter compared with those under the lightest shade which had the high-
est (33.65%) dry matter content (Fig 50) . The shade * clone interaction term was not signifi-

cant.
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Figure 50 Root dry weight: fresh weight ratio of cacao grown under different shade
intensities.

Each bar represents the mean value for six plants
Shoot: root ratio
SCA 6, P 30 [POS], T 79/501 and PA 150 had shoot: root ratios of 4.09, 3.69, 3.42 and 3.21,
respectively (Fig 51), the differences being significant at (p = 0.045). The shade treatments
had plants with significant (p = 0.031) differences. The medium shade had plants with the
highest shoot: root ratio (4.26) followed by the lightest shade treatment (3.65) and then by
the heaviest shade treatment (2.9). The shade * clone interaction term was not significant

(Fig 51).
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Figure 51 The shoot: root ratio of cacao grown under different shade intensities

Each bar represents the mean value for six plants
Leaf weight ratio
There were no significant differences in leaf weight ratios between clones (Fig 52). The
shade treatments were also not significantly different although a trend was observed in
which plants under increasing shade tended to have increased leaf weight ratios. The shade

* clone interaction term was not significant (Fig 52).
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Figure 52 The leaf weight ratio of cacao grown under different shade levels

Each bar represents the mean value for six plants

4.6 Discussion

Stomatal conductance and transpiration

The significant seasonal differences in stomatal conductance rates observed in the present
work, with the lowest stomatal conductance rates occurring in the dry season may be ex-
plained by changes in environmental variables notably the relative humidity and air temper-
ature (Table 2). The low relative humidity and high ambient temperature during the dry sea-
son must have contributed to the creation of a high water vapour pressure deficit (WVPD),
causing the plants to restrict stomatal opening in order to limit plant water loss and con-
serve plant tissue water. With restricted stomatal opening, transpiration too was lowest dur-
ing the dry season.

In contrast with the dry season the minor rainy season, in which the plants had the highest

stomatal conductance rates, was characterized by high relative humidity and low tempera-
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ture. Probably the high relative humidity in the minor rainy season took precedence over
the lower ambient temperature and thus supported the creation of a condition of high water
vapour pressure in that season.

Data from the diurnal study gave further proof of the influence of increased water vapour
pressure deficit on CO; uptake and transpiration in cacao. In that study higher aerial tem-
perature and reducing relative humidity values were recorded as the day progressed to-
wards the early afternoon presumably causing a higher water vapour pressure deficit around
midday. In a ‘trade- off’ fashion the plants apparently responded by restricting stomatal
opening in order to reduce transpirational water loss but by so doing had their CO, uptake
reduced (Hall et al., 1976). Sheriff and Kaye (1977) explained that stomatal closure due to an
increase in WVPD is a “hydroactive response to water stress in the epidermis”. Raja Harun
and Hardwick (1988) cited Slatyer (1966) as suggesting that stomatal closure in response to
high WVPD is due to increased drying of the mesophyll cell surfaces.

The significant season * clone interaction in stomatal conductance and transpiration rates is,
probably, indicative of genetic differences expressed under varying conditions. The observa-
tion that SCA 6 had the lowest stomatal conductance and transpiration rates in the major
rainy season but the highest rates during the dry season suggests that SCA 6 was not under
as much stress (during the dry season) as the other clones, indicating a higher tolerance to
increased water vapour pressure deficit than the other genotypes. On the other hand, it
could simply mean that it has a poorer ability to regulate stomata and conserve water even
under atmospheric stress. The greater stomatal closure in PA 150 (59.5%) and T 79/501
(37.9%) than in the other genotypes during the dry season (as compared with the rainy sea-
sons) suggests a more effective stomatal control under low humidity conditions in PA 150

and T 79/501 than in the other genotypes. Balasimha (1988) and (1999) noted that an effec-
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tive stomatal regulation in cacao genotypes is an important “acclimation strategy” against
drought as such genotypes tend to maintain leaf turgidity and a high water potential under
dry conditions. Thus reduced transpiration, especially under dry conditions, is regarded as a
mechanism of drought tolerance. As mentioned in the General Introduction Raja Harun and
Hardwick (1988) also noted that the few genotypes of cacao which have an efficient mecha-
nism of stomatal regulation show a decrease in transpiration under water stress. Therefore,
based on the latter assumption, PA 150 (followed by T 79/501) would be regarded as the
most suitable (of the genotypes studied here) for conditions of high water vapour pressure
deficit as it seemed to possess greater stomatal regulation ability than the other clones.

Joly and Hahn (1989a) explain that stomata of cacao leaves are particularly sensitive to some
signal induced by plant water deficit, with stomatal conductance being affected by very mild
levels of stress. These authors cited separate works by Cornish and Zeevart (1985) and Lach-
no and Baker (1986) which suggest that ABA, synthesized in roots in response to water defi-
cit, acts to induce stomatal closure. Responses triggered by such internally controlled mech-
anisms are likely to differ between genotypes.

Plant reaction under the varied shade levels may be interpreted in terms of the direct effect
of varied available light itself and/or indirect effects such as changes that occur in other en-
vironmental factors including relative humidity, air and soil temperature and soil moisture as
shade intensity changes. Thus the observation that plants which grew under increasing light
intensities tended to have higher stomatal conductance and transpiration rates during the
two rainy seasons could have been caused by the direct effect of increased light in those
seasons. It appears that under the higher light intensities the cacao plants increased their
CO; uptake through wider stomatal opening so as to utilize the increased light energy that

became available. That observation confirmed an earlier observation of Balasimha (1999)
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which showed that stomata of intact cacao leaves generally open in response to increases in
light intensity. The response could also have been influenced by the higher aerial tempera-
ture observed under lighter shade. The result was similar also to an observation by Okali and
Owusu (1975) who reported that when there was adequate soil moisture, leaf temperatures
of unshaded cacao seedlings were higher than shaded ones, and transpiration was higher
under the no shade situation. Due to the high ambient relative humidity in those seasons the
water vapour pressure deficit was not expected to be unduly high although temperatures
were higher and the evaporative demand on plants would be moderate enough to be met by
soil water uptake by the plants. Although similar observations have been made by other
workers, many of them recommend a degree of shading for young cacao as the benefits it
confers are often considered enough to outweigh its disadvantages.

Showing that some shade is required in young cacao Ahenkorah et al. (1974) and Alvim
(1977) reported excessive leaf transpiration under no shade and explained that this condi-
tion is inimical to young cacao plants as they are susceptible to water stress. As mentioned in
the ‘Introduction’ chapter the two groups of major physiological benefits that cacao receives
from shade trees are associated with reduced stress (Anim-Kwapong, 2003, Beer et al.,
1998). Estimating the reducing effect of shade on transpiration, Valle et al. (1987) referred to
data modelled for transpiration and showed that on a sunny day a shaded cacao tree could
transpire 40 litres of water assuming that all the leaves transpired at the same rate. On the
other hand cacao planted without shade could transpire 90 litres of water (2.4 litres m™2d™")
if all of its leaves were exposed to incident light. Results from the current experiment seem
to support the idea of shade especially during the dry season.

During the dry season stomatal conductance and transpiration rates were lower under in-

creasing light. This indicated that the shade treatments modulated the effect of the seasons
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in different ways. It is not known with certainty how the change in direction of plant re-
sponse under shade was brought about as the seasons changed. However, the observation
was consistent with Balasimha’s (1999) earlier observation that a condition of low relative
humidity reverses the increasing effect of light on stomatal opening. Probably, the greater
stomatal opening under increasing shade during the dry season was caused by the observed
higher relative humidity values under increasing shade in that season. Increasing shade
would then result in a lower water vapour pressure deficit which would reduce atmospheric
stress on the plants.

As stomatal conductance is a primary event for photosynthesis, the observed changes in it in
the different seasons and under the shade levels were similar to the changes observed in

photosynthesis.

Leaf chlorophyll fluorescence and photosynthesis

The fact that photosynthetic data were collected under different growing environments and
across the different seasons of the year explains the wide range of photosynthetic rates
(0.373 pumol m™2s7"to 6.26 pmol m™2s™") observed in this work.

As explained above the plants experienced restricted CO; uptake in the dry season. Also
lower chlorophyll fluorescence values were recorded in the dry season than in the other sea-
sons reflecting lower PS Il efficiency. Therefore, reduced CO;, uptake (due to stomatal clo-
sure) and reduced efficiency of PS Il activity (also due to environmental stress) may have
been the main reason for the lower photosynthetic rates observed in the dry season.
According to Daymond and Hadley (2006) “high temperature stress may be experienced dur-
ing the dry season” in a number of cacao growing areas including Ghana” where, although
the monthly maximum temperatures reach 31 - 32°C (Wood, 1985), “absolute temperatures

of up to 39 °C have been recorded more recently ”.
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The fact that (when assessed over the entire period) stomatal conductance was not very dif-
ferent among the clones may partially explain the reason why net photosynthesis was also
not significantly different for the clones. This shows that at the leaf level, not only are their
ability to capture CO; similar, but their carbon utilization may also be similar. A similar ob-
servation was made by Balasimha (1999) who found no significant differences in net photo-
synthesis between the cacao accessions he worked on. It was interesting, however, to find
(in the current experiment) that when their photosynthetic rates were arranged on a simple
magnitude, their order changed from season to season such that PA 150 which had the
highest rate of photosynthesis in the major rainy season had the lowest rate in the dry sea-
son and SCA 6 which had the lowest rate in the major rainy had the highest rate of photo-
synthesis in the dry season, that being a reflection of the trends observed in stomatal con-
ductance and transpiration. That observation suggested that SCA 6 is a more ‘productive’
clone than the others under high water vapour pressure deficit. The fact that SCA 6 had the
highest mean Fv/Fm value (0.6689) during the dry season is probably an indication of its abil-
ity to withstand atmospheric stress. This explains why it had a higher photosynthetic rate
during the dry season than the other clones. Similar to this observation, Daymond and Had-
ley (2006) found SCA 6 to be the least heat sensitive among four cacao clones that were sub-
jected to a leaf chlorophyll fluorescence technique.

On the other hand, PA 150 (followed by T 79/501) was capable of having higher rates of as-
similation when the atmospheric vapour pressure deficits were more conducive. This trend
was, to a limited degree, a reflection of the significant season * clone interaction observed in
stomatal conductance and transpiration.

The over three times faster rate of photosynthesis recorded (over the entire period) under

67.5% full sunlight than under 24% full sunlight gives an indication of the light requirement
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of the genotypes used in this work. It was mentioned in section 4.1 how some workers, in-
cluding Joly and Hahn (1989a), Da Matta et al. (2001) and Rada et al. (2005) have shown, in
some cacao genotypes, that increased photosynthetic activity occurs with increasing inci-
dent light up to the light saturation point. Asomaning et al. (1971) observed that the im-
provement in the growth of cacao in response to reduced shade can be explained in terms of
increased carbohydrate production and the observations made in this work confirm those
findings.

However, there have been reports which indicate that even in the case of mature cacao,
some shade is desirable. Galyuon et al. (1996b) reported that the photosynthetic rate of ca-
cao decreases if the photosynthetic apparatus is exposed to light intensities above 1800
umol m~2s™". Raja Harun and Hardwick (1988) added that exposure of the cacao leaf to high
light intensities for long periods, damages the leaf photosynthetic mechanism. The shade
requirement, however, appears to be affected by other environmental conditions.

As observed with stomatal conductance and transpiration, the plants altered their relative
photosynthetic activity under the imposed shade treatments with seasonal changes in water
vapour pressure deficit, stomatal conductance and transpiration.

Thus, although when averaged over the entire experimental period absolute net photosyn-
thesis was higher under increasing light, there was greater photoinhibition in the plants that
grew under higher light intensities. The ameliorating effect of increasing shade is shown by
the significant season * shade interaction in which heavier shade led to lower photosystem Il
activity in the rainy seasons but higher photosystem Il activity in the dry season.

In the rainy seasons when the water vapour pressure deficit is low, the plants can utilise
higher light for photosynthesis and the light requirement increases. Thus this seems to sug-

gest that cacao exhibits some acclimation of photosynthesis to light as can also be seen in
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the diurnal profile reported on in this work which suggests that the light requirement of ca-
cao is dynamic. The fact that other environmental factors influence the light requirement of
plants also seems to explain why there is considerable inconsistency in what is considered to
be the optimal light levels for cacao (Da Matta et al., 2001, Joly and Hahn, 19893, Rada et al.,
2005, Raja Harun and Hardwick, 1988).

Results in this work indicate, therefore, that the ideal shade management practice for cacao
should involve providing shade on the basis of the plant’s “current light requirement”. This
implies the provision of lighter shade during the rainy seasons and heavier shade in the dry
season. It appears that this will be needed to maintain optimal photosynthesis over the
cropping year.

Diurnal chlorophyll fluorescence and photosynthesis

This positive relationship between stomatal conductance and photosynthesis (Sena Gomes
et al., 1987) was not seen (in the diurnal experiment) during the early hours of the day. Thus,
although stomatal conductance started to decrease between 8:00 and 10:00 hours GMT,
photosynthesis was still high between those hours. In the early hours photosynthesis may
have been boosted by substantially high light use efficiency.

The observation that the plants had their highest rate of photosynthesis during the first half
of the day but declined towards the midday and afternoon may be explained in terms of the
observed significant depression in leaf chlorophyll fluorescence (Fv/Fm) around midday.
That was an indication that the photochemical efficiency of photosystem Il was significantly
impeded around midday as a result of a high photoinhibition of photosynthesis which, ac-
cording to Galyuon et al. (1996b) is associated with increased quenching of Fv due to in-
creased thermal dissipation of excitation energy (Raja Harun and Hardwick, 1988).

A similar observation was made by Balasimha (1999) in cacao seedlings that net photosyn-
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thesis was highest around the mid-mornings and declined thereafter. It was explained by
this author that at midday, increased light intensity decreased the rate of photosynthesis
due to soil and atmospheric drought (that lead to high water vapour pressure deficit and low
leaf water potential). This explanation focused on the indirect way by which increased light
intensity affects photosynthetic activity. Commenting on a similar observation Raja Harun
and Hardwick (1987) explained that under a situation of high water vapour deficit a greater
proportion of captured light energy would not be used for photosynthesis, a situation which,
can lead to chlorophyll damage.

According to Senevirathna et al. (2003) there is evidence that high irradiances induce de-
pression of photosynthetic productivity in many crops including rubber (Hevea brasiliensis)
even though they may be known to be light-adapted species. Citing earlier work by Powles
(1984), Demmig-Adams and Adams (1992), Osmond (1994) and Senevirathna et al. (2003)
described photoinhibition as commonly affecting plants growing in the tropics, and causing
depressions in photosynthetic efficiency which depressions may be dynamic or chronic de-
pending on relaxation times. Although the relaxation time was not determined in this pre-
sent work, it was likely that the photoinhibition levels that were prevailing immediately be-
fore data collection did persist for a while. This is seen from the fact that although a constant
saturating irradiance was applied artificially at the different times of the day, the recorded
photosynthetic rates varied through time. The observation that the Fv/Fm values increased
after the midday depression suggests that the depression resulted from dynamic photoinhi-
bition and not from photoinhibitory damage to photosystem Il (Osmond 1994). This means
that the photosynthetic apparatus of cacao suffers midday depression, and provided its up-
per limit is not exceeded, it recovers in the course of the night and normal photosynthetic

capabilities are restored.
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As the work seems to point to the need for good shade management for field-planted young
cacao, it would be interesting to know how long it takes for cacao to adapt to a changed
shade level.

Assessing the influence of temperature on the initial growth of young cacao, Daymond and
Hadley (2004) observed genetic differences in response to temperature stress. Therefore,
the observation, in this work, of significantly different Fv/Fm values for the clones suggests
genetic variability under photoinhibitory conditions. PA 150 had the lowest Fv/Fm and this
might have contributed to its low photosynthetic rate during the more stressful conditions
of the dry season. Using excised leaves, Balasimha (1999) observed higher Fv/Fm values in
more tolerant cacao under heat stress which suggested that the efficiency of PS Il activity
was maintained better in those accessions. However, if, as some workers contend, photoin-
hibition is a protective mechanism used by the plant to protect the photosynthetic appa-
ratus then the varieties that exhibit more of it under adverse conditions may be more suita-
ble for planting in marginal areas. Orts and Baker (2002) regard processes such as pho-
torespiration and cyclic electron flow around PS | (that take place under photoinhibition) as

strategies to reduce the harmful effects of high photosynthetic photon flux density (PPFD).

The plants showed significantly different diurnal photosynthetic activity under the different
shade treatments. Absolute net photosynthesis values were lower in the plants that grew
under heavier shade. Yet, as explained earlier, photoinhibition very likely caused a greater
reduction in photosynthetic efficiency in the plants that grew under higher light intensities
than in the others that grew under heavier shade. This is corroborated by the lower Fv/Fm
that was observed under increasing light. The observation that the diurnal Fv/Fm values
were higher under increasing shade is comparable to the mentioned observation by Sen-

evirathna et al. (2003) on rubber seedlings. These authors explained the observation as oc-
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curring because unshaded plants (unlike others in that experiment that grew under 33%,

55% and 77% shade) received “saturating irradiances throughout the day”.

4.6.1 Leaf production

Sale (1968) found, under controlled environments, that increasing temperatures between
23.3°C and 30 °C accelerated flushing initiation. In a review publication De Almeida et al.
(2007) reported that in Bahia (in Brazil), the main leaf flushing period was from September
to February (the period of increasing solar radiation and temperature) while periods of de-
creasing energy coincided with months in which little leaf flushing occurred.

Although there is evidence that under field conditions, the leaf flushing cycle is triggered by
changes in the environment, the cycle persists under constant conditions such as ones pro-
vided under controlled environments. Based on the observation, Orchard et al. (1978) and
(1981) suggest the presence of an endogenous form of control, and that may be an explana-
tion of the observed significant differences in the number of leaves produced by the differ-
ent clones. Being an Amelonado accession, P 30 [POS] was expected to produce a small
number of leaves. The results presented here, however, did not show this. This may be ex-
plained by Hutcheon’s (1977) observation that the loss of leaves by seedlings of Amelonado

occurs only if they are subjected to light levels exceeding 70% daylight.

Orchard et al. (1981) found high levels of auxin and cytokinin in expanding cacao leaves. The
leaves at that stage could be acting as a source for auxin and cytokinin production or as sinks
that receive auxins and cytokinins from other parts of the plant. Machado and Hardwick
(1987) showed that other photoassimilates including carbohydrates are transported into ex-

panding leaves. The probable transportation of substances into expanding leaves of cacao
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may explain the different leaf sizes observed in the clones in the current work since leaves of
different plant materials could be expected to have different sink strengths. Generally, geno-
types that have higher leaf numbers tend to have smaller leaf sizes. The concurrent devel-
opment of more leaves can lead to a higher carbohydrate utilization incident that may use
up available photosynthate and limit the potential of the leaves to grow big.

Okali and Owusu (1975) noted that high light intensity caused constraints to leaf expansion
and Galyuon et al. (1996a) observed a leaf-size reduction of about 30% under full sunlight
compared with 50% sunlight.

Leaf area per plant
The hypothesis by Miyaji et al. (1997) that heavily shaded cacao trees can be more efficient

in photosynthesis and leaf dynamics was not supported by observations in this work as
plants under the heaviest shade had significant reductions in leaf area. This does not con-
tradict the observation by Galyuon et al. (1996a) when he noted a higher leaf area per plant
under 50% sunlight as these authors compared two light intensities (50% sunlight with full
sunlight) that were different from those compared in the present work. Although plants un-
der the highest light intensity had smaller leaves, the greater leaf numbers under higher light
conditions more than compensated for the smaller leaf sizes which would have reduced the
total leaf area. It may also be an indication that many of the leaves that were produced as a
result of the greater number of flushes under higher light intensities were also retained by
the plants. What is shown here is that although increasing light intensities causes reductions
in leaf size, if the intensities are not high enough to lead to substantial restrictions on leaf
expansion and / or cause high leaf abscission, total leaf area can be increased due to in-
creases in the number of leaves produced by the plant. The apparent genotypic differences
in leaf area under the different light levels suggest that to maximise photosynthesis at the

canopy level the shade requirement of individual clones must be taken into consideration.
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4.7 Leaf traits

Leaf structure

The relative water content of the leaves was generally lower than those obtained by de Al-
meida et al. (2002) who assessed the effects of water stress on cacao leaves. The observed
lower leaf relative water content under lighter shade was probably an expression of higher
leaf water stress (Okali and Owusu 1975). The observation was consistent with those made
in other studies. Daymond (2000) made a similar observation on cacao clones when he
found that on the same tree, ‘sun’ leaves had lower leaf water contents than leaves in the
middle of the canopy that experienced more self-shading. In their review on the ecophysiol-
ogy of cacao, de Almeida and Valle (2007) noted that shaded leaves show higher relative wa-
ter content than exposed ones. On the other hand the observed significant positive effect of
increasing light on specific leaf weight (independent of plant material) agrees with earlier
observations made by other workers including Costa et al. (1998), Galyuon et al. (1996), and
Daymond (2000). Higher light intensities are known to contribute to the formation of a
greater number of palisade cells, better developed mesophyll parenchyma and more starch
deposition (Thompson et al.,, 1992) all of which increase specific leaf weight and are ex-

pected to enhance photosynthesis.

The photosynthetic machinery

The significant shade * clone interaction in leaf nitrogen content suggests genetic variability
with respect to leaf nitrogen content. The high leaf nitrogen content of SCA 6 and PA 150
under the highest light regime is what came out to be consistent with earlier observations
made by Daymond (2000) who found, in cacao, that exposed ‘sun’ leaves had a higher nitro-

gen content per unit leaf area than self-shaded leaves and that leaf nitrogen content was
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positively linked to higher photosynthesis. The fact that leaf phosphorus content also dif-
fered significantly among the cacao clones showed that they possessed different strengths
for phosphorus uptake. It was noticed that plants under the different shade treatments did
not have significantly different leaf P levels. A similar observation was made by Raaimakers
et al. (1995) who investigated the relationships between P availability and photosynthetic
capacity of nine trees growing in a heavily weathered soil of a rainforest in Guyana. These
authors observed that leaf P content was a more important determinant of light saturated
photosynthesis (A sat) than leaf N. It was also observed, among all the species, that the light
environment did not alter the leaf P but all the species had constant leaf P concentrations
across different light climates. Thus leaf P was able to limit the photosynthetic rates of plants
regardless of light level.

The observation was made in the present work that heavier shaded plants had higher leaf
chlorophyll concentrations. Probably that is an adaptation of the cacao tree, being an under-
storey species of the tropical rainforest, to increase its photo-utilization capacity under low-
er light intensities and increase protection of the photosynthetic apparatus under high light
intensities. A similar observation was explained by Galyuon et al. (1996b), who found lower
total chlorophyll levels and a reduction in the total chlorophyll to carotenoid ratio under full
sunlight (compared to 50% sunlight), that that response in the plants may help protect leaf
chlorophyll from photo-oxidation. The observations are consistent also with earlier ones
made by Guers (1974) and Daymond (2000) who observed higher leaf chlorophyll contents
in self- shaded cacao. Similarly Costa et al. (1998) recorded substantial increases in leaf

chlorophyll content of shade leaves of cacao seedlings especially under nitrogen application.
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4.7.1 Biomass production

Under normal growing conditions, the stem girth is often used as an important index of veg-
etative growth in cacao. Thus the observed bigger stems under reducing shade and the sig-
nificantly different stem girths between the clones were an indication of relative plant
growth.

Galyuon et al. (1996a) explained the greater heights of plants that were grown under 50%
sunlight than those grown under full sunlight as having been caused by observed longer in-
ternodes in the former. Raja Harun and Kamariah (1983) made a similar observation when
cacao plants grown under 45% sunlight were compared with others under full sunlight. The
dissimilar observation (in this work) in which plants under higher light levels had taller
plants may be explained by the fact that 67.5% sunlight ( instead of 100% sunlight) was used
as the highest light intensity in this present work. Hence inter-node length (not measured)
may not have been reduced by the highest light intensity.

As the plant heights were not very different among the clones, the significant difference in
the stem girths of the clones contributed more towards the significant differences in mean
clonal stem volumes. The stem volume of cacao plants has often been regarded as an index
of plant growth and is a better approximation for total dry matter production than stem
girth alone. Being significantly different in leaf area, the clones were expected to produce
total dry matter at different rates although their rates of photosynthesis per unit leaf area
were not very different. In the case of seedlings (in which self shading is minimal) total pho-
tosynthesis depends on the size and efficiency of the photosynthetic apparatus. Thus in this
work (involving young plants) the basis of genetic differences in dry matter production, was
the rate of leaf area development which determined the relative amount of sunlight availa-

ble to each clone. As the growing period of cacao in West Africa is disrupted by the three -
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month dry period only five months after transplanting, the ability of a genotype to avail itself
of resources, capture resources efficiently convert them into assimilate for growth is essen-
tial. For that reason cacao genotypes in West Africa which exhibit early vigour are regarded
as good candidates for field establishment (Balasimha 1999).

The fact that plants growing under increasing light intensity had greater biomass production
is a reflection of the higher rates of photosynthesis. Considering the differences in net pho-
tosynthesis under the different shade treatments, it can be seen that the highest light inten-
sity provided in this work fell within the range that can be considered ‘appropriate’ (at least
for most of the experimental period). This was the case although under increasing light low-
er values of some desirable factors of photosynthesis including leaf chlorophyll fluorescence,
leaf nitrogen content, leaf chlorophyll concentration and relative water content were rec-
orded. The ‘positive’ influence of increased light on photosynthetic parameters including
stomatal conductance and transpiration as well as morphological characters such as specific
leaf weight, and total leaf area per plant must have outweighed the ‘undesirable’ influences
of increased light. According to Galyuon et al. (1996a) increased sunlight leads to an increase
in “leaf thickness, stomatal density and specific leaf weight” which enhance the “efficiency
of light exploitation and reduce the stressful effects of high light intensity”. According to
Hunt et al. (1990) in areas where soil water and nutrients are not limiting, the growth of a
crop is initially related to the development of leaf area, the amount of PAR it absorbs, and
the photosynthetic conversion ratio (Singh et al., 1990, Singh et al., 1989). Since more leaf
area was developed and PAR was not limiting under the highest light intensity, assimilate

production would be higher provided photoinhibition was manageable.
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4.7.2 Biomass partitioning

The observation that the heaviest shade had plants with the highest shoot: root and leaf
weight ratios and vice versa is in agreement with that of Galyuon et al. (1996a) in which
greater partitioning of photosynthate to root growth occurred at the expense of leaf growth
under full sunlight than under 50% sunlight. It is also expected that a greater root develop-
ment will improve plant water uptake and thereby enhance plant survival under high light
intensity conditions which cause high transpirational water loss. The observation in the cur-
rent work is also consistent with Gregory’s (1994) supposition that the growth of root and
shoot systems is an integrated course of action in which ‘homeostasis is preserved ‘as a re-
sult of both size and effectiveness of both systems. Furthermore the observation shows the
validity of the observation by Li et al. (2006) that assimilates are partitioned into shoot and
root in “inverse proportion to the rates at which they capture resources”.

Thus heavier shaded plants translocated more assimilate into leaf production to aid light in-
terception at the canopy level.

The experiment has shown that for most of the cropping year young cacao can be grown
under less shade than what has generally been provided (50%) (Lee, 1978). It is only in the
dry season that heavier shade (about 55% shade) may be required. However, the experi-
ment was carried out with minimal edaphic stress as enough soil water was ensured. It
would be interesting to study how the cacao genotypes respond to shade under field condi-
tions where, in addition to atmospheric stress, soil water stress also comes into play. That

aspect is considered in the field experiments involving the four cacao clones.
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CHAPTER 5
Photosynthesis, survival and growth of cacao genotypes grown

under different shade levels and organic manure treatments

5.1 Introduction:

Reviewing “the main stocks and flows of nutrients” in cacao ecosystems for a number of ca-
cao-growing regions in the tropics Hartemink (2005) observed that most soils under cacao
had a lower fertility when compared to primary forests due to the fact that “large amounts
of nutrients in cacao ecosystems are transferred each year”. For such reasons the difficulty
in rehabilitating or replanting cacao farms is partly attributed to inadequate soil fertility es-
pecially where there is scanty overhead shade (Ayanlaja 1983). Thus there is a need to re-
plenish ‘mined’ soil nutrients in order to maintain cacao production.

In mature cacao it seems possible to address the soil fertility problem through the use of fer-
tilizers (Cunningham and Arnold, 1962). Because of health and environmental concerns
there has been a steady growth in the demand for organically produced cacao in recent
times. Therefore it seemed appropriate to investigate whether organic fertilisers aid in the
re-establishment of young cacao on a piece of land with a previous history of cacao cultiva-
tion. Therefore, a field experiment was established involving the four cacao clones (SCA6, T
79/501, P 30 [POS] and PA 150) under three different shade (called the ‘close plantain’, the

‘triangular Gliricidia’ and the ‘control’ shade) treatments. The hypotheses tested were:

I.  Can the soil application of organic fertilisers improve cacao plant nutrition and help
plant establishment?
II.  Under the prevailing conditions will shade alter cacao plant response to organic ferti-

liser application?

A set of materials and methods were adopted to answer the above questions.
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5.2 Materials and methods:

The experiment was laid out as a split-plot with the clones as the main plot factors and
shade x manure combinations as sub-plots. There were four blocks each consisting of 24
sub-plots measuring 9m x 12m and having a guard row (shared by adjacent sub-plots) and 6

experimental cacao plants planted at 3m x 3m (Table 4).
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Table 4 Layout of the clone * (shade * manure) experiment.

The experiment was re-randomized in each of the four blocks

SCA 6 T79/501 P 30 [POS] PA 150

A Gliricidia  shade * A Gliricidia  shade *|Control shade* No| A Gliricidia shade
No manure manure No manure

Manure
A Gliricidia  shade *|Control shade * Ma-| Close plantain shade

Close plantain shade *

Manure nure * Manure
Manure
* Control shade * Ma-|Close plantain shade| Control shade* No
Control shade No
nur * No manur manur
manure ure o] ure anure

A Gliricidia shade *

No manure

Close plantain shade *

Manure

A Gliricidia shade *

Manure

Close plantain shade

* No manure

Close plantain shade *

A Gliricidia shade *

A Gliricidia shade *

Control shade * Ma-

nure No manure No manure Manure

Close plantain shade * Control shade* No| Close plantain shade| Control shade *
manure * Manure Manure

No manure
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Table 5 Soil fertility of experimental site compared with standard soil ratings for cacao
(Smyth, 1966).

Soil fertility param- | sojl Depth % % Avail. | % C/N
eters (cm) pH Nitrogen | O.M | P Carbon

Medium rating - 5.1- 0.2-05 |20 -|65 -|1.16- 13 -
(Standard) 5.5 4.2 13 2.44 20
Low rating - - 0.1-0.2 |10 -|3.0 -]0.58- >20
(Standard) 2.0 6.5 1.16
Experimental site 0-15 5.7 0.13 1.67 20.55 | 0.97 7.46
Experimental site 15-30 5.5 0.08 1.02 16.69 | 0.59 7.35

5.2.1 Organic fertiliser treatments:

As the site had soils with lower fertility level than the standard (Table 5) two organic fertilis-
er treatments - (i) No fertiliser and (ii) 140 g per plant of ‘cacao pod husk ash’ [CPHA]
(equivalent to 125 kg muriate of potash per hectare) plus poultry manure of known nutrient

content (1,800 kg/ha per year )were applied (Table 6) .

5.2.1.1 Application of organic soil amendments

Due to the approaching dry season, only the cacao pod husk (CPH) ash fertiliser (containing
40 % K) was ring-incorporated into the soil (at 70 g per plant) in October 2007. During the
major rainy season of 2008 (in April), the poultry manure (with chemical properties as shown
in Table 6) and CPH ash were applied to designated plots at 1,800 kg and 140 kg per hec-

tare, respectively.
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Table 6 The chemical properties of applied poultry manure

Total N Organic C | Organic Matter Total P C/N ratio Moisture Content

2.45% 35.10% 59.67% 1.19% 14.3 12.30%

5.2.2 Soil moisture determination

Soil moisture content was determined by means of the soil moisture probe (Delta-t, U.K;
model PR2/4). Due to insufficient probe protection tubes the shade and cacao cultivar
treatments were ignored (by restricting measurements to P 30 [POS] under the control
shade treatment plots only). One plot per manure treatment in each of two blocks (out of
the four) was selected for soil moisture measurement. Soil moisture was measured twice in

the dry season on January 20 2007 and February 21 2008.

5.2.3 Gas exchange measurement

Starting from September 2007 the infra red gas analyzer was used to measure stomatal con-
ductance and the rates of transpiration and photosynthesis twice in each of the three sea-
sons (as described in section2.3). For each replication three out of six core plants were
tagged and the youngest expanded and hardened leaf of a tagged plant was selected for da-
ta collection in the mid-mornings.

Since shade was one of the factors under study no artificial light source was applied.

Leaf Chlorophyll Fluorescence was measured by means of the leaf chlorophyll fluorescence
meter (see section 2.3.1 for details). Measurements were carried out between 11:00 am and
12:15 pm on days for gas exchange measurements. Leaves which had been selected for pho-

tosynthesis measurement were also used for leaf chlorophyll fluorescence measurements.
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5.2.4 Growth data

Growth (girth and height) measurements of experimental plants were made once every two
months from September 2007. The stem girth of plants was measured at 20 cm from ground

level.

5.2.5 Leaf traits

In March 2008, data on specific leaf weight, relative water content, Leaf chlorophyll concen-
tration and leaf nitrogen content were taken once on a leaf on each of the three plants
which were used for photosynthetic data collection in each treatment (see section 2.3.2 for

details).

5.3 Results

5.3.1 Soil moisture

Soil moisture content was generally higher in this site than where the mulch * (shade *
clone) experiment was conducted. Soil moisture content was only slightly higher in the sub-
plots that had organic fertiliser application than in those that received no fertiliser and the
difference was not statistically significant. However, soil moisture was significantly (p <

0.001) greater further down the soil profile (Fig 53).

5.3.2 Meteorological data

Air temperature and relative humidity under the different shade treatments across the sea-
sons during the course of the experiment have been shown in Table 7. Under increasing
shade slightly higher relative humidity and lower temperature values prevailed particularly

in the dry season. As recorded in the shade * clone nursery experiment the dry season had
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the highest daytime temperature but the lowest relative humidity values whereas the minor
rainy season had the lowest daytime temperature and the highest relative humidity values.
Daytime water vapour pressure deficit was, therefore, expected to be lowest in the minor

rainy season and highest in the dry season.

75 - LSD soil depth=7.57
20 -
15 LSD manure * soil depth = 8.02
10
2 o manure

M Organic manure
U - | | | |

2% soil maoisture

10em  20em  30cm  40cm

s0il depth

Figure 53 Soil moisture measured under different fertiliser treatments and soil
depths in the dry season.
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Table 7 Mean relative humidity and daytime temperature under the shade regimes dur-
ing the seasons.

Each value represents the mean of three readings.

Major rainy season Minor rainy season Dry season

Shade Type | R-H. (%) |T°C R.H.(%) |Te°C R.H.(%) |T°C
Control 64.25 30.50 79.25 28.65 52.25 34.70
A Gliricidi

nadia - 2450 29.25 82.50 27.00 54.50 33.50
Close plan-

P 78.50 30.00 83.25 26.80 56.00 33.00

tain

5.3.3 Stomatal conductance

The mean rate of stomatal conductance was 0.43 mol m2s™ for both the major and minor
rainy seasons, being 7.5 times higher than the mean value during the dry season (Fig 54).

Significant (p = 0.018) differences were observed between cacao genotypes in their rates of
stomatal conductance during the major rainy season ranging from 0.381 mol m2s* (for P 30
[POS]) to 0.486 mol m2st in PA 150. In the major rainy season stomatal conductance under
the shade and fertiliser treatments were significantly different (p = 0.006 and p < 0.001, re-
spectively). Cacao plants under the triangular Gliricidia shade had the lowest rate of sto-
matal conductance (0.296 mol m2s') and plants under the control shade had the highest
rate (0.521 mol m2s?!). Cacao plants supplied with organic fertiliser had a mean stomatal

conductance rate of 0.534 mol m2s?, being 63.8% higher than the rate for plants that were
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not supplied with manure (Fig 54). None of the interactions were significant.

Unlike the major rainy season no significant differences were observed between the fertilis-
er or shade treatments during the minor rainy season. However, the clone * shade interac-
tion term was significant (p = 0.005). Whereas higher stomatal conductance in PA 150 and P
30 [POS] were recorded under increasing shade, no clear trends were observed for T 79/501
and SCA 6.

In the minor rainy season cacao plants provided with fertiliser had 14.53% higher mean sto-
matal conductance rate, the difference being on the borderline of significance (p = 0.053).
The clone * manure and the shade * manure interaction terms were not significant in the
minor rainy season.

In the dry season, the cacao clone * shade interaction term was significant (p = 0.004). The
clone T 79/501 had its lowest rates under the triangular Gliricidia shade whereas the other
clones had their lowest stomatal conductance under the close plantain shade.

Cacao plants that were treated with fertiliser had a mean stomatal conductance rate that
was 25.35% higher than those which were not provided with fertiliser and were significantly

(p = 0.007) different (Figure 54).

167



Major rainy season Minor rainy season Dry season

Stomatal conductance (mol m2s-)
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Figure 54 Stomatal conductance of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] and
(d) PA 150 under the shade and manure treatments and in different seasons.

Each bar represents the mean value for 9 plants.
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Transpiration

The mean transpiration rate (4.29 mmol m~2s™") of the plants during the major rainy season
was 2.9 times and 4.1 times higher than the mean rates in the minor rainy and the dry sea-
sons, respectively.

In the major rainy season a 12.40% higher transpiration rate was observed under the fertilis-
er treatment compared with the control (p = 0.022). The highest transpiration rates (mean =
4.75 mmol m™2s™") were observed under the control shade treatment. This was 10.1% and
25.0% higher than the value for plants under the close plantain and the triangular Gliricidia
shade treatments, respectively. The differences were significant at (p = 0.002).

Significant (p = 0.002) differences were also found among the cacao clones, P 30 [POS] hav-
ing the lowest rate (3.87 mmol m™2s7") and PA 150, the highest rate (4.51 mmol m™2s7).
There were no significant interactions between treatments.

Also, in the minor rainy season differences among the clones were not significant. The shade
treatments during this season were significant (p < 0.001) with plants under the control
shade having the highest rate and those under the triangular Gliricidia shade the lowest.

The rate of transpiration was 16.29% higher in the fertiliser treatment compared with the
control (p = 0.004).

In the dry season differences in the rates of transpiration among the clones were not signifi-
cant. Also no significant differences were observed between the shade treatments. Differ-
ences between the fertiliser treatments were on the borderline of significance (p = 0.059),
transpiration rates being 14.4% greater in the plants provided with manure than in the con-
trol plants.

The clone * shade interaction term was significant (p = 0.036). Whereas SCA 6 and PA 150

had their highest transpiration rates under the triangular Gliricidia shade, T 79/501 and P 30

169



Transpiration (mmol m?2s?)

[POS] had their highest rates under the close plantain shade. Plants supplied with organic
fertiliser had a 14.43% higher rate of transpiration than those under the control, the differ-
ence being on the borderline of significance (p =0.059) (Fig 55). The clone * manure and the

shade * manure and the 2" order interaction terms were not significant.
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Figure 55 Effect of shade and manure on transpiration of (a) SCA 6 (b) T 79/501 (c) P
30 [POS] 30 and (d) PA 150 in different seasons.

Each bar represents the mean value for 9 plants.
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5.3.4 Photosynthesis

Mean photosynthetic rates were higher in the major rainy season than in the minor rainy
and dry seasons by 19.26% and 71.86%, respectively (Fig 56). There were no significant dif-
ferences between the clones in any of the seasons. Likewise, significant (p =0.032) differ-
ences were found between the shade treatments during the major rainy season with plants
under the control shade having the highest photosynthetic rate and those under the triangu-
lar Gliricidia shade having the lowest rate.

The shade * manure interaction term was also significant (p = 0.029). Compared with the
control treatment, plants that received manure application had 18.11% and 31.62% higher
photosynthetic rates under the close plantain and the control shade treatments, respective-
ly, but a 4.11% decrease under the triangular Gliricidia shade treatment. The other interac-
tion terms were not significant.

In the minor rainy season, the clone * shade interaction term was significant (p = 0.053). For
SCA 6 and T 79/501 the lowest photosynthetic rates were observed under the close plantain
shade whereas for P 30 [POS] and PA 150 the lowest rates were observed under the triangu-
lar Gliricidia shade.

During the dry season another significant (p = 0.012) difference between the shade treat-
ments was found with plants under the triangular Gliricidia shade having the lowest mean
rate of photosynthesis. The shade * fertiliser interaction term was significant (p = 0.001).
There was evidence that plants that were supplied with manure had enhanced photosyn-
thetic rates under all the shade treatments but by considerably different margins. Under the
triangular Gliricidia and the close plantain shade treatments, manure application caused
40.16% and 47.66% increases in photosynthesis as against an increase of 7.12% under the

control shade treatment.
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Net photosynthesis (umol m2s?)
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Figure 56 Photosynthesis of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] and (d) PA 150
under different shade and manure treatments and in different seasons.

Each bar represents the mean value for 9 plants.
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5.3.5 Leaf chlorophyll fluorescence

There were no significant differences in the leaf chlorophyll fluorescence of the genotypes
under the shade or manure treatments. The clone * manure interaction term was significant
(p = 0.015) in the minor rainy season; A 9.39% decrease in the Fv/Fm value was observed in
SCA 6 under the fertiliser treatment whilst T 79/501, PA 150 and P 30 [POS] experienced
0.61%, 5.83% and 7.94% higher Fv/Fm, respectively (Fig 57). None of the other interactions

were significant.

5.3.6 Water use efficiency

The mean water use efficiency of the cacao plants during the dry season was 3.2 umol (CO;)
m2st / mmol (H20) m?2s? being 12.0% more efficient than it was during the minor rainy
season and over 2 times more efficient than it was in the major rainy season.

In the major rainy season no significant differences were observed between the cacao geno-
types or shade or manure treatments on water use efficiency. In that season the only signifi-
cant (p = 0.012) difference was observed in the shade * manure interaction term. While
plants supplied with organic fertiliser increased their water use efficiency under the close
plantain and control shade treatments by 23.92% and 37.55%, respectively, they showed a
37.8% less efficient water use under the triangular Gliricidia shade treatment (Fig 58).

In the minor rainy season the clone * shade interaction term was on the borderline of signif-
icance (p =0.067). Whereas the highest water use efficiencies for SCA 6, T 79/501 and PA 150
were under the triangular Gliricidia shade treatment, P 30 [POS] had its lowest water use
efficiency under that shade treatment.

In the dry season a significantly (p = 0.002) higher water use efficiency was observed under

the control shade treatment, the value being 12.45% and 15.17% higher than what was rec-
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orded for cacao plants under the close plantain shade and the triangular Gliricidia shade
treatments, respectively. The shade * manure interaction term was fairly close to being sig-
nificant (p = 0.076). With manure application the water use efficiency reduced under the
control shade treatment by 3.52% but increased by 9.63% and 18.08% under the triangular

Gliricidia and close plantain shade treatments, respectively.
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Figure 57 Fv/Fm of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] 30 and (d) PA 150 under dif-
ferent shade and manure treatments and in different seasons.

Each bar represents the mean value for 9 plants.

175



Water use efficiency [umol (CO;) / mmol (H,0)]
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Figure 58 Water use efficiency of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] 30 and (d)
PA 150 under different shade and manure treatments and in different seasons.

Each bar represents the mean value for 9 plants.
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5.3.7 Leaf traits

Leaf chlorophyll content

None of the treatments were significant on the leaf chlorophyll content. Only slight increases
in leaf chlorophyll content were recorded under fertiliser application in the case of SCA 6
and T 79/501. P 30 [POS] experienced a slight decrease and no clear trends were observed
for PA 150 (Fig 59). Similarly no clear trends were observed under the shade treatments.
Relative water content

No significant differences were observed in the relative water content of leaves under any of
the imposed treatments or their interactions (Fig 60).

Specific leaf weight

There were significant (p = 0.038) differences between clones in their specific leaf weights. P
30 [POS] had the highest value (4.53 mg cm™) and that was 3.01%, 6.08% and 12.52% higher
than the values obtained by SCA 6, T 79/501 and PA 150, respectively.

The shade and manure treatments were not significant but the shade * manure treatment
interaction component was marginally significant (p = 0.052). Plants under the control shade
treatment which received no fertiliser had the highest specific leaf weight (4.50 mg cm™)
whilst those that grew under the triangular Gliricidia shade and received fertiliser had the

lowest value (12.50% lower) (Fig 61).
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Leaf chlorophyll concentration (chlorophyll metre units)
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Figure 59 Leaf chlorophyll concentration of (a) SCA 6 (b) T 79/501 (c)

P 30 [POS] and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 12 plants.
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Relative water content (%)
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Figure 60 Relative water content of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 12 plants.
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Specific leaf weight (mg cm™)
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Figure 61 Specific leaf weight of (a) SCA 6 (b) T 79/501 (c) P 30

[POS] and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 12 plants.
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Leaf nitrogen concentration

There were significant (p = 0.012) differences between cacao clones in leaf nitrogen concen-
tration. Their values ranged from 1.78% in SCA 6 to 2.02% in PA 150.

Differences among the shade treatments were on the borderline of significance (p = 0.054)
with the plants shaded with the triangularly planted Gliricidia having the highest concentra-
tion (1.95%) compared with the value (1.83%) for plants grown under the control shade
which had the lowest leaf nitrogen concentration.

Leaf nitrogen concentration increased significantly (p = 0.001) with organic manure applica-
tion. The leaves of cacao plants under the control treatment had 1.81% N as against 1.95% N
for the leaves of plants provided with fertiliser (Fig 62). No significant interactions were ob-
served

Leaf phosphorus content

Total leaf phosphorus content did not differ substantially between clones or the shade
treatments. Plants that grew under the control shade treatment had a 6.85% higher concen-
tration than those that grew under the close plantain shade (Fig 63). Leaf phosphorus con-
centration in plants supplied with manure had, on average, an 8.0% increase and that differ-

ence was marginally significant (p = 0.047). No significant interactions were observed.
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Figure 62 % leaf N of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] and (d)
PA 150 under different shade and manure treatments.

Each bar represents the mean value for 9 plants.
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Figure 63 Leaf P concentration of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 9 plants.
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5.3.8 Leaf K* concentration

Whilst no differences were noticed between clones in their leaf potassium ion concentra-
tions the clone * shade interaction term was significant (p = 0.018). Plants that grew under
heavier shade had lower leaf K* concentration in SCA 6, T 79/501and P 30 [POS] whereas
plants of the clone PA 150 had higher leaf K* concentration under increasing shade (Fig 64).
Plants which were provided with fertiliser had a 13.7% higher leaf K* concentration com-
pared with the control (p = 0. 001)

The clone * manure and shade * manure interaction units were not significant.

5.3.9 Plant survival

Survival rates of the clones were significantly (p = 0.027) different, ranging from 79.86% for
SCA 6 t0 96.53% for PA 150 during the first year.

There were no significant differences between the shade treatments on plant survival.

Cacao plants provided with manure had a significantly (p = 0.02) higher survival rate (Fig 65).

No significant interactions were observed.
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Figure 64 Leaf K* concentration in (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 9 plants.
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Figure 65 % Plant survival of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 24 plants.
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Stem diameter

Mean stem diameter of the clones ranged from 2.30cm (for SCA 6) to 2.99 cm (for T 79/501).
The difference was significant at (p = 0.029).

No significant differences were noticed between the shade treatments and plants that were
treated with the organic fertiliser did not experience increases in plant stem girth (Fig 66).
Plant height

The cacao clones had different (p = 0.034) plant heights. The clone PA 150 was the tallest
(140.30 cm) and this was 20.53% taller than SCA 6 (the shortest).

Whereas no significant differences were observed between the fertiliser treatments the
clone * fertiliser interaction term was marginally significant (p = 0.091). With fertiliser appli-
cation SCA 6 and P 30 [POS] experienced 14.65% and 1.62% reductions in plant height, re-
spectively whereas PA 150 and T 79/501 became 3.80% and 4.57% taller, respectively, com-
pared with control plants (Fig 67).

Plants growing under the different shade treatments did not have significant differences in

their heights.
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Figure 66 Stem diameter of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] and

(d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 12 plants.
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Height of cacao plants (cm)
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Figure 67 Height of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] and
(d) PA 150 under different shade and manure treatments.

Each bar represents the mean value for 12 plants.
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Cacao stem volume (cm3)
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Figure 68 Stem volume of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different shade and manure treatments.

Each bar represents the mean value of 12 plants

190



Stem volume

The cacao clones had statistically different (p = 0.024) stem volumes. The clone PA 150
which had the largest stem volume (mean = 287.58 cm?3) was 2.60%, 23.46% and 53.61%
bigger than T 79/501, P 30 [POS] and SCA 6, respectively.

No substantial differences were recorded between the shade or fertiliser treatments (68).

5.4 Discussion

5.4.1 Stomatal conductance and transpiration

The observation that plants under the control shade had the highest stomatal conductance,
transpiration and CO; assimilation rates in the rainy seasons but the lowest rates in the dry
season is similar to the observation made in the shade * clone experiments. Plants under
increased shade experienced reduced atmospheric stress during the dry season as a result of
a reduced water vapour pressure deficit. As explained in Chapter 4 more light energy was
needed during the rainy seasons to drive water uptake and transpiration.

During the major rainy season stomatal conductance and transpiration rates were substan-
tially different for the cacao genotypes, with PA 150 having the highest rates and P 30 [POS]
the lowest but in the dry season there was little difference between clones. Thus the data in
this experiment do not show which cacao genotypes can better tolerate a condition of
drought by means of a more effective stomatal regulation. However, they show differences
in the degree of plasticity among the clones suggesting that P 30 [POS] and SCA 6 have an
intrinsically lower stomatal conductance under non-limiting conditions.

The significant increase in stomatal conductance and transpiration rates observed under fer-
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tiliser application in all the seasons seems to suggest that the amounts of nutrients supplied
were reasonable and not excessive considering the soil’s water status. It has been noted in a
few plants that application of some soil nutrients must be commensurate with available soil
water. Working on the interaction of nitrogen supplied and water stress on photosynthetic
parameters of rice plants Otoo et al. (1989) observed that the internal water relations of the
plants under water stress conditions could be worsened by high soil nitrogen. Similar obser-
vations have been made on other crops including banana (de Melo et al., 2009) and Cassia
streata L. and Sesbania rostrata L. (Boruah et al., 2008). In a review of the effects of soil nu-
trients and soil water on plants in the dry land areas of Northern China Li et al. (2009) ob-
served increased plant water uptake with appropriate N supply and improved stomatal regu-
lation with K supply. Thus fertilisation with N and K in their right amounts is associated with
increases in transpiration rates when soil water is adequate but with a more effective sto-
matal control in a situation of soil water deficit. These authors reported that if total leaf area
increases with fertiliser application the greater ground coverage by plants reduces soil sur-
face evaporation which makes more soil water available for use in transpiration. In a similar
observation Turnbull et al. (2007) recorded a higher stomatal conductance rate in Eucalyptus
globules L. plants after nitrogen fertilisation.

Orchard (1978) showed, in cacao seedlings, an inverse relationship between K doses and leaf
transpiration and Bosshart and Uexkhull (1987) observed mature cacao trees that had been
supplied with reasonably high doses of K to be more tolerant to soil moisture stress.

In an experiment to determine whether transpiration could be partially controlled by the soil
nutrients ‘status’ Cramer et al. (2008) made a slow release fertilizer N and K either available
in the root zone of Ehrharta calycina plants without any hindrance or partially restricted and

made available only by diffusion and /or mass flow. Transpiration was observed to be 60%
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higher in the plants with a restricted flow of nutrients. This was explained as an adaptation
by the plants with a restricted nutrient flow to increase the transport of nutrients from the
soil to the roots so as to ensure plant survival. Therefore combining organic materials that
were good sources of N and K would be associated with improved water relations of the
young cacao plants.

The mean water use efficiency was highest in the dry season and is consistent with the ob-
servation in the clone * (quantity of water * frequency of watering) in which plants that
grew under conditions of reduced soil water had a more efficient water use. Rada et al.
(2005) observed, in young cacao that under conditions of soil water stress stomatal closure
reduced water loss through transpiration much more than it reduced the rate of photosyn-
thesis resulting in an increase in water use efficiency. This also explains the higher water use
efficiency recorded under the control shade than the heavier shade treatments during the

dry season.

5.4.2 Leaf chlorophyll fluorescence and photosynthesis

The cloudy situation and low temperatures of the minor rainy season would have been less
conducive for photosynthesis than the major rainy season [Raja Harun and Hardwick (1988);
Hadley (1994); Galyuon et al. (1996b); Daymond and Hadley (2004)] . As explained in the dis-
cussion of the shade * clone experiment (Chapter 4) light saturation in young cacao is only
achieved at 400 pmol m2s™! or at a higher light intensity (Okali and Owusu 1975; Raja Harun
and Hardwick, 1988). The efficiency of photosystem Il (Fv/Fm) being highest in the minor
rainy season was probably an indication that photoinhibition was minimal in that season. As
explained previously, other species have been noted to react similarly. For example, Volkova

et al. (2009) conducted a study on the tree fern Dicksonia antartica L. under climate cham-
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ber conditions with three moderate sequential temperatures (between 15 °C, 30 °C and
back to 15 °C) and two light levels (170 u mol m?s™* and 900 u mol m2s!) and recorded low-
er Fv/Fm and maximal Rubisco activity under higher light intensity and increased tempera-
ture. The similar response which was observed in cacao in the present work may indicate an
adaptation by the plants to increase their efficiency of light use when available light levels
were low in order to maintain a good level of photosynthetic activity.

The lower stomatal conductance in the dry season resulted in reduced photosynthetic rates
in that season. Furthermore, light use efficiency was reduced under increased light availabil-
ity. A similar response was observed by Yeo and Lee (2009) on two rose cultivars who found
their Fv/Fm to decrease with increasing light in order to protect the photosynthetic appa-
ratus from being damaged.

Fertilisers applied as soil amendments have been associated with increased photosynthetic
rates in several plant species including Eucalyptus globules L. (Turnbull et al., 2007) sweet
corn (Efthimiadou et al., 2009), cotton (Ahmed et al., 2009) and Brassica napus (Liu et al.,
2010). According to Cakmak and Engels (1999) mineral nutrients influence photosynthetic
electron flow either as “constituents of the light-harvesting complex” or as “ions facilitating
electron flow”. As rational amounts of N and K are also linked to improved internal water
balance of plants they are likely to support increased photosynthetic rates. Nitrogen is also
associated with an increase in the function of enzymes and protein formation and is involved
in the synthesis and transfer of energy (Rana et al., 2009, Liu et al., 2010). Phosphorus would
improve the conversion of light energy to chemical energy (ATP) during photosynthesis
(Bown et al., 2009).

In young cacao a positive relationship between improved nutrition and photosynthesis was

demonstrated by Lockard and Asomaning (1963) although later Ahenkorah et al. (1974) ob-
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served that cacao does not respond to N application until after the second year of cropping
when soil fertility begins to decline. As the initial N and K levels in the soil used for the cur-
rent experiment were below the critical values for successful establishment [See Table 5 in
the General Materials and Methods Chapter] fertiliser application was expected to stimulate
photosynthesis. In conformity with Liebig's “Law of the Minimum”, plants that grow on soils
that contain lower than the critical value of a particular nutrient tend to have lower concen-
trations of the nutrient concerned in their tissue and give the highest response to fertilisa-
tion with that nutrient (Salisbury and Ross, 1992).

The fact that increased photosynthesis was found in fertilised plants in the dry season more
than in the rainy seasons may be attributed to its ability to modulate soil temperatures and
improve plant water status. The benefits associated with such interventions become more
manifest under harsher conditions such as were prevalent in the dry season. Experiencing
more stress in the dry season plants that had not been provided with manure would exhibit
greater stomatal closure in order to conserve plant tissue water inevitably causing reduc-
tions in CO; uptake and consequently lower rates of photosynthesis. In addition to improved
plant water status that was observed with the supply of plant nutrients to rice plants, Otoo
et al. (1989) also noted that the rate of photosynthesis was relatively higher even when wa-
ter supply was restricted.

The observation made in the current experiment is consistent with an earlier one made by
Alvim (1977) who reported that under conditions of adequate soil moisture low light intensi-
ty reduces the photosynthetic response of cacao seedlings to fertilizer application. In ma-
ture cacao yield response to fertilizer has been reported as having a positive relationship
with light interception (Vernon, 1967, Vernon and Sundaram, 1972, Zuidema et al., 2005).

Organic manures increase soil organic matter, reduce soil bulk density and thus facilitate
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root penetration down the soil profile (Li et al., 2009). Although there was only a small in-
crease in soil moisture content following manure application, root growth and deeper root
penetration could have occurred. Li et al. (2009) report that increased availability of plant
nutrients improves the ability of the roots of many plants to absorb plant nutrients and wa-
ter.

The significant shade * manure interaction in which plants that received manure had higher
increases in photosynthesis under increasing shade in the dry season may be explained as a
result of the ameliorating effect of shade by reducing the water vapour pressure deficit and

reducing evaporation of soil water by increasing ground coverage by plants.

5.4.3 Leaf traits

Unlike leaf phosphorus and potassium contents which were not different, the significant dif-
ference in leaf nitrogen content among the cacao clones indicates that there is considerable
variability in the genotypes of cacao as regards nitrogen uptake and/or translocation into
leaf tissue. The insignificant effect of shade on leaf N was similar to the observation made in
the shade * clone experiment in which the range of shade levels was greater. Changing the
spatial arrangement of plantains or introducing additional Gliricidia shade plants was not
found to be associated with a significant change in leaf N or P. Similarly, Isaac et al. (2007)
observed that nutrient uptake in young cacao was sustained for N and P when the cacao was
intercropped under Terminalia superba and Newbouldia laevis shade plants, suggesting low
inter-specific competition for the nutrients.

The observed increase in leaf N and K in plants following organic fertiliser application is con-
sistent with an earlier finding of Ahenkorah et al. (1981). Turnbull et al. (2007) found in their

experiment with Eucalyptus globules L. that plants which were supplied with NPK fertilizer
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annually had increased leaf nitrogen content and Isaac et al. (2007) observed that young ca-
cao plants that experienced increased nutrient supply had higher NPK uptake. Agele and
Agbona (2008) found in an experiment involving cashew seedlings that leaf NPK increased
with increasing quantities of applied powdered cacao pod husk as a soil amendment. In the
present experiment leaf P did not increase significantly with the application of the organic
fertiliser suggesting that the amount of P supplied was below the threshold quantity that
was needed for increased leaf P. Initial soil analysis showed that the soil already contained
more than the critical level of P for cacao establishment [= 0.013 mg kg!, Akirinde and Ayeg-
boyin (2006); compare with Table 5 in section 2.6.1]. In such a case higher levels of applica-
tion are required to lead to appreciable changes in uptake of the nutrient in question
(Salisbury and Ross, 1992).

With increased leaf N in response to manure application, it was expected that the leaf chlo-
rophyll content would also increase significantly, as has been noted by other workers in
some plant species including peanuts (Sheshshayee et al., 2006) and cacao (Costa et al.,
1998). The fact that a corresponding increase in leaf chlorophyll content was not detected
may be a result of masking by other pigments (Thomas, 2000). Lee et al. (1987) reported
that changing levels of other pigments including anthocyanins and phenols are capable of
masking the chlorophyll content of cacao leaves. Whatley (1992) found similar effects in a
range of tropical plants including cacao and coffee. Another possible cause would be a slow-
ing down of chlorophyll synthesis by the presence of hormones as a result of organic fertilis-
er application. Baker and Hardwick (1973) observed that some plant hormones such as aux-
ins, cytokinins and gibberellins can hamper chlorophyll synthesis in cacao.

Unlike the observation made in the shade * clone experiment, the shade * clone interaction

term in this experiment was not significant. The difference in the two results may be due to
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the differences in the ranges of applied shade or in other environmental conditions under
which the two experiments were carried out, one being a nursery experiment and the other,
a field experiment.

Li et al. (2009) reported increases in the relative water content of some plants when organic
fertilisers were applied in the dry land areas of Northern China. However, in the current
work there was only an insignificant increase in relative water content with the application
of the organic fertiliser and that may have been due to the timing of data collection. Clearer
results may have been obtained if the measurement was made before the dry season of
2007/2008 ended unexpectedly. The observation that plants which grew under the lightest
shade and received no manure had the highest specific leaf weight was probably, a reflec-
tion of the lower leaf nitrogen concentrations in the in those plants. The observation agrees
with results of other studies. For example, Steinbauer (2000) found greater specific leaf
weights in seedlings of Eucalyptus globules L. which were low in nitrogen and high in fibre.
Plant survival

The significantly different survival rates for the cacao genotypes reflected their different
growth rates. With the annual dry spell in West Africa, progenies with greater seedling vig-
our establish better. As mentioned in Chapter 1 such genotypes are more likely to develop
deeper root systems that have greater access to soil water before the dry season begins
(Balasimha 1999).

Although organic fertiliser application was not found to be significantly associated with plant
growth within the period of study it was clearly linked with higher plant survival. The con-
nection cannot be clearly described with certainty as enhanced plant survival could have
been caused not only by improved plant nutrition but also by indirect benefits such as re-

duced soil temperature and increased root and stem water content during the dry season.
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That higher plant nutrition is associated with increased cacao seedling survival has been
demonstrated by Rajagopal and Balasimha (1994) who reported higher cacao seedling sur-
vival under water stress with the foliar application of potassium and proline under nursery
conditions. Furthermore, the higher N and K content in plant tissue (as evidenced by the
higher leaf concentrations) was likely to help plant osmoregulation as Mikkelsen (2007) and
Orlova et al. (2009) suggest. Although Premachandra and Joly (1991) did not detect osmo-
regulation in cacao seedlings, de Almeida et al. (2002) reported evidence of the phenome-
non in some genotypes. Assessing the response of eight 5-month old genotypes that had
been grafted on Cacau comun rootstock de Almeida et al. (2002) noted that drought toler-
ance was attained by way of osmotic adjustment resulting in considerable increases in leaf
concentrations of P and K as water stress increased to -1.5MPa. Later Rada et al. (2005) de-
tected the phenomenon in seedlings of the cacao variety Guasare. Therefore, the increase in
plant survival that was found with organic fertiliser application could have been achieved
through greater osmoregulation.

A faster plant growth was expected under manure application. Bonaparte (1975) and Ahen-
korah et al. (1987) emphasized the importance of soil nutrients to plant growth and suggest-
ed that it was only when there were enough plant nutrients that the positive relationship
between light and growth becomes clearly seen in cacao. Expressing a similar view on ma-
ture cacao, Cunningham and Arnold (1962) theorised that the dependence of cacao yield
on light interception becomes important once the required nutrients are obtainable by the
plant. It was not determined why organic fertiliser was not clearly associated with a signifi-
cantly faster plant growth. It has been noted in cacao that excessive application of potassium
is often correlated with a slower magnesium and zinc uptake due to nutrient antagonism

which can limit plant growth (Hardy, 1960). With the increased plant survival and assimila-
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tion rates that were observed, nutrient antagonism is not likely to have occurred. Formation
pruning was carried out in the experiment to remove basal chupons and unwanted develop-
ing branches and that may have confounded the results on growth to some extent. Also the
time period within which the growth data were taken was, probably, too short to record any
substantial difference in growth between the fertiliser treatments.

The significant shade * fertiliser interaction term in which fertiliser application was associat-
ed with a 31% increase and an 18% increase in photosynthetic rates under the close plantain
and the control shade treatments, respectively, seems to confirm a long-held view in Ghana
that without the use of fertilizers good establishment is unlikely in areas where cacao would
have to be re-planted (Hardy 1960).

This experiment has shown a positive link between the application of organic fertilisers and
the field establishment (survival) of cacao in a site that previously carried moribund cacao.
Although differences in shade were not linked with plant survival, the significant shade * fer-
tiliser interaction on photosynthetic activity in the dry season shows that during the dry sea-
son shade increases the benefits that cacao plants get from fertiliser application. On the
other hand, the significant interaction between shade and fertiliser on photosynthetic activi-
ty suggests that shade would have to be lighter in the major rainy season to facilitate fertilis-
er usage.

Since only a non-significant increase in soil moisture level was observed with the organic fer-
tiliser application, the question remains unanswered by this experiment whether simple ag-
ronomic interventions can be put in place to maintain adequate soil moisture levels and
whether doing that will improve the field establishment of young cacao. That is considered

in the next chapter.
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CHAPTER 6
Photosynthesis, survival and growth of cacao genotypes

grown under different ‘mulch’ and shade treatments

6.1 Introduction

Cacao has commonly been grown under thinned forests to satisfy the expected shade re-
quirement (Bergman, 1969). It is also intercropped with other cash crops such as coconuts
(Cocos nucifera) and rubber (Hevea brasiliensis), in planned associations (de Almeida and
Valle, 2007). Thus although very little quantitative data is available for shade in the estab-
lishment phase of cacao, it has usually been provided on the assumption that it provides
physiological benefits for cacao. Wood (1985) cites Lee (1978) as showing that a level of
shade is needed to get young cacao plants with the right “shape and geometry”.

As a matter of preference, however, some cacao farms and plantations have been planted
without shade. According to Padi and Owusu (1998) 50% of cacao farms in West Africa are
under mild shade but about 10% of cacao farms in Ghana and 35% in Cote d’lvoire have
been cultivated without shade.

As mentioned in Chapter 1, a major reason for the preference shown for the no-shade situa-
tion is the avoidance of inter-species competition, not only for soil nutrients (which may be
corrected by the use of fertiliser) but also for soil water (Ahenkorah et al., 1974).

In spite of the mentioned unattractive attributes of shade plants shade it is still recommend-
ed for the establishment of cacao by others who explain that the advantages of good shade
outweigh the benefits of a no-shade situation (Beer et al., 1998).

In view of the foregoing and also of the significant differences observed under different

shade levels when soil moisture contents were held constant (in the shade * clone nursery
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trial) and under different soil water levels when incident light was even (in the genotype *
qguantity of water supplied * frequency of watering greenhouse experiment) it was of con-
siderable interest to investigate the response of cacao under varying soil water levels in rela-
tion to varying shade. It was expected to provide useful information as most previous studies
undertaken on the responses of cacao to water stress have been conducted under green-
house conditions.

The experiment aimed to answer the questions: Can simple mulching practices be designed
to maintain enough soil water for young cacao whilst shade is provided by other plant spe-
cies? Are there differences between the cacao genotypes under different shade and mulch
treatments in relation to field establishment?

Regarding the different soil moisture levels a ‘control’ treatment (devoid of any intervention
towards soil moisture conservation) was compared with the application of an organic and an

inorganic mulching material as well as with irrigation.

6.2 Materials and methods

6.2.1 Site selection

Since irrigation was involved in this field trial a six-acre (2.4 hectares) site near a dam was
selected. Similar to the site for Experiment 3 [the Clone * (Shade * Fertiliser)] trial this site

carried moribund cacao trees, Gliricidia and forest trees used as shade for previous trials.

6.2.2 Soil analysis

A soil nutrient analysis was done (as described in section 2.6.1) prior to the beginning of the
trial and determined values of soil fertility parameters have been compared with standard

values in Table 8.
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Table 8 Soil fertility of experimental site compared with standard soil ratings for cacao
(Smyth, 1966)

Avail. P
Soil fertility parameters | S0il Depth | pH % Nitrogen | % 0. M L% Carbon | ¢/N
(Hgg™)

. . - 5.1-5.5]0.2-0.5 20-42|6.5-13 | 1.16-2.44 | 13-20
Medium rating

(Standard)
. - - 0.1-0.2 1.0-2.0| 3.0-6.5 | 0.58-1.16 | >20
Low rating
(Standard)
. . 0-6” 5.7 0.11 1.53 7.5 0.88 8.07
Experimental site
6-12" 5.3 0.07 0.81 4.7 0.47 7.01

Experimental site

6.2.3 Field planting

After lining and pegging the fields, establishment of the ‘control’ and the ‘close plantain’
shade treatments was done in May 2007, and that of the ‘triangular Gliricidia’ shade treat-
ment was done in August, 2007 (See section 2.7.1). Field planting of the cacao clones was

done in June 2007.

6.2.4 Layout

The experiment was laid out as a split-plot (shown in Table 9) with mulch as the main plot
factor, and shade level * cacao genotype combinations as the sub-plot factor. There were
four blocks each containing 48 sub-plots measuring 9 m x 12 m and containing a guard row
of cacao plants (shared by adjacent sub plots) and six experimental cacao plants planted at 3

m x 3 m spacing. The total plot size for this experiment was 2.4 ha including access roads.

203



Table 9 Layout of the mulch * (shade * clone) experiment.

The design below was replicated four times

No mulch

Irrigation

Plastic Mulch

Coffee Husk

A Gliricidia shade * P 30
[POS]

Control shade * SCA
6

Control shade * PA 150

A Gliricidia shade * T
79/501

Close plantain shade * SCA
6

A Gliricidia shade *
SCA 6

Close plantain shade *

T 79/501

A Gliricidia shade * P
30 [POS]

Control shade*T 79/501

Close plantain * P 30
[POS]

Control shade * P 30
[POS]

Close plantain * P 30
[POS]

Close plantain shade * PA
150

Control shade * PA
150

Close plantain shade *

PA 150

Control shade*T

79/501

Control shade * SCA 6

A Gliricidia shade *
PA 150

A Gliricidia shade *
SCA 6

Close plantain shade *

SCA 6

Close plantain shade * T

79/501

Control shade*T

79/501

A Gliricidia shade * P
30 [POS]

Close plantain shade *

T79/501

A Gliricidia shade * PA 150

A Gliricidia shade * T
79/501

Close plantain shade *

P 30 [POS]

Control shade * P 30
[POS]

A Gliricidia shade * T
79/501

Control shade * P 30
[POS]

A Gliricidia shade * PA
150

Close plantain shade *

PA 150

Close plantain shade * P 30
[POS]

Close plantain * T

79/501

Control shade * SCA 6

A Gliricidia shade *
SCA 6

Control shade * P 30 [POS]

A Gliricidia shade * P
30 [POS]

Close plantain shade *

SCA 6

Control shade * PA
150

A Gliricidia shade * SCA 6

Close plantain shade

* PA 150

Control shade*T 79/501

A Gliricidia shade *
PA 150

Control shade * PA 150

Close plantain shade

*SCA6

A Gliricidia shade * T
79/501

Control shade * SCA 6
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6.2.5 Mulch treatments:

Considering irrigation as a mulch treatment (by reason of its enhancing effect on soil mois-

ture as is the case with mulches in general) four mulch treatments were applied. They are:

1) No mulch.

2) Irrigation of experimental plants.

3) Black polythene sheet (as plastic mulch) spread at the base of test plants in
October of each year and removed the following year (at the end of the dry season
around April)

4) 15 kg decomposed coffee husk applied around the base of test plants in Oc-

tober of each year.

6.2.5.1 Imposition of the mulch treatments:

Irrigation

An irrigation system which consisted of a water pump which pumped water from a reservoir
(dammed river) through an inlet pipe (Plate 16) into a 3,825 litre-capacity plastic tank

mounted on a 2.5 metre high concrete platform (Plate 17) was set up in December 2007.

Water from the reservoir was distributed under gravity through an outlet system. This con-
sisted of distribution lines (Plate 18) which served individual experimental plants in desig-
nated plots as well as a fountain (Plate 19) which indicated the pressure in the outlet system
and served as a vent for trapped air. The pipes were buried (in a sub-surface system) to a
depth of 15cm beneath the soil surface (Plates 16 and 18) to avoid damage during cultural
operations. Water from the lines formed a continuous wetted area around the base of wa-
tered plants. The outlet from the overhead tank was fitted with a meter (Plate 20) to enable
an estimation of water supplied to the experimental plants. Each plant was supplied with 2.7

litres of water (equivalent to about 12.5 mm of rainfall) twice a week between December
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22" 2007 and the end of February 2008 when the rains resumed.

Plate 16 Inlet pipe from the dam
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Plate 18 Distribution pipes to serve individual plants
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Plate 19 Fountain as part of the outlet system

Plate 20 Meter for estimating quantity of water supplied through the outlet sys-
tem
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Plastic muilch

After clean-weeding the plots in October 2007 a meter-wide black polythene sheet (thick-
ness = 0.13 mm) was spread at the base on either side of experimental plants (both cacao
and shade plants) as an inorganic mulch in designated plots to conserve soil water around
the plants. Short wooden pegs were used to hold the sheet in place (Plate 21). The poly-
thene sheet was removed after the rains had resumed in March 2008 and then re-applied in
October 2008.

Coffee husk muich

15 kg of decomposed coffee husk was split-applied in equal doses as a mulch to core cacao
plants in appropriate plots in October and late November 2007 (Plate 22) and repeated in

October 2008.

Plate 21 Cacao and plantain provided with plastic mulch
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Plate 22 Cacao provided with coffee husk mulch

6.2.6 Soil moisture determination

Soil moisture content was determined by means of the soil moisture probe (Delta-T, U.K;
model PR2/4). The shade and cacao genotype treatments were ignored (by restricting data
collection to the control shade with P 30 [POS] treatments only). One plot per mulch treat-
ment in each of two blocks (out of the four) was selected for soil moisture measurement.
The measurement was done twice in the dry season on January 20 2007 and February 21

2008.

6.2.6.1 Gas exchange measurement

Starting from September 2007 the infra red gas analyzer (IRGA) was used to collect data on
stomatal conductance and the rates of transpiration and photosynthesis twice in each of the

three seasons (as described in section 2.3). For each replication three out of six core plants
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were tagged and used for gas exchange measurement. No artificial light source was applied.
Leaf Chlorophyll Fluorescence was measured by means of the leaf chlorophyll fluorescence
meter (as described in section 2.3.1). Data were collected between the mid mornings and
early afternoons (between 11:00 am and 12:15 pm) on the same days as the gas exchange
measurements. Leaves which had been selected for photosynthesis measurement were also

used for leaf chlorophyll fluorescence measurements.

6.2.7 Growth data

Growth (girth and height) measurements of all experimental plants were made once every
two months from September 2007. The stem diameter of plants was measured at 20 cm

from ground level.

6.2.8 Leaf traits

In March 2008, data on specific leaf weight, relative water content, Leaf chlorophyll concen-
tration and leaf nitrogen content were taken once on a leaf on each of the three plants
which were used for photosynthetic data collection in each treatment (see section 2.3.2 for

details). Young, fully expanded and hardened leaves of selected plants were used.

6.2.9 Plant survival

Plant survival rate was assessed in September 2007 and during the last week of March 2008
by counting surviving plants. The numbers surviving were expressed as a percentage of the
total number planted per mulch * (shade * clone) treatment. The data were arc—sine trans-

formed before analysis.
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6.3 Results

Table 10 shows the mean relative humidity and temperature in the different seasons and
under the shade treatments at the times of data collection. The mean relative humidity val-
ue was 56.5% in the dry season compared with 74.3% and 83.7% in the major rainy and the
minor rainy seasons, respectively. The mean seasonal relative humidity under the control
shade was 68.1% as against 71.7% and 74.8% under the triangular Gliricidia and the close
plantain shade treatments, respectively (Table 10).

Temperatures were 25.6% higher in the dry season than they were in the major rainy season
and 36.1% higher than they were in the minor rainy season (Table 10). Also modifications
were noted in mean daytime temperatures under the shade treatments: Whereas the mean
seasonal temperature under the control shade was 30.2 °C, it was 29.7 °C under the triangu-

lar Gliricidia shade treatment and 29.1°C under the close plantain shade treatment.

Table 10 Mean relative humidity and air temperature under different shade regimes
and in different seasons.

Each value represents the mean of three readings taken in each season.

Major rainy (mid- Minor rainy Dry season
Seasons March to mid-July (mid-July to October (November to Febru-
year 2008) year 2007) ary 2007/8)
Shade Type | R-H. (%) |T°C R.H.(%) |T°C R.H.(%) [T°C
Control 66.5 31.35 82.50 25.15 55.25 34.20
A Gliricidia
75.25 30.50 83.50 24.85 56.25 33.80
Close plan-
P 81.25 30.80 85.00 23.90 58.00 32.60
tain
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6.3.1 Soil water content under the mulch treatments

Figure 69 shows the mean soil moisture contents at varying soil depths and under the differ-
ent mulch treatments. There was evidence (p = 0.04) of higher soil water under the mulch
treatments but not with changing soil depth. Generally the soil at this site was a sandy loam
and was likely to have a lower water holding capacity than the soil at the site for the clone *
(shade * manure) experiment. Usually it takes more supplied water to increase the moisture
content of more loose soils as water more easily percolates down the soil profile or evapo-

rates into the atmosphere.

14 -

12
LSD depth=4.6

10

8
LSD mulch * depth=6.2
6 -
4 1
Hno mulch
Mirrigation
21 M plastic mulch
M coffee husk
0 i T T T T

10 cm 20 cm 30 cm 40 cm

% soil water

soil depth

Figure 69 Soil water status under the mulch treatments and at different
depths during the dry season of 2007/2008.

Each bar represents the mean value for two plots per treatment each
measured twice.
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6.3.2 Photosynthetic activity

Stomatal conductance

Stomatal conductance rates of the cacao plants were significantly (p = 0.006) different be-
tween the seasons, the rates during the minor rainy and the major rainy seasons being 3.21
times and 6.47 times higher than the rate during the dry season, respectively.

There were no significant differences between cacao genotypes in their rates of stomatal
conductance. This was the case across the seasons and under the different mulch treat-
ments (Fig 70). The season * mulch interaction term was on the borderline of significance (p
= 0.083). Stomatal conductance rates were not significantly different under the mulch
treatments during two rainy seasons. During the dry season plants on which the irrigation
and plastic mulch treatments were imposed had a 17.9% and 41.9% increase over the zero
mulch treatment, respectively. This indicates, however, that stomatal conductance rates
during the dry season were still lower (under the irrigation and plastic mulch treatments)
than they were in the rainy seasons. The season * mulch * clone interaction term was not

significant.

Transpiration

Significant (p =0. 001) differences were observed between the seasons on the rate of tran-
spiration in the cacao plants. A mean transpiration rate of 5.152 mmol m™2s™" was observed
in the minor rainy season. That was 35.58% and 6.36 times higher than the mean rate at
which the plants transpired in the major rainy and the dry seasons, respectively.

Over the entire period no significant differences were noted between the mulch treatments
were observed on rates of transpiration (Fig 71). However, the season * mulch interaction

component was significant (p = 0.018). During the rainy seasons the zero mulch treatment
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had plants with the highest transpiration rate (mean = 4.8 mmol m™2s") which was 6.2%,
11.35% an 14.45% higher than the transpiration rates recorded in plants under the irrigation,
coffee husk and plastic mulch treatments, respectively. During the dry season, however,
plants provided with no mulch transpired at a rate of 0.607 mmol m™2s™" which was 16.15%,
19.82% and 48.12% lower than the rate observed for plants provided with the coffee husk
mulch, irrigation and the plastic mulch, respectively. There were no significant differences
between cacao genotypes in their rates of transpiration. The season * clone interaction term
was close to being significant (p = 0.069). During the dry season SCA 6 had the highest tran-
spiration rate (0.859 mmol m™2s7") which was 13.92% greater than that of PA 150 (which had
the lowest rate). The mulch * clone interaction element was not significant and no clear

trends were observed. The season * mulch * clone interaction term was also not significant.
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Stomatal conductance (mol m™2s™)
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Figure 70 Stomatal conductance of (a) SCA 6 (b) T 79/501 (c)

P 30 [POS] and (d) PA 150 in different seasons and under different

mulch treatments.

Each bar represents the mean value for 12 plants.
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Transpiration (mmol m™2s7™")
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Figure 71 Transpiration of (a) SCA 6 (b) T79/501 (c) P 30 [POS]

and (d) PA 150 in different seasons and under different mulch

treatments.

Each bar represents the mean value for 12 plants.
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Photosynthesis

Significant (p < 0.001) differences were observed on net photosynthesis of the cacao plants
between the seasons, the mean rate in the major rainy season being 4.8 umol m™2s™". That
was 2.17 and 3 times greater than the rates during the minor and dry seasons, respectively.
Considered over the whole period, significant differences were not detected between the
mulch treatments. However, the season * mulch interaction term was significant (p = 0.019).
In the two rainy seasons the zero mulch treatment had plants with the highest rate of pho-
tosynthesis (mean = 3.689 umol m™2s™") and that was 3.8%, 5.47% and 7.83% greater than
the mean rates for plants under the irrigation, plastic and coffee husk mulch treatments, re-
spectively. In the dry season the lowest photosynthetic rate (mean = 1.26 umol m™2s™") was
observed in the zero mulch treatment. That was 9.1%, 32.65% and 68.14% lower than the
mean photosynthetic rates of plants provided with the coffee husk mulch, irrigation and
plastic mulch treatments, respectively.

No differences were observed between the cacao genotypes in their rates of photosynthe-
sis. The season * clone interaction element was not significant; highest photosynthetic rates
were observed for all clones in the major rainy season and the lowest rates in the dry sea-
son. The mulch * clone interaction term was significant (p = 0.025). The main reason for this
could probably be attributed to the response of SCA 6 which had its highest photosynthetic
rate (3.193 pumol m™2s7") under the irrigation treatment and its lowest rate (2.598 pmol
m~2s”") under the plastic mulch whilst the other clones had their highest photosynthetic

rates under the plastic mulch treatment (Fig 72).

Water use efficiency

The water use efficiency was significantly (p < 0.001) different with season, the plants expe-
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riencing the lowest efficiency of water use [0.685 pumol (CO2) mmol (H20)?] in the minor
rainy season (Fig 73). That value was 69.31% lower than that of the dry season during which
the plants had the highest water use efficiencies.

There were no significant differences between the mulch treatments or the cacao genotypes
or interactions between them.

Leaf chlorophyll fluorescence

There was evidence that the Fv/Fm values of plants differed (p = 0.002) between the sea-
sons, the ratio being 18.3% and 25.46% higher in the minor rainy season than in the major
rainy and the dry seasons, respectively.

There were significant (p = 0.034) differences between the mulch treatments on the Fv/Fm
values of plants; those that received the irrigation treatment having an Fv/Fm ratio of 0.489
which was 3.16%, 5.40% and 6.51% higher than the values obtained by other plants which
were provided with the plastic mulch, coffee husk mulch and no mulch, respectively.

The season * mulch interaction term was not significant (Fig 74).

There were no significant differences between the cacao clones in their Fv/Fm values and no

significant interaction of clone with season or mulch was observed.
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Figure 72 Net photosynthesis of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 in different seasons and under different
mulch treatments.

Each bar represents the value mean for 12 plants
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Water use efficiency [umol (CO;) mmol (H20)?]
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Figure 73 Water use efficiency of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] (d) PA 150 in different seasons and under different mulch

treatments.

Each bar represents the mean value for 12 plants.
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Figure 74 Fv/Fm of (a) SCA 6 (b) T 79/501 (c) P 30 [POS] and (d)
PA 150 in different seasons and under different mulch treatments.

Each bar represents the mean value for 12 plants.
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6.3.3 Leaf traits

Leaf chlorophyll content

Leaf chlorophyll contents of plants differed significantly (p = 0.05) between the mulch treat-
ments. The highest leaf chlorophyll concentration was observed with the plastic mulch
treatment. The coffee mulch and the irrigation treatments had plants with 14.92% and
22.79% lower leaf chlorophyll contents, respectively, whilst the zero mulch treatment had
plants with 35% lower leaf chlorophyll content (Fig 75).

Plants under the different shade treatments also had significant (p < 0.001) differences be-
tween them on leaf chlorophyll content. The close plantain shade treatment had plants with
a mean chlorophyll content of 10.67 chlorophyll meter units which was 7.61% and 16.85%
more concentrated than that of plants that grew under the triangular Gliricidia shade and
the control shade treatments, respectively. The mulch * shade interaction term was not sig-
nificant.

There were significant (p = 0.002) differences between cacao genotypes in their leaf chloro-
phyll contents. SCA 6 had the highest value (10.35 chlorophyll meter units) and that was
0.89%, 3.26% and 26.94% higher than the mean chlorophyll content of PA 150, P 30 [POS]

and T 79/501, respectively. None of the interaction terms were significant.
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Figure 75 Leaf chlorophyll content of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different mulch and shade treatments.

Each bar represents the mean value for 12 plants
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Relative water content

The relative water content values fell within a narrow range between clones (59.00 + 0.52)
shade (58.98 + 1.18) % and mulch (59.30 + 1.32) %, treatments. There were no significant
differences between the different sets of factors or their interactions with other factors and

no clear trends were observed (Fig 76).

Specific leaf weight

Significant (p = 0.001) differences were noted in the specific leaf weight of plants under the
different mulch treatments. The highest value (4.68 mg cm™2) was observed for plants grown
with the plastic mulch and that value was 2.55%, 6.44% and 12.08% greater than the specific
leaf weight of plants that received the irrigation, zero mulch and the coffee husk mulch
treatments, respectively.

Significant (p = 0.027) differences were observed on specific leaf weight between the shade
treatments (Fig 77), with cacao plants growing under the close plantain shade regime having
the highest specific leaf weight (4.57 mg cm™2) which was 3.29% and 4.76% greater than that
of plants that grew under the triangular Gliricidia shade and those that grew under the con-
trol shade, respectively. The mulch * shade interaction factor was not significant.

Significant (p < 0.001) differences were observed among the genotypes. SCA 6 had the high-
est mean value (4.68 mg cm™) and that was 6.2% greater than P 30 [POS] and PA 150 and
8.64% greater than that of T 79/501.

The mulch * clone interaction and shade * clone interaction terms were not significant.
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Figure 76 Relative water content of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different mulch and shade treatments.

Each bar represents the mean value for 12 plants.
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Figure 77 Specific leaf weight of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different mulch and shade treatments.

Each bar represents the mean value for 12 plants.
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6.3.4 Plant growth

Stem girth

Stem diameter differed significantly (p = 0.013) between the mulch treatments. The irrigated
plants had a mean stem girth of 22.40 mm. They were 3.9%, 9.62% and 11.83% thicker than
plants which were treated with the plastic mulch, coffee husk mulch and the zero mulch, re-
spectively (Fig 78).

There were no significant differences between shade treatments. Furthermore, the mulch *
shade interaction unit was also not significant.

There were significant (p < 0.001) differences between cacao genotypes in their stem girths.
T 79/501 had the thickest stems (22.01cm) which were 1.32%, 4.58% and 11.60% thicker
than the stems of PA 150, P 30 [POS] and SCA 6, respectively. There were no significant in-
teractions between clone and mulch or clone and shade. The mulch * shade * clone interac-
tion term was not significant.

Plant height

Significantly (p = 0.042) different plant heights were recorded between the mulch treat-
ments. The irrigated plants were 112.45 cm tall on average which made them 10.78%,
11.61% and 12.40% taller than plants that grew under the coffee husk mulch, plastic mulch
and zero mulch treatments, respectively (Fig 79).

There were no substantial differences between shade treatments and the mulch * shade in-
teraction term was also not significant. However, there were significant (p < 0.001) differ-
ences between clones in plant height, PA 150 being 109.44 cm tall on average and 15.23%
taller than SCA 6 which was the shortest.

The mulch * clone and the shade * clone interaction terms were not significant.
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Figure 78 Stem diameter of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different mulch and shade
treatments.

Each bar represents the mean value for 24 plants.

229



Plant height (cm)

140

120

100

80

60

40

20

(a)

7 I LSD mulch * shade = 19.21

7 H control shade
m close plantain

- = A Gliricidia

T T T T T

ILSD shade =15.21

nomulch  irrigation

plastic

coffee husk

120

100

80

60

10

20

I LSD shade = 16.42

nomulch irrigation

plastic

(b)
I LsD mulch * shade = 16.59
o control shade
o close plantain
= & Gliricidia
T T T

coffee husk

120

100

80

60

40

20

(€)
] LSD mulch * shade = 19.33
= control shade
m close plantain
= & Gliricidia
T T T

I LSD shade =17.89

no mulch irrigation

plastic

coffee husk

120

100

80

60

40

20

(d)

I LSD shade =18.19
I LsD mulch * shade = 18.19

= control shade
m close plantain
m A& Gliricidia

nomulch irrigation

plastic

coffee husk

Figure 79 Mean plant height of (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different mulch and shade
treatments.

Each bar represents the mean value for 24 plants.
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Stem volume

Plants that were subjected to the mulch interventions had significantly (p = 0.006) bigger
stems than those under the control treatment. Plants that received the irrigation treatment
were the biggest. They had a mean stem volume of 164.87 cm? which was 24.79%, 39.65%
and 48.36% greater than plants that received the plastic mulch, coffee mulch and zero mulch

treatments, respectively.

There were no significant differences observed between shade treatments in stem volume.
However, there was a trend in which plant growth decreased under increasing shade intensi-
ty so that plants that grew under the close plantain shade were the smallest.

The mulch * shade interaction term was not significant. There were significant (p = 0.001)
differences between cacao clones in their stem volume (Fig 80). The clone PA 150 had the
biggest stems (147.12 cm?). It was 3.38%, 7.84% and 29.74% bigger than T 79/501, P 30
[POS] and SCA 6, respectively.

The mulch * clone and the shade * clone interaction terms were not significant. The mulch *

shade * genotype interaction term was also not significant.
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Figure 80 Stem volume of (a) SCA 6 (b) T 79/501 (c) P 30 [POS]
and (d) PA 150 under different mulch and shade treatments.

Each bar represents the mean value for 24 plants.
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Plant survival

Plant survival rates were significantly (p = 0.04) different for the mulch treatments, the irri-
gation treatment having the highest plant survival (93.5%). Respectively, 90.7%, 81.0% and
69% of plants which were grown under the plastic mulch, coffee husk mulch and the zero
mulch treatments survived.

Plant survival was also different (p = 0.011) between the shade treatments. Under the close
plantain shade treatment 87.1 % of the cacao plants survived as against 85.94% and 74.72%
survival rate under the triangular Gliricidia shade and the control shade treatments, respec-
tively (Fig 81). The mulch * shade interaction term was not significant.

The average survival rates of the clones were not significant, however the mulch * clone in-
teraction term was significant (p = 0.028). All the clones except SCA 6 survived better under
the irrigation treatment than the other treatments. In the case of SCA 6 94.4% of the plants
survived under the plastic mulch, 88.90% survived under the irrigation and 65.00% under the
zero mulch treatments, respectively. T 79/501 had high survival rate under the irrigation and
plastic mulch treatments but not under the coffee husk mulch. The lowest survival rate
(53.70%) was obtained by P 30 [POS] under the zero mulch treatment.

The shade * clone interaction term was not significant. For all the clones the lowest plant
survival rate was recorded under the control shade treatment. The mulch * shade * clone

interaction term was not significant.
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Figure 81 Field survival of young (a) SCA 6 (b) T 79/501 (c) P 30
[POS] and (d) PA 150 under different mulch and shade treatments.

Each bar represents % plants surviving out of 48 (= 100%).
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6.4 Discussion

Soil moisture

Organic mulches have long been noted to improve soil water retention (Jordan and Opoku,
1966). Therefore, the observation that soil water content was higher under mulches in this
work is consistent with such earlier ideas. The use of plastic mulches for this purpose is more
recent. However, recent publications show that plastic mulches are effective in retaining soil
water for agricultural purposes (Chakraboyty et al., 2008, Liu et al., 2009).

Stomatal conductance and Transpiration

The fact that plants that were subjected to the irrigation and plastic mulch treatments had
higher stomatal conductance and hence higher photosynthesis in the dry season but not in
the two rainy seasons suggests that soil moisture, if adequate, is partially able to ameliorate
the suppressive effect of atmospheric drought on stomatal conductance and transpiration,
presumably, by improving the plant water status (Rada et al., 2005, Hutcheon, 1977, Joly and
Hahn, 1989a). This shows that during the dry season, although soil water might have been
improved adequately by means of the ‘mulching’ methods, plant water uptake did not
measure up to the rate of transpiration, causing the plants to restrict stomatal opening so as
to control the creation of an internal water deficit.

The non-significant mulch * clone interaction indicates that stomatal conductance and tran-
spiration were similar under the mulches irrespective of plant material. It confirmed results
of the genotype * (quantity of water * frequency of watering) greenhouse experiment in
showing that differences in soil water reflect on stomatal opening of all the cacao genotypes.
The results also agree with a few other findings by other workers. Date palms exhibit a simi-
lar but much more outstanding response as, according to Smith (1989) stomatal conduct-

ance in the palms seems to be relatively insensitive to the high water vapour pressure defi-
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cits experienced in the arid regions of the world, “provided soil water was not limiting”. Sim-
ilar observations on the effect of soil water on stomatal conductance have been made under
field conditions in maize (Tardieu et al., 1992), carambola trees (Al-Yahyai et al., 2004), Ara-
bica coffee (Tesfaye et al., 2008), cassava (Elsharkawy et al.,, 1984) and almond trees
(Romero and Botia, 2006).

In the rainy seasons the soil water content would not be very different for the mulch treat-
ments. So differences in stomatal conductance would not be expected under the different
mulch treatments during those seasons. The temperatures and relative humidity values rec-
orded in this experiment fall within the normal ranges for the cacao growing area of Ghana.
The differences observed in stomatal conductance and transpiration between the seasons
follow the same trend as those observed in the shade * clone experiment which was con-
ducted using the same genotypes but under nursery conditions. Seasonal changes in envi-
ronmental conditions explain the significantly lower stomatal conductance and transpiration
rates in the dry season than in the rainy seasons. With high relative humidity and low tem-
peratures as was observed in the minor rainy season vapour pressure deficit would be low -
permitting wide stomatal opening and high stomatal conductance and transpiration as re-
ported on by Slatyer (1966) and (Raja Harun and Hardwick, 1988).

The borderline significance in the season * clone interaction (in which PA 150 had the lowest
transpiration rates in the dry season) suggests modest genetic variability in stomatal regula-
tion. This confirms results of the shade * clone nursery experiment where a similar observa-

tion was made.

Photosynthesis

Although stomatal conductance was high in the minor rainy season, the cloudy situation and
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low temperatures in that season must have reduced the rate of CO; fixation. Consequently
the highest photosynthetic rates were observed in the major rainy season when soil water
was not limiting and also light levels and temperatures were higher. These observations are
in agreement with the results obtained in the shade * clone experiment described earlier (in
chapter 4) in this thesis and with earlier ones such as those obtained by Miller et al. (1992).
These authors observed higher rates of photosynthesis in cacao until a saturating irradiance
for photosynthesis was reached. Low temperatures below the optimum have been noted by
Raja Harun and Hardwick (1988), Alvim (1977), Hadley (1994) and Daymond and Hadley
(2004) to limit photosynthesis and vegetative growth.

Photosynthesis was lowest in the dry season. The significant reduction in the Fv/Fm ob-
served in this work in the dry season is dissimilar to an observation made by Praxedes et al.
(2006) on field-grown Robusta coffee that a dry period had little effect on leaf chlorophyll
fluorescence. The low photosynthetic rates in the dry season could largely be explained by
stomatal closure. Under water stress conditions Perez-Martin et al. (2009) observed limited
diffusion of CO; into the leaf chloroplast of Vitis vinifera L. Cv. Tempranillo and Olea europae
L. cv. Manzanilla not only by reducing stomatal conductance but also mesophyll conductance
of the leaves. Guang-yu et al. (1991) observed in field-grown soya bean that water stress
conditions caused restricted stomatal opening which, in turn, caused further increases in leaf
temperature.

Consistent with the observation made in the shade * clone trial (in chapter 4) and with ear-
lier observations made by Balasimha and Daniel (1995) significantly lower leaf chlorophyll
fluorescence was observed during the drier months of the year which may have partially re-
flected higher photoinhibition as a result of higher light levels (Galyuon et al., 1996a). Thus

the low rates of photosynthesis observed in the current work during the dry season could
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have been a reflection of several physiological impediments including low stomatal conduct-
ance, low mesophyll conductance as well as photoinhibition of photosynthesis.

The significant season * mulch interaction in which the zero mulch treatment had plants
with the highest rate of photosynthesis in the wet season but the lowest rate in the dry sea-
son reflected the pattern observed with the mulches, in relation to stomatal conductance
and the efficiency of photosystem Il . This suggests that net photosynthetic rates at the leaf
level were restored after the dry season when soil water would be about the same across
the mulch treatments. This was similar to a report by Galle et al. (2010) who observed the
restoration of photosynthetic activity of Nicotiana sylvestris at the leaf level two days after
an imposed drought stress was alleviated. Similarly Xu et al. (2009) examined the effects of
soil drought and re-watering on plant biomass, relative growth rate (RGR), and photosyn-
thetic potential of a perennial grass (Leymus chinensis). These authors reported that recov-
ery of plant biomass following re-watering was lower for the plants that had experienced
previous drought compared with the control. However, the plant RGR, leaf photosynthesis,
and light use potential were strikingly stimulated by the previous drought, depending on
drought intensity. It was explained that following re-watering the plants might have tried to
overcompensate the loss of the plant's net primary production due to the drought effect. In
a similar way a greater stimulation in photosynthetic activity could have occurred in the ze-
ro-mulched cacao plants of the current experiment.

Compared with the changes noted in the Fv/Fm as soil water was varied in the greenhouse
clone * (quantity of water supplied * frequency of watering) trial, it can be reasoned that the
soil water levels obtained by the application of the mulches were satisfactory.

The observation that the season * clone interaction term was not significant corroborated

results obtained under nursery conditions in the shade * clone experiment (see Chapter 4). It

238



is also significant that in this experiment, as in the genotype * (quantity of water * frequency
of watering) experiment, no differences were observed in the Fv/Fm of the genotypes (Fig
74). That probably suggests a major reason why the rates of net photosynthesis were not

very different among the clones even under the different seasons.

Water use efficiency

In contrast with the dry season the minor rainy season (which had the highest relative hu-
midity and the lowest temperatures) is regarded as the period when the water table is high-
est in Ghana [(Entwistle, 1972, Wood, 1985); Appendix 2]. Those environmental factors may
explain the lowest water use efficiency in the minor rainy season and the highest in the dry
season when the efficiency of plant water conservation becomes more important (Ben
Rouina et al., 2007, Liao et al., 2008, Rada et al., 2005).

Leaf traits

At the end of the dry season plants provided with the mulch treatments (notably the plastic
mulch treatment) had a higher mean leaf chlorophyll content than plants under the zero
mulch treatment. Comparing these results with those obtained in the clone * (quantity of
water * frequency of watering) experiment that involved potted plants of the same cacao
clones and of the same age under greenhouse environments it would, again, appear that the
quantity of irrigated water supplied to the plants was not excessive. Too wet (or too dry) a
soil medium would be associated with lower leaf chlorophyll concentrations. Alternatively
the water used in irrigating the plants could have replenished some of the nutrients that
would have been lost through leaching and plant uptake depending on its nutrient content
(Akirinde and Ayegboyin, 2006). The results were dissimilar to some results that have been

obtained in other species than cacao. Working on 12 peanut genotypes Arunyanark et al.
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(2008) observed, in two field trials, that plants which experienced a reduction in soil water
from ‘field capacity’ to one third available water, had increases in chlorophyll content per
unit leaf area. Evaluating the influence of water stress on photosynthetic pigmentation of
two sugar beet varieties, Hussein et al. (2008) recorded higher leaf chlorophyll a concentra-
tion by withholding water supply down to 40% of the soil’'s water holding capacity (W.H.C.)
than by supplying the ‘normal quantity’ of water (= 80% W.H.C.) although the highest values
were obtained when the soil water was 60% of the soil’'s water holding capacity. In Quinoa
(Chenopdium quinoa Willd.) plants Gonzalez et al. (2009) found that a waterlogged situation
rather than drought conditions caused significant reductions in leaf total chlorophyll con-
tent. In this current experiment, however, cacao plants that grew under soil water conserva-
tion by means of mulching had higher leaf chlorophyll concentrations. Probably that was an
indication of higher nutrient uptake during the dry season.

The observation that plants that grew under heavier shade had higher leaf chlorophyll con-
tent agrees with those made earlier by Daymond (2000) which showed that in cacao shaded
leaves often exhibited greater total chlorophyll concentrations than sun leaves. That proba-
bly is an adaptation to enhance light utilization efficiency with decreasing incident light as,
according to Baker and Hardwick (1973) greater chlorophyll development in cacao is associ-
ated with higher photosynthetic capacity.

In the greenhouse clone * (quantity of water supplied * frequency of watering) experiment
(in Chapter 3) differences were found between cacao genotypes that were similar to the
ones obtained in this field experiment. The significant differences among the cacao geno-
types suggested genetic differences in their rates of chlorophyll development.

The relative water contents of cacao leaves were lower than those observed by Joly and

Hahn (1989a) but fell within the range of values obtained by Daymond (2000).
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During the second week of December 2007 when the relative water content was measured
the soil was probably not dry enough to detect differences in relative water contents under
the different factors. A report by de Almeida et al. (2002) on cacao showed that different
dehydration levels are not always clearly expressed by the relative water contents of leaves.

The observation that the specific leaf weight was higher in plants provided with the plastic
mulch and irrigation treatments suggests that conserved soil moisture increased leaf density
(Fig 76). This observation contradicts the observation made in the clone * (quantity of water
supplied * frequency of watering) experiment conducted under greenhouse conditions. This
is probably because under field conditions- unlike in pot experiments- plants can better uti-
lise higher levels of soil moisture for CO; assimilation resulting in greater starch production
and a higher specific leaf weight. The results on specific leaf weight are similar to the ob-
servation made by Gonzalez et al. (2009) on quinoa plants in which both relative water con-
tent and specific leaf weight were increased as a result of increasing soil moisture. Also un-
der field conditions Chakraboyty et al. (2008) reported rice husk mulch as improving the soil
moisture status and the specific leaf weight of wheat (Triticum aestivum L.). The observation
also agrees with an earlier one in which de Almeida et al. (2002) found, in cacao, about 25%
increase in specific leaf area (and therefore a decrease in specific leaf weight) when soil wa-
ter potential fell between -0.5MPa and -0.3MPa. Differences among the clones were clearer
in this experiment with SCA 6 having the highest specific leaf weight as it did in the clone *
(quantity of water supplied * frequency of watering) experiment. The results suggest the ex-

istence of genetic variability with respect to specific leaf weight.

Plant survival and growth

Cacao plants that experienced the soil water conservation interventions had higher plant
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survival and growth rates which were a reflection of the higher rates of photosynthesis and
probably plant cell survival during the dry season, the critical period for the survival of
young, field-grown cacao (Balasimha, 1999, Meyer and Boyer, 1972). According to Joly and
Hahn (1989a) water stress of sufficient intensity is capable of causing lasting disruption to
the photosynthetic apparatus of young cacao.

In addition to conserving soil moisture the mulch treatments could also have reduced stress
by reducing root zone temperature which (independently of air temperature) is known to
influence the survival, growth and dry matter partitioning of field plants (Smith, 1989).
Although data were not taken in support of it, leaf abscission in the dry season was noticea-
bly lower and leaf area higher in plants that grew under the mulch treatments than in those
that grew under the zero mulch treatment. Previous studies in cacao have shown that con-
served soil moisture had a positive influence on leaf area duration (Balasimha, 1999, Klepper
et al., 1984, Zuidema et al., 2005).

The observation that plants that were subjected to heavier shade survived better may be
explained in terms of the benefits that shade provides for young cacao (with little self shad-
ing) especially in the dry season. As outlined by Beer et al. (1998) the provided shade must
have ameliorated the effect of stressful conditions in the microenvironment through the re-
duction of day-time air and soil temperatures, maintenance of a higher relative humidity and
reduction of wind speed. Other benefits of shade include protection against high photoinhi-
bition, excessive transpiration and leaf abscission (Galyuon et al., 1996a).

Whereas differences observed in plant survival under the shade intensities were significant
only non significant differences were noted in plant growth. Although not statistically differ-
ent, the observed trend in which the close plantain shade treatment (which provided the

heaviest shade) had cacao plants with the smallest stem volumes was noteworthy as a simi-
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lar trend was seen in the shade * clone nursery experiment. It cannot be said with certainty
whether a direct light limitation to photosynthesis or indirect influences of shade were more
important to plant growth. The triangular Gliricidia plants had the tallest cacao plants with
the thinnest stems. This was probably due to the fact that the cacao plants grew in the midst
of three Gliricidia plants located equidistantly at 0.60 m around the cacao and provided
shade from three angles. To compete for sunlight the cacao plants must have had the ten-
dency to invest more photosynthate towards increases in plant height at the expense of
stem girth.

The fact that plants survived the dry season better under increasing shade implies that the
greater amelioration of aerial stresses as a consequence of increased shade more than com-
pensated for the negative effect of possible competition from the shade plants.

The significant mulch * clone interaction in which there were greater plant losses of some
cacao genotypes compared with others under the zero mulch treatment suggests that under
field conditions the soil water requirements of the genotypes differ. Under the mulch
treatments P 30 [POS] and SCA 6 experienced increased survival with a higher margin over
the zero mulch treatment than T 79/501 and PA 150 which seem to be more drought-
tolerant.

The experiment has shown that plant survival and growth increase with reasonable increas-
es in soil water levels which may be obtained through the direct supply of water (sub-surface
irrigation) or through soil water conservation by means of both organic (coffee husk) and
inorganic (plastic) mulching. Plants under higher soil moisture experienced decreases in wa-
ter use efficiency but higher CO; uptake, leaf chlorophyll fluorescence and net photosynthe-
sis as plant water supply increased. The significant season * mulch interaction showed that

with young cacao it may be superfluous to apply those interventions with the purpose of in-
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creasing soil water during the rainy seasons. This observation is important in the case of irri-
gation considering the cost implication associated with its usage.

The non significant mulch * shade interaction term suggests that the benefits that can be
obtained from providing both shade and soil water may be ‘additive’. However, the observa-
tion that plants under heavier shade tend to experience slower growth confirms the need
for good shade management in order to achieve higher plant survival and also good growth.
As observed more clearly in the shade * clone nursery experiment, reduced shade may be

useful during the rainy seasons to promote faster plant growth.
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CHAPTER 7

General discussion

7.1 Environmental impact

The data in this thesis show that it is feasible to significantly improve cacao establishment in
the deteriorating planting environment (caused by depleting soil nutrients and poorer annu-
al rainfall distribution) of Ghana by some of the agronomic interventions employed in these
experiments. They also underscore the benefit of conducting most of the experiments over a
time-course of one year, giving an idea about how the different seasons influence plant re-
action under the factors considered.

In both the nursery (shade * clone) and the field experiments [the mulch * (shade *clone)
and clone * (shade * manure) experiments] noticeable differences were observed between
the seasons in most of the physiological processes considered. The dry season was the most
unfavourable with its high water vapoJr pressure deficit (due to high daytime temperature
and low relative humidity), increased soil moisture stress (in the case of the field experi-
ments) and higher light intensity (due to the associated cloudless sky). As both atmospheric
and soil stresses were highest in that season most of the recorded seedling losses occurred
at that time. Restrictions and constraints in important physiological processes including sto-
matal conductance, transpiration, light use efficiency and net photosynthesis were highest
under the dry condition.

Of the three seasons, the minor rainy season which had the lowest vapour pressure deficit,
high soil water table (in the case of the field experiments), and low light intensities (due to
cloudiness), was the least stressful. The highest efficiency of photosystem Il was observed in

that season but net photosynthesis was still less than that recorded in the major season in
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which CO; assimilation was highest. As explained in chapters 3, 5 and 6, a combination of
factors existed in the major rainy season that must have contributed to the realisation of the
highest net photosynthesis in that season. These include the higher light intensity, low water
vapour pressure deficit and increased soil water (in the case of the field experiments).

The observations (in the various seasons) made on photosynthetic activity, growth and es-
tablishment underlined the importance of the agronomic interventions that were applied in
the different experiments of this work, namely, the provision of shade, application of organic
manure and the direct supply or the conservation of soil water by means of irrigation, organ-

ic and inorganic mulching.

7.2 Photosynthetic activity, survival and growth of young cacao under

different soil water levels

The [clone * (quantity of water supplied * frequency of watering)] experiment was used to
determine whether important physiological processes of growth and survival of young cacao
plants increase as soil water increases towards ‘field capacity’ and whether there are geno-
typic differences in the processes between the cacao genotypes as water stress changes.

The significant interaction between the quantity of water supplied and frequency of water-
ing observed in the experiment indicated higher photosynthetic activity as soil water in-
creased up to 50 - 62% of field capacity. It was, therefore, reasoned that although Opik et al
(2005) recommend a soil’s ‘field capacity’ of water as being the ideal for most plants (owing
to the fact that the soil will have a high water potential but also enough air-filled spaces)
other factors such as the interaction of soil water with soil density and soil nutrient status
can influence the optimal soil moisture content for young cacao.

It was also observed that the optimal soil water for leaf chlorophyll development (30 - 36%
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field capacity) fell below the optimum soil water for photosynthetic activity. The observed
reductions in leaf chlorophyll concentration as soil water increased above the optimum for
photosynthesis may also have been an indication of a possible nutrient dilution in plant tis-
sue (Maier and Chvyl, 2003, Arunyanark et al., 2008, Hussein et al., 2008). It was suggested
that probably increased soil water needed to be supported with a supply of plant nutrients.
This seemed to be corroborated by the observation that the highest leaf nitrogen content
was also recorded between 30 - 36% field capacity.

With reducing water supply, all the genotypes became more efficient in their water use both
in the field and under greenhouse conditions showing a more stringent stomatal control
which reduced transpirational water loss more than it reduced the rate of photosynthesis.
However, the extent to which water use efficiencies improved in the various genotypes as
water stress increased varied significantly. Genotypic differences existed among the cacao
clones with SCA 6 having the highest and PA 150 having the lowest water use efficiency in
that experiment which was conducted during the rainy seasons. Higher water use efficien-
cies were recorded when soil water content was reduced by reducing the frequency of wa-
tering than by reducing the quantity of water supplied at a time. That observation suggested
that under rain-fed conditions rainfall distribution would exert a stronger influence on CO;
uptake than the intensity of precipitation.

The experiment also demonstrated that a faster plant growth and a higher plant survival rate
are more likely to be obtained when soil water is maintained between 50% - 62% field capac-
ity. If this was the case under field conditions it would imply that for optimum field estab-
lishment less irrigation water might be required by young cacao than by many other plant
species. However, there are differences between pot and field hydrology due primarily to

differences in the way soil water is dispensed under the two conditions.
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As stated in the General Introduction (chapter 1) the strategy adopted in this work was to
conduct experiments under greenhouse and nursery conditions expecting results from them
to provide background information that could facilitate the understanding of similar experi-
ments conducted under field conditions. It was, therefore, interesting to observe more simi-
larities between the greenhouse / nursery experiments and the [mulch * (shade * clone)]
field experiment (than there were dissimilarities) in the response of the cacao plants to soil
water and shade.

The significant season * mulch interaction on stomatal conductance in which stomatal con-
ductance rates were similar under the different mulch treatments during the rainy seasons
reflected the uniform soil moisture conditions during these seasons. During the dry season
plants provided with the mulch treatments (including irrigation) were found to have signifi-
cantly higher stomatal conductance and transpiration rates reflecting the higher soil mois-
ture content. Photosynthetic rates were up to 68% higher in mulched plants during the dry
season. These observations were explained as indicating that the mulch treatments were
effective in conserving soil water, answering one of the questions that the thesis sought to
answer. They also demonstrated the importance of soil water conservation to the physiolog-
ical processes of young cacao plants in the dry season.

Mulched plants also had higher Fv/Fm ratios suggesting that the resulting increased soil
moisture ameliorated any suppressive effects of water vapour pressure deficit and high light
intensity. The greater plant survival rate and the overall faster plant growth were probably a
reflection of the mentioned benefits that were experienced in the dry season. This corrobo-
rated Joly and Hahn’s (1989a) observation that water stress was capable of causing lasting
disruption to the photosynthetic apparatus of cacao and demonstrated the feasibility of em-

ploying the agronomic interventions (mulching /irrigation) used to conserve or supply soil
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water. That provided, in part, an answer to the question posed at the outset of this thesis as
to what agronomic practices could be used to satisfy the water demand of young cacao and
improve field establishment. There was also a suggestion that the suitability of a soil water
conservation method may be genotype specific. This was deduced from the observation that
whereas the irrigation treatment was associated with increased photosynthetic activity in all
the genotypes, photosynthetic rates were higher under the plastic mulch treatment for all
the clones except SCA 6.

Thus in many respects the photosynthetic activity of young cacao under increased soil water
was similar under both greenhouse and field conditions and the adopted approach to expect
results from the greenhouse experiment to provide useful insights into the mulch * (shade *
clone) experiment conducted under field conditions worked quite well.

It must be mentioned, however, that the biological advantages notwithstanding, the cost
implications of the various agronomic interventions used either to supply or conserve soil
water must be weighed against the biological advantages they offer. For example the cost of
haulage and application of the coffee husk, and plastic mulch amounted to one hundred and
fifty (150) and three hundred and twenty (320) pounds sterling per hectare per year, respec-
tively. The irrigation system (capable of serving up to 10 hectares of young cacao) cost two
thousand one hundred pounds sterling (£2,100) to install and eighty pounds sterling (£80) to
run per hectare per dry season. The biological benefits may be realised in a higher crop sur-
vival , a faster crop growth rate with its indirect benefits of weed control, reduced soil ero-
sion, reduced evaporation, less insect pest (especially capsid) infestation and early yield.
With good maintenance an irrigation system can remain a permanent feature of a farm to
sustain higher yields especially if it is decided to use it as a means by which fertigation will be

practised.
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7.3 Photosynthesis, growth and establishment of young cacao under

different shade regimes.

In the shade * clone nursery experiment a significant season * shade interaction in which
lower stomatal conductance and photosynthetic rates were observed in the wet seasons but
higher stomatal conductance and photosynthetic rates were recorded in the dry season un-
der increasing shade showed that increasing shade was needed to modulate the stressful
effects of a high water vapour pressure deficit during the dry season and that less shade was
required in the rainy seasons. These responses were in line with Balasimha’s (1999) observa-
tion that stomata of intact leaves generally open in response to increasing light but the ef-
fect of low relative humidity can interfere with that response to light. It was reasoned that
although soil water was not in short supply during the dry season an internal water deficit
developed in the plants under the lightest shade (32.5% shade) as water uptake did not
match the rate of transpiration, causing a restricted stomatal opening in order to conserve
plant tissue water. The cacao under heavier shade received benefits associated with reduced
stress in the dry season. Thus the provision of appropriate shade was found as an answer to
the question of what agronomic practices would reduce the water demand of cacao during
the establishment phase.

The diurnal study showed plants that grew under heavier shade to have a lower photosyn-
thetic capacity. It was reasoned, however, that although absolute photosynthetic rates were
lower in heavier shaded plants, a greater reduction in photosynthetic efficiency must have
occurred (as a result of photoinhibition) in the plants that grew under higher light intensities.
It was noted, however, that any depressions caused by high photosynthetic photon flux den-

sity were dynamic in nature rather than chronic and the stressed plants recovered overnight
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and their photosynthetic efficiencies were restored by the beginning of the following day.
When considering biomass partitioning it was found that plants which grew under the medi-
um shade (55% shade) had a greater shoot: root ratio than those which grew under light
(32.5%) shade. Thus the heavier shaded plants translocated a greater proportion of assimi-
late into leaf production to maximize light interception in order to maintain a functional
equilibrium at the whole plant level. Plants that grew under lighter shade had smaller indi-
vidual leaf sizes but the greater number of leaves produced under that condition more than
compensated for the smaller leaf sizes causing those plants to have a greater total leaf area.
Coupled with the higher absolute photosynthetic rates those plants experienced a greater
total dry matter production than heavier shaded plants. This nursery experiment showed
that provided other requirements such as soil water are met young cacao plants can be
grown under 32.5% shade, throwing light on the question of what the shade requirement of
young clonal cacao is.

Observations made in the shade * clone nursery experiment, and especially from the data
gathered from the destructive harvesting carried out in that trial aided our understanding of
plant reactions under varying shade under field conditions although a much narrower range
of shade levels (50 -63% shade) was used in the field experiments.

The influence of shade on temperature and relative humidity in the field experiments fol-
lowed the trends observed under nursery conditions, higher relative humidity and lower
temperatures occurring under heavier shade. In the clone * (shade * manure) field experi-
ment the highest rates of photosynthesis were recorded under the lightest (the control)
shade treatment in the two rainy seasons. In the dry season, however, the highest photosyn-
thetic rates were obtained under the heaviest (close plantain) shade treatment. Thus

whereas in the rainy seasons more light energy (as obtained under lighter shade) was need-
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ed to drive water uptake and transpiration, in the dry season increasing shade was needed
to ameliorate the stressful effects of the dry season by sustaining a higher relative humidity
and reduced aerial temperature. In the dry season, plants under the lightest shade had the
highest water use efficiencies.

Similar to the observation in the shade * clone nursery experiment, increasing shade was
associated with increased leaf chlorophyll concentration in the [mulch * (shade * clone)] trial
but no clear differences in chlorophyll concentration were noticed in the clone * (shade *
manure) experiment. Also a greater specific leaf weight was observed under heavier shade
in the [mulch * (shade * clone)] trial. These observations would, probably, have been better
understood if repeated leaf analysis was done and seasonal differences considered. It was,
however, observed in the [clone * (shade * manure)] trial that leaf N, P and K concentra-
tions were not reduced under increasing shade showing that there could only have been
very little inter-specific competition (between the shade and the cacao plants) for soil nutri-
ents.

Unlike the results obtained under the shade * clone nursery experiment total plant biomass
was not different under the shade treatments under field conditions. However the plant sur-
vival rate was higher under increased shade in the [mulch * (shade * clone)] experiment
which was conducted at a site which had soils with a lower water holding capacity than the
[clone * (shade * manure)] trial. The differences observed in plant growth under different
shade was not as striking under field conditions as they were in the nursery experiment,
which may partly be attributed to the narrowness of the range of shade levels used in the
field experiments. Also whereas plants in the nursery experiment experienced stress from
only one source (water vapour pressure deficit) the field plants experienced higher levels of

stress from vapour pressure deficits as well as from reduced soil water.
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It was worthy of note that the spacing and planting arrangement that gave the lightest shade

level in the field experiments has been the standard for cacao establishment in Ghana. The

decision to test heavier shade using the ‘standard’ as the control was based on the fact that

the growing environment of cacao is becoming more hostile and the supposition that young

cacao plants may require higher shade levels to survive.

In spite of the less dramatic response to shade (as observed in the field experiments) a few

definite conclusions can be drawn about the provision of shade during the establishment

phase of the cacao genotypes (SCA 6, T 79/501, P 30 [POS] and PA 150) used in this work.

The young cacao plants had a dynamic shade requirement that was time and
season dependent.

The shade requirement is affected by other factors including soil water and
relative humidity.

Plantains and Gliricidia sepium stakes can be used in different planting ar-
rangements to provide the required shade under field conditions.

Whilst the upper limit of the requirement was around 55% shade the plants
had better growth at 32.5% shade when soil water was not limiting.

The physiological basis of the shade requirement was expressed in the chang-
es that occurred in physiological and morphological characters of the plant in-
cluding, net photosynthesis, the efficiency of water and light use, leaf area
development, assimilate partitioning, plant survival and growth.

Shade ameliorated the stressful effect of water vapour pressure deficit, high

soil temperature and excessive light.

7.4 Photosynthetic activity and growth of cacao with or without ferti-

liser

A significant shade * manure interaction term was observed in the clone * (shade * manure)

253



field experiment. In the major rainy season photosynthetic rates were highest in fertilised
plants growing under the control shade. Probably increased light provided greater energy to
facilitate nutrient uptake and utilization in photosynthesis in that season when soil moisture
was not limiting. In the critical dry season, however, a diminished rate of photosynthesis was
observed under reducing shade. The results were consistent with the observation of Adams
and McKelvie (1955) who reported that under heavier shade, nutrient uptake is reduced be-
cause of reduced transpiration and photosynthesis. These authors explained that, when
photosynthesis is greater under higher light, the uptake of nutrients should also increase so
as to make use of the synthesized carbohydrate by transforming it into protein. This seemed
to be similar to an idea expressed by Isaac et al. (2007) that when fertilisers are not available
or not wanted appropriate shade trees can be used to regulate the nutritional status of
young cacao.

Another significant shade * manure interaction was detected in the specific leaf weight of
the plants. Plants which grew under the lightest shade but received no manure had the
highest specific leaf weight probably as a sign of low nitrogen and high fibre content.
Increased leaf nitrogen and potassium contents were observed with manure application
suggesting an increase in uptake of N and K in response to increased availability. Although
within the period of study no significant increase in plant growth rate was observed with
manure application, a higher survival rate was recorded in fertilised plants. This signified the
potential which exists for organic fertilisers as a soil amendment in the present circumstance
of unrelenting soil degradation which is rendering the field establishment of cacao increas-
ingly difficult. Exploiting this potential will have the added benefit of relieving poultry and
cacao farmers of the drudgery of manure disposal which is a requirement of farm sanitation.

According to Agele and Agbona (2008), in Nigeria alone, about eight (8) million tons of cacao
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pod husks are discarded from which between sixty-four thousand (64,000) and ninety-four
thousand (94,000) tons of K, Ca and P could be obtained. Evidently a similar situation exists
in all the cacao producing countries of West Africa. As mentioned in the case of the mulches,
however, any biological gains must be weighed against the monetary cost involved. In the
present work the cost of manure acquisition and application amounted to an equivalent of

two hundred and twenty British pounds (£220) per hectare per year.

Genetic variation in physiological traits and growth of cacao

A major interest of the thesis was to identify cacao varieties which are well adapted to a
condition of reduced soil moisture and high water vapour pressure deficit and can respond
positively to the agronomic interventions aimed at improving establishment. To that end pa-
rameters such as net photosynthesis, water use efficiency, growth and survival rates were
considered to be variates of importance. Results from the shade * clone nursery experiment
suggested that PA 150 and T 79/501 were more sensitive to vapour pressure deficit than P
30 [POS] and SCA 6. Under field conditions, however, no such significant differences were
observed due, probably, to differences in the experimental environments. However, in the
[clone * (shade * manure)] field trial, whereas no differences were observed among the
genotypes in stomatal conductance and transpiration rates during the dry season, significant
differences were observed in the rainy seasons with PA 150 having the highest rates and ei-
ther P 30 [POS] or SCA 6 having the lowest rates. This seemed to suggest that the observed
differences (in the shade * clone nursery experiment) were mere indications of different
levels of plasticity in the parameters rather than of drought tolerance by means of better
stomatal regulation. A much slower transpiration rate in some of the clones than the others

during the dry season would have implied greater drought tolerance.
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Throughout the work no clear differences were observed in the photosynthetic efficiencies
of the genotypes. This suggested that their rates of resource capture and utilization were
about equal. This was not surprising as no consistent differences were found in their leaf
traits. Differences in the average leaf area per plant of the different genotypes (as measured
in the shade * clone nursery experiment) were on the borderline of significance (p = 0.05)
and plant growth rates (measured by stem volumes) were different for the clones. These dif-
ferences in stem growth are likely a reflection of differences in the proportion of assimilate
that is partitioned into different organs of the plant.

The significant difference in shoot: root ratios in which PA 150 and T 79/501 had the smallest
values and SCA 6 had the greatest value suggests that with the faster-growing clones a big-
ger proportion of assimilate is translocated into root growth. A faster root growth would
help access soil water and nutrients to promote growth at the whole plant level. That trait
improves plant survival and establishment.

In the [clone * (quantity of water supplied * frequency of watering)] experiment which was
conducted on greenhouse benches where root growth was restricted to a larger extent than
in the other experiments, differences in the growth rate of the genotypes were not signifi-
cant. This observation probably indicated the importance of root growth to total plant
growth in the early stages of a cacao plant. These observations suggest that differences in
the growth of the cacao plants were a result of differences in the sink strengths of the vari-
ous organs rather than of genetic variability in their photosynthetic efficiencies. It may be
interesting to confirm this explanation and possibly attempt to take advantage of differences
in partitioning strategies in breeding programmes. Figure 82 shows, schematically, the link
between the agronomic interventions employed in this study and plant growth rate (vigour)

and establishment. Under optimal soil water, light (depending on the season) and soil nutri-
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ent levels (all of which may be achieved by means of a good, integrated application of the
interventions) a higher rate of CO; assimilation as well as the most beneficial assimilate par-
tition strategy is likely to be observed that can enhance plant growth and field establish-

ment.

257



Plant survival / establishment

Plant
/ vigour \

Assimilate partitioning Assimilate partitioning
CO; assimila-
tion
Plant nutri- W.V.P.D Light Soil water
tion

Manure applica- Provision of Mulching / irri-
shade gation
tion

Figure 82 A schematic diagram showing the link between agronomic interventions (the
provision of shade, manure and soil water) and the survival and growth of young cacao
plants
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7.4.1 Implications and recommendations

In cacao nurseries around Ghana watering has generally been done without any informed
and up—to—date guidance. The general practice for container plants has been to wet the soil
thoroughly every other day. Evidence coming from this thesis shows that apart from its, ob-
viously, being less economical, it is also likely to cause the leaching out of soil nutrients, as
well as create hypoxic conditions (if sufficient drainage is not provided) which will not give
the best plant growth (Nematia et al., 2001, Sharp et al., 2009, da Silva et al., 1993). It has
been shown that for potted plants the ideal is to determine the ‘field capacity’ of the soil
medium and then water the plants with half the soil’s ‘field capacity’ of water every other
day. This gives the best plant survival and growth. In a situation where that is not affordable
the alternative will be to water with the full ‘field capacity’ of water every 5™ day. Differ-
ences between pot and field situations may, however, require this recommendation to be
limited to young cacao plants growing in pots.

Under field conditions irrigation of cacao is practically nonexistent in cocoa producing coun-
tries. Apart from the envisaged cost involved another difficulty that has put many stakehold-
ers off has been the fear that water bearing pipes would become an impediment in the farm
and obstruct farm operations. It is, therefore, reassuring that by means of the sub-surface
irrigation system that difficulty can be circumvented. That system has other advantages over
the conventional surface irrigation systems. These include a smaller maintenance cost (as
the pipes are much less likely to be damaged during farm operations, and are protected
from ultra violet rays that cause more wear and tear in them) and less salinity problems as a
smaller quantity of water is usually applied to get a desired soil moisture level. There is little
doubt that such a simple irrigation system has the potential to facilitate the establishment of

cacao even in the marginal and denuded areas of West Africa. Data from this thesis also
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show that the use of mulches helps cacao establishment. A difficult problem that is associat-
ed with mulching has been with haulage of organic mulches to farm sites since most farms
are not accessible by transport. For such farms plastic mulching, which has been found in
this work to be very effective in conserving soil water for cacao plants may be used (depend-
ing on the cacao genotype planted). Currently, a few pineapple farmers in the savannah are-
as of Ghana have adopted the use of plastic mulch as it offers the benefits of being portable,
checking weed growth, reducing soil temperature and conserving soil water (Awuah and
Adzim, 2004) and that practice may be applied for cacao.

The problem that is associated with haulage to applies to the use of organic manures too.
The process of ‘ashing’ (as used in this work) has made the use of cacao pod husk much
cheaper and more practicable as it reduces the bulkiness of the organic substance making it
much more applicable in most farm situations. The use of unprocessed poultry manure (as
was used in this work) may be limited to farms that are reachable by transport as well as
nurseries.

The importance of shade during the early stages of the growth of a cacao plant was clearly
demonstrated in the experiments that involved shade as a treatment. The recommendation
of about 50% shade (Wood 1985) for young cacao has been adhered to by organizations in
Ghana [mostly subsidiaries of the Ghana Cocoa Board (The COCOBOD)] that establish planta-
tions. The peasant Ghanaian farmer has always provided shade for both young and old cacao
but has not shown much interest in how much shade is provided at a given time. During the
establishment phase a major concern centres on what percentage of the establishment cost
can be recouped through the use of arable and annual food crops including maize, cocoyam,
cassava and plantains (Asare and Sonii, 2010). The result has often been that during the

rainy seasons of the first year of establishment (when data from this thesis show that not so
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heavy shade is required by the cacao plant) the cacao is heavily shaded. During the dry sea-
son of the first year of establishment (when the cacao plant requires heavier shade) the
shade available is scanty as the maize, for example, will have been harvested. This partly ex-
plains the high seedling losses encountered during the dry season.

In the interest of cacao it may be good to give more attention to a few longer-lasting tempo-
rary shade plants such as plantains that can be managed to provide the right amount of
shade all year round. The close plantain shade treatment provided the best shade (in terms
of cacao plant survival but not cacao growth rate) under field conditions. Planting the plan-
tains much closer to the cacao (0.6 m instead of the recommended 1.5 m away from the ca-
cao plant) ensured greater shade when the plantains were young and had only a few leaves.
In the dry season although some of the leaves of the plantains dried out there was still
enough shade for the cacao due to the closeness of the shade plant to the cacao. Also posi-
tioning the plantains to the west of the cacao plants took the diurnal shade requirement into
consideration. In the early hours of the day when the cacao plants needed more sunlight for
higher photosynthetic activity (as they would have recovered from any photoinhibition they
might have experienced the previous day and the available sunlight would not be so inhibi-
tory) the plantains provided little shade for the cacao plant. At midday and in the afternoon
when the cacao would be stressed by the high light intensity and increased vapour pressure
deficit shade provided by the plantains was more available for the cacao. This strategic posi-
tioning of the plantains is novel and has little added requirement. Having proved to be so
successful, the idea can be given to the farmer and other stakeholders for possible adoption.
It was learned from the shade * clone nursery experiment that in cacao nurseries where ad-
equate water supply is assured and often wind speeds are reduced through sheltering the

shade level need not be maintained around 50% all year round. In the minor rainy season
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when the raising of nurseries is often started, the shade level can be reduced to about 32.5%
and in the dry season increased to about 55%. Shade levels around 76% did not support the
highest photosynthetic activity at any time.

It was observed that the water use efficiencies of PA 150 and T 79/501 were not different
from those of the other genotypes of cacao used in this work. However they were noted to
have a greater plasticity in stomatal control (consuming more water in the rainy seasons
when atmospheric water pressure deficit was low but being no more demanding of soil wa-
ter in times of high water vapour pressure deficit). Thus they appeared to have a more effec-
tive “water use” than the other genotypes (Blum, 2009). Probably as a result of their mode
of assimilate partitioning, PA 150 and T 79/501 had the ability to grow faster, a character
that has been exploited in drought resistance breeding programmes for cacao (Balasimha
1999). As mentioned earlier a faster growth rate confers many establishment advantages.
Although the two clones had significantly higher survival rates (in two of the three experi-
ments in which plant mortality was experienced) it may be overambitious to recommend
them (at this stage of experimentation) for planting in the marginal areas of cacao produc-
tion in Ghana. They can, however, be recommended for inclusion in future work that will
subject them to further scrutiny.

Future work

It is seen from the contributions of shade, manure, and soil water across different seasons
that it takes more than a single factor to improve the survival and growth rates of cacao.
There are a number of questions related to these factors that could be investigated further.
For example, is it possible, in the rainy seasons, to further reduce the shade levels for young
cacao (to less than 32.5%) under similar conditions as were used in the nursery work in order

to improve plant growth? It was not determined why in the greenhouse work it was ob-
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served that the container-grown cacao had higher photosynthetic activity and plant growth
at about 62% field capacity of water compared with the highest watering regime (about 87%
of field capacity). It would be interesting to know whether under the highest watering re-
gime there was much greater soil nutrient leaching or soil compaction or due to a possible
inadequate drainage, this observation was influenced by occasional hypoxic soil conditions.
It may be useful to confirm this observation in future experiments. If confirmed it may be
important to determine why in the case of cacao, unlike other plants (Opik et al., 2005,
Smith, 1989), maximum photosynthetic activity and growth may not be obtained around
field capacity.

In addition to the water use efficiency (WUE) it may also be worthwhile to determine the
effectiveness of water use (EUW) since, in recent times, crop growth improvement pro-
grammes for dry areas consider this as a more important target (Blum 2009). Joly and Hahn
(1989a) explain that water use efficiency for a cacao genotype may be a poor strategy as it
could mean that the genotype with a higher water use efficiency fails to capture and utilise
available soil water, surrendering it to competitors. Such genotypes, according to these au-
thors, are likely to have a slow growth.

The indication that the frequency of watering has a greater impact on photosynthetic activi-
ty and plant growth than the quantity of water applied needs a field verification since it is
hoped that the simple nature of the irrigation system will promote its adoption by capable
farmers. Having seen the physiological activity of the young cacao under the separate treat-
ments of mulch, it may also be interesting to evaluate those activities under the combined
treatments of irrigation and plastic mulch, for example, during the dry season. The differ-
ences in photosynthetic activity of the young cacao in the different seasons suggest that the

field planting of cacao close to the end of the major rainy season (as the practice has been)
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may not be the ideal and that it may be better to plant earlier on in that season to take
greater advantage of the more conducive aerial condition of that season. It would therefore
be useful to study the effect of varying planting time within the major rainy season to de-
termine the best time for field planting.

Finally, it may also be beneficial to study (in a single experiment and by means of destructive
harvesting) the root and shoot development of young cacao under varying shade, water and
soil nutrient levels under field conditions. Combining those important factors in such an ex-
periment is likely to provide further insight into the link between improved agro-ecological

conditions and the field establishment of cacao.

264



References

ADAMS, S. N. (1962) Cocoa: Soils and manuring, Oxford, Oxford University Press.

ADAMS, S. N. & MCKELVIE, A. D. (1955) Environmental requirements of cocoa in the Gold
Coast. 1955 Cocoa Conference. London.

ADDAI, F. K. (2010) Natural cocoa as diet-mediated antimalarial prophylaxis. Medical Hy-
potheses, 74, 825 - 830.

ADU-AMPOMAMH, Y., ADOMAKO, B. & OPOKU, I. Y. (2006) Cocoa population breeding ap-
proaches in Ghana. IN ESKES, A. B. & EFRON, Y. (Eds.) Global Approaches to Cocoa
Germplasm Utilization and Conservation. Final report of the CFC / ICCO / IPGRI project on
"Cocoa Germplasm Utilization and Conservation: a Global Approach" (1998 - 2004).
ADU-AMPOMAH, Y., FRIMPONG, E. B., ABITEY, M. A., OFORI-FRIMPONG, K. & OPOKU, G.
(1998) Occurence and distribution of light crop (category G) beans in the main crop season.,
Cocoa Research Institute of Ghana.

AFRIFA, A. A., OFORI-FRIMPONG, K. & APPIAH, M. R. (2002) Organic cocoa production in
Akwadum area. Annual Report, Cocoa Research Institute of Ghana.

AGELE, S. O. & AGBONA, A. I. (2008) Effects of cacao pod husk amendment on soil and leaf
chemical composition and growth of cashew (Anacardium occidentale L.) seedlings in the
nursery. American-Eurasian Journal of Sustainable Agriculture, 2, 219 - 224,

AHENKORAMH, Y., AKROFI, G. & ADRI, A. K. (1974) The end of the first shade and manurial
experiment at the Cocoa Research Institute of Ghana. Journal of Horticultural Science 49, 43-
49.

AHENKORAMH, Y., HALM, B. J. & AMONOO, R. S. (1981) Cacao pod husk as source of potash
fertilizer. Turrialba, 31, 287-291.

AHENKORAH, Y., HALM, B. J., APPIAH, M. R., AKROFI, G. S. & YIRENKYI, J. E. K. (1987)
Twenty years' results from a shade and fertilizer trial on Amazon cacao (Theobromah cacao
L.) in Ghana. Exp. Agric., 23, 31 - 39.

AHMED, N., AHMAD, F., ABID, M. & ULLAH, M. A. (2009) Impact of zinc fertilization on gas
exchange characteristics and water use efficiency of cotton crop under arid environment.
Pakistan Journal of Botany, 41, 2189-2197.

AKIRINDE, E. A. & AYEGBOYIN, K. O. (2006) Performance of Theobroma cacao seedlings irri-
gated with water from different sources. Biotechnology 5, 330 - 336.

AL-YAHYAI, R., SCHAFFER, B. & DAVIES, F. S. (2004) Physiological response of carambola
trees to soil water depletion in Krome soils. HortScience 39, 747 - 897.

ALVERSON, W. S., A., W. B., NYFFELER, R. & BAYER, C. (1999) Phylogeny of the core Mal-
vales: evidence from ndhF sequence data. American Journal of Botany, 86, 1474 - 1486.
ALVIM, P. D. T. (1977) Cacao., New York, Academic Press.

ALVIM, P. D. T. & ALVIM, R. (1978) Relation of climate to growth periodicity in tropical
trees., Cambridge, Cambridge University Press.

ALVIM, P. D. T., MACHADO, A. D. & VELLO, F. (1972) Physiological responses of cacao to en-
vironmental factors. 4th International Cocoa Research Conference. St. Augustine, Trinidad.

265



ANIM-KWAPONG, G. J. (2003) Potential of some neotropical Albizia species as shade trees
when replanting cacao in Ghana Agrofor. Syst., 58, 185 - 193.
ARE, L. A. & GWYNNE JONES, D. R. G. (1973) Cocoa in West Africa, Oxford, Oxford University
Press.
ARUNYANARK, A., JOGLOY, S., AKKASAENG, C., VORASOOT, N., KESMALA, T., RAO,R. C. N,,
WRIGHT, G. C. & PATANOTHAI, A. (2008) Chlorophyll stability is an indicator of drought tol-
erance in peanut. Journal of Agronomy and Crop Science, 194, 113-125.
ASARE-NYAKO, A. & AMPONSAH, J. D. (1973) Reaction of cacao seedlings to artificial inocu-
lation of Phytophthora palmivora. Cahiers O.R.S.T.0.M. (office de la Recherche Scientifique et
Technique Outre-Mer). Serie Biologie, 20, 35 - 40.
ASARE, R. & SONII, D. (2010) Learning about sustainable cocoa production. A Guide for Par-
ticipatory Farmer Training.
ASCH, F., SOW, A. & DINGKUHN, M. (1999) Reserve mobilization, dry matter partitioning
and specific leaf area in seedlings of African rice cultivars differing in early vigour. Field Crops
Research, 62, 191 - 202.
ASOMANING, E. J. A.,, KWAKWA, R. S. & HUTCHEON, W. V. (1971) Physiological studies on
an Amazon shade and fertilizer trial at the Cocoa Res. Inst. of Ghana. Ghanaian J. Agric. Sci.,
4,47 - 64.
ATANDA, O. A. (1972) Correlation studies in Theobroma cacao L. Turrialba, 22, 81 - 89.
AWUAH, R. T. & ADZIM, E. (2004) Etiological and epidemiological studies in the Red Leaf
Disease of Pineapple in Ghana. African Crop Science Journal, 12, 153 - 162.
AYANLAIJA, S. A. (1983) Rehabilitation of cocoa (Theobroma cacao) in Nigeria. Major prob-
lems and possible solutions. Causes of difficulty of seedling establishment. Plant and Soil, 73,
403-4009.
BAE, H., KIM, S.-H., KIM, M. S. & SICHER, R. C. E. A. (2007) The drought response of Theo-
broma cacao (cacao) and the regulation of genes involved in polyamine biosynthesis by
drought and other stresses. Plant Physiology and Biochemistry, 20 (2007), 1 - 15.
BAE, H., SICHLER, R. C., KIM, M. S. & KIM, S.-H. E. A. (2009) The beneficial endophyte
Trichoderma hamatum isolate DIS 219b promotes growth and delays the onset of the
drought response in Theobroma cacao. Journal of Experimental Botany, 60, 3279 - 3295.
BAHRUN, A., MOGENSEN, V. O. & JENSEN, C. R. (2003) Water stress detection in field-
grown maize by using spectral vegetation index. Communications in Soil Science and Plant
Analysis, 34, 65-79.
BAKER, N. R. & HARDWICK, K. (1973) Biochemical and physiological aspects of leaf devel-
opment in cocoa (Theobroma cacao L.). I. Development of chlorophyll and photosynthetic
activity. New Phytologist, 72, 1315-24.
BALASIMHA, D. (1988) Water relations, growth and other indicators of plant water stress in
cocoa under drought. 10th International Cocoa Research Conference. Santo Domingo, Actas,
Lagos.
BALASIMHA, D. (1999) Stress physiology of cacao. Journal of Plantation Crops, 27, 1 - 8.
BALASIMHA, D. & DANIEL, E. V. (1995) Changes in chlorophyll fluorescence during cacao
leaf development. Journal of Plantation Crops, 23, 64 - 65.

266



BALASIMHA, D. & DANIEL, E. V. A. (1988) Screening method for drought tolerance in cocoa.
Current Science., 57, 395.
BALASIMHA, D. & RAJAGOPAL, V. (1988) Stomatal responses of cacao (Theobroma cacao) to
climatic factors. Indian Journal of Agricultural Sciences, 58, 213-216.
BARTLEY, B. G. D. (1998) Comments made by Dr. Bartley during his visit to Reading (19th -
31st July 1998) ICGD, Reading University.
BARTLEY, B. G. D. (2005) The genetic diversity of cacao and its utilization. CABI Publishing.
BAYARD, V., CHAMORRO, F., MOTTA, J. & HOLLENBERG, N. K. (2010) Does flavanol intake
influence mortality from nitric oxide-dependent processes? Ischemic heart disease, stroke,
diabetes mellitus, and cancer in Panama International Journal of Medical Sciences, 4, 53 - 58
BEEFLINK, W. G., ROZEMA, J. & HUISKES, A. E. L. (1985) Ecology of Coastal Vegetation, Junk
Publication, U. S. A.
BEER, J., MUSCHLER, R., KASS, D. & SOMARRIBA, E. (1998) Shade management in coffee
and cocoa plantations. Agroforestry systems, 5, 3 - 13.
BEN ROUINA, B., TRIGUI, A., D'ANDRIA, R., BOUKHRIS, M. & CHAIEB, M. (2007) Effects of
water stress and soil type on photosynthesis, leaf water potential and yield of olive trees
(Olea europaea L. cv. Chemlali Sfax). Australian Journal of Experimental Agriculture, 47,
1484-1490.
BERGMAN, J. F. (1969) The distribution of cacao cultivation in pre - Columbian America. Ann.
Assoc. Geograph., 59, 85 - 96.
BILLES, D. J. (1941) Pollination of Theobroma cacao L. in Trinidad (BWI). Trop. Agric. Trin., 18,
151 - 156.
BLACKMAN, V. H. (1919) The compound Interest law and plant growth. Annals of Applied
Biology, 33, 353 - 360.
BLUM, A. (2009) Effective use of water (EUW) and not water-use efficiency (WUE) is the tar-
get of crop yield improvement under drought stress. Field Crops Research, 112, 119-123.
BONAPARTE, E. E. N. A. (1975) Yield gradients in cacao (Theobroma cacao L.) shade and fer-
tilizer experiments. Acta Hort., 49, 251 - 257.
BORUAH, H. P. D., RABHA, B. K., PATHAK, N. & GOGOI, J. (2008) Non-uniform, patchy sto-
matal closure of a plant is a strong determinant of plant growth under stressful situation.
Current Science, 94, 1310-1314.
BOSSHART, R. P. & VON UEXKULL, H. R. (1987) Some occasionally overlooked criteria for
assessing fertilizer requirements of high yielding cacao. Seminar on palm kernel utilization
and recent advances in cacao cultivation. Sawan, Sabah Malaysia.
BOWN, H. E., MASON, E. G., CLINTON, P. W. & WATT, M. S. (2009) Chlorophyll fluorescence
response of Pinus radiata clones to nitrogen and phosphorus supply. Ciencia E Investigacion
Agraria, 36, 451-464.
BRADFORD, K. J. & HSIAO, T. C. (1982) Physiological responses to moderate water stress. IN
O. L. LANGE, P. S. N., C. B. OSMOND, H. ZIEGLER. (Ed. Encyclopedia of Plant Physiology. . Ber-
lin.
BROUWER, R. (1962) Distribution of dry matter in the plant. Netherlands Journal of Agricul-
tural Science, 10, 361 - 376.

267



BROUWER, R. (1983) Functional equilibrium - sense or nonsense. Netherlands Journal of Ag-

ricultural Science, 31, 335-348.

CAKMAK, I. & ENGELS, C. (Eds.) (1999) Role of mineral nutrition in photosynthesis and yield

formation., Binghmton., Published by Food Products Press. The Haworth Press Inc.

CAKMAK, I., HENGELER, C. & MARSCHNER, H. (1994) Partitioning of shoot and root dry mat-

ter and carbohydrates in bean plants suffering from phosphorus, potassium and magnesium

deficiency. Journal of Experimental Botany, 45, 1245 -1250.

CAMERON, R. W. F., HARRISON-MURRAY, R. S., ATKINSON, C. J. & JUDD, H. L. (2006) Regu-

lated deficit irrigation - a means to control growth in woody ornamentals. Journal of Horti-

cultural Science & Biotechnology, 81, 435 - 443.

CAMERON, R. W. F., HARRISON-MURRAY, R. S. & SCOTT, M. A. (1999) The use of controlled

water stress to manipulate growth of container-grown Rhododendron cv. Hoppy. Journal of

Horticultural Science & Biotechnology, 74, 161-169.

CAUTRECASAS, J. (1964) Cacao and its allies: A taxanomic revision of the genus Theobroma.

Contributions of the U.S. Natural Herbarium, 35, 379 - 614.

CHAKRABOYTY, D., NAGARAIJAN, S., AGGARWAL, P., GUPTA, V. K., TOMAR, R. K., GARG, R.

N., SAHOO, R. N., SARKAR, A., CHOPRA, U. K., SARMA, K. S. S. & KALRA, N. (2008) Effect of

mulching on soil and plant water status, and the growth and yield of wheat (Triticum aes-

tivum L.) in a semi-arid environment. Agricultural Water Management, 95, 1323-1334.

CHARTER, C. F. (1947) Cacao soils: good and bad Annual Report of the West African Cocoa

Research Institute Tafo, Ghana, West African Cocoa Research Institute.

CHEESEMAN, E. T. (1944) Notes on the nomenclature, classification and possible relation-

ships of cocoa populations. Trop. Agric. Trin., 21, 144 - 159.

CHIVA, M. (1999) Cultural and psychological approaches to the consumption of chocolate. IN

KNIGHT, I. (Ed.) Chocolate and cocoa: Health and nutrition. Oxford, Blackwell Science,.

CHOONG, M. F. (1996) What makes a leaf tough and how this affects the pattern of Casta-

nosis fissa leaf consumption by caterpillars. Functional Ecology, 10, 668 - 674.

CHOONG, M. F., LUCAS, P. W., ONG, J. S. Y., PERIERA, B., TAN, H. T. W. & TURNER, I. M.

(1992) Leaf fracture toughness and schlerophylly: Their corelations and ecological implica-

tions. New Phytologist, 121, 597 - 610.

COPE, F. W. (1940) Ninth Annual Report Trinidad, Cocoa Res.

CORNISH, K. & ZEEVART, J. A. D. (1985) Abscisic acid accumulation by roots of Xanthium

strumarium L. and Lycopersicon esculentum Mill. in relation to water stress. Plant Physiol.,

79, 653 - 658.

COSTA, L. C. B., ALMEIDA, A.-A. F. D. & VALLE, R. R. (1998) Crescimento, teor de clorofila e

estrutura anatomica em plantulas de Theobroma cacao submetidas a diferentes irradiancias

e doses de nitrogenio. Agrotropica, 10, 21 - 30.

CRAMER, M. D., HOFFMANN, V. & VERBOOM, G. A. (2008) Nutrient availability moderates

transpiration in Ehrharta calycina. New Phytologist, 179, 1048 -1057.

CUNNINGHAM, R. K. & ARNOLD, P. W. (1962) The shade, fertilizer requirements of cacao

(Theobroma cacao L). Ghana J. Science, 13, 213 - 221.

CUNNINGHAM, R. K. & BURRIDGE, J. C. (1960) The growth of cacao (Theobroma cacao) with
268



and without shade. Ann. Bot., 24, 458 - 462.

DA MATTA, F. M., LOOS, R. A., RODRIGUES, R. & BARROS, R. S. (2001) Actual and potential

photosynthetic rates of tropical crop species. Rev. Bras. Fisiol. Veg., 13, 24 - 32.

DA SILVA, F. F., WALLACH, R. & CHEN, Y. (1993) Hydraulic properties of sphagnum peat

moss and tuff (scoria) and their potential effects on water availability. Plant and Soil 154,

119-126

DAYMOND, A. J. (2000) An investigation into physiological parameters underlying yield vari-

ation between different varieties of cocoa (Theobroma cacao L). Horticulture. Reading, U.K.,

Reading.

DAYMOND, A. J. & HADLEY, P. (2004) The effects of temperature and light integral on early

vegetative growth and chlorophyll fluorescence of four contrasting genotypes of cacao (The-

obroma cacao L.). Ann. Appl. Biol., 145, 257 - 262.

DAYMOND, A. J. & HADLEY, P. (2006) screening of cacao germplasm for high temperature

tolerance. 15th Int. Cocoa Res. Conf. San Jose, Costa Rica.

DE -SOUZA, P. I., EGLI, D. B. & BRUENING, W. P. (1997) Water stress during seed filling and

leaf senescence in soybean. Agron. J., 89, 807 - 812.

DE ALMEIDA, FURTADO, A.-A., BRITO, R. C. T., AGUILA, M. A. G. & VALLE, R. R. (2002) Some

water relations aspects of Theobroma cacao clones. 13th International Cocoa Research Con-

ference.

DE ALMEIDA, A.-A. F. D. & VALLE, R. R. (2007) Ecophysiology of the cacao tree Braz. Journal

of Plant Physiology, 19, 425 - 448.

DE ALMEIDA, H. A. D.,, MACHADO, R. C. R., NOVA, N. A. V. & SILVA, W. S. D. (1987) Influ-

ence of meteorological factors on leaf flush of the cacao tree. Revista Theobroma, 17, 163-

174.

DE ALMEIDA, M., SEGUNDO, M. A., LIMA, J. & RANGEL, A. (2009) Interfacing multisyringe

flow injection analysis to flame atomic emission spectrometry: an intelligent system for au-

tomatic sample dilution and determination of potassium. Journal of Analytical Atomic Spec-

trometry, 24, 340-346.

DE MELO, A. S., DA SILVA, C. D., FERNANDES, P. D., SOBRAL, L. F., BRITO, M. E. B. & DAN-

TAS, J. D. M. (2009) Alteration of the physiologic characteristics in banana under fertirriga-

tion conditions. Ciencia Rural, 39, 733-741.

DEMMIG-ADAMS, B. & ADAMS, W. W. I. (1992) Photoprotection and other responses of

plants to high light stress. Plant Physiol. Plant Mol. Biol., 43, 599 - 626.

DENG, X., JOLY, R. J. & HAHN, D. T. (1990) The influence of plant water deficit on distribu-

tion of 14C- labeled assimilates in cacao seedlings. Annals of Botany, 66, 211 - 217.

DINGKUHN, M. (1998) Modelling concepts for the phenotypic plasticity of dry matter and

nitrogen partitioning in rice. Agricultural Systems, 52, 383-397.

EFTHIMIADOU, A., BILALIS, D., KARKANIS, A., FROUD-WILLIAMS, B. & ELEFTHEROCHORI-

NOS, 1. (2009) Effects of cultural system (organic and conventional) on growth, photosynthe-

sis and yield components of sweet corn (Zea mays |.) under semi-arid environment. Notulae

Botanicae Horti Agrobotanici Cluj-Napoca, 37, 104-111.

ELSHARKAWY, M. A., COCK, J. H. & HELD, A. A. (1984) Water-use efficiency of cassava.2.
269



Differing sensitivity of stomata to air humidity in cassava and other warm-climate species.
Crop Science, 24, 503-507.

END, M. J. (1990) A study of the effects of the photo-thermal environment on fruit and seed
growth and development in Theobroma cacao L. Horticulture. Reading, U.K., Reading, U.K.
ENTWISTLE, P. F. (1972) The cocoa tree. IN RHIND., D. (Ed.) Pests of cocoa. Longman group
Ltd.

EVANS, G. C. (1972) The quantitative analysis of plant growth. Oxford, Blackwell Scientific
Publications.

EVANS, H. & MURRAY, D. B. (1953) A shade and fertilizer experiment on young cacao. Re-
port on Cacao Research (Trinidad).

FISHER, N. D. L. & HOLLENBERG, N. K. (2005) Flavanols for cardiovascular health: the science
behind the sweetness. Journal of Hypertension, 23, 1453-1459.

FISHER, N. D. L., HUGHES, M., GERHARD-HERMAN, M. & HOLLENBERG, N. K. (2003) Fla-
vanol-rich cocoa induces nitric-oxide-dependent vasodilation in healthy humans. Journal of
Hypertension, 21, 2281-2286.

FISHER, N. D. L., HUGHES, M. & HOLLENBERG, N. K. (2004) Cocoa rich in flavanols reverses
endothelial dysfunction of human aging via NO. American Journal of Hypertension, 17, P101.
FITTER, A. H. & HAY, K. M. R. (2002) Plant growth and development., London, Academic
Press, a Division of Harcourt Inc.

FRIMPONG, E. B. & AKUOKO, S. (1994) The combined effects of mulching and water ab-
sorbed polymers on the establishment of cocoa in drought prone areas. Tafo, Ghana, Cocoa
Research Institute.

GALLE, A., FLOREZ-SARASA, |.,, THAMEUR, A., DE PAEPE, R., FLEXAS, J. & RIBAS-CARBO, M.
(2010) Effects of drought stress and subsequent re-watering on photosynthetic and respira-
tory pathways in Nicotiana sylvestris wild type and the mitochondrial complex I-deficient
CMSII mutant JOURNAL OF EXPERIMENTAL BOTANY 61, 765 - 775

GALYUON, I. K. A., MCDAVID, C. R., LOPEZ, F. B. & SPENCE, J. A. (1996) The effect of irradi-
ance level on cocoa (Theobroma cacao L) .1. Growth and leaf adaptations. Tropical Agricul-
ture, 73, 23 - 28.

GALYUON, I. K. A., MCDAVID, C. R., LOPEZ, F. B. & SPENCE, J. A. (1996a) The effect of irradi-
ance level on cocoa (Theobroma cacao L.): I. Growth and leaf adaptations. Prop. Agric. (Trin-
idad), 73, 23 - 28.

GALYUON, I. K. A., MCDAVID, C. R., LOPEZ, F. B. & SPENCE, J. A. (1996b) The effect of irridi-
ance level on cacao (Theobroma cacao L.) : Il. Gas exchange and chlorophyll fluorescence.
Tropical agriculture (Trinidad), 73, 29 - 33.

GBETNKOM, D. (2005) Deforestation in Cameroon: Immediate causes and consequences.
GHANA (1999) Ghana Cocoa Sector Development Strategy IN A DOCUMENT OF THE MINIS-
TRY OF FINANCE, G. (Ed. Accra, Government of Ghana.

GHANA (2002) National Biodiversity Strategy for Ghana IN A DOCUMENT OF THE MINISTRY
OF ENVIRONMENT AND SCIENCE, G. (Ed. Accra, Ghana, Ghana Government.

GONZALEZ, J. A., GALLARDO, M., HILAL, M., ROSA, M. & PRADO, F. E. (2009) Physiological

responses of quinoa (Chenopodium quinoa Willd.) to drought and waterlogging stresses: dry
270



matter partitioning. Botanical Studies, 50, 35 - 42.

GREGORY, P. J. (1994) Resource Capture by Crops: Resource Capture by Root Networks. IN
L., M.J,, K, S.R. & H., U. M. (Eds.) 52nd University of Nottingham Easter School. Nottingham,
UK, Nottingham University Press.

GUAN-YU, S., Ql, Z. & TAO, W. (1991) Responses of photosynthetic rate and stomatal con-
ductance to water stress in soybean leaves. Acta Botanica Sinica, 33, 43 - 49.

GUERS, J. (1974) Influence des conditions declairement et de temperature sur la teneur en
chlorophylles et I'activite photosynthetique des feuvilles de cacaoyer. Cafe, Cacao, The, 18,
157 - 166.

GUYTON, B. (2006) World cocoa production outlook. Sources: . LMC International, ICCO,
Reuters, USDA West Africa. World Cocoa Foundation.

HADLEY, P. (1994) physiological characterization of cocoa genetic resources. IN END, M. J.,,
A. B. ESKES, LEE, M. T. & G. LOCKWQOOD (Eds.) International workshop on Cocoa Breeding
strategies. Kuala Lumpur, Malaysia.

HADLEY, P. & PEARSON, S. (1996) A physiologist's view of cocoa yield. Proceedings of the
Malaysian Internation Cocoa conference. Kualar Lumpor, Malaysian Cocoa Board.

HALL, A. E., SCHULZE, E.-D. & LANGE, O. L. (1976) Current perspectives of steady-state sto-
matal responses to environment., Springer- Verlag, New York.

HARDY, F. (1960) Cacao Ecology and Physiology: Nutrient relations of cacao. , Turrialba, Cos-
ta Rica, Inter-American Institute of agricultural Sciences.

HARTEMINK, A. E. (2005) Nutrient stocks, nutrient cycling, and soil changes in cocoa ecosys-
tems: A review. Advances in Agronomy, Volume 86, 86, 227-253.

HASSANZADEH, M., EBADI, A., PANAHYAN-E-KIVI, M. & ESHGHI, A. G. E. A. (2009) Evalua-
tion of drought stress on relative water content and chlorophyll content of sesame
(Sesamum indicum L.) genotypes at early flowering stage. Research Journal of Environmental
Sciences, 3, 345 - 350.

HOLLENBERG, N. K. (2007) Cocoa 'Vitamin' Health Benefits Could Outshine Penicillin. Sci-
enceDaily.

HUNT, R., WARREN WILSON, J. & W., H. D. (1990) Integrated analysis of resource capture
and utilization. Annals of Botany, 65, 643 - 648.

HUSSEIN, M. M., KASSAB, O. M. & ABO ELLIL, A. A. (2008) Evaluating water stress influence
on growth and photosynthetic pigments of two sugar beet varieties. Research Journal of Ag-
riculture and Biological sciences, 4, 936 - 941.

HUTCHEON, W. V. (1977) Growth and photosynthesis of cacao in relation to environmental
and internal factors. 5th Int. Cocoa Res. Con. Ibadan, Nigeria.

HUTCHEON, W. V. (1981) Physiological studies on cacao (Theobroma cacao) in Ghana. Aber-
deen, U.K., University of Aberdeen.

ICCO (2008) Annual forecasts of production and consumption and estimates of production
levels to achieve equilibrium in the world cocoa market. . Annual Report. Berlin ICCO.

ISAAC, M. E., ULZEN-APPIAH, F., TIMMER, V. R. & QUASHIE-SAM, S. J. (2007) Early growth
and nutritional response to resource competition in cocoa-shade intercropped systems.

Plant and Soil, 298, 243-254.
271



JOHNSON, R. S., HANDLEY, D. F. & DEJONG, T. M. (1992) Long-term response of early ma-
turing peach-trees to postharvest water deficits. Journal of the American Society for Horticul-
tural Science, 117, 881-886.

JOHNSTON, J. F. W. (1880) The cocoas - the beverages we infuse., Edinburgh, Blackwood and
Sons.

JOLY, R. (1987) Physiological adaptations for maintaining photosynthesis under water stress
in cacao. 10th Int. Cocoa Res. Conf. Santo Domingo, Dominican Republic.

JOLY, R. J. & HAHN, D. T. (1989a) Net CO; assimilation of cacao seedlings during periods of
plant water deficit. Photosynthesis Research 21, 151-159.

JOLY, R. J. & HAHN, D. T. (1989b) An empirical model for leaf expansion in cacao in relation
to plant water deficit. Annals of Botany, 64, 1-8.

JORDAN, D. & OPOKU, A. A. (1966) The effect of selected soil covers on the establishment of
cacao. Trop. Agric., Trin., 43, 155 - 166.

KAISER, W. M. (1987) Effects of water deficit on photosynthetic capacity. Physiologia Planta-
rum, 71, 142 - 149.

KANNAN, S. (2010) Foliar Fertilization for Sustainable Crop Production. Genetic Engineering,
Biofertilisation, Soil Quality and Organic Farming. Springer.

KIM, C. K. & KIM, T. H. (2010) Behavior of unsaturated weathered residual granite soil with
initial water contents. Engineering Geology, 113, 1-10.

KLEPPER, B., BELFORD, R. K. & RICKMAN, R. W. (1984) Root and shoot development in win-
ter wheat. Agronomy Journal, 76, 117-122.

KRIS ETHERTON, P. M., DERR, J. & MITCHELL, D. C. (1993) The role of fatty acids and plasma
lipids, lipoproteins and apolipoproteins. Metabolism, 42, 121-129.

KUEPPERS, M. (1984) Carbon relations and competition between woody species in a Central
European hedgerow 3. Carbon and water balance on the leaf level. Oecologia (Berlin), 65, 94
-100.

KUPPERS, M., KOCH, G. & MOONEY, H. (1988) Compensating effects to the growth of
changes in dry matter location in response to variation in photosynthetic characteristics in-
duced by photoperiod, light and nitrogen. Australian Journal of plant physiology, 13, 287-
298.

KUPPERS, M., TIMM, H., ORTH, F., STEGEMANN, J., STOBER, R., SCHNEIDER, H., PALIWAL,
K., KARUNAICHAMY, K. & ORTIZ, R. (1996) Effects of light environment and successional sta-
tus on lightfleck use by under-storey trees of temperate and tropical forests. Tree Physiolo-
gy, 16, 69-80.

LACHNO, D. R. & BAKER, D. A. (1986) Stress induction of abscisic acid in maize roots. Physiol
Plant., 68, 215 -221.

LANSBERG, J. (1990) Dieback of rural eucalyptus: The effect of stress on the nutritional quali-
ty of foliage. . Australian Journal of Ecology, 15, 97 - 107.

LASS, R. A. (1999 ) Cacao growing and harvesting practices. In: Chocolate and cocoa. Health
and Nutrition, Oxford Blackwell Science, Ltd.

LEE, A. K. (1978) Performance of some cacao hybrids under exposed conditions. Proc. Int.

conf. Cocoa, Coconuts. Kuala Lumpur.
272



LEE, D. W., BRAMMEIER, S. & SMITH, A. P. (1987) The selective advantages of anthocyanins

in developing leaves of mango and cacao. Biotropica, 19, 40 - 49.

LI, L. H., YU, Q., ZHENG, Y. F., WANG, J. & FANG, Q. X. (2006) Simulating the response of

photosynthate partitioning during vegetative growth in winter wheat to environmental fac-

tors. Field Crops Research, 96, 133-141.

LI, S. X., WANG, Z. H., MALHI, S. S,, LI, S. Q., GAO, Y. J. & TIAN, X. H. (2009) Nutrient and

water management effects on crop production, and nutrient and water use efficiency in dry

land areas of China. Advances in Agronomy, Vol. 102, 102, 223 -265.

LIAO, J. X., JIANG, M. X. & HUANG, H. D. (2008) Effects of soil moisture on ecophysiological

characteristics of Adiantum reniforme var. sinensis, an endangered fern endemic to the

Three Gorges region in China. American Fern Journal, 98, 26 - 32.

LIM, D. H. K. & CHAN, Y. H. (1986) Some aspects on spacing and thinning in cacao, Incorpo-

rated Society of Planters, Kuala Lumpur.

LIU, C. A, JIN, S. L., ZHOU, L. M, JIA, Y., LI, F. M., XIONG, Y. C. & LI, X. G. (2009) Effects of

plastic film mulch and tillage on maize productivity and soil parameters. European Journal of

Agronomy, 31, 241 - 249.

LIU, H. G,, HU, C. X., SUN, X. C., TAN, Q. L., NIE, Z. J. & HU, X. M. (2010) Interactive effects of

molybdenum and phosphorus fertilizers on photosynthetic characteristics of seedlings and

grain yield of Brassica napus. Plant and Soil, 326, 345 - 353.

LIU, Y., LI, S. Q., CHEN, F., YANG, S. J. & CHEN, X. P. (2002) Soil water dynamics and water

use efficiency in spring maize (Zea mays L.) fields subjected to different water management

practices on the Loess Plateau, China. Agricultural Water Management, 97, 769 - 775.

LOCKARD, R. G. & ASOMANING, E. J. A. (1963) Composition of complete nutrient solutions.

Rep. W. Afr. Cocoa Res. Inst. Tafo, Ghana, West African Cocoa Research Institute.

LOCKWOOD, G. (1976) A comparison of the growth and yield during a 20 year period of

Amelonado and Upper Amazon hybrid cacao in Ghana. Euphytica, 25, 647 - 658.

MACHADO, R. C. R. & HARDWICK, K. (1987) Dynamics and histology of individual leaf and

whole flush development yields clues on the control of the cocoa flush cycle. 10th Int. Cocoa

Res. conf Santa Domingo, Dominican Republic.

MAIER, N. A. & CHVYL, W. L. (2003) Seasonal variation in nutrient status of Australian

waxflowers. Journal of Plant Nutrition, 26, 1873-1888.

MCKELVIE, A. D. (1956) Cherelle wilt in cacao. |. Pod development; its relation to yield. Jour-

nal of Experimental Botany, 11, 413 - 424,

MENSAH, J. K., OBADONI, B. O., EROUTOR, P. G. & ONOME-IRIEGUNA (2006) Simulated

flooding and drought effects on germination, growth and yield parameters of Sesame

(Sesamum indicum L.). Afr. J. Biotechnol., 5, 1249 - 1253.

MEYER, R. F. & BOYER, J. S. (1972) Sensitivity of cell division and cell elongation to low water

potentials in soybean hypocotyls. Planta, 108, 77 - 87.

MIUJAYI, K., SILVA, W. S. & ALVIM, P. T. (1997) Productivity of leaves of Theobroma cacao L.

grown under shading, in relation to leaf age and light conditions within the canopy. New

Phytologist, 137, 463 - 472.

MIKKELSEN, R. L. (2007) Managing potassium for organic crop production. Horttechnology,
273



17, 455-460.

MOONEY, H. A., FIELD, C. D. & VASQUEZ-YANES, C. (1984) Photosynthetic characteristics of
wet tropical forest plants, The Hague.

MOSSU, G. (1992 ) The cocoa plant and its distribution. , London CTA Macmillan Press Ltd.
MOTAMAYOR, J. C., LACHENAUD, P., DA SILVA E MOTA, J., LOOR, R., KUHN, D. N., BROWN,
S. & SCHNELL, R. J. (2008a) Geographic and Genetic Population Differentiation of the Ama-
zonian Chocolate Tree (Theobroma cacao L). Heredity, 3.

MOTAMAYOR, J. C., LACHENAUD, P., DA SILVA E MOTA, J. W,, LOOR, R., KUHN, D. N.,
BROWN, J. S. & SCHNELL, R. J. (2008b) Geographic and Genetic Population Differentiation of
the Amazonian Chocolate Tree (Theobroma cacao L). PLoS One, 3, Article No.: e3311.
MOTAMAYOR, J. C., RISTERUCCI, A. M., LOPEZ, P. A., ORTIZ, C. F., MORENO, A. & LANAUD,
C. (2002) Cacao domestication. |. The origin of the cacao cultivated by the Mayas. Heredity,
89, 380 - 386.

MULLER, M. W., SERRANO-MINAR, P. & BIEHL, B. (1992) Photosynthetic characteristics dur-
ing development of leaves of Theobroma cacao L. Physiol. Plant., 853, 599.

MUNOZ, F. & BEER, J. (2001) Fine root dynamics of shaded cacao plantations in Costa Rica.
Agroforestry Systems, 51, 119 - 130.

MURRAY, D. B. (1953) A shade and fertilizer experiment with cacao. Imperial College of
Tropical Agriculture. A Report on Cacao Research. St. Augustine, Imperial College of Tropical
Agriculture (Trinidad).

MURRAY, D. B. (1957) The use of shade for cacao. 6th inter-American Cacao Conference
(1956). Bahia, Brazil, Instituto de Cacau da Bahia.

NEMATIA, M. R., CARON, J., BANTONC, O. & TARDIFB, P. (2001) Determining Air Entry Val-
ue in Peat Substrates. Soil Science Society of America Journal 66, 367 - 373.

NG, E. (1982) Potential cacao photosynthetic productivity. 8th Int. Cacao Research Confer-
ence. Cartagena, Colombia.

NUNES, M. A. (1967) A comparative study of drought resistance in cacao plants. Annals of
Botany (N.S.), 31.

NZOKOU, P. & CREGG, B. M. (2010) Growth, Biomass, and Nitrogen Use Efficiency of Con-
tainerized Fraser Fir (Abies fraseri) as Related to Irrigation and Nitrogen Fertilization.
Hortscience, 45, 946-951.

OKALI, D. U. U. & OWUSU, J. K. (1975) Growth analysis and photosynthetic rates of cocoa
(Theobroma cacao L.) seedlings in relation to varying shade and nutrient regimes. Ghana J.
Agric. Sci., 8,51 - 67.

OPIK, H., ROLFE, A., WILLIS, A. J. & STREET, H. E. (2005) The water relations of plants, Cam-
bridge, Cambridge University Press.

OPPONG, F. K., OSEI-BONSU, K., AMOAH, F. M. & ACHEAMPONG, K. (1998) Potential use of
Flemingia macrophylla as mulch for managing weeds in young cocoa in Ghana Ghana Journal
of Agricultural Science 31, 67 - 72.

ORCHARD, J. E. (1978) Efeito do K na transpiracacao, na resistencia defusiva de folha e
crescimentoem plantulas de Theobroma cacao L In: Informe tecnico. Cepec/Ceplac, llheus,

Brasil.
274



ORCHARD, J. E., COLLIN, M. A. & HARDWICK, K. (1981) Biochemical and physiological as-
pects of leaf development in cocoa (Theobroma cacao L.). V. Changes in auxins and cytokin-
ins. Cafe Cacao Thé, 25.

ORLOVA, Y. V., MYASOEDOV, N. A., KIRICHENKO, E. B. & BALNOKIN, Y. V. (2009) Contribu-
tions of inorganic ions, soluble carbohydrates, and multiatomic alcohols to water homeosta-
sis in Artemisia lerchiana and A-pauciflora. Russian Journal of Plant Physiology, 56, 200 - 210.
ORTS, D. R. & BAKER, N. R. (2002) A photoprotective role for O, as an alternative electron
sink in photosynthesis? Curr. Opin. Plant Biology, 5, 193-198.

OSEI-BONSU, K., OPOKU-AMEYAW, K., AMOAH, F. M. & OPPONG, F. K. (2002 ) Cacao-
coconut intercropping in Ghana: agronomic and economic perspectives. Agroforestry Sys-
tems55,1-8

OSMOND, C. B. (1994) What is photoinhibition? Some insight from comparisons of shade
and sun plants. , Oxford, BIOS Scientific Publishers.

OTOO, E., ISHII, R. & KUMURA, A. (1989) Interaction of nitrogen supply and soil water stress
on photosynthesis and transpiration in rice. Japanese Journal of Crop Science, 58, 424-429.
PADI, B. & OWUSU, J. K. (1998) Towards an integrated pest management for sustainable
cocoa production in Ghana. Panama, Smithsonian Institution. Washinton, D.C.

PALIWAL, K., KUPPERS, M. & SCHNEIDER, H. (1994) Leaf gas exchange in lightflecks of plants
of different successional range in the under-storey of a Central-European beech forest. Cur-
rent Science, 67, 29 - 34.

PEREZ-MARTIN, A., FLEXAS, J., RIBAS-CARBO, M., BOTA, J., TOMAS, M., INFANTE, J. M. &
DIAZ-ESPEJO, A. (2009) Interactive effects of soil water deficit and air vapour pressure deficit
on mesophyll conductance to CO2 in Vitis vinifera and Olea europaea. Journal of Experi-
mental Botany, 60, 2391-2405.

PIMENTEL, F. A., NITZKE, J. A., KLIPEL, C. B. & DE JONG, E. V. (2010) Chocolate and red wine
- A comparison between flavonoids content. Food Chemistry, 120, 109 -112.

POORTER, L., KITAJIMA, K., MERCADO, P., CHUBINA, J., MELGAR, I. & PRINS, H. H. T. (2010)
Resprouting as a persistence strategy of tropical forest trees: relations with carbohydrate
storage and shade tolerance. Ecology, 91, 2613-2627.

POUND, F. J. (1938) Cacao and Witchbroom Disease of South America with notes on other
species of Theobroma Archives of Cocoa Research, Port-Of-Spain, Trinidad, 1, 26 - 71.
POUND, F. J. (1943) Cacao and witches' broom disease. Report on a recent visit to the Ama-
zon territory of Peru, September 1942-February 1943. . Archives of Cocoa Research
POWLES, S. B. (1984) Photoinhibition of photosynthesis induced by visible light. Plant Phys-
iol., 35, 15 - 45,

PRAXEDES, S. C., DAMATTA, F. M., LOUREIRO, M. E. & FERRAO, M. A. G. (2006) Effects of
long-term soil drought on photosynthesis and carbohydrate metabolism in mature robusta
coffee (Coffea canephora Pierre var. kouillou) leaves. Environmental and Experimental Bota-
ny, 56, 263 -273.

PREMACHANDRA, G. & JOLY, R. J. (1991) Leaf water relations, net CO, assimilation, sto-
matal conductance, and osmotic concentration as affected by water deficit in cacao seed-

lings. The International Cocoa Research Conference. Kuala Lumpur, Malaysia.
275



RAAIMAKERS, D., BOOT, R. G. A., DIUKSTRA, P., POT, S. & PONS, T. (1995) Photosynthetic
rates in relation to leaf phosphorus content in pioneer versus climax tropical rain forest
trees. Oecologia, 102, 120-125.

RADA, F., JAIMEZ, R. E., GARCIA- NUNEZ, C., AZOCAR, A. & RAMIREZ, M. E. (2005) water
relations and gas exchange in Theobroma cacao var. Guasare under periods of water defi-
cits. Rev. Fac. Agric. (LUZ), 22, 105 -112.

RAJA HARUN, R. M. & HARDWICK, K. (1987) The effects of prolonged exposure to different
light intensities on the photosynthesis of cacao leaves. 10th Int. Cocoa Res. Conf. Santo Do-
mingo.

RAJA HARUN, R. M. & HARDWICK, K. (1988) The effect of different temperatures and water
vapour pressure deficits on photosynthesis and transpiration of cacao leaves. 10th Interna-
tional Cocoa Research conference. Santo Domingo.

RAJA HARUN, R. M. & KAMARIAH, H. I. (1983) The effects of shading regimes on the growth
of cacao (Theobroma cacao L.) seedlings. Pertanika, 6, 1 - 5.

RAJAGOPAL, V. & BALASIMHA, D. (1994) Plantation Crops and Spices, New Delhi, Malhotra
Publ. House.

RANA, N. K., MOHANPURIA, P., KUMAR, V. & YADAYV, S. K. (2009) A CsGS is regulated at
transcriptional level during developmental stages and nitrogen utilization in Camellia sinen-
sis (L.) O. Kuntze. Mol Biol Rep, 37, 703 -10.

READ, J. W. & RIDGELL, R. H. (1922) On the use of the conventional carbon factor in estimat-
ing soil organic matter. Soil Science, 13,1 - 6.

RIDDOCH, I., GRACE, J., FASEHUN, F. E., RIDDOCH, B. & LADIPO, D. O. (1991) Photosynthe-
sis and successional status of seedlings in a tropical semi-deciduous rain-forest in Nigeria.
Journal of Ecology, 79, 491 - 503.

ROMERO, P. & BOTIA, P. (2006) Daily and seasonal patterns of leaf water relations and gas
exchange of regulated deficit-irrigated almond trees under semiarid conditions. Environmen-
tal and Experimental Botany, 56, 158-173.

SALE, P. J. M. (1968) Flushing and leaf growth of cacao under controlled temperature condi-
tions. J. Hort. Sci. , 43, 475 - 489.

SALISBURY, F. B. & ROSS, C. W. (Eds.) (1992) Plant Physiology, Belmont, California,
Wadsworth Publishing Company.

SCHELMMER, M. R., FRANCIS, D. D., SHANAHAN, J. F. & SCHEPERS, J. S. (2005) Remotely
measuring chlorophyll content in corn leaves with differing nitrogen levels and relative water
content. Agron. J., 97, 106 - 112.

SENA GOMES, A. R. & KOZLOWSKI, T. T. (1986) The effects of flooding on water relations
and growth of Theobroma cacao var. Catongo seedlings. Journal of Horticultural Science, 61,
265 - 276.

SENA GOMES, A. R., KOZLOWSKI, T. T. & REICH, P. B. (1987) Some physiological responses
of Theobroma cacao var. catongo seedlings to air humidity. New Phytol., 107, 591 - 602.
SENEVIRATHNA, A., STIRLING, C. M. & RODRIGO, V. H. L. (2003) Growth, photosynthetic
performance and shade adaptation of rubber (Hevea brasiliensis) grown in natural shade.

Tree Physiology, 23, 705 - 712.
276



SERRANO, P. & BIEHL, B. (1996) Light stress on cacao (Theobroma cacao L.) fluorometric
measurements under different light conditions in the field. 12th Int. Cocoa Res. Conf. Othon
Palace hotel, Salvador, Bahia, Brazil.

SHARP, R. G., ELSE, M. A.,, CAMERON, R. W. & DAVIES, W. J. (2009) Water deficits promote
flowering in Rhododendron via regulation of pre and post initiation development. Scientia
Horticulturae, 120, 511-517.

SHERIFF, D. W. & KAYE, P. E. (1977) The response of diffusive conductance to humidity in a
drought avoiding and a drought resistant (in terms of stomatal response) legume. Ann Bot,
41, 653 - 655.

SHESHSHAYEE, M. S., BINDUMADHAVA, H., RACHAPUTI, N. R., PRASAD, T. G., UDAYA-
KUMAR, M., WRIGHT, G. C. & NIGAM, S. N. (2006) Leaf chlorophyll concentration relates to
transpiration efficiency in peanut. Annals of Applied Biology, 148, 7-15.

SILVA, W. S. & KUMMEROW, J. (1998) Fine-root growth and longevity in a cacao (Theobro-
ma cacao L.) plantation. Agrotropica, 10, 31 - 34.

SINCLAIR, T. R., TANNER, C. B. & BENNETT, J. M. (1984) Water use-efficiency in crop produc-
tion. Bioscience, 34, 36-40.

SINGH, P., SAXENA, N. P., MONTEITH, J. L. & HUDA, A. K. S. (1990) Defining, modeling and
managing water requirement of chickpea. IN PATANCHERU, A. P. (Ed. Chickpea in the nine-
ties: 2nd International Workshop on Chickpea Improvement. ICRISAT Centre, India.

SINGH, U., GODWIN, D. C., HUMPHRIES, C. G. & RITCHIE, J. T. (1989) A computer model to
predict the growth and development of cereals. IN CLEMA, J. K. (Ed. In: Proceedings 1989
Summer Computer Simulation Conference. Austin Texas.

SLATYER, R. 0. (1966) Some physical aspects of the control of leaf transpiration. Agricultural
Meteorology, 3, 281 - 291.

SMITH, B. G. (1989) The effects of soil-water and atmospheric vapour-pressure deficit on
stomatal behaviour and photosynthesis in the oil palm. Journal of Experimental Botany, 40,
647-651.

SMYTH, A. J. (1966) The selection of soils for cacao. Soils Bulletin No. 5. Rome, Food and Ag-
riculture Organization of The United Nations.

SOUNIGO, 0., N'GORAN, J., COULIBALY, N., CLEMENT, D. & LACHENAUD, P. (1993) Evalua-
tion de clones de cacaoyers pour la productivite, la resistance aux mirides et la resistance a
la pourriture des cabosses. 11th International Cocoa Research Conference, Yammoussoukro,
Cote d'lvoire. . Cocoa Producers' Alliance, Lagos, Nigeria.

SQUIRE, G. R. (1990) The physiology of tropical crop production. CAB International, U.K.
STEINBAUER, M. J. (2000) Specific leaf weight as an indicator of juvenile leaf toughness in
Tasmanian bluegum (Eucalyptus globulus ssp. globulus): implications for insect defoliation.
Australian Forestry, 64, 32 - 37.

STUART, N. W. (1936) Adaptation of the Micro-Kjeldahl method for the determination of
nitrogen in plant tissues. Plant Physiology, 11, 173-179.

SUN, Z. Q., KANG, Y. H. & JIANG, S. F. (2010) Effect of Sprinkler and Border Irrigation on
Topsoil Structure in Winter Wheat Field. Pedosphere, 20, 419-426.

TANNER, C. B. & SINCLAIRE, T. R. (1983) Efficient water use in crop production: research or
277



research?, , Madison, Wisconson : ASA, CSSA, SSSA.

TARDIEU, F., ZHANG, J., KATERIJI, N., BETHENOD, O., PALMER, S. & DAVIES, W. J. (1992) Xy-

lem ABA controls the stomatal conductance of field-grown maize subjected to soil compac-

tion or soil drying. Plant Cell and Environment, 15, 193 -197.

TAYLOR, S. J. & HADLEY, P. (1988) Relationship between root and shoot growth in cacao

(Theobroma cacao) grown under different shade regimes. 10th Int. Cocoa Res. Conf. . Santa

Domingo, Dominican Republic.

TEKALIGN, T. & HAMMES, P. S. (2005) Growth and productivity of potato as influenced by

cultivar and reproductive growth I. Stomatal conductance, rate of transpiration, net photo-

synthesis, and dry matter production and allocation. Scientia Horticulturae, 105, 13-27.

TESFAYE, S. G., RAZI, I. M. & MAZIAH, M. (2008) Effects of deficit irrigation and partial root

zone drying on growth, dry matter partitioning and water use efficiency in young coffee

(Coffea arabica L.) plants. Journal of Food Agriculture & Environment, 6, 312 - 317.

THOMAS, P. (2000) Leaves: The Food Producers, Cambridge, Cambridge University Press.

THOMPSON, W. A., KRIEDEMANN, P. E. & CRAIG, I. E. (1992) Photosynthetic response to

light and nutrients in sun-tolerant and shade-tolerant rainforest trees, |. growth, leaf anat-

omy and nutrient content. Aust. J. Plant Physiol., 19, 1 -19.

TOXOPEUS, H. (1968) Establishment of cacao clones in Nigeria. Euphytica, 17, 38 - 45.

TOXOPEUS, H. (1985) Cacao: Botany, types and populations, London and New York, Long-

man group limited.

TURNBULL, T. L., KELLY, N., ADAMS, M. A. & WARREN, C. R. (2007) Within-canopy nitrogen

and photosynthetic gradients are unaffected by soil fertility in field-grown Eucalyptus globu-

lus. Tree Physiology, 27, 1607 -1617.

TWINE, J. R. & WILLIAMS, C. H. (1971) The determination of phosphorus in Kjeldahl digests

of plant material by automatic analysis. Communications in Soil Science and Plant Analysis, 2

(1532-2416), 485-489.

VALLE, R. R., SILVA, W. S. & MIRANDA, R. A. C. (1987) Stomatal resistance and transpiration

rates of shaded and unshaded cacao trees. Rev. Theobroma, 17 : 175 - 187.

VERNON, A. J. (1967) Yield and light relationships in cacao. Trop. Agric. , 44, 223 - 228.

VERNON, A. J. & SUNDARAM, S. (1972) Current Cacao Research. 4th Int. Cocoa Res. Conf. St.

Augustine, Trinidad and Tobago.

VOLKOVA, L., TAUSZ, M., BENNETT, L. T. & DREYER, E. (2009) Interactive effects of high ir-

radiance and moderate heat on photosynthesis, pigments, and tocopherol in the tree-fern

Dicksonia antarctica. Functional Plant Biology, 36, 1046 -1056.

WALKLEY, A. (1947) A critical examination of a rapid method for determining organic carbon

in soils: Effect of variations in digestion conditions and of inorganic soil constituents. Soil Sci.,

63, 251 - 263.

WATERHOUSE, A. L., SHIRLEY, J. R. & DOVONAN, J. L. (1996) Antioxidants in chocolate. Lan-

cet, 87,311 - 315.

WHATLEY, J. M. (1992) Plastid development in distinctively coloured juvenile leaves. New

Phytologist, 120, 417- 426.

WOOD, G. A. R. (1985) Cocoa: History and development, London and New York, Longman
278



Group Limited.

XU, Z. Z., ZHOU, G. S. & SHIMIZU, H. (2009) Are plant growth and photosynthesis limited by
pre-drought following re-watering in grass? JOURNAL OF EXPERIMENTAL BOTANY 60 3737 -
3749

YAPP, J. H. H. (1992 ) A study into the potential for enhancing productivity in cocoa (Theo-
broma cacao L.) through exploitation of physiological and genetic variation. Dept of Horticul-
ture. Reading, U.K., University of Reading, U.K.

YEO, K. H. & LEE, Y. B. (2009) Growth and photosynthesis of single-stemmed roses as affect-
ed by macro- and micro-element amendment in a closed aeroponic system. Korean Journal
of Horticultural Science & Technology, 27, 404 - 413.

YUAN, B. Z., SUN, J., KANG, Y. H. & NISHIYAMA, S. (2006) Response of cucumber to drip ir-
rigation water under a rain shelter. Agricultural Water Management, 81, 145 -158.

ZHANG, S.-Y,, LIU, Z.-Y., ZHOU, Z.-F. & ZANG, G.-C. (2008) Effects of soil moisture on photo-
synthesis and transpiration parameters of Amygdalus davidiana Franch in loess hilly plateau.
Forest Research, 21, 222 - 226.

ZUIDEMA, P. A., LEFFELAAR, P. A., GERRITSMA, W., MOMMER, L. & ANTEN, N. P. R. (2005)
A physiological production model for cocoa (Theobroma cacao): model presentation, valida-
tion and application. Agricultural Systems, 84, 195 - 225.

279



Appendices

0, mm.

T Wet,sunny, £ 10~
e o

20 b0
2 Sk D i L =
~ | sunny f E
E 4 =
e e ' )
z / 0y
B ol 4 ;
- *H S
= |

1 |

3 |

J;m[l-'cblM;t rl:\pr[.-\iuyll un lJuly ].hug lScpll O Nov Dec

Appendix 1 Monthly weather pattern in the cacao growing area of Ghana

Rainfall (dotted line) based on 30-year means and sunshine (continuous line) on
20-22-year means at Tafo, Ghana.
Source: Entwistle (1972), p 33.
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