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Abstract
This thesis describes the research undertaken to determine whether cocoa (Theobroma cacao)
could be successfully produced in north Australia. Initial observations indicated that high solar
radiation, high leaf-to-air vapour pressure differences (LA VPD) and cold over-night chilling
temperatures would be the most significant environmental parameters affecting the performance
of cocoa in north Australia.
Experiments were carried out to assess the impact of supra-optimal and sub-optimal climatic
conditions on cocoa performance using (I) cocoa seedlings established under solar irradiance
ranging from 25 to 70% transmitted light; and (2) previously established cocoa to assess leaf
photosynthetic performance, leaf chlorophyll fluorescence, leaf attributes, stem growth and
yield quality and quantity under field conditions. Specific areas of study included:
The effect of different shade treatments on cocoa establishment
Cocoa seedlings subject to irradiance levels of 25 to 700/0 transmitted light showed no
significant differences in relative growth rates. However, at 700/0 treatment canopies were
sma ller compared to the three lower light treatments. Differences in total canopy area were
attributed to photoinhibition and results are discussed with reference to leaf carotenoid
concentrations and leaf longevity.
The effect of different shade treatments and environmental variables on leaf performance
Maximum photosynthetic rates in the field ranged from approximately 1 to 9 ~lmol m- 2

S-I .

Differences in light saturated photosynthesis were attributed to differing shade treatments,
changes in LA VPD (0.3 to 4.9 kPa), low and high leaf temperatures (8 to 42 DC), dynamic
photoinhibition (~F/Fm' 0.2 to 0.7), leaf nitrogen content (1 .7 to 2.4 0/0) and SLA (15 to 26 m

2

kg-I).
The impact of cold over-night temperatures
Over-night chilling air temperatures of <10 DC were shown to cause substantial reductions in the
number of open photosystem II reaction centers
shade treatment. Reductions in

~F/ Fm'

(~F/Fm')

the following morning irrespective of

were associated with extremely low rates of leaf carbon

assi milation which was attributed to sub-optimal leaf thermodynamics and photosynthetic
protein degradation. Recovery of photosynthesis took five days following chilling events in the
field.

II

Flowering response and bean quality under different light treatments
Flowering was significantly reduced by 70% treatment during the first 25 months of growth.
However, fruit yields were still the largest at 700/0 treatment compared to the three lower light
treatments. This was thought to be an affect of larger canopy photosynthetic rates at 700/0
transmitted light. However, cocoa grown at 70% treatment produced smaller beans compared to
the lower light treatments. Fat extracted from cocoa beans in the NT produced a softer butter
than beans originating in Mossman, Queensland.
Leaf gas exchange and growth between north Australian locations
Experimental sites in north Queensland offered the most suitable growing conditions for cocoa.
This was primarily attributed to low LA VPD throughout the year promoting large annual
photosynthetic rates compared to cocoa grown in the Northern Territory and Western Australia.
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1.1
1.1.1

Introduction

General

Cocoa is an important product in world agricultural markets and demand for cocoa products is
increasi ng steadily.

Almost 100% of the world's su pply of cocoa is currently produced in

developing nations using very few modern crop management practices. In addition, unstable
political systems in a number of cocoa producing countries could result in reductions or
interruptions

in world

cocoa supplies. These

factors , combined with the

Australian

Government's suppOli to create new agricultural opportunities in Australia, have prompted
Cadbury Schweppes to establish a research program to investigate the feasibility of cocoa
production in tropical areas of north Australia.
There are significant difficulties to be overcome if cocoa is to be cost-effectively produced in
Australia.

Climatic differences between locations are one of the major factors, with the

Australian tropics usually receiving most of their annual rainfall in a four to five month wet
season rather than spread more equally throughout the year, as is found in most traditional cocoa
producing areas.

This leads to the dual problem of the need for irrigation and increased

exposure to the sun during the drier parts of the year. The diurnal temperature range in north
Australia is also larger than that experienced in traditional cocoa producing areas.
A substantial amount of research wi)] be required to determine the requirements for successful
production of cocoa in Australia. Some experiments were carried out in far north Queensland
during the late 1970s; however, these studies did not fully assess the yield potential and
ecophysiology of the plants.

FUliher research initiatives were launched in 1999 with the

formation of the Northern Australian Cocoa Development Alliance (NACDA).

NACDA

comprised of the Queensland Department of Primary Industries (QDPI), the NT Department of
Primary Industries, Fisheries and Mines (DPIFM) and the Department of Agriculture Western
Australia (AgWA) .
Trials to determine yield potential in tropical areas of Australia usmg early high yielding
hybrids, irrigation and fertilisers commenced under the Alliance in Mossman and South
Johnstone (QDPI), Darwin (DPIFM), and Kununurra and Broom (AgW A).

Cadbury

Schweppes a nd the University of Technology of Sydney (UTS), in conjunction with NACDA,
started a research project in 2000 to investigate the impact of monsoonal climatic conditions on
cocoa production in the Northern Territory and far north Queensland .

This research was

primarily directed towards understanding the influence of light levels, leaf-to-air vapour
pressure deficit and cold over-night temperatures on cocoa growth , leaf photosynthesis and
Chapter 1 - Literature review
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initial yield production . The field work for this project was carried out from June 2000 to June
2004 and forms the basis of this thesis.
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1.2

Introduction to cocoa

Family Sterculiaceae; genus Theobroma; species cacao
1.2.1

General

Cocoa is a medium sized tree believed to have originated near the headwaters of the Amazon
Basin in South America (Wood and Lass 1985). Cultivated as early as the sixteenth century,
cocoa was later transported to Europe by the Spanish explorer Dontas Cortes (Urquhart 1955).
Since then, cocoa production has spread around the world and it is now cultivated in 12
countries with approximately 70% of world wide production occurring in West Africa (Plate
l.1). The majority of cocoa is grown under tropical rain fed conditions with annual rainfall
between 1,250 and 2,800 mm and average minimum and maximum temperatures of 18 and 32
DC respectively (Wood and Lass 1985).

o I\()ry
40%

12% • •_~

5%

Coast

• Ghana

o Nigeria
o Brazil
• Indonesia

5%

22%

o Rest

of World

Plate 1.1 Cocoa production expressed as the percent of total production in 2003 /04 crop
(ED&F MAN Cocoa Market Report 2004).

1.2.2

Economic importance

Worldwide cocoa production hit a new record of 3,423,000 tonnes for the 2003/04 crop.
Consumption continues to grow at approximately 1.5% per annum and amounted to 3,219,000
tonnes in 2003/04. Further growth in consumption is expected because Russia and China have
still not fully entered the consumption market. The three largest importers of cocoa bean in
2003 were the Netherlands (468,363 tonnes) , USA (367,731 tonnes) and Germany (206,467
tonnes) while the major ilnporters of processed cocoa (cocoa butter, liquor, powder) were the
USA (198,310 tonnes), France (161 ,921 tonnes) and Germany (142,076 tonnes). (All statistics
taken from the ED&F MAN report 2004) .
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Cocoa consumption in Australia also continues to grow with 22,307 tonnes of processed cocoa
and 113 tonnes of raw cocoa bean imported in 2003 /4 (ED&F MAN 2004). This resulted in
Australia being ranked as the 10lh largest importer of processed cocoa (Fig 1.1).
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Figure 1.1 Amount of processed cocoa imported into selected countries in 2003/04 (ED&F MAN 2004).

1.2.3

Cocoa types

Cocoa is divided into three main groups: Forastero, Criollo, and Trinitario (Fig. 1.1). About
95% of the cocoa produced today is of the Forastero type, more commonly known as
Amelonado. Criollo is rarely cropped now-a-days due to its high susceptibility to disease and
relatively low vigor compared to Forastero and Trinitario. However, Criollo is still produced in
Brazil for the manufacture of high quality chocolate. Most fanners in West Africa produce
Forastero types (Amelonado) despite these being generally slower to mature than Trinitario, or
crosses between Trinitario and Forastero.

Farmers in other countries have started planting

hybrids (i.e. crosses between Forastero to Trinitario) to achieve larger early yields. Little is
known about long-tenn performance of these hybrids.

Theobroma cacao
Criollo ...

...

Mexican

...

..

Forastero

...

Amelonado - Upper & Lower Amazonia

..... Trinitario

...

Crosses between Criollo & Forastero

Lagarto or pentagona

...

Nicaraguan or cacao real

...

Colombian

Figure 1.2 Different types of cocoa (Theobroma cacao).

Clonal cocoa (known genotypes grafted onto a common rootstock) offers an alternative to using
hybrids and has provided continuous above-average yields (i.e. 2 t ha-I ) , improved plant
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uniformity, and increased population resistance to disease. The difference between using clonal
and hybrid material is principally cost. Fast methods of propagation of clones using methods
such as somatic embryogenesis (Maximova et al., 2005) can be costly compared to using hybrid
seed from seed gardens.

1.2.4

Growth habit

Initial growth in cocoa is dimorphic (plant tissue that can develop into different branching
types) with the formation of a vertical orthotropic stem.

After several months, a jorquette

l

2

forms where 4 - 5 plagiotropic fan branches begin development. The canopy begins to take
shape by the growth of fan branches in conjunction with the simultaneous development of leaf
flushes occUlTing every 20 to 95 days (Sale 1968; Sale 1970a). Differences between flushing
intervals correspond to the management of plants, light availability, and temperature during
growth (Sale 1969; Alvim and Alvim 1977b; Alvim 1993). Synchronised mass flushing can
occur if rain occurs after a prolonged dry spelJ (Alvim 1993). However, although rainfall can
provide the stimuli to induce flushing, cocoa is known to follow an endogenous rhythm that is
influenced by the availabiljty of carbohydrates and plant hormones (Sleigh 1984; Machado
1988).

__- - - - - '

ra.ILbraJld.Jl'~

ur

1nTqllrfJ.~

fJ:nr.J:

nr 1\ i.n" ....... tl"r:~

Plate 1.2 An illustration of a cocoa plant (Sutherland and Elfick 2006)

Cocoa trees can grow to 12 metres in height but are usually pruned to maintain a more suitable
height for harvesting operations in commercial plantations. Cocoa can fruit within three to four
years under ideal conditions but each cocoa ge notype can have vary ing responses to climate.

I
2

Jorquette: The point where orthotropic tissue changes into plagiotropic tissue.
Plagiotropic: Growth tending to incline from a vertical plane.
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Fast yielding hybrids can increase yields by 16 to 230/0 per annum for up to 7 to 8 years of
cropping with yields becoming erratic thereafter (Irizary and Goenaga 2000). Little is known
about the relationship between tree age and continuous heavy cropping on the potential
economic lifespan of cocoa trees. This must be established to determine the most cost-effective
procedure for replacement of existing tree stock.

1.2.5

Reproductive habit

Commencement of initial flowering is influenced by many factors, including plant genotype
(Wood and Lass 1985), environmental conditions (Sale 1969; Sale ] 970a; Sale 1970b; Young
1984; Enriquez and Ferreira 1993; Alvim ] 993; Rajamony ] 996), plant age (Alvim and
Kozlowski 1977a), and general management of trees during growth. When using inputs, such
as irrigation and fertilisers, combined with favourable cocoa varieties, flowering can commence
as early as twelve months from germination. Cocoa is "cauliflorous" meaning flowers develop
directly from cushions located on the bark (Wood and Lass 1985). Flowers open during the
early morning and remain viable for approximately eight hours and abscise within 24 to 48
hours if not fel1ilised (Alvim 1988). Pollination is mainly carried out by "midges" (Barroga
] 964; Toxopeus 1970; Young 1986) but Urquhart (1955) also credits ants, aphids and thrips for
their role in ponination. The success of pollination is dependent on large deposits of pollen and,
in some instances the compatibility of pollen can be a problem. For example, Trinitarian types
(Fig 1.2) are mainly self-incompatible whereas Amelonado populations are almost entirely selfcompatible. This point needs to be considered when selecting specific clonal genotypes for
plantations.
Once flowers become fertilised, " cherelles" (smal1 developing fruit) form after approximately
21 days . ChereIJes are very susceptible to wilt (abscission) and become soft, turn ye])ow and
eventually become mummified if wilting occurs. CherelJes are particularly susceptible to wilt
during the first 70 to 100 days of development (Humphries] 943 ; Humphries 1947; McKelvie
1956) with losses of up to 7] to 86% of cherel1es reported during one event (Asomaning et al. ,
197 1). Estimating crop yield by counting the number of cherelles set therefore provides a poor
indication of final pod yield.
Fruit wilt in tree crops is a process still not fully understood. Researchers commonly describe
fru it wilt, or abortion , as a competing process for carbohydrates within the plant (Valle e/ al.,
] 990). Cherelle wilt in cocoa can be extensive when leaf flushing occurs at the same time as
chere lle development (Pound 1933). High temperatures (Hadley el at. , 1993) and deficiencies
in trace elements (Uthaiah and Sulladmath 1980) are also known to increase cherelle wilt.
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The time from flower set to pod maturity takes approximately 140 to 160 days. On maturing,
green pods tum yellow while red pods tum to orangey red (Plate 1.3). Mature pods can remain
on the tree for several weeks once ripe; however, weekly harvests are known to increase annual
yields when compared to harvesting at fortnightly or longer intervals (Ampofo and Osei-bonsu
1993).

Plate 1.3 (A) Semi-mature four year old hybrid cocoa tree with pods of various ages (8) open flowers and
developing flower buds on trunk (C) developing cherelles on trunk. Color of pods when immature (1 and
3) and mature (2 and 4) for different cocoa genotypes.

1.2.6

The traditional way of growing cocoa

Today, cocoa is mainly grown in developing countries under rain fed conditions. Since many
crop management inputs are not available, it is important for producers to protect seedlings
against excessive sun exposure, water stress, wind damage and insect attack. Cocoa seedlings
require protection against excessive sun exposure, strong winds and require high soil moisture
for survival. These conditions are usually provided by planting underneath existing forest shade
trees, or if trees are not present, under more temporary shade provided by plantain or banana.
Farmers then need to determine when to raise cocoa seedlings and furthermore , when to
transplant seedlings into the field. If planted at the wrong time, many seedlings will die from
water stress; however, many cocoa farms are small holdings of 1 to 2 acres and hand watering is
usually practised until rains commence. Once seedlings have been established, it takes between
3 to 7 years before fruiting occurs. At this time farmers may decide to reduce the amount of
shade over their cocoa to increase pod yields although reducing shade has yielded both negative
and positive responses (Bos et al., 2007). Larger pod yields can be achieved in the short-term
but the implementation of zero shade practices across West Africa has not resulted in yield
increases for cocoa small holders (Wood and Lass 1985). This negative response is a combined
result of lower soil moisture, depleted soil nutrients, aging plants and excessive sun exposure.
Cliapter 1 - Literature review
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1.2.7

Traditional harvesting and preparation for market

Cocoa yie lds have two distinct peaks per cropping year under rain-fed production systems.
These peaks are referred to as the main and mid crops with the main crop usually contributing to
ap proximately 82% of the total yie ld (Wood and Lass 1985). Ripe pods need to be cut from the
tree much like harvesting mangos although cocoa pods are far less fragile and can fall several
metres without sustaining damage. Although there are distinct peaks in crop loads, harvesting
occurs year around, usually weekly extend ing to three weekly intervals between the main and
mi d crop season.
Harvested pods are cut open to extract the beans. This is performed by cracking the pod with a
mallet or by gently making an incision in the pod 's husk using a machete. Care must be taken
with the latter method to avoid penetrating too far into the pod to avoid damage to the beans.
The bean s are then scooped from the husk and placed into a large bowl where another person
removes the placenta from the cluster of beans.
Cocoa beans must be fermented if chocolate is to be the end product. It is the fennentation that
allows beans to develop the flavor associated with the taste of chocolate. The science behind
fellllenting cocoa is complex although in Ghana fermentation is simply done by laying banana
leaves on the ground, piling the wet cocoa beans on top and covering the bean s with more
banana leaves. Beans are left for approximately seven days to ferment and the pile is turned
every two days to distribute heat through the ferment. It is important for bean temperature to
exceed 42 DC to kill the cotyledon. Until the seed embryo dies beans will not ferment properly
and the targeted chocolate flavor will not develop. A full description of the processes involved
in a cocoa fellllentation can be found in the literature (Schwan and Wheals 2004).
Fermented beans must be dried in order to be sold at market. Storing wet beans causes them to
become rancid , develop unpleasant flavors, and encourages the development of fungus which
releases toxins into the bean (Tafuri et al., 2004). Drying cocoa is traditionally perfOlmed by
spread ing beans on drying mats made from strips of bamboo raised off the ground . Beans on
the mat are scrubbed by pushing beans against the bamboo mat under the palm of your hand
removing unwanted debris from the bean surface. Beans must contain less than 7% moisture to
be marketable. This takes the farmer approximately six days to achieve on a drying mat.
Each producing country has specific protocols for assessing bean quality.

However,

internationa l cocoa standards also need to be met. In general, beans that are sold as first grade
cocoa must be at least one gram in dry weight, reasonably uniform in size, fermented, dried
down to 70/0 moisture content, and free of smoky beans, insects, broken beans, pieces of husk
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and other foreign materials (Wood and Lass 1985).

Cocoa beans not meeting these

requirements are sold at a discounted rate compared to first-grade beans.

1.2.8

Value of the fermented cocoa bean

Three bi-products can be manufactured from cocoa beans. By grinding roasted beans, a thick
dark brown paste called liquor is produced . Liquor can be processed further using hydraulic
presses to extract cocoa butter leaving a product called cake. Milling the cake produces cocoa
powder. On the world market in November 2005 cocoa butter was the most expensive cocoa biproduct at AU$5 ,082/tonne, followed by cocoa liquor at AU$2,656/tonne, and then cocoa
powder at AU$1 ,1551 tonne (LIFFE cocoa stock exchange). However; prices for each of the biproducts vary depending on demand.

1.2.9

Shade and climate

A big question with regard to defining optimal growth conditions for cocoa is the extent to
which shade is required.

Shade is used by some and not by others. This differing practice

probably arises because cocoa grown in different climatic zones with varying crop inputs. For
instance, cocoa is grown in West Africa with practically no inputs and trees receive only
rainfall. Shade trees are recommended to reduce the adverse affects of high solar radiation and
minimise soil moisture loss. In contrast, full sun may be considered in more agricultural1y
developed countries such as Australia if increased yields outweigh the added cost of irrigation,
fertilizers , and pesticides that are required in full-sun situations (Bos et at., 2007).
Cocoa has a reputation of being sun intolerant because of the plant's understorey origin (Wood
and Lass 1985). Many studies investigating full-sun applications on cocoa have resulted in
larger yields compared to shaded cocoa (Ahenkorah et

at., ]974).

The papers that provide

information of full-sun treatments combined with fertiliser inputs (Uribe et at. , 2001;
Asomaning 197]) demonstrate that larger, more sustainable yields can be achieved compared to
shade-grown cocoa trees . The question for northern Australia is whether the use of fertilisers
and irrigation combined with fuJI-sun wi]) produce larger yiel ds than cocoa grown in light shade
using the same inputs (80 to 900/0 incident light). This question is straight forward but the
answer is not just a matter of light ava ilability as other factors are also involved. For example,
some shape pruning may be mechanised using tractors fitted with swi ngi ng rotary blades in
order to reduce labour costs associated with pruning. Shade trees would obstruct the use of such
devices resulting in higher maintenance costs.
Farmers will require an adequate return on their investment if cocoa is to be produced in
Australia. Therefore we must understand the benefits of shade versus no-shade as well as the
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climatic conditions that may best suit cocoa production in Australia. This thesis investigates the
effects of light and climate on photosynthesis, growth and yield.

Shade experiments were

completed in Darwin and trials established by the NACDA program in South Johnstone,
Mossman , Darwin and Kununurra, were visited during the wet and dry seasons to gather
information on cocoa performance under different climatic conditions.
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1.3
1.3.1

The Ecophysiology of cocoa

Introduction

Cocoa exh ibits many of the characteristics associated with understorey p lants, including low
photosynthetic rates and development of photoinhibition at low irradiance. Cocoa can be
photosynthetically light saturated at 200 ~mols m-2

S-I ,

equating to approximately 10 to 150/0 of

full sun-light (Hutcheon 1977; Hernandez et ai., 1989).

In contrast, other researchers

(Balasihma 1992; Yapp and Hadley 1994; Galyuon et ai.,

1996b) have shown that

photosynthetic rates in cocoa increase when grown at irradiance levels exceeding 500/0 full
sunlight (i.e. 900 ~mols m-2

S-I).

Plants adapt to the light levels in which they grow. These adaptations include changes in leaf
morphology such as average leaf area and specific leaf area (i.e. leaf area per unit dry mass) .
Leaf angle can also change in some species by semi-rotating petiofes (Charlton 1997) and
changes in physiology such as altered photosynthetic pigment concentrations and leaf nitrogen
content are observed (Evans and Poorter 2001). Even mahlre shade-leaves from tropical tree
seedlings from both early and late succession trees have the ability to acclimate to high sun-light
and UV radiation (Krause ef ai., 2004). What is not known for many plant species, including
cocoa growing in northern Australia, is the point at which increases in light start to cause a
decline in plant performance.
Light adaptations by cocoa include reduced average leaf area, low specific leaf area (SLA) and
reduced chlorophyH pigment concentrations (Thompson el al. , 1992a). Cocoa also develops
Jess total carotenoids with increasing light (Galyuon et ai. , 1996b), a characteristic not seen in
other plant species (Demmig-Adams et ai., 1996). Cocoa has been shown to photosynthesise at
larger rates when grown above the photosynthetic light saturation point of 200 ~mols m-

2

S-I

(Hutcheon 1977; Hernandez et ai., 1989). This controversial point is discussed further with
respect to specific leaf area (SLA).

However, the point at which these increases in light

outweigh the increase in carbon fixation is not known.

Will the increase in maximum

photosynthetic rates from exposure to larger light levels translate into greater long-term growth
rates and pod yields?
To answer such questions, we need to better understand the ecophysiology of photosynthesis.
This PhD examines field grown cocoa and focuses on growth rate, photosynthesis and leaf
chlorophyll fluorescence to answer the question of whether shade should be provided for cocoa
production in northern Australia.
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1.3.2

Photosynthesis

Tree growth is dependant upon photosynthesis, the process by which the sun ' s energy is utilised
to convert CO 2 into carbohydrates. Kramer and Kozlowski (1960) made the following
observations about carbohydrates: (]) they are the substances from which all other organic
compounds are synthesized; (2) they are the chief building blocks of cell walls; (3) they form
the starting point for synthesis of fats and proteins; (4) they are oxidised in respiration; and (5)
carbohydrates are accumulated and stored as food reserves. Carbohydrates are transported from
the leaves to the stem and roots via phloem cells for use in respiration and other physiological
processes, including growth.

Excess carbohydrates not used in growth and respiration are

stored in roots, buds, stems and cambium.
There have been many studies on photosynthesis in cocoa (Table 1.1). Photosynthetic rates
vary depending on experimental treatment, plant age and leaf morphological and physiological
adaptations. The largest photosynthetic rate recorded to date in cocoa is 8.4 Ilmol m-

2

S-I

(Table

1. 1). When compared to other C3 tropical tree crop species such as hazelnut (Cory/us avellana
L.) and Custard Apple cv. African pride (Annona spp .), maximum leaf area assimilation rates
(Aarea) in cocoa are approximately 40% lower (Hampson et aI., 1996; George and Nissen 2002).
This lower leaf carbon assimilation rate may be attributed to differences in pigment composition
and diffe rences in allocation of nitrogen and other resources to rub isco, light harvesting
processes and the dark reaction s of photosynthesis .
T a bJe 1. 1 Photosynthetic rates for cocoa at experi mental locations grown in different environments and with
various fe rti liser and irrigation treatments, different plant ages and varying light intensities. (,/ Signifies that
ferti li ser or irrigatio n were appl ied during the experiment; * denotes broadcast fe rtiliser was used in the form of
pe lletised granul es with or without liquid fertil iser; P = pot and F = field grown). References are as follows (8)
Balas ihma el al., (1991); (2) Balasihma (1992); (9) Daymond (2000); ( I ) Galyuon et al., ( 1996b); (4 )
Hernandez el al., (1989); (11) Hutc heon (1977); (5) Jo ly and Hahn (1989a); (3) Joly and Hahn (l989b); (6)
Raja Harun and Hardwick (1988a); (7) Raja Harun & Hardwick (l988b); (10) Yapp and Hadley (1994).
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1.3.3

Leaf pigments

Biological pigments are non-covalently bound to proteins, forming the pigment-protein
complexes.

Pigments are molecules absorbing specific wavelengths of light and reflecting

others. There are four main types of leaf pigments and these are known as chlorophyll a (Chi
a), chlorophyll b (Chi b), carotenoids and xanthophylls. Chlorophyll a is the most abundant

pigment in leaves and absorbs wavelengths from 430 nm (blue) to 662 nm (red). Chlorophyll b
is far less abundant than Chi a and absorbs wavelengths from 453 nm to 642 nm. Carotenoids
are the third most abundant leaf pigment and are an accessory pigment to chlorophyll that
absorbs light between 460 nm to 550 nm (i.e. short wave lengths). The most important function
of carotenoids is to protect the leaf from free radicals which develop after exposure to ultraviolet light or other types of radiation (Munne-Bosch and Penuelas 2003).
Xanthophylls are the fourth most common leaf pigment. They are closely linked to carotenoids
and

are

essentially

oxidized

forms

of carotenoids.

Xanthophylls

(voilaxanthin,

V;

antheraxanthin, A; zeaxanthin, Z) are the only carotenoids on the photosynthetic membranes
which undergo rapid and reversible changes in concentration as a direct result of exposure to
high-light levels (Demmig-Adams and Adams-III 1994). The process of conversion is called
de-epoxidation.

Xanthophylls provide plants with photo-protection by removing excess

irradiance from the antennae (see light reactions below) and dissipating photons as heat before
photo-damage occurs to Photosystem II (PS II) reaction centres (Demming-Adams and AdamsIII 1994; Koniger et al. , 1995).
The composition of pigments in cocoa leaves has been examined previously for seedlings
growing under both high and low light treatments (Baker and Hardwick ] 973). The largest
increase in total chlorophyll content occurs after full leaf expansion (Baker et al., 1975). During
leaf expansion in cocoa the chlorophyll a:b ratio changes significantly but once full expansion
has occurred little differences in chlorophyll a:b ratio are found between sun and shade leaves
(Merke l et al. , ] 993).

Carotenoids, although an important pigment in cocoa, have not been

investigated in detail to date. Current findings in cocoa (Galyuon el al., 1996b) show that total
carotenoids expressed on a mass basis decline with increasing light.

In contrast, carotenoid

concentrations are reported to increase with light for many other plant species (Adams-Ill el al.,
1996; Watling el aI., 1997).

This thesis further examines this area to determine whether

carotenoids decline with exposure to increasing light levels.

1.3.4

Light harvesting, light and dark reactions

There are two light harvesting antennae : light harvesting complex 1 (LHC J) and light harvesting
complex II (LHC II) . Each light harvesting complex contains a polypeptide, chlorophyll a,
Chapter 1 - Literature rev iew

1-13

chlorophyll b and carotenoid molecules (Li et al. , 2000). Photosynthetically active radiation
(400 to 700 nm) reaching the leaf surface is absorbed by these light-harvesting antennae and the
photons produced are transpolied to photosystem reaction centres where a charge separation is
initiated (Groot et al., 1997). The photosynthetic apparatus that performs this function consists
of a membrane-associated network of photosynthetic pigments called chloroplasts (Groot et al.,
1997).
Absorbed light is transferred by a sequence of electron-carrier molecules (membrane proteins)
that shuttle electrons during the redox reactions that eventually release energy to synthesise
plant compounds.

Electron transport rates are measured by using the leaf chlorophyll

fluorescence technique (Maxwell and Johnston 2000).
Non-cyclic photophosphoryation uses both photosystem 1 (PSI), and photosystem II (PSII).
Photosystem I requires absorption of wavelengths close to 700 nm for P700 (i.e. special
chlorophylls) to achieve an oxidation state. Photosystem II has similar chlorophyll pigments to
trap quanta with P680 requiring wavelengths of around 680 nm to achieve an oxidative state.
These special Chi a pairs (i.e. P700 and P680) work together to distribute photons through a
chain of oxidation-reduction reactions. The two main compounds synthesised in the light
reactions

are

nicotinamide

triphosphate (A TP).

adenine

dinucleotide

phosphate

(NADPH)

and

adenosine

PST has more of a safety valve role (i.e. photoprotection) and can re-direct

photons back to PSll to assi st in ATP synthesis if PSI reaction centres are inundated or there is
limited requirement for NAPDH synthesis (Sonoike 1998).
Once NADPH and ATP are formed in the light reactions, the compounds are utilised in the
biosynthesis of complex carbon structures as reductants and energy sources respectively, in the
Calvin Cycle. The net formation of a 6-carbon sugar requires six runs of the Calvin cycle, with
each run incorporating a new carbon atom from carbon dioxide. The sugars are used to provide
energy and to form polysaccharides, monosaccharides, fats, amino acids, nucleotides and a
range of other molecules.
Rubisco (ribulose-] -5-biphosphate carboxylase or RuBP) is the key enzyme in the Calvin cycle
since this enzyme transforms the 5-carbon sugar ribulose-5-phosphate and the single-carbon
carbon dioxide to two 3-carbon 3-phosphoglycerates. Rubisco has a reputation for being an
inefficient catalyst for the carboxylation of RuBP and is subject to competitive inhibition by O 2,
inactivation by loss of carbamylation, and dead-end inhibition by RuBP (Spreitzer and Salvucci
2002). These factors make Rubisco rate limiting for photosynthesis in some circumstances.
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1.3.5

The main environmental factors affecting cocoa

Plants, like all organisms, must be able to monitor and respond to environmental conditions in
order to survive. For example, dark-grown seedlings has limited time to find light before it runs
out of stored energy.

Etiolated plants exhibit a variety of features in response to darkness

including expanded internodes for rapid growth and un expanded leaves with no chlorophyll. In
high irradiance conditions light can become photo-toxic to the leaf causing photoinhibition
leading to permanent damage (sun bleaching; Plate 1.4) or leaf loss through necrosis. Plants
adapted to either low or high light conditions can significantly influence the amount of absorbed
light leaves use to drive photosynthetic reaction centres (Krause et at., 2004). The amount of
light being absorbed and used in photosynthesis can be quantified by measuring quantum yield,
the induction rate, and various leaf chlorophyll fluorescence parameters (Maxwell and Johnson
2000). Quantum yield is the number of molecules of CO 2 fixed per photon absorbed by the
system.
Light absorbed by the light harvesting complexes associated with PSII is associated with three
functions: (i) it can be used to drive photochemistry providing the chemical energy (in the form
of A TP and NADPH) for CO 2 fixation in the Calvin cycle; (ii) it can be dissipated by a variety
of non-photochemical processes (principally as heat), and (iii) a small proportion is re-emitted
as leaf fluorescence (Maxwell and Johnson 2000). If photochemical processes (PQ) and/or nonphotochemical processes (NPQ) are very active then fluorescence will be low. Conversely leaf
fluorescence will be high if these processes are inactive or impaired (i.e. photoinhibition).

1.3.6

Light exposure and photoinhibition

The term 'photoinhibition' has been referred to in the literature in a variety of ways including
dynamic

photoinhibition,

photoinhibition.

chronic

photoinhibition,

photo-oxidati ve

stress

and

just

These variety of terms may be largely attributed to the fact that the

photosynthetic proteins and processes involved in photoinhibition are still not fully understood.
These terms are usua]Jy used in publications based on the use of leaf chlorophyll fluorescence as
a tool to determine whether plants are stressed and, if so, the level of stress at that particular
instance i.e. is stress chronic and irreversible (photoinhibition/chronic photoinhibition; PrasiJ el

at., 1992) or is it rapidly reversible (dynamic photoinhibition ; Osmond ] 994).

Many

researchers measure the ratio of variable chlorophyll fluorescence and maximum chlorophyll
fluorescence (i.e .

F"IF m ) to quantify environmental stress on PS II efficiency. Healthy leaves

usually exhibit an F v/F m of 0.8 at pre-dawn (Maxwel l and Johnson 2000) with the Fv/F m
commonly becoming depressed during the day due to over-excitation from high irradiance or
high or low temperature exposure (Maxwell and Johnson 2000). The Fv/F m response varies
Cfi apter 1 - Literature review
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widely between species and particularly between sun and shade adapted plants. Fracheboud and
Leipner (2003) state that a decline in FjF m may indicate photoprotection or photoinhibition of
photosystem II reaction centres (PS II RC) although to establish this it is necessary to determine
the amount of light used and dissipated to quantify if photodamage is in fact occurring
(Schiefthaler et at., 1999).
In the instance where Fv/F m is low (for example 0.6 or less) photons hitting the leave's surface
will either be absorbed, transmitted or reflected. Of the photons absorbed, the energy absorbed
will either drive photo-chemistry, be reemitted as fluorescence or dissipated as heat (Maxwell
and Johnson 2000). A permanent depression in Fv/F m (i.e. limited recovery of Fv/F m compared
to pre-dawn values) indicates chronic irreversible photodamage has occurred within the reaction
centres of PS II. While irreversible photodamage to PS II can occur at all light intensities, the
efficiency of photosynthetic electron transfer decreases markedly only when the rate of damage
exceeds the rate of repair of the D 1 protein (Morrison and Critchley 1998). The repair or
regeneration of D 1 proteins is a very important process since the protein originally called the
'Shield' protein (Mattoo et al., 1981) protects the reaction centres.

A loss in D 1 protein

regeneration leads to light induced damage to PS II reaction center (RC) and furthermore other
associated RC proteins become vulnerable to damage once the D 1 protein is dysfunctional
(Barber and Andersson 1992).

Plate 1.4 A top view of a cocoa canopy grown at Coastal Plains Horticultural Research Station near
Darwin, Northern Territory, Australia. To the right are two cocoa leaves. The leaf at the top is a normal
healthy leaf whereas the lower one has become chronically photoinhibited.

The Fj Fm ratio is commonly measured using leaf chlorophyll fluorescence to detect the status
of photosystem II (Maxwell and Johnson 2000).

However, this measurement provides no

information on the amount of light being used in photochemical processes (PQ) nor the amount
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of light being dissipated by non-photochemical processes (NPQ).

It therefore becomes

important to determine PQ and NPQ when trying to understand leaf performance rather than
relying solely on leaf carbon assimilation measurements. Measurements of photochemical
quenching and non-photochemical quenching are especially useful when related to the relative
electron transport rate (ETR) (Franco et aZ., 2007). Electron transport rate is proportional to the
amount of light absorbed since increases in photon absorption increases ETR, although
continuous exposure to high-light levels can cause reduced ETR and continuously high electron
transport rates can cause chronic irreversible photodamage (Barber and Anderson 1992).
Since the development of a leaf chlorophyll fluorescence measurement system in the 1920's
there has been a mass of publications in this field especially in the early 1980's (Adir et aZ.,
2003).

However, the use of leaf chlorophyll fluorescence as a tool to investigate the

ecophysiology of cocoa has had only limited application.

Applications of leaf chlorophyll

fluorescence to cocoa has focused on fluorescence quenching in relation to carbon assimilation
(Balasimha 1992); the light usage of developing cocoa leaves (Balasimha 1995); as an early
warning device to detect for witches broom infection (Santos et al., 1998); and to determine the
heat susceptibility of various cocoa clones (Daymond and Hadley 2003).

In this thesis leaf

chlorophyll fluorescence is used to investigate electron transport rates, PS II efficiency, the
stability of the minimum fluorescence signal, light adapted PH efficiency and nonphotochemical quenching under four levels of light and after exposure to cold overnight
temperatures. This information wil1 provide physiologists with more baseline information on
leaf chlorophyll fluorescence in cocoa with special emphasis on 1ight exposure .

1.3.7

Temperature

Since cocoa uses the C 3 photosynthetic pathway, the optimum temperatures for photosynthesis
is generally much lower than that of many C 4 species. A combination of at least two factors
may be associated with the inability of C 3 species to respond more favorably to high
temperature.

First, photosynthesis is limited by CO 2 supply at ambient concentrations (380

ppm). Second, light-stimulated photorespiration is limited by increasing temperature (Wardlaw
1979).

Lowering temperatures can also produce a similar effect as high temperatures in

reducing photosynthesis (Sonoike 1998).

In tropical exotics such as cocoa (Joly and Hahn

1991) and rambutan (Diczbalis and Menzel 1998), photosynthesis significantly declines after
chilling stress; a response best explained by stomatal irregularity and chloroplast disassociation
(Sonoike 1998). Cocoa is known to achieve optimal rates of photosynthesis between 30 - 32 DC
(Ba lasimha el af. , 1991) and large declines in stomatal conductance (gs) have been observed
once leaf temperature drops below 26 DC (Raja Harun and Hardwick 1987).

Changes in

photosynthesis induced by temperature variations usually result in a decrease

III
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conductance (gs).

Restrictions in gs are widely known to have a negative impact on CO 2

assimilation for tropical (Goodfellow et aI., 1997; George and Nissen 2002), savanna (Eamus
and Cole 1997), temperate (Kelliher et aI., 2000) and arid species (Peek et aI., 2003).
Chilling temperatures can also intensify the effect of photoinhibition of leaves (Sonoike 1998).
While over-night or daytime temperatures are low the function of chloroplasts can become
impaired in chilling sensitive species leading to the inability of leaves to effectively dissipate
excess energy resulting in reduced carbon gain (Savitch et al., 2000; Allen and Ort 200]).
Chilling temperatures

accompanied

by

strong

PFD

can

increase

the

likelihood

of

photoinhibition, particularly for upper canopy leaves. Furthermore, low stomatal conductance
can further reduce photosynthetic rates when relative humidity is low and wind speeds are high
(Sena Gomes and Kozlowski 1989).

1.3.8

Water relations

Leaf water potential (\f') has been a commonly used measurement for determining plant water
status although the accuracy of measuring \f' was originally questioned since stomatal closure
can moderate \f' as wate r stress develops diminishing the differences between watered and
unwatered plants (Garnier and Berger 1985).

Today \f' is still the most widely used

measurement for quickly determining plant water status. \f' has been used in cocoa to assess
accessions for drought tolerance (Balasimha et al. , 199]), determine the effect of drought on net
leaf CO 2 assimilation (Joly and Hahn 1989a) and changes in leaf fluorescence signals at various
dark respiration rates and different times during leaf expansion (Joly and Hahn 1989b).
During the dry season the moisture content of the air is significantly reduced (i.e. low humidity)
resulting in increases in the leaf to air vapour pressure difference. \Vhen LA VPD is large gs in
C3 species typically peak in the morning, when evapotranspirational demand is lower and so il
water content higher com pared to the afternoon.

Sensitivity of gs to LA VPD is a common

feature of many species including bananas (Thomas et aI., 1998), mango (Gonzalez and Blaikie
2003), Africa pride (George and Nissen 2002) and various tropical savanna trees (Eamus et al. ,
1999). It has previously been reported (Cole 1994) that changes in leaf water potential are not
the primary cause of differences in gs between seasons. This was investigated by Cole (1994)
w ho showed that leaves of Acacia auriculiformis had similar pre-daw n \f' at two locations
differing in LA VPD but large differences in gs were found between morning and afternoon or
between wet and dry seasons. Cole (1994) found that locations with reduced gs were associated
with increased vapour pressure defic it (VPD). ]n cocoa, VPD can substantially influence leaf
carbon ass imilation by indirectly causing gs closure. For example, in controlled experiments on
cocoa (Thomas ef al., 1981 ; Hernandez et al. , 1989; Balasimha et al., 1991) significant
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reductions in leaf carbon assimilation were found when VPD exceeded 1.8 kPa.

Similarly,

under field conditions (Balasimha et a!., 1991), leaf carbon assimilation rapidly declined once
VPD exceeded 1.6 kPa.

During the present study LA VPD at Coastal Plains, near Darwin

commonly exceeded 4 kPa.

1.3.9

Nutrients

The nutritional status of plants will influence growth and yield performance. Typically 14 or ] 5
elements (nitrogen, phosphorus, potassium, calcium, magnesium, sulphur, iron, boron , zinc,
manganese, copper, molybdenum, chlorine, sodium and nickel) are critical to plant growth. In
nutrient rich soils a third of the plants fixed carbon is allocated to root activities compared to
two thirds or more in nutrient deprived soils (Russell] 988). Soil type and nutritional status of
natural soils with no additive inputs (i.e. fertilisers) are mainly derived from oxidised parent
material from the surrounding area.

Parent material and the speed of erosion/oxidation

determine the soil type and mineral content. However, there are many other factors affecting
nutrient uptake including cation exchange capac ity and the retention of cations in the soil
(Russe ll] 988). These factors can all have a significant impact of nutrient uptake. The "locking
up" of minerals in soils is reversible and can be altered by changing soil pH (Russell 1988).
Tn full sun applications of plant nutrients are even more cmcial particularly nitrogen (N) since
nitrogen is a major component of structural and metabolic proteins.

Furthermore, nitrogen

reductant reduces photoinhibition by dissipating excess photochemical energy that might
otherwise contribute to photoinhibition (Smirnoff and Stewart] 985). Leaves typically consist
of between 1 to 50/0 nitrogen on a mass basis whereas each of the other essential macro and
micro-nutrients range from between 0.] - 1% of total leaf mass (Epstein and Bloom 2004). The
mineral requirements for cocoa, as for many other species of tree crops, depend on light
conditions and soil type in which they are grown. Many studies have examined the nutritional
requirements for maximum growth and yield performance in cocoa (Murry and Nicholas] 966;
Wood and Lass 1985; Lachenaud 1995a; Costa et a!. , 1998; Yapp and Hadley ]998).

1.3.10 Growth and Yield
Although cocoa comes from an understorey origin and exhibits a low rate of light saturated
photosynthesis, it still achieves a high relative growth rate. Some selected cocoa hybrids bear
fmit after three years.

However, cocoa is very sens itive to environmental factors.

Stomatal

limitations reduce carbon fixation and therefore the amount of fixed assimilates available for
plant growth is reduced when conditions are not optimal.

Apart from climatic effects, the

amount of assimilates fixed also depends largely on canopy leaf area index (LA1) and specific
leaf area (SLA).

Thick leaves (i.e. low SLA) form when they have developed under full
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sunlight (Terashima et al., 200]). Leaves with low SLA are known to exhibit increased rates of
leaf carbon fixation when expressed per unit leaf area (Evans and Poorter 200]).

The

relationship between leaf thickness and photosynthesis has been previously described in cocoa
(Balasimha et a!., 1985; Balasimha 1993) in a comparison of upper and low canopy leaves.
Balasimha (1993) demonstrated that upper canopy leaves are thicker and exhibit enhanced
photosynthetic rates when compared to lower canopy leaves. This is because leaf rubisco has
better access to larger intercellular airspaces which allow them to operate more efficiently
(Evans and Loreto 2000) and also because of increased investment of N in photosynthetic
processes in upper canopy leaves. This means specific leaf area is a very important determinant
of carbon gain per unit leaf mass.
Leaf Area Index (LAI) is defined as the one sided green leaf area per unit ground area

10

broadleaf canopies. A large LAI (5.0) represents a large total leaf area and thus, a higher total
canopy respiration rate compared to plants with a low LAI (i.e. 1.0). 1ncreases in LAI can lead
to increased primary production but once above an optimal LAI plants can experience increased
losses of fixed assimilates through increased canopy respiration (Russell et al., 1989). The
optimum LAI occurs at the point where any increase in primary production is exactly offset by
increased canopy respiration. Locations with high average air temperatures can also have an
indirect impact on LAl by increasing rates of respiration (Griffin et at., 2002). To maintain
optimal LAI plants have developed a crude but effective technique of regulating leaf mass. In
cocoa, an optimal LAl is achieved near to 4.0 (Yapp and Hadley 1994; Daymond et at., 2002b).
Further work is needed to fuJly understand changes in LAI of different genotypes growing in
different light treatments, plant densities and growth environments.
The leaf area index is an important determinant of canopy assimilate production. The level of
assimilates produced will determine the amount of assimilates available to distribute to different
plant organs. The interplay of source and sink involves complex regulatory loops, operating at
biochemical as well as genetic levels (Koch 1996). Indeed genetic selections can playa major
role in the plant's ability to achieve large yields.

Large crop loads are made possible by

allocating more resources to the reproductive component. However, some species such as citrus
can be source limited rather than sink limited during fruiting times (Goldschmidt and Koch
1996). Plant breeders quantify allocation to the reproductive component by calculating yield
efficiency, the ability of genotypes to allocate a large percentage of their sink and source
assimilates towards reproductive growth (Daymond el at. , 2002a). Cocoa genotypes show wide
variations in yield efficiency a result attributed to inner-plant competition for carbohydrates
(Pound 1933 ; Mckelvie 1960; Nichols 1965b; Valle el al., 1990; Hadley and Yapp 1992;
Daymond 2000; Daymond el a!., 2002a).
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The majority of plant species must produce flowers for reproduction to occur with many species
responding differently to environmental changes. One of the key factors contributing to the
success of flowering plants is their ability to regulate the timing of flowering so that they can
take maximum advantage of the most environmentally favourable conditions. There is a strong
seasonality in flowering for most plants which ensures that their seeds are produced when
conditions are optimal for germination and growth.
Plants are able to accurately measure day length by integrating signals from photoreceptors and
an endogenous circadian clock (Blazquez et al. , 2002).

Crops such as mung bean (Vigna

radiata) and pigeon pea (Cajanus cajan) accelerated seedling emergence rates when exposed to
longer days (Bandara 2006). In contrast, short-day plants such as soybean measure the dark
period and flower when the night exceeds a certain critical length .

Flowering events also

respond to cold temperatures, simulating the change from winter to spring when conditions for
seed germination are more favourable.

Flowering can also be triggered by environmental

stresses such as shading by neighbouring vegetation. 1n cocoa, seasonal peaks in flowering
mainly coincide with rainfall events (Alvim ] 993). However, like leaf flushes , flowering can
occur all year round, especial1y while irrigated (Alvim and Kozlowski 1977a; Alvim ] 993).
Young cocoa trees experiencing full sun conditions usually demonstrate more prolific earlier
flowering than more shaded counterparts (Murry ] 956; Boyer 1970; Asomaning et al., 1971).
Air temperature also affects flowering in cocoa with temperatures between 26 and 30 DC
producing more flowers than temperatures nearer 23 DC (Alvim ] 988). Whereas, prolonged low
monthly temperatures below 23 DC can completely inhibit flowering two months later (Alvim
1967). Large pod loads have also been reported to reduce flowering in cocoa (VogeJ el al.,
1982).
Cocoa yie lds can vary depending on tree age, genotypes used, local climate and the
management practices used.

A summary of some past cocoa yie ld experiments has been

provided below to illustrate yield variability (Table 1.2).
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Table 1.2 Summary of some published cocoa yield results sourced from Ahenkorah ef ai. , ) 974 (Ref. 4);
Morera 1996 (Ref. 5); Irizarry and Goenaga, 2000 (Ref. 6); Osei-Bonsu ef ai. , 2002 (Ref 3); Efron ef ai. ,
2003 (Ref. 2) and; Edwin and Masters 2005 (Ref. 1).
Notes: A " 7" mark has been used in columns below where articles lacked specific information relating to
the categories in the table (i.e . cocoa type , planting density, etc.). The year to bear column indicates the
time taken for the specified cocoa type to achieve the dry bean yield presented in column four. Readers
should note that yield results below were gathered from experiments completed in Ghana, Malaysia,
Costa Rica, PNG and Trinidad where factors such as rainfall, temperature, LAVPD, soil type, and
management practices were not accounted for. Abbreviations: (CRlG - Cocoa Research Institute of
Ghana); (RefNo.- Reference number).
Cocoa Type

Variety / Clone

R ef No.

Dry

Planting

Year to

Shade

Fertiliser

Bean

Density

Bear

10

?

?

6

?

7

30%

kg/ha

Amelonado

259

?

Inter-Amazo n

BRT

497

?

Upper Amazon x

Ak 56-1-4

5,942

1200

1099.4

1074

Amelonado

2

_ _

?

4

Amelonado

5

?

6

_

_

.....•.................................. _...... ......... _.... __ ..... _........... .. _.....

3

....................

_

......................... ....... ......... ..- .......-.........._........._.... .. ,....._. __ ._...._...-

.........................................__ ....._.........

G rafted clones
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Mutant
C RIG

_.......

hybrid

Amelonado

.....................................-

Catongo
Pound 12
Mean
of
clones

3,500
x

759

45

\ ,800

........ _.... _..... _..... _._...-

_

......................... _._ ..... ..-

7

Yes

12

Yes

1 100

?

Yes

1500

?

No

............. _._ ........_, .....-

?

............ _......_... _.•... ,

Yes

?

Yes
_
Yes

........ ... __ .__ ... _... _.....

................._.... _._._ ..... _.....

Yes
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1.4
1.4.1

Cocoa Production in Australia

Major considerations

There are three main drivers behind the case fo r establishing a viable cocoa industry

In

Australia:
(] )

Cad bury Schweppes is currently exposed to risks in the supply chain because the

majority of cocoa is currently being produced in developing nations. Some countries have been
criticised for using uncertified chemicals on cocoa production and child labor for harvesting
while many have unstable political regimes that could result in the disruption of cocoa supplies.
The development of supplementary sources of cocoa is considered an essential part of Cadbury
Schweppes' risk management and has been a contributing factor to their investment in cocoa
research in Australia.
(2)

Although cocoa

lS

a relatively small import commodity in Australia, demand is

increasing and the Government has expressed interest in developing local cocoa production as
part of its portfolio of import reduction activities. Replacement of current imports of processed
1

and unprocessed cocoa would require approximately 13,440 ha of cocoa yielding 2 t ha- year to
meet Australian domestic requirements.
(3)

Recent trends for very low world sugar prices have adversely affected many Australian

sugarcane farmers. This has driven a need to develop suitable alternate crops. Many of these
farmers operate in tropical areas that may well be su itable for cocoa production.

The

Government of Australia is interested in pursuing opportunities for expanding agricultural
activi ties and has established a number of initiatives in cocoa research including hybrid yield
trials ' in five locations around northern Australia (Mossman, South Johnstone, Darwin,
Kununurra, Broome) with the support of Cad bury Schweppes.

1.4.2

Challenges facing an Australian cocoa industry

Cocoa will prove to be a challenging new crop for Australia due to a number of factors. These
include:
(1)

Climatic conditions in the tropical areas of Australia are significantly different from

those encountered in traditional cocoa producing countries. The Australian tropics receive most
rainfall during the annual wet season between November through to March whereas rainfall in
many traditional areas is more uniform throughout the year. The dry season months (May October) in north Australia receives minimum rainfall and experiences large numbers of
sunshine hours. For example, north Queensland and Darwin experience approximately 2500 and
3000 sunshine hours/a nnum respectively compared to about 1800 hours/annum in Ghana and
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the Ivory Coast (Chapter 2; Fig 2 .1). This exposure to full-sunlight will need to be carefully
considered and shade may be required. Cocoa seedlings exposed to full sun can die (Alvim and
Alvim 1977b) and/or canopies can be reduced from accelerated leaf loss (Miyaji et at., 1997b) a
likely result of photoinhibition. Cocoa seedlings were grown in Darwin under various light
treatments during this project in order to better understand the limitations to cocoa seedling
establishment with increasing light. Results of this investigation are detailed in Chapter two.
(2)

Seasonal rainfall of north Australia will also generate the need for effective irrigation

programs if maximum growth and yield are to be achieved. For example, cumulative rainfall of
550 mm during the initial three months of pod development promotes larger beans compared to
drier conditions in West Africa (Toxopeus and Wessel 1970). However, the amount of rainfall
required wi]) depend on soil properties and the amount of pan evaporation at each location.
Vapor pressure deficit (VPD) is also a variable to consider since high leaf-to-air vapor pressure
differences (LA VPD) can significantly reduce leaf assimilate production during the day.
Photosynthesis is optimal in cocoa when VPD is below 1.8 kPa (see section 3.3.3.7); however,
exceptions occur when cold overnight temperatures are experienced resulting in low LA VPD
and very low photosynthetic rates.

The response of photosynthesis of cocoa to LAVPD is

discussed in Chapter three.
(3)

North Australia experiences higher and lower temperature extremes than encountered in

traditional cocoa producing countries. Minimum and maximum values during the dlY season in
Darwin, NT can range from 7 and 33 °C in a single day compared to 18 to 32 °c in Ghana and
the Ivory Coast. Cocoa has reduced rates of photosynthesis outside its optimal level of 3] °c
with rates of leaf photosynthesis declining above or below this optimal temperature.
Furthermore, cold stress experienced during over-night cold spells can impair leaf function
reducing carbon gain and can lead to the development of dynamic photoinhibition as discussed
in Chapter four.
(4)

Cocoa yie lds wi)) be a major factor in the success of an Australian Cocoa Industry.

Cocoa trees yielding 1.5 tonnes ha- I yr- I would probably not be sufficient for an Australian
farmer to make a profit. The exact tonnage of raw fermented cocoa required for a farmer to
break even is beyond the scope of this project; however, selection of the correct genotype for
northern

Australian

conditions

IS

of

paramount

importance.

The

Cadbury

Schweppes/UTSINACDA project on which this thesis is based imported cocoa hybrid seeds
from PNG ' s seed production unit in the East Rabaul province. The hybrid seeds were selected
on the basis that they bear fruit four years after planting, produce high early yields with large
beans (> 1.0 gram in dry weight), and demonstrate some resistance to vascular streak die back
(a viral infection causing plant death). Cocoa trials established by the Queensland Department
of Primary Industries (QDPI) in South Johnstone and Mossman in 1999 and 2000 respectively
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have now been fruiting for two full years and are currently producing experimental yields of
approximately 3 t ha- 1 year. By comparison, the average yield in Ghana is 250 kg ha- 1 yea{l.
Cocoa was established in Darwin, Northern Territory by both the NT government and this
project in order to investigate what yields could be obtained under full sun and various
propol1ions of full-sun. The effect of various light treatments on yield quality and quantity are
discussed in Chapter five.
(5)

Effective plant management programs addressing fertilisation and pest control will be

essential if cocoa is to be successfully produced in Australia. This work is being addressed by
QDPI to understand plant water requirements at different times of the year. Insects attacking
foliage, pods and roots are also being assessed to determine which of these pests may be a
potential problem for the industry and what insecticides should be further researched to obtain
certification as a chemical for pest control in cocoa.
(6)

The fermentation of cocoa beans is a critical step in cocoa post-harvest processing.

Preliminary trials on fermentation in Australia have uncovered potential problems with the
development of a proper ferment resu1ting in poor flavour development. A PhD student from
the University of Sydney was included into the NACDA program in 2002 in order to investigate
the processes involved and the reasoning behind the initial failure of ferments in Australia.
(7)

Drying cocoa beans in far north Australia will be a further challenge since sun drying

may be hampered by heavy rainfall. Drying could be carried out using artificial dryers although
the use of heaters would substantially increase costs. Sun drying is the preferred approach to
minimise costs.
(8)

Processing of cocoa will require a major investment if a new grinding facility is to be

installed. However, some sugarcane ' mills in north Queensland have expressed interest in
processing cocoa during the sugarcane off-season (November through June).

This option

obv iously does not cater for processing during the remaining months and some infrastructure
investment will be required unless raw cocoa is to be shipped to foreign destinations for
processing.
(9)

Labour costs are much higher in Australia than in other cocoa producing countries.

This will be a major factor to overcome due to the labour intensive nature of cocoa tree
maintenance and harvesting. This issue is being investigated by the Queensland Department of
Primary Industries via a three-pronged study that commenced in ] 999 :
a.

to mechanise the sp litting of pods and extraction of beans from the placenta;

b.

a senior horticulturalist is investigating the science of growing cocoa commercially; and

c.

and technical research officers are exploring some of the more logistical issues of
introducing cocoa as a new crop in Australia.
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The foregoing items must be effectively addressed to ensure the success of an Australian cocoa
industry. However, many are outside the scope of this thesis, which concentrates only on issues
relating to understanding the effects of light and climate on photosynthesis, growth and yield .
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1.5

Research Objectives

This study was undertaken to provide comprehensive data on the yie ld potential and feasibility
of cocoa production at various locations in north Australia. The study was based on cocoa
hybrids from the Cocoa Research Institute in Rabaul , Papua New Guinea. Details of the
research are presented in the following chapters:
Chapter 2:
Shade requirements for successful cocoa establishment in the NOlihern Tenitory.
Chapter 3:
Environmental variables that influence leaf carbon assimilation under different light treatments
including the critical values when photosynthesis starts to be significantly affected.

This

includes the seasonal and diurnal impact on photosynthesis giving farmers the ability to identify
spec ific times when environmental variables are least favourable for canopy productivity. Once
this has been established, techniques for crop protection could be applied to counteract the
negative effects of the environment.
Chapter 4:
The effects of cold over-night temperatures under field conditions and how temperatures affect
leaf productivity the following day.
To establish hypothetical geographical boundaries where it would be feasible to grow cocoa in
Australia.
Chapter 5:
Flowering response to four light treatments including changes in proportion of flowers resulting
from increasing irradiation.
Bean quality (i.e. seed weight and lipid content per unit mass) in relation to growth irradiance.
Chapter 6:
The increase/decrease in pod yields under four light treatments in the Northern Ten·itory; and
Differences in leaf gas exchange parameters at different location s in northern Australia.
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2

Chapter 2

Chapter 2
Establishing cocoa: Morphological and physiological
characteristics of potted cocoa grown under four contrasting light
treatments in the Northern Territory.
Table of Contents
2.1

Introduction ............................................................................................. 2-1

2.2

Materials and methods ............................................................................ 2-4
2.2.1
Study location, design and plant material ... ... .......................... ..... .. .. .. . 2-4

2.2. 1.1 Study location ...... .... ... ... ... .......... ................. ...... ..... .... ... .. .. .. ....... ......... ....... ... 2-4
2.2.1.2 Shade house design and construction ........ ... .... ................................... .. ......... 2-4
2.2. 1.3 Plant materia!. ... ..... ... ..... ...................... ........ .. .. ... .. ..................... .. .... .. ....... .... 2-4

2.2.2
2.2 .3

2.3

Trial management .................................. ........ ................. ... .. .. ... .. ........ 2-5

2.2.2.1 Jrrigation, fertiliser and PFD .. .... .... ... ... ...... .. ........... ..... ....... ........ ........ ...... .. 2-5
2.2.2. 1 Pest contro!. .......... ... ......... ..................... .. .. ......... ......... .... ...... .. .. ...... ............ 2-5

Trial measurements .. ... ... ... .. .... ..... ... .. .... .. .. ... .. ... ... .. .. ..... ... ......... ... .. ..... 2-5

2.2.3.1
2.2.3.2
2.2.3.3
2.2.3.4
2.2.3.5
2.2.3.6
2.2.3.7

Results ...................................................................................................2-10
2.3.1
Morphological characteristics ......... .... .. .... ... .... ... ..... ..... .. .... ............... 2-1 0
2.3.1.1
2.3. 1.2
2.3.1.3
2.3.1.4
2.3.1.5

2.4

Leaf chlorophy ll fluorescence .. .... .................. ......... .... ...... ... .... ... .. .... ........ .. .. 2-5
Stomatal densities .. ...... .. ..................... .. .... .... .... .. ............ .... ....... ....... ..... .. .... 2-6
Specific leaf area (SLA) .............. ................... ................. ...... ............ .... .. ...... 2-7
Average leaf area and branching .............................. ... ........ .. ... ........ ............ 2-7
Growth measurements ................................................ .................................. 2-8
Photosynthetic p igment concentrations .... ...................... ..... ...... ....... ..... .. ...... 2-9
Data analyses .. ...... ...... ... ...... ................. .. ......... ..... .. .................. ...... ... .... ..... 2-9

Girth, leafsize, lotalleaf area, and growth rates .. ............. ......................... 2-10
Specific leaf area and stomatal density .. ............. ......... ......... .. ..... ............... 2-11
Photosynthetic pigment concenlrations ............ .. ................................... .. .... 2- 12
Photochemical e.Uiciency ofphoto system J1.. .. ............ .. ......... .. .................... 2- 13
Relative quantum y ield and NPQ ... .. ........................................................... 2-1 4

Discussion ................................................................................................ 2-16
2.4.1
Plant and jorquette height and PFD ... .. .. .... .... ................................... ..2-16
2.4.2 Leaf attributes, branching and PFD ... .......... .. .. ... ........... .. ..... .. ...... .. .. ..2-17
2.4.3 Leafpigments and PFD ..................... ........ .... ..... ............................... 2-19
2.4.4 Leaf stress and PFD ., ............. ... .. .. ........... .... ................... .. .. ... ............ 2-21
2.5.5 Conclusion ... ..... ............................ .. .. .............................. .... ............... 2-23

Chapter 2 - Estab li shing cocoa: Morphological and physiolog ical cha racteristics

2-i

List of Figures
2.1
2.3
2.4
2.5

Sunshine hours in cocoa producing countries ........................................................ 2-2
Chlorophyll concentrations between light treatments ........................ ........ ......... .. 2-12
Diurnal representation of PS II efficiency between light treatments ..................... 2-14
Diurnal representation of relative quantum yield between light treatments ........... 2-15

List of Tables
2.1
2.2
2.3
2.4
2.5

Plant girth, height, individual leaf area and total leaf area ................................... 2-10
Number of branches under different light treatments ....................... ... ............. .... 2-11
Growth parameter differences between light treatments ..................................... 2-11
Chlorophyll and carotenoid concentrations .... .......... ............... .. ..... ... .................. 2-13
Non-photochemical quenching between light treatments ..................................... 2-15

List of Plates
2.2 Stolnatal impression ................................................ ... .. ............ .. ....................... ... 2-7
2.3 Branch architecture in cocoa .... ................ ...... ........ ... ...... ......................... ........ ...... 2-8

Chapter 2 - Establi shin g cocoa: Morphological and physiological characteristics

2-ii

2.1

Introduction

Cocoa (Theobroma cacao), a crop originating in the Amazon basin, is a shade tolerant species
characterised by low leaf assimilation rates, a low light saturation point, and photoinhibition at
relatively low photon flux density (PFD) (Galyuon et al., 1996b). Although cocoa exhibits
these shade characteristics, researchers have continued to investigate the effects of PFD on both
the agronomy and ecophysiology of this crop. In previous studies, photosynthetic rates (Okali
and Owusu 1975; Balasihma 1992; Galyuon et al., 1996b), flowering (Murry 1956; Boyer 1970;
Asomaning et at., 1971), and crop yields (Murray 1956; Asomaning et at., 1971 ; Alvim 1977a)
all increased when cocoa was subjected to PFD exceeding 1000 !lmol m- 2

S- I.

However, the

majority of these studies were laboratory based only looking at the effect of one variable. This
study uses a field based approach modifying only solar irradiance. This allowed the combined
effect of supraoptimal temperatures, vapour pressure difference and photon flux density to be
examined during cocoa establishment. It is important to understand the cumulative combined
effect of supraoptimal field conditions as such information will further our understanding of the
upper ecophysiological boundaries for cocoa establishment. Such information is also useful
when determining the impact of changing climatic patterns on cropping locations for cocoa.
There are several environmental factors that impose limitations on growth and yield of cocoa.
Most of these environmental stresses, such as high PFD and water stress, may be experienced in
the wet-to-dry tropics of the Northern Territory. The climate of this region experiences high
vapour pressure deficit (>4 kPa), high PFD (>2000 !lmol m-2

S- I

in wet season) with high

afternoon temperatures (>36 °C) in the dry (June-August) and wet season (Jan to March). The
major cocoa producing regions experience a more stable climate with moderate solar radiation
and minimUlTI and maximum temperatures ranging between 22 to 27°C (AI vim 1977a). It is
suggested in the present study that high solar radiation experienced in Darwin as well as the
long dry season will pose a particular problem for seedling establishment even when shade is
provided to reduce irradiance exposure.
Darwin receives approximately 400/0 more sunshine hours then traditional cocoa producing
countries (Fig 2.1). In Darwin clear skies may be expected for six months of the year. This
allows the potential long-term effect of high solar radiation and other stressful environmental
variables (high temperature, high VPD) associated with extended dry conditions to be assessed.
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Figure 2.1 A comparison between Darwin and major cocoa producing countries with regards to
the total annual sunshine hours received at each location (Wood and Lass] 985; Australian Bureau
of Meteorology, 49-year average, Darwin).
The impact of light on seedling morphology and dry matter accumulation has received
considerable attention in cocoa (Goodall 1955; Cunningham and Burridge1960; Hurd 1961;
Okali and Owusu 1975 ; Raja Harun and Ismail 1983; Taylor and Hadley 1988; Galyuon et al.,
1996b).

In most of these studies, cocoa demonstrated intolerance to high irradiance levels,

especially during the first 18 weeks growth (Cu nningham and Burridge 1960).

To further

expand on previous investigations the present study uses both classical growth analysis methods
combined with leaf chlorophyll fluorescence measurement to evaluate leaf stress development
at each transmitted light treatment.
Leaf chlorophyll fluorescence is a rapid, nondestructive method for detecting and quantifying
stress to the leaf s photosynthetic apparatus in response to environmental stress (Sestak and
Stiffel 1997; Maxwell and Johnson 2000). The measurement of PS II efficiency is a widely
used measurement to quantify the stress level of leaves.

PS II efficiency is determined by

dividing the variable fluorescence signal (Fv) by the maximum fluorescence signal (Fm) on
previously dark adapted leaves.

Typically, healthy unstressed leaves across species have an

FJFm ratio of 0 .83 (Maxwell and Johnson 2000).

However, PS II efficiency can vary

throughout the day depending on stress levels experienced (i.e. excessive light and high or low
temperatures) in the leaf.
The main objecti ves of the work described in chapter two were to:
I ) Determine whether cocoa seedlings established under high PFD have reduced relative

growth rates in comparison to those grown under lower light levels and whether
differences in plant growth habits occurred within the different light treatments.
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2) Determine whether different PFD treatments influence leaf and canopy characteristics
with emphasis on leaf size and total canopy area;
3) Determine whether different PFD treatments changed the number of plagiotropic
branches;
4) Determine whether different PFD treatments changed photosynthetic pigment assembly
and concentrations in mature leaves and;
5) Examine the efficiency of photosystem II in mature leaves under the different PFD
treatments to evaluate the development of irreversible photoinhibition.
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2.2
2.2.1

Materials and methods

Study location, design and plant material

2.2. 1. 1 S tudy location
The potted shade trial was constructed at the Horticultural Department at the Northern Territory
University (NTU), Darwin, Northern Territory, Australia.

2.2.1.2 Shade house design and construction
Shade houses were orientated along the north/south axis with the entrance towards the north.
This orientation was used to minimise tree-to-tree shading within the shade houses.
Each shade house was constructed by concreting four eight-gauge galvanised metal posts into
the ground forming a 3.5 x 3.5 x 2.78 m structure. Four holes of 1.2 cm diameter were drilled at
ground level and 1 cm from the top of each post. Wire was strung through the holes to form a
supporting structure and each upper comer of each pole was braced to the ground. Shade cloth
was draped over the structure and fixed to the wire using metal fasteners. A small opening at
the bottom was left open for access.
The experimental design consisted of four light treatments.
corresponding to 25% treatment, 600 J.lmol m- 2
m-2

S- I

S- I

These were 450 J.1mol m-2

S-I

corresponding to 35% treatment, 900 J.1mol

corresponding to 500/0 treatment and 1200 J.1mol m- 2

S-I

corresponding to 700/0 treatment

at solar noon. Treatments were replicated four times using individual shade structures providing
a total of 16 shade structures for this experiment.
Light levels were achieved using synthetic black shade cloth purchased through South Tec
Shade Corporation (NSW).

2.2.1.3 Plant material
Cocoa hybrid seeds (K82 x KEE43) were sourced from the Papua New Guinea Cocoa and
Coconut Research Institute, Rabaul, East New Britain Province, and germinated in 7 cm pots at
the Coastal Plains Horticultural Research Farm (13 ° N, 131 ° E) under 35% transmitted light.
After three months, 136 seedlings were potted up into black 25 liter easy-lift bags. A well
draining potting mix was used consisting of approximately 15:] 0: 10 sand, bark and woodchip,
respectively. Green woodchip was not used in order to minimise soil denitrification.
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Seedlings were left for two weeks under 500/0 treatment for recovery after re-potting and were
then transported to the experimental site using an enclosed truck to minimise leaf windburn. In
each shade house eight seedlings were used. Seedlings were placed on concrete bricks to allow
water to drain freely and permit any termite activity to be observed.

2.2.2

Trial management

2.2.2.1 Irrigation, fertiliser and PFD
Seedlings were watered using 15 1 h- ' drippers connected to Richdel solenoids operated via a 12channel irrigation controller. Seedlings were watered five times during the day with a total of
8.75 litres per plant per day in the dry and wet season to avoid any plant/soil moisture stress.
Drippers were tested for homogeneity of flow rate using bucket tests. Ten randomly selected
drippers (per treatment line) were placed into small containers before the irrigation valve was
opened for five minutes. The irrigation system was then switched off and the volume of water
measured. Watering intervals were frequent and run times were short because the potting
medium was free draining.
A fast acting liquid fertiliser (Aquasol Hortico Victoria, Australia) (23:4:18 N:P:K + trace
micronutrients) was applied weekly at half the recommended dilution rate due to the free
draining properties of the potting mix.

In addition to liquid fertilisers, a fast release (2-3

months) pelletised fertiliser (Osmocote NSW Australia) (14:6:18 N:P:K) was applied directly to
the so il at 30 gram per plant per month.

2.2.2.1 Pest control
There were numerous problems with insect pests, especially caterpillars and aphids during the
course of this study. Pest insects were collected and identified by the entomology section at
Department of Business, Industry and Development (DBIRD), Darwin, NT. The pests found on
the cocoa plants and the chemicals used to control pest populations are listed (Appendix 1, 2
and 3).

2.2.3

Trial measurements

2.2.3. 1 Leaf chlorophyll fluorescence
Chlorophyll a fluorescence was measured using a pulse amplitude modulated 2000 (PAM 2000)
(Waltz Effeltrich, Germany).

Leaf chlorophyll fluorescence readings

~FlFm '

(light adapted

quantum yield of Photosystem II) and FJ Fm (Efficiency of photosystelTI 11 (PS II)) were taken

Chapter .2: %orpho(ogica( am! Physio(ogical Characteristics - Potted Cocoa

2-5

from the most recently expanded hardened-off leaves (approximately 60 days old). The fibre
optics on the leaf clip (1.6 mm acrylic) were positioned 6 mm from the leaf epidermis. Leaves
were covered with aluminium foil for 30 minutes prior to determining FvlFm. Cocoa leaves have
very few epicutical hairs on the adaxial leaf surface.

This is an important factor since the

presence of hairs can influence the accuracy of leaf chlorophyll fluorescence measurements
(Ehleringer 1981). Care was also taken during measurements to avoid changes to leaf angle.
Measurements of F vlF mwere made on one leaf from each of three plants per treatment per shade
house in August 2001. The upper canopy leaves were selected and tagged so repeated
measurements could be performed during the day. Diurnal measurements were made at 0400,
0900, 1300, 1700 and 1930 h with 12 leaves per session per treatment used to determine the
efficiency of photosystem II. PS II efficiency (FvlFm) was estimated according to the equation
(Fm-Fo)/Fm, where maximum fluorescence (Fm) and minimal fluorescence (Fo) were measured
after 30 minutes dark-adaptation to oxidise the electron transport chain (Krause and Weis 1991).
Non-photochemical quenching (NPQ) measurements were determined by measuring pre-dawn
maximum fluorescence (F m) on one tagged leaf from each of three plants per shade house per
treatment. At 0800 h light adapted ll1aximum fluorescence (F m ' ) was determined on the same
tagged leaves and NPQ calculated using the equation (Fm-Fm')/Fm' for each sample.
Effective quantum yield of PS II

(~F/Fm ' )

was measured on light-adapted samples according to

the calculation (F m' -Ft )/F m', where F m' is the maximum fluorescence yield of an illuminated
sample and Ft is the background fluorescence yield at any given time. In each treatment shade
house, six recently hardened-off leaves were selected and tagged to complete repeated
measurements of effective quantum yield. Measurelnents were made at 0800, 1000, 1200, 1400
and 1600 h in August and Septelnber 2001.

2.2.3.2 Stomatal densities
Stomatal density was determined on recently hardened-off mature cocoa leaves in July 2001
from seedlings that were approximately 12 months old. One leaf from each of two plants in
each treatment block was randomly selected. The middle of the abaxial leaf surface (underside)
was painted with clear nail varnish (4 cm 2) to form a negative leaf impression. The nail varnish
was allowed to dry and the negative impression peeled off and mounted negative side up on a
glass slide.

S1ides were viewed with an Olympus BH2 microscope to determine stomatal

density. The microscope was connected to a Panasonic WV6L350 real time camera connected
to a standard analogue TV monitor. A known area (0.2 mm 2) was drawn on the TV monitor
calibrated against a cover-slide scale viewed through the microscope at lOx 400 magnification
(Plate 2.1).
Cfiapter 2: ']v[orpfio(ogica( and Ph!:Jsio[ogica( Cfiaracteristics - Pattee! Cocoa

2-6

Plate 2.1 Stomatal impression of Theobroma cacao leaf using clear nail varnish to construct a negative
leaf impression. Image viewed under a microscope at lOx 400 magnification. A = stomata

2.2.3.3 Specific leaf area (SLA)
The SLA was determined on three recently matured leaves on three plants per treatment per
block during June 200 I.

Leaf disks (1.67 cm 2) were dried at 70 °C for 48 hours before

calculati ng SLA according to the equation:
SLA=AlDW
Where A = the area of sample and DW = the dry weight of the sample.

2.2.3.4 Average leaf area and branching
Three recently matured leaves on each of four plants per treatment per block were harvested in
June 2001 to determine average leaf area. The area of each leaf was measured usi ng a flat bed
scanner and Delta-T Devices imaging software (Delta-T Devices, Cambridge, UK).
The plants were photographed for later determination of branching structure once all the leaves
had been harvested. Eight plants per block per treatment were used to describe the branching
pattern. The method used to classify branches as first , second, third or fourth order branches is
provided in Plate 2.2.
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G)

Trunk and main branches from jorquette

@ Branches originating from trunk or jorquette
@ Branches originating from @ branches

@) Branches originating from @ branches

Plate 2.2 The branch structure of a cocoa tree. Numbers relate to the specific location branches originate
from on the different sections of the tree.

2.2.3.5 Growth measurements
Three plants in each treatment block were tagged and used for repeated measurements of stem
girth. Stem diameter was measured 10 cm from the top of the pot at monthly intervals from
January 2001 to October 2001.
The relative growth rate (RGR), net assimilation rate (NAR), and leaf area ratio (LAR) were
determined by destructively harvesting two plants in each treatment in each block.

The

randomly selected plants (excluding tagged plants) were removed and harvested for dry matter
determination in June 2001.

Each harvested plant was divided into 3 segments (root, wood

(stem + branches) and foliage) and weighed after being oven-dried at 70°C for 72 h. The same
procedure was completed at the beginning of the experiment in January 2001 to determine the
initial value (W I) for plant growth calculations.

The RGR was calculated according to the

followi ng equation (Hall 1982):
RGR = (In W 2

-

In W,)(

t 2 - t l)

where W 2 = dry weight at final harvest; WI = dry weight at initial harvest, t, = starting time,

t2

=

finishi ng time (days).
The leaf area ratio (LAR) is given by:
LAR = s/W
Where s is area and W is dry weight.
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To estimate the total leaf area per harvested plant, SLA was calculated for 12 individual leaves
(recently mature) per plant and the SLA was multiplied by the total foliage:
Total leaf area

=

SLA x TDW

Where SLA = (AlDW), TDW = total dry mass of foliage.
Where A = leaf area
The number of branches per tree was determined by counting the number of branches for each
order (2 nd , 3 rd and 4th) for each particular section of the tree (Plate 2.2).

This method

approximates the morphological behaviour of branching for the different light treatments.

2.2.3.6 Photosynthetic pigment concentrations
Leaves were sampled for chlorophyll determination in June 2001. A 2.24 cm2 hole punch was
used to take leaf disks mid-way along the leaf blade between lateral veins. In each treatment
block two plants were selected and one leaf disk was collected from each selected plant.
Samples were labelled and stored on dry ice in a cooler for transportation back to the laboratory.
Chlorophyll was measured as described by Hall (1982). Leaf disks were ground in a glass tube
under dim light using an overhead bench drill with a homogeniser drill bit. Small pieces of
glass fibre paper and a small amount of 800/0 acetone were placed into the tube to assist in
grinding. The solution was poured into a 15 ml flask and 80% acetone was used to make the
final volume equal to 10 ml.
After overnight extraction (12 h) at 3°C, the solution was centrifuged at 2000 rpm for 10
minutes.

Absorbance was measured at wavelengths of 664 run (chlorophyll a), 647 nm

(chlorophyll b), 480 run (total carotenoids) and 580 nm using a spectrometer. At 580 nm there
should be no light absorption and any reading recorded identifies turbidity of the sample. An
absorption reading >0.00 at 580 nm will cause error at all measured wavelengths.

2.2.3.7 Data analyses
Treatments were compared using analysis of variance (ANOV A).

Differences among light

treatments were further investigated using Student's {-tests. The significance of the effects of
season and treatment on leaf chlorophyll fluorescence results were assessed and comparisons
between pairs of means were made using Tukey's pairwise comparisons.

Statistics were

calculated using Statistica version 6.1 (Statsoft, Inc 1984-2003). Probability values <0.05 were
considered significant. Graphical representation was performed using Sigma Plot version 6.10
(1986-2000 SPSS Inc).
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2.3
2.3.1

Results

Morphological characteristics

2.3.1.1 Girth, leaf size, total leaf area, and growth rates
Cocoa exposed to 70%

treatment showed reductions in plant and jorquette height when

compared to the lower light treatments (Table 2.1). However, plant girth increased at the 70%
and 500/0 treatments compared to the two lower light treatments (P<0.05). Leaf size (individual
leaf area) decreased by approximately 150/0 (P<0.05) between each light treatment
(25 -7 35-750-7700/0 treatment) therefore leaf size decreased by approximately 45% from the
250/0 to the 70%

treatment.

Total leaf area followed a similar response decreasing by

approximately 300/0 (P<O.Ol) from the 25% to the 70% treatment (Table 2.1).
Table 2.1 Plant girth, average individual leaf size and total leaf area per tree in cocoa grown under four
transmitted light treatments measured in June 2001 (dry season) apart from plant girth which was
determined in September 2001. Each value is the mean of 24 leaves for individual leaf area, 8 plants for
total leaf area and, 12 plants for girth measurements ± s.e. Means followed by a different letter within a
column are significantly different (P<0.05).
Light
Treatment (%)

Plant
Girth (cm)

Plant height
(cm)

Jorquette height
(cm)

25

10.6 a
±0.7

2]4 a
±3.8

132b
±5.4

265.75 a
±8.4

4.058 a
±0.33

35

11.7 a
±0.3

206 a
±4.1

123 b
±6 .0

231.81b
±7.7

3.501 b
±0.53

50

]2.6 b
±0.2

211 a
±5.4

109 bc
±8.5

200.76 c
±6.3

3.459 b
±0.488

70

12.9 b
±0.4

196 b
±3.3

106 cd
±5.0

152.42 d
± 5.3

2.730 c
±0.31

Individual leaf
area (cm 2)

Total leaf
area (m 2) tree

The largest number of branches when comparing all light treatments was found under the 700/0
treatment in particular for the 3 rd order segments (Table 2.2).
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Table 2.2 The number of branches in 2 nd ; 3rd and 4th order locations (Picture 2.2) for cocoa grown in pots
under 25%, 35%, 50% and 70% transmitted light in the Northern Territory. Means are the representative
of eight individuals (n=8) ± s.e. Means followed by a different letter represent significant differences
(P<0.05).
Light treatment
(%)
25
35
50
70

2 nd order
4.7 ±0.9
4.4 ±0.6
3.9 ±0.4
5.0 ±0.4

a
a
a
a

Number of branches of each
3rd order
4.2 ±1.1 a
7.5 ±1.8 b
5.6 ±1. 6 b
11.9 ±2.0 c

order
4th order
0.25 ±0.2
1.25 ±0.7
0.25 ±0.2
0.37 ±0.3

a
a
a
a

Total
9.30 ±1.5
13.10 ±2.4
9.75 ±1.8
17.10±1.8

a
a
a
b

There were no significant differences in RGR between treatments (Table 2.3). Leaf area ratio
was 170/0 (P<O.OO 1) and 70/0 (P<0.05) larger in the 250/0 and 500/0 treatment when compared to
the 70% treatment.

There were no significant differences in LAR between the 35 and 50%

treatments (Table 2.3).

2.3.1.2 Specific leaf area and stomatal density
SLA was 13% (P<O.OOl) larger for leaves at 250/0 treatment compared to the 35% treatment and

180/0 (P<O.OO 1) larger for leaves at 500/0 treatment compared to the 70% treatment during the
dry season. The 250/0 treatment exhibited a 280/0 (P<O.OO 1) increase in SLA when compared to
the 700/0 treatment control leaves (Table 2.3).
2

Stomatal density (SD) was expressed per mm with significant differences only found for the

25% treatment (P<0.05) when compared to the other light treatments during the dry season.
Stomatal density increased by 10% between the 25 and 700/0 treatment (Table 2.3).
Table 2.3 The relative growth rate (RGR), leaf area ratio (LAR), specific leaf area (SLA) and the
stomatal density (SD) for cocoa grown in pots under 25%, 35%, 50% and 70% transmitted light. Values
are the means for RGR, LAR (n=8), SLA (n=24) and SD (n=32). Means followed by a different letter are
significantly different (P<0.05).
Light
Treatment (%)

RGR
d- I

LAR
cm 2 g-I

SLA
cm 2 g-I

SD
mm -2

25

0.086 a
±0.003

98.22 a
±3.0

215.98 a
±9.6

890 a
±23.9

35

0.086 a
±0.005

87.]2 b
±2.1

188.50 b
±8.7

954 b
±31.3

50

0.083 a
±0.006

87 _8] b
± 1.8

]90.09 b
± 11.8

975 b
±24.6

70

0.075 a
±0.005

81.74c
±3.3

156.96 c
±7.8

984 b
±33 .0
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2.3.1.3 Photosynthetic pigment concentrations
Total chlorophyll content of leaves declined approximately linearly as the amount of shade used
declined (Fig 2.3). A similar response was observed for chlorophyll a and chlorophyll b
contents. This was true whether chlorophyll content was expressed on a leaf area (Fig 2.3) or a
leaf dry weight (Table 2.4) basis.
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% transm itted light
Figure 2.3 Total chlorophyll (triangle); chlorophyll a (filled circle); and chlorophyll b (open circle)
expressed on a leaf area basis for cocoa grown at 25, 35, 50 and 70% transmitted light. Each symbol is
the mean of 8 samples. Standard error bars are shown when standard errors exceed the size of the
symbol.

Although total chlorophyll content decreased with increasing light availability, chlorophyll a:b
ratio for each treatment did not change significantly (Table 2.4). In contrast, there was a 380/0
decrease (P<O.O 1) in total carotenoids from the 70% treatment to the 25% treatment on a leaf
mass basis. The 700/0 treatment carotenoid:chlorophyl1 ratio was larger than the three lower
light treatments because total carotenoid concentrations decreased on a mass and area basis with
increasing transmitted light (Table 2.4).
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Table 2.4 Total chlorophyll, chlorophyll a:b ratio, total carotenoids and the chlorophyll:carotenoid ratio
for cocoa grown under four transmitted light levels (25, 35, 50 and 70% treatment) in June 2001 (dry
season). Values are the means (n=8) ± s.e. Letters followed by a different letter identifies significant
differences between treatments (P=0.05).
Light
treatment
(%)
25

Total ChI
~g g-I

ChI a:b

2.72
a
±0.047

Total
Carotenoids
mmolm-2
0.032
a
±0.001l8

Total
Carotenoids
~g g-I
3.74 a
±0.16

1287
a
±57 .24

35

Car:Chl

28.84 a
±0.43

1238
a
±33.61

2.66
a
±0.041

0.031
a
±0.000688

3.79 a
±0.10

3l.53 a
±0.42

50

1077
b
±64.49

2.71
a
±0.036

0.026
b
±0.00092

3.36 b
±0.20

33.23 a
±0. 78

70

958
c
±42.39

2.71
a
±0.042

0.024
b
±0.000657

3.32 b
±0.13

40.38 b
±1.02

2.3.1.4 Photochemical efficiency ofphotosystem II
Pre-dawn values of photochemical efficiency (FvlFm) of photosystem II (PS II) were below the
optimal range (0.83; Maxwell and Johnson 2000) for all treatments during August dry season
measurements with the exception of the 2S% treatment.
The diurnal pattern of F vlF m showed that leaves at 70% treatment underwent the largest
reduction (47%) in PS II efficiency at 1300 h compared to the three lower light treatments predawn values.

In contrast, the 2S% treatment demonstrated the lowest reduction in PS II

efficiency (18%) at 1300 h compared to the three lower light treatments pre-dawn F vlFm values
(Fig 2.S). The 3S% and SO% transmitted light treatments demonstrated the same progressive
decrease until 1300 h (Fig 2.S).
The efficiency of PS II after 1300 h increased for all light treatments. However, the optimal
FvlFm value for most species (0.83) was not achieved by any of the treatments one hour after
sunset. Instead FvlFm valu es for the 2S, 3S, SO and 70% treatment were 0.78, 0.73, 0.69 and
0.69 respectively (Fig 2.4).
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Figure 2.4 The efficiency ofPS II (FjFm) for cocoa grown under 25 (triangle), 35 (diamond), 50 (square)
and 70% (circle) transmitted light during August 2001. Each data point is the mean of 12 readings ± s.e.
Sunrise at 0700 h and sunset at 1840 h.

2.3.1.5 Light adapted quantum yield of PS II and NPQ
The light adapted quantum yield of PS II

~FIFm'

measured during both the dry season and

transition between the dry-to-wet season, exhibited differences in the diurnal profile for each
light treatment (Fig 2.5). The lowest quantum yield in the transitional (dry-to-wet) season
(September; Fig 2.5) occurred approximately two hours before the minimum
in the dry season (August; Fig 2.5).

~FlFm'

~FIFm'

observed

at 1000 h were significantly different between

seasons with the exception of 250/0 treatment.

Furthermore,

~F IF m'

determined at 1600 h

showed significant differences (P<0.05) between treatments for the two separate months.
~FlFm'

were consistently larger in the 250/0 treatment during August and September when

compared to the three higher light treatments. In contrast,

~F IF m'

were consistently lower in the

700/0 treatment when compared to the three lower light treatments.

The intermediate light

treatments (350/0 and 50% treatment) exhibited intermediate relative ~FIFm' (Fig 2.5).
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Figure 2.5 The relative quantum yield (ilF/F m') for cocoa grown under 25% (triangle), 35% (diamond),
50% (square), and 70% (circle) transmitted light during August (top) and September (bottom) 200l. Data
points are the mean (n=12) ± s.e.

NPQ deterrrilned between 0800 to 0830 h during the dry season showed a significant
difference (P<0.05) only for the 700/0 treatment. The lower light treatments had NPQ
ranging from 3 to 3.2 whereas the 700/0 treatment achieved an NPQ of 4.5 (Table 2.5).
Table 2.5 Point measurements of non-photochemical quenching (Fm-Fm')/Fm' for the 25%, 50%
and 70% transmitted light treatments. Measurements were completed pre-dawn to determine Fm
and Fm' was determined between 0800 to 0830 h on upper canopy leaves. Values followed by a
different letter indicate significant differences (P<O.Ol).
Percent transmitted
light (treatment)
25
50
70

Non-photochemical
quenching
3.0 a
3.2 a
4.5 b

Standard error
of mean
± 0.08
± 0.09
± 0.31
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24
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2.4
2.4.1

Discussion

Plant and jorquette height and PFD

Measurements of stem girth, plant height, jorquette height, individual leaf area and total leaf
area of trees grown in 25 L pots were taken upon commencement of the shade house trial. With
the exception of stem girth, which increased at higher light levels, the growth measurements
indicated that tree height, jorquette height and leaf area decreased as photon flux density (PFD)
increased (Table 2.1).
The increased stem girth with increasing PFD was attributed to a greater allocation of dry matter
to stem thickening than occurs at lower PFD (Osada et al., 2004). Various other plant species
such as Japanese beech (Fagus crenata) and Kermes Oak (Quercus coccifera) also have shorter
and thicker stems when grown at high PFD (Valladares et al., 2004). The increase in stem girth
of the potted plants is also consistent with results obtained from trees planted in the ground at
the Coastal Plains Horticultural Research Station (Chapter 3; Fig 3.2) as discussed in section
3.4.2. Increased stem thickening for cocoa exposed to high PFD is consistent with other studies
which report that various rainforest trees under non light limiting conditions tend to allocate
more dry matter to stem thickening while those in light limited environments have thinner and
more elongated stems in order to compete for light (Blundell and Pearl 2001).
The response of lower jorquette height with increasing PFD in potted cocoa is similar to the
results of cocoa field trials in the Northern Territory (NT) and Queensland (QDPI 2007). Both
field trials experienced approximately 70% to 90% light transmission during trial establishment
(discussed in Chapter 6); however, the NT trial received a larger amount of annual sunshine
hours than the Queensland location (Fig 2.1). The increased irradiance exposure in the NT may
have caused jorquettes to form at a lower position compared to Queensland grown cocoa. Full
sun exposure also reduces internode elongation in seven month old cocoa seedlings when
compared to a 50%) transmitted light treatment (Galyuon et al. , 1996b). There may have been a
hormonal feedback response by leaves to reduce internode elongation at high PFD.
Brassinosteroids (steroid hormones) play an important role in plant growth and development
activities that include stem elongation, leaf expansion, vascular differentiation, stress tolerance,
and senescence (Mussig 2005; Clouse and Sasse, 1998). It is possible that cocoa produces
lower concentrations of brassinosteriods at increased PFD resulting in reduced jorquette and
plant height at the 70% treatment and between the NT and Queensland experimental locations.
The lower jorquette height exhibited by trees grown at high PFD may pose a potential problem
for harvesting since low canopies may hinder efficient access for harvesting. 10rquette height
can be altered by removing the jorquette and encouraging chupon development lower down on
Cfiapter 2: Morpfiofogua[ ana Ph!fsiofogicaf CfiaracteristiLs - Potted Cocoa

2-16

the tree however, this technique of increasing jorquette height is not considered best practice as
tree development would be significantly delayed compared to unaltered plants. It is therefore
suggested that provision of lower PFD during establishment would be a preferable method of
increasing jorquette height.
2.4.2

Leaf attributes, branching and PFD

Cocoa grown under the highest PFD treatment in the present study developed significantly more
branches than trees exposed to lower light treatments (Table 2.2). An increase in branching
would normally support a larger number of leaves as reported in apple Malus domestica
(Lindhagen and Marcelis 1998) and the herb Glenchoma heberacea (Wijesinghe and Hutchings
1996) as well as providing a greater capacity for light harvesting (Wijesinghe and Hutchings
1996). A larger number of leaves can also create a leaf clumping effect when leaves are closely
bunched together (De Castro and Fetcher 1999). The present study found fewer leaves and a
smaller total leaf area at 70% treatment when compared to the lower light treatments; however,
leaves did tend to be clumped together. The reduction in the number of leaves, total leaf area
and leaf area ratio (Table 2.1) at increasing PFD was considered to be a result of shorter leaf
life-spans when compared to more shaded leaves.
It is important for plants to have high leaf plasticity in order to acclimate to changing light

enviromnents (Thompson et al., 1992a; Rozendal1 et al., 2006). For instance, the reduction of
individual leaf area will significantly reduce light absorption. Smaller leaves also tended to
experience more inter-leaf self-shading than larger leaves due to clumping (De Castro and
Fetcher 1999).

This clumping response to high PFD protects leaves from excessive light

absorption by reducing the amount of exposed leaf area at different times of the day. Larger
PFD also tends to result in a decrease in the relative distance of total canopy leaf area from the
stem at high PFD treatments (Takenata 1994). In the NT inter-leaf self-shading would have
largely contributed to photo-avoidance and could be considered a strategy against over exposure
to excessive irradiance.
Changes in leaf angle can also significantly reduce light absorption but not to the extent of
shelf-shading (leaf clumping). It is reported that self-shading can account for over 900/0 of
variation in total carbon gain (Falster and Westoby 2003). Leaf angle during the present study
was observed to be quite different between the 250/0 treatment and 700/0 treatment with leaf
angles of approximately 20 and 70 degrees from the horizontal respectively. Cocoa has the
ability to semi-rotate petioles (Charlton 1997) which would assist leaves to avoid or capture
light.

In the NT where solar irradianceis large, steeper leaf angles occurring at 70%
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treatmentreduced light absorption.

This light avoidance strategy reduces over-excitation

pressure on reaction centers minimising the effects of irreversible photo-damage.
In cocoa's original light-limited understory setting, semi-rotating petioles are likely to be
advantageous in positioning leaves to maximise light capture. Through cocoa's evolution in an
understory environment leaf photosynthetic light saturation occurs at around 15 to 250/0
transmitted light corresponding to approximately 300 to 400 /-lmol m- 2

S-I.

Exposure to light

above photosynthetic light saturation can quickly lead to over-excitation of photosystems II.
However, cocoa is quite flexible in response to increasing PFD utilising morphological changes
(reduced leaf size and leaf clumping) and mechanical characteristics (semi-rotating petioles) to
reduce light exposure. This is a typical response of shade tolerant species which generally have
a greater leaf plasticity compared to shade intolerant species (Poorter et al., 1995).
Apart from the negative effect of high PFD, high light exposure during leaf expansion causes an
increase in the amount of dry matter per unit leaf area (Evans and Poorter 2001). In the present
study, increasing PFD decreased SLA (Table 2.3). By lowering SLA (thicker leaves) more
chloroplasts are present per unit leaf area compared to leaves with a higher SLA (Terashima et
al., 2001). Decreasing SLA can increase the maximum photosynthetic rate per unit leaf area in

cocoa (Balasimha et al., 1991; also see Chapter 3; Fig 3.3).

Although photosynthetic

measurements were not completed on the potted cocoa trial extensive photosynthetic
investigations were completed in the field grown cocoa trial under the same transmitted light
treatments (Chapter 3). Typically the 700/0 transmitted light treatment had larger photosynthetic
rates than the three lower light treatments. This response is discussed in greater detail with
respect to SLA and PFD exposure during leaf development in Chapter 3.
Stomatal density was highest for plants grown under 700/0 treatment and the lowest under the
250/0 treatment (Table 2.3). Understory species Theobroma cacao, European Beech (Fagus
sylvatica) and Queensland Maple (F1indersia brayleyana), are also reported to have an increase

in stomatal densities per unit leaf area at high irradiance compared to lower irradiance levels
(Galyuon et aI., 1996b; Thompson et aI., 1992a). In Flindersia brayleyana increased stomata
density per mm 2 was linked to an increase in Amax per unit leaf area (Thompson et al., 1992b).
Thus, increases in stomata per unit leaf area can enhance leaf carbon assimilation and
furthermore, elevate leaf transpiration rates (Gates 1968; Seginer 1994;) which assist in
reducing leaf temperature (Gates 1968; Jones 1992; Nobel 1999). For many cocoa varieties
stomatal density ranges from 370 to 1,600 stomata per mm2 (Galyuon et al. , 1996b; Winaryo et
al., 1997). The larger number of stomata per mm 2 at 700/0 treatment in the present study may

have contributed towards larger photosynthetic rates and assisted in leaf cooling.
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2.4.3

Leaf pigments and PFD

While total biomass accumulation is ultimately determined by total canopy carbon gaIn,
understanding photosynthetic performance within the different leaf layers is complex. Leaf
characteristics such as leaf thickness and chlorophyll composition are important determinants of
leaf photosynthetic capacity and plant growth rates (Reich et al., 1998a). Leaf chlorophyll is
synthesised and degraded (photo-oxidation) at different rates when comparing full-sun and
heavily shaded situations. At high irradiance, chlorophyll degradation can overtake the rate of
synthesis; therefore, lower chlorophyll concentrations are reported (Gonc;alves and Vieira 2001).
In the present study, total chlorophyll concentrations decreased with increasing irradiance on
both a unit leaf area and unit leaf mass basis (Fig 2.3 and Table 2.4). The reduction in total
chlorophyll at increasing PFD restricts light capture by decreasing the number of antenna light
harvesting complexes-I and II. A reduction in total chlorophyll with increasing PFD is a typical
response in higher plants and could be considered a photo-protective strategy against over
excitation of reaction centers. Indeed, lower concentrations of total chlorophyll at the 700/0
treatment would have reduced the extent of photo-damage.
In higher plants, it is typical to observe an increase in the chlorophyll a:b ratio with elevated
PFD (Anderson and Aro 1994). Most shade tolerant species exhibit chlorophyll a:b ratios of
between 1.5 - 2.8 depending on the light environment in which they grow (Rogeria and Valio
2003).

In the present study, chlorophyll a:b ratios remained the same irrespective of light

treatment (Table 2.4; ChI a:b 2.7). The chlorophyll a:b ratio is determined by the amounts of
PS I (photosystem 1) and PS II (Photosystem II) in relation to the amount of LHC-II (light
harvesting complex-II). LHC-II contains all the chlorophyll b. As one function of LCH-II
(efficient harvesting of light energy) is less necessary in sun leaves, chlorophyll a:b can be as
high as 3.4 (Anderson and Aro 1994). However, amongst the 25% treatment to the 700/0
treatment cocoa leaves showed no change in ChI a:b ratios indicating a possible restriction in
the ability of cocoa to adapt to high irradiance.
The lack of significant change in chlorophyll a:b noted in the present investigation may be
considered a photo-protective strategy by cocoa at full-sun. Increasing the concentration of
chlorophyll a at full sun would consequently increase the number of light reaction centres for
light processing. The increase in LHC-I may cause over-excitation pressure on photosystems if
reaction centres close (become quenched) and PFD is still excessive.

This chain-of-events

would likely lead to irreversible photo-damage causing visual symptoms such as sun bleaching
and eventually leaf necrosis.

Another possible reason for unchanged chlorophyll a:b ratios

maybe a result of the shade cloth used. Shade cloth is primarily used to change light intensity
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but it can also alter light quality. Changes in the red:far red ratio can significantly affect the
chlorophyll a:b ratio by altering the light spectrum (Chow et al., 1990).
Leaves harvested at the end of the dry season contained higher concentrations of total
carotenoids under the 250/0 treatment and 35% treatment compared to the 700/0 treatment (Table
2.4). Carotenoid composition in higher plants is known to be quite uniform consisting of

p-

carotene, xanthophyll (lutein and neo-xanthin) as well as those participating in the xanthophyll
cycle (violaxanthin, antheraxanthin and zeaxanthin) (Demmig-Adams et al., 1996). Generally
higher plants have larger total carotenoid concentrations when exposed to increasing PFD
(Adams-III et al. , 1996). The reduction in total carotenoids with increasing PFD found in this
study is thus an uncharacteristic response but has been previously documented in understory
tree species, in particular, cocoa (Theobroma cacao; Galyuon et aI., 1996b) and rosewood

(Aniba rosaeodora; Gon<;:alves et al., 2005). The reduction in carotenoid concentration with
increasing PFD in cocoa could possibly be explained by the fact that carotenoids are not only
used for photo-protection but also function as 'accessory' pigments for light harvesting,
directing their energy to chlorophyll a. These accessory pigments do not participate directly in
photosynthetic reactions but are able to pass their energy to chlorophyll a (Demmig-Adams et

a!., 1996).
Light was not limiting for photosynthesis during the present study, especially under the 700/0
treatment.

The carotenoid composition once used for light capture within the understorey

environment would no longer be required at full sun.

It is therefore suggested that total

carotenoids decline with increasing PFD because specific carotenoids, likely a-carotene, had
reduced in concentration. Although carotenoid composition was not investigated in the present
study it has been shown that cocoa leaves developing at PFD above photosynthetic light
saturation develop larger concentrations of a-carotene than

~-carotene

(Hardwick et al., 1981).

This is an uncommon response in higher plants with only the relatively rare carotenoids acarotene and lactucaxanthin following a pattern of greater accumulation in shade (DemmigAdams et al., 1995).
There was also an increase in the total carotenoid:chlorophyll ratio from the 25% treatment to
the 700/0 treatment similar to that previously reported for Theobroma cacao (Galyuon et al.,
1996a) and many other tree crops (Adams-III et aI., 1996; Demmig-Adams et al., 1996) (Table
2.4). In the majority of cases sun leaves exhibit a larger carotenoid:chlorophyll ratio than shade
leaves (Demmig-Adams et al., 1996). This response to increasing PFD is a photo-protective
strategy (Krause 1988; Osmond 1994). An increased emphasis on energy dissipation over light
collection with increasing light stress, afforded presumably by a decreased ratio of major,
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peripheral (bulk chlorophyll-binding) to mIllor, proximal (xanthophyll cycle-rich) lightharvesting complexes of photosystem II (Demmig-Adams et al., 1996; Demmig-Adams 1998).
2.4.4

Leaf stress and PFD

The effect of high PFD on leaf stress has been well documented in both shade adapted and
shade tolerant species while completing leaf chlorophyll fluorescence measurements (Adams-III

et al., 1996; Schiefthaler et al., 1999). In most cases, a reduction in F)F m or a decline in the
relative quantum yield was reported indicating an overall reduction in the efficiency of
photosystem II (Krause and Weis 1991). In the early 80's it was believed that low F)F m values
were a response of damage sustained to photosystem II (Powles 1984). However, depressed
day-time F)F m ratios that are able to recover to pre-dawn F)F m values the following day are
regarded as photo-protection (Demmig-Adams and Adams-III 1992; Holt et al., 2004). This
particular response is referred to as dynamic photoinhibition. F) F m ratios that do not recover to
pre-dawn values the following day are stated as being irreversible, or a chronic photoinhibitory
response (Kitao et al., 2000).

Thus, photoinhibition is a result of photosystem II reaction

centres becoming permanently damaged.
In the present study only the 25% transmitted light treatment showed a dynamic response in PS
II efficiency (Fig 2.4).

The other three higher light treatments although showing dynamic

responses had F) F m ratios below the optimal ratio of 0.83 at pre-dawn (Maxwell and Johnson
2000). Cocoa subjected to irradiance > 350/0 treatment experienced photoinhibition from the
previous days exposure to stressful environmental conditions. Reductions in F)F m typically
occur from over-exposure to high solar irradiance, where this exceeds that of photosynthetic
light saturation however; photoinhibition can also result from suboptimal (Sonoike 1998) and
supraoptimalleaf temperatures (Yamada et aI., 1996; Iba 2002).
Air temperatures in the NT were frequently above the optimal range for photosynthesis in cocoa
of between 30 to 32°C (Balasihma et al., 1991; Chapter 3, Figs 3.4 and 3.5). These high air
temperatures combined with supraoptimal irradiance levels can cause further heat-induced
photoinhibition by changing or by causing damage to the photosynthetic apparatus (Koepp
1992; Yamane et al., 1997). Such heat induced photoinhibition has previously been reported for
various cocoa genotypes with some genotypes showing a smaller degree of heat induced
photoinhibition than others indicating a genotype by environment interaction (Daymond and
Hadley 2003). The 25% treatment in the present study may have experienced a portion of
reduced PS II efficiency through supraoptimal leaf temperatures as well as irradiance exposure
above photosynthetic light saturation. In the three higher light treatments (35, 50 and 700/0
treatments) the combined effect of both high temperatures and excessive irradiance would have
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further down regulated PS II efficiency similar to that seen for wild grape plants (Gamon and
Pearcy 1990).
The efficiency of PS II in higher plants typically follows a concave pattern from morning to
evening. This response is primarily driven by PFD intensity (Krause 1988) with the lowest PS
II efficiency usually occurring when the sun is at its highest point (solar noon) assuming no
other stress is experienced.

For example, cold over-night temperatures can cause large

reductions in light adapted PS II efficiency (F/IF m ') at first light in cocoa (Chapter 4; Fig 4.4).
Bjorkman and Demmig-Adams (1994) reported a similar response suggesting reductions in
F vlF m and more importantly

~F IF m'

limit the amount of energy that is passed onto reaction

centres by dissipating excess energy away from reaction centres as heat through nonphotochemical quenching (NPQ). This response can be clearly seen in Figures 2.4 and 2.5
where the 700/0 treatment showed a very large reduction in PS II efficiency during the morning.
This translated to the development of high NPQ compared to the three lower light treatments
(Table 2.5). Leaves at 700/0 treatment were considered to be using the combined processes of
photosynthetic electron flow and energy dissipation to remove the majority of absorbed light not
used in photochemical processes and thus protecting leaves from chronic photoinhibition in the
short-term.
Energy dissipation via the xanthophyll cycle is an important photo-protective strategy of cocoa
enabling leaves to tolerate excessive irradiance exposure o ver long periods. However, longterm exposure to high irradiance can cause cumulative stress to photosystem II. This is partly
shown in Figure 2.4. Upper canopy leaves subject to light >3 50/0 transmitted light experienced
irreversible photodamage (pre-dawn FvlFm ratio below 0.83). It must be emphasised that leaves
used in this study were only two to three months old. Longer term studies on the same leaves
would have resulted in even further destruction of PS II reaction centres at faster rates than that
of the three lower light treatments because of larger light absorption. This is contrary to the
relationship proposed by Reich et at, (1998b) who reported that leaves with a lower SLA exhibit
longer leaf life-spans. When cocoa leaves are exposed to full-sun they do in fact exhibit a low
SLA but they also have lower leaf life-spans compared to shade acclimated Gocoa leaves with
higher SLA (sun] 80 days -7 shade 400 days) (Miyaji et at. , 1997b). The reduction in leaf life
span and the high leaf abscission rate experienced at high PFD reduces total leaf area (Table
2.1) and possibly leads to a reduction in total canopy carbon gain in 18 month old cocoa.
The present investigation found no change in the relative growth rate (RGR) between
transmitted light treatments (Table 2.3); however, others (Hutcheon 1977; Galyuon et at.,
1996b) have reported a reduction in RGR when cocoa was subjected to 100% transmitted light.
This discrepancy in results is considered to have occurred because of (1) a high variability in
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hybrid cocoa in the present study and (2) a slower leaf abscission rate under 70% transmitted
light.
Plants used in the present study were grown from seed (hybrid cocoa) so each plant was in fact
its own genotype. The Galyuon et al., (1 996b ) study used cloned genotypes and this would
have improved plant uniformity. Furthermore, in the present study cocoa was subjected to 700/0
transmitted light as opposed to 100%) in the Galyuon et al., (1 996b ) study based in Trinidad (Fig
2.1). The lower PFD treatment may have resulted in a reduced leaf abscission rate in the NT.
Considering total foliage dry mass constitutes between 45 to 550/0 of the total plant dry mass in
the present study (data not shown) and some understory forest species total foliage dry weight
can comprise of 70%

of total plant dry matter (Skillman et al., 2005). It is feasible that a

reduced leaf abscission rate may have increased total dry matter and therefore the relative
growth rate.

2.5.5

Conclusion

Four contrasting light regimes (25, 35, 50 and 700/0 transmitted light) were used to determine the
most suitable transmitted light treatment for the successful establishment of cocoa seedlings in
Darwin, Northern Territory. The relative growth rates for the highest (70% treatment; 0.075 d-I )
and lowest light treatments (25% treatment; 0.086 d-I ) were not significantly different after five
months growth. However, there were large differences in average leaf area and total leaf area
per plant between treatments. Total leaf area and average leaf area ranged from 265 to 152 cm

2

and 4 .1 to 2.7 m 2 respectively for the 25% and 70% transmitted light treatments. The aIuount of
branching was significantly higher for third order branches under 70%

treatment when

compared to the three lower light treatments. Total chlorophyll content was highest at the 250/0
transmitted light treatment while total carotenoid concentrations decreased with increasing
transmitted light. The determination of FjF m amongst light treatments provided evidence that
upper canopy leaves for all treatments down regulated during the day, reducing susceptibility to
photoinhibition.

However, all light treatments with the exception of the 25% treatment

exhibited F)F m values below the optimal ratio of 0.83 at pre-dawn.
Early exposure of seedlings to 700/0 transmitted light caused eighteen month old cocoa to have
reduced plant and jorquette heights. The more compacted plant habit found in the present study
may be associated with the production of the plant hormone brassinosteriods (BR) resulting
from the application of light. Further investigations are warranted to evaluate the role of BR on
growth in cocoa. If a relationship could be found between BR and growth habit cocoa breeding
programmes could rapidly screen for low BR genotypes with the primary goal of identifying
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genotypes with reduced vegetative growth. Cocoa genotypes with low vegetative growth would
provide huge cost savings associated with pruning.
Cocoa canopies showed considerable plasticity in their response to varying irradiance. At high
photon flux density five light avoidance energy dissipation strategies were identified for cocoa;
(1) reduced chlorophyll concentrations per unit leaf area (2) increased carotenoid to chlorophyll
concentration promoting heat dissipation by the xanthophylls through non-photochemical
quenching (3) minimised light capture by reducing leaf size and; (4) leaves angle downwards to
reduce light absorption. Although cocoa hosts an array of photo-protective strategies, cocoa
seedlings subjected to irradiance levels >350/0 transmitted light still exhibited irreversible
photoinhibition characterised by the lack of F vlF m recovery (efficiency of photosystem II) at
pre-dawn. Long-term irradiance exposure above photosynthetic light saturation is suggested to
be the main cause of photoinhibition with likely added stress from supraoptimal leaf
temperatures during the day.
It is considered essential for cocoa seedlings to be provided with adequate shade. Even at 350/0

transmitted light, PFD can be in excess of photochemical requirements requiring excess energy
to be dissipated as heat and further light absorption minimised.

It is important for cocoa

canopies to develop quickly to provide some level of inter-leaf self-shading during the early
stages of development. In view of the high number of sunshine hours experienced annually in
the Northern Territory, it is recommended that cocoa be established in this area with no more
than 350/0 translnitted light. This light regime will assist in the development of an appropriate
jorquette height; reduce the level of photoinhibition, and improve leaf survival which would in
tum maximise the early fast development of the canopy without affecting maximum relative
growth rates.

Chapter 2: Morphofoguaf and Physio(oguaf Characteristics - Pottea Cocoa

2-24

3

Chapter 3

Chapter 3
Diurnal and seasonal response of cocoa: Leaf gas exchange, leaf
chlorophyll fluorescence and growth attributes under four
contrasting light treatments in the Northern Territory, Australia.
Table of Contents

Chapter 3 ............ ......... .... .................. ........ ........... .... .... ... .... .. ....... ................. ... ......... 3-i
3.1 Introduction .............................................................................................. 3-1
3.2 Materials and Methods ............................................................................. 3-5
3.2.1

3.2.2

3.3

3.3.1
3.3.2

3.3.3

3.3.4

3.4

3.4.1
3.4.2
3.4.3
3.4.4

Trial construction ........... ... ...................................................................... 3-5

3.2.1.1 Study location and planting material ............... .... ..... ..... ..... .... ... ..... ...... ............... 3-5
3.2.1.2 Trial structures .. ... .............. .. ... ....... .... ............. .. ............... ... .... ........ .. .... ... .......... 3-5

Trial management .................................................. .... .... .... .. ............ ....... 3-6

3.2.2.1 Fertiliser and irrigation treatments ..... ......... .. ...... ........ ... .. .... ... .... ...... .......... ....... 3-6
3.2.2.2 Weather data ....... .... ....................... .......... ... ... .... ...... ... ...... ... ... .................. ... ... ... 3-7
3.2.2.3 Specific leaf area ............................................ .................................................... 3··7
3.2.2.4 Leafwater potential ......... ...... ...... ......... .... .. .. ....... ... .. .. .... ... ..... .. ... .. ...... .... .... ....... 3-7
3.2.2.5 Plant growth .............. ... ..... ................ .... .. .. .......... ........ ........ ..... .... ........... .. ......... 3-7
3.2.2.6 Leaf gas exchange measurements ......... ...................................... ..... .................... 3-8
3.2.2.7 Leaf chlorophy ll fluorescence .... ....... .............. ... ......... ...... .... .... ..... ..... .... .. ........... 3-9
3.2.2.8 Statistical analyses .... ...... .. ......... ......... ....... ................ ................ ....................... 3-10

Results ..................................................................................................... 3-11
Weather .. ... ...................... ... ................ ......... .... .... .................. ........ .... ... 3-11

3.3.1.1 Air temperature..... ..... ......... ...... .................. .. ... ... .................. ........ ...... .. ............ 3-11
3.3. 1.2 Sunshine hours ...... .... ........................ .......... .. ... .. ..... ...... .. ............ ....... ...... ... ...... 3·-11

Stem growth and specific leaf area ... ................. .......... ........ .... ..... .. ....... 3-12

3.3.2.1 Stemgrowth .............. ................ .. ...... ...... .... .................. ....... ... .... ...... ... .... ......... 3-12
3.3.2. 2 Specific leafarea .. ............... .... ... ......... ............. .. .... ...... ....... ... ....... .. ......... ... .. ... 3-13

Season, time, and growth irradiance response in leafgas exchange ..... .. 3-14

3.3.3.1 Seasonal variation in morningA area . .. . .... . ......................... .. ...... ................... ... . .. 3-17
3.3.3.2 Seasonal variation in afternoon Aarea ... .. ........ . ... . ......... . ... ... .. ..... . .. ...... •... . . •....... . 3-17
3.3.3.3 Seasonal variation in morning and afternoon Amass ...... . . .... .. ............... . ............ . . 3-17
3.3.3.4 Seasonal variation in g~ morning and afternoon ...... ............. .... ........................ . 3-18
3.3.3.5 Relationship between gs and A area' ................... . ....... .. .. ..... . . ...... ..... .... .. ............. . . 3-19
3.3.3.6 Seasonal variation in morning and afternoon LA VPD .......... .. ... ...... ....... ......... ... 3-19
3.3.3.7 Relationship between LA VPD and A area ........ . . ...... . ........ ... ............ . ...... . ..... . ....... 3-20
3.3.3.8 Seasonal variation in morning and afternoon leaf temperatures .... .... ... .. ............ 3-21
3.3.3.9 Relationship between leaf temperature and A area ...... .......• . .. ................... .... ...... . . 3-21
3.3.3.10 Seasonal variation in morning and ajiernoons C/Ca ........ . .. ... ...... .. ..... .. ........... 3-22
3.3.3.11 Leafphotosynthetic light saturation curves ..... ................................ .... ............. 3-24
3.3.3.12 Diurnalpatterns, wet season ....... ................ .............. .. ......... .. ................... ... ... 3-28

Leaf chlorophyll fluorescence .. ....... .. ........... .... ........ .......... .. ...... .... ....... 3-30

3.3.4. 1 Efficiency of PS II ...... .. .... .... .. .......... ............... ..... ..... ............ ..... .. ......... ............ 3-30
3.3.4.2 Non-photochemical quenching (NPQ) ... .. ............... ..... ......... ........... .. ............. .. . 3-31

Discussion ................................................................................................ 3-34

Temperature and LAVPD within shade structures ...................... .... ....... 3-34
Effect ofPFD treatments on growth, SLA, Aarea and Amass ...... ... ........... 3-34
Seasonal effect ofLAVPD and leaf temperature on A area , gs, and Rd ..... 3-35
Effect of season and PFD on C/C a and transpiration rates .. ................... 3-37

Chapter 3 - Diurnal and seasonal response of cocoa

3-i

3.4.5
3.4.6

Effect ofPFD on FvlFm and NPQ .......................................................... 3-37
Conclusion ..................................................... .. .................................... 3-38

List of Figures
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17

Mean monthly air temperature and sunshine hours ................................. 3-12
Stem diameter from germination .......................... ... ... ............................ 3-13
Seasonal trends in SLA ........................................................................... 3-14
Seasonal patterns in leaf gas exchange mornings .................................. ..3-15
Seasonal patterns in leaf gas exchange afternoons .. ..... ........... ................. 3-16
Seasonal pattern in Amass mornings and afternoons ................................. 3-18
Relationship between Aarea and gs .... ................................... .. ..... ............. 3-19
Relationship between Aarea and LAVPD .................... ............................. 3-20
Relationship between gs and LAVPD ..................................................... 3-21
Relationship between Aarea and leaf temperature .. .... .... ...... .. .. ... ... .. ...... ... 3 -22
Seasonal patterns in C/Ca, gs and Aarea .......... .......................................... 3-23
Light saturation curves during the dry and wet season ........................... .3-24
Diurnal pattern of leaf water potentiaL ...... ........ ............................... .... ..3-25
Diurnal pattern of leaf gas exchange in the dry season ............. .. .... .. ..... .. 3 -27
Diurnal pattern of leaf gas exchange in the wet season ....... .. .... .... .... .. ... . .3-29
Diurnal pattern of instantaneous NPQ during the wet season ........... .. .. ... 3-32
Diurnal pattern of maximal NPQ during the wet season ............ .... .......... 3-33

List of Tables
3.1
3.2
3.3

Leaf chlorophyll fluorescence abbreviations ............... ............................. 3-9
Dark leafrespiration between light treatments ......... ......... .... ........ .... ...... 3-30
Seasonal differences in PS II efficiency ............ ......... .... ....... ...... ........... .3-30

List of Plates
3.1

Shade trial at Coastal Plains Horticultural Research Station ....... ..... ......... 3-6

Chapter 3 - Diu rnal a nd seasona l response of cocoa

3-ji

3.1

Introduction

Cocoa, a crop predominantly grown in tropical locations within 15° north and south of the equator
(Wood and Lass 1985), has only recently been considered a potential crop for north Australia.
Darwin, in the Northern Territory (NT), experiences a tropical monsoonal climate characterised by
a wet season that contributes 95% of annual rainfall, and a dry season characterised by large leaf-toair vapour pressure differences (LAVPD), limited cloud cover, and moderate winds. Cocoa is not
the first tropical fruit tree to be assessed in the NT. Introduced fruit tree species such as rambutan,
jackfruit and longan have already been investigated resulting in the establishment of small-scale
plantings (Kluth 2001). The NT Department of Businesses Industries Research and Development
(DBIRD) believes that, with correct management practices, cocoa could well be a feasible crop for
this region.
Theobroma cacao is native to a understory habitat in the headwaters of the Amazon basin. Cocoa is

adapted to humid, moderately wet, low light rainforest conditions, much different from the
environment offered by the NT.

Like many shade tolerant species, cocoa is able to adapt

morphologically to new environments but with some detrimental effects. Understory rainforest
species are particularly susceptible to the damaging effects of high light levels primarily because
they have a low photosynthetic saturation point (Pearcy 1987). Typically, xanthophyll pigments are
used to harmlessly dissipate excess light energy in the form of heat when PFD (photon flux density)
exceeds photosynthetic saturation. Shade-tolerant species have smaller xanthophyll pools therefore
excess light cannot be effectively dissipated and damage occurs to the photosystems during
extended periods of high PFD (Watling et at., 1997).

However, shade tolerant plants like cocoa

can acclimate to higher PFD environments by modifying canopy and leaf attributes (Krause et al.,
2004).
Once cocoa is semi-mature (after approximately 14 months growth), plants are able to tolerate zero
shade by quickly producing a large canopy. This assists with inter-leaf self-shading if appropriate
management practices are used to ensure plants remain healthy (i.e. irrigation and fertilisers). Since
the goal of management is to maximise profit by obtaining large pod yields, the present study
examined the extent to which high canopy photosynthetic rates affected the number of pods
produced per tree per year when compared with canopies with lower photosynthetic rates. It is also
acknowledged that flowering and therefore fruiting could be another influential factor. These
ass umptions are examined in Chapter 5 where flowering, pod numbers and yield are examined in
detail. The amount of assimilates produced by canopies can also be influenced by (1) leaf area
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index (LAI) i.e. area of leaf per unit ground area; (2) leaf Aarea (assimilation rate per unit leaf area);
(3) leaf area per tree; and (4) plant genotype.
Maximal canopy photosynthesis in cocoa is achieved with LAI of around 4.0 (Daymond et aI.,
2002b; Yapp and Hadley 1994). The size and orientation of leaves can influence total assimilate
production but, equally, the amount of light experienced during development can also change the
photosynthetic performance of leaves (Niinemets et aI., 1998). For example, on a leaf area basis,
increases in Amax (maximum light-saturated rates of carbon assimilation per leaf area) were
achieved when cocoa leaves developed in full-sun positions compared to those grown in lower light
conditions (Galyuon et al., 1996b; Costa et al., 1998). This occurs because leaves developing under
high PFD exhibit thicker mesophyll layers, lower SLA and enhanced capacity for carbon fIxation
per unit leaf area compared to leaves developing in low PFD environments (Terashima et aI., 2001).
Nitrogen content also photochemically influences the rate of assimilate production per unit leaf area
(Evans and Seemann 1989).

In practice, leaves in high light positions have enhanced

photosynthetic performance since more nitrogen is present per unit of leaf area.

Increasing leaf

nitrogen allows leaves to reach a higher light saturated photosynthetic rate per unit leaf area (Evans
and Poorter 2001). For instance, in cocoa seedlings, leaf carbon assinulation increased linearly as
nitrogen concentrations in solution increased from 0 to 3.5 mM when subject to 25 to 100%
transmitted light (Costa et al., 1998).
It has been established that plant water stress (Joly and Hahn 1989a; Deng et aI., 1990; BaJasimha

1993), humidity (Gomes et aI., 1987), temperature/VPD (Raja Harun and Hardwick 1987;
Hernandez et aI., 1989), nutrient availability (Okali and Owusu 1975) and over-night chilling stress
(Joly and Hahn 1991) influence photosynthetic rates of cocoa leaves. However, how diurnal and
seasonal changes in photosynthesis and how particular environmental variables such as air
temperature and leaf-to-air vapour pressure difference (LA VPD) affect leaf gas exchange of cocoa
in the Northern Territory are not known. Most studies investigating the effects of environmental
variables on photosynthesis were done on cocoa seedlings grown in small pots but semimature/mature cocoa trees demonstrate very different tolerance levels to light (Alvim et aI., 1974;
Wood and Lass] 985). For instance, most cocoa seedlings died when planted under zero shade in
Trinidad (Alvim et aI., 1974), whereas some cocoa genotypes older than 14 months can tolerate
zero shade (Hutcheon 1977). Recently, growers have implemented zero shade practices in the
belief that more light should lead to more photosynthesis and thus larger yields. In most cases,
increasing PFD does increase yields, even in plants considered to be understory dwellers. Coffee
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(Blanco et al., 2001) and hazelnut (Hampson et al., 1996) have increased yields when subject to full
sunlight compared to lower light treatments.
So why is there so much controversy shrouding cocoa and irradiance? Most negative perceptions
occur because the majority of cocoa today grows under rain fed conditions. Soil moisture can be
limiting during certain times of the year and zero shade, with no irrigation, can significantly reduce
yields (Faisal 1969) and, in extreme circumstances, cause plant death. Cocoa may also prefer
moderate light since leaves become photosynthetically light-saturated at relatively low PFD
(Hutcheon 1977; Yapp and Hadley 1998) and light levels exceeding this point causes reductions in
photosynthesis over time in seedlings (Lemee 1955; Okali and Owusu 1975; Raja Harun 1988).
However, it is reported that thick, dark green leaves from mature cocoa trees have demonstrated
little or no reduction in photosynthesis at light levels exceeding photosynthetic saturation (Hutcheon
1977).
Cocoa seedlings, and to a lesser extent semi-mature/mature trees, experience down regulation in the
efficiency of photosystem II when exposed to high light (Galyuon et aI., 1996a).

In practice,

photoinhibition of photosynthesis is commonly inferred by the reduction in F)F m (efficiency of
photosystem II). Under unstressed conditions plants usually exhibit F)F m values of 0.8 and once
stressed (for example high light levels, nutritional deficiencies, disease) F)F m values decrease
(Walz 1993). For instance, the perennial grass Stipa tenacissima can express F) Fm values as low as
0.2 1 when experiencing summer droughts (Balaguer et al., 2002).

By contrast, only small

reductions were observed in Fv/Fm in well-watered grapevines (Vitis vinifera) exposed to 1200 ~mo l
m-2 S-I for two hours (Hendrickson et aI. , 2004).
Information on leaf photochemical performance can be determined using rapid light curves (RLC);
a fast, effective tool for assessing the photochemical efficiency of chlorophyll pigments (White and
Critchley 1999; Kovar et aI., 2002). When photons are absorbed by a leaf they undergo one of
three fates : (i) they are used for photochemical processes; (ii) dissipated as heat, or alternatively,
(i ii) photons can be re-emi tted as fluorescence (Maxwell and Johnson 2000). Non-photochemical
quenching (NPQ) is a measure of absorbed light that is not used in photochemical processes (i.e.
fa te ii). Light can become photo-toxic once photon absorption reaches saturating levels. At this
point, energy must be dissipated as heat or fluorescence or damage to photosystems II (PS II) will
occur. In theory, NPQ can achieve values of infinity but in practice NPQ is unlikely to exceed 10
(Walz 1993) with typical values ranging from 0.5 to 3.5 (Maxwell and Johnson 2000). In the
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present study, RLC were used to assess the amount of NPQ occurring in cocoa during different
times of the day and for leaves exposed to different light treatments.
Although moderate levels of photoinhibition occur in cocoa seedlings experiencing high PFD
(Galyuon et al., 1996a; Chapter 2), cocoa has been grown successfully under full sunlight,
achieving yields in excess of 3 tlha dry bean using modern practices (Ahenkorah et at., 1974; NgitMing 2002). Zero shade, combined with high inputs of water and nutrients, may result in a 9000/0
improvement in bean yields compared to traditional systems and it could be questioned whether
photoinhibition is a major problem under modem management practices.
This study examines the behaviour of semi-mature trees in the field. The level of photosynthesis
and the amount of photoinhibition endured by leaves under varying PFD were investigated. The
influences of environmental variables such as LAVPD and temperature on leaf gas exchange were
also assessed to determine which shading treatment achieved the largest level of photosynthesis.
The main aims of the work described in this chapter are:
I) Determine whether different shade treatments lead to significant differences

III

aIr

temperature and LA VPD within the upper canopy of young cocoa trees;
2) determine whether effects of PFD history on photosynthesis are evident in stem growth of
young trees;
3) describe the effect of LA VPD, leaf temperature and C:C a on photosynthesis and stomatal
conductance in the field for various shade treatments; and,
4) determine whether PFD history affects the photosynthetic response of leaves to PFD, and in
particular, whether cocoa lea yes grown at high PFD are more light tolerant, as indicated by
the amount of non-photochemical quenching and the efficiency of photosystem II.
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3.2
3.2.1

Materials and Methods

Trial construction

3.2.1.1 Study location and planting material
The study site was located at Coastal Plains Horticulture Research Station approximately 50 km
East of Darwin, Northern Territory, Australia (l2°34'S; 131°08'E). The land used was classed as
'cleared virgin land' with soils in the immediate area described as sandy red massive earths with the
factual keys Gn 2.11, Gn 2.14 and Gn 2.44 (Northcote 1979).
Cocoa (Theobroma cacao) K82 x KEE43 seeds used in this study were sourced from the Cocoa and
Coconut Research Institute, Rabaul, East New Britain Province in Papua New Guinea. Seeds were
germinated in 7.5 cm pots at the Coastal Plains Horticultural Research Farm under 500/0 treatment
th

on the 18 July 2000.
After 3 months, seedlings were re-potted into black 25 litre easy lift bags using a well drained
potting mix (15: 10: 10 sand, peat and woodchip). To minimise soil denitrification, green woodchip
was not used in the potting mix (Duxbury 1982). Seedlings were maintained in 25 litre bags under
50% transmitted light until transplanted into the field in June 2001. Plants that had been used in the
potted shade trial (Chapter two) were used as guard trees (non-datum trees used to reduce
environmental effects on experimental trees) for the present experiment.

3.2.1.2 Trial structures
The experiment consisted of 16 shade structures, each manufactured using metal poles, galvanized
wire and shade c1oth. The posts (when erected) stood 2.5 metres from the ground with 12 mm holes
drilled at 50 cm from the ground and 3 cm from the top of each pole. Wires were strung through
the holes to form a supporting structure and each outer pole was braced to the ground using wire
attached to star pickets buried laterally in the ground at 1 metre intervals. Once the skeleton of the
structures was completed, black woven shade cloth (Southtec Shade LTD, South Australia) of
varying densities was draped over the structure and fixed to the wire using metal fastener staples.
The erected shade structures had the following dimensions: 3 m x 3 m x 17 m (Plate 3.1). A small
opening at either end was left for access. Each shade structure contained 8 plants (two guard trees
at either end and 6 experimental trees in between). There were four replicate shade structures; thus
each treatment was represented by 24 experimental trees (Appendix 4).
C ha pte r 3 - Diurnal a nd sea sona l respon se of cocoa
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During this experiment 12 tree fatalitiesli njuries were recorded and affected plants were excluded
from the study. Photon flux density (PFD) within the Northern Territory is high and no control (i.e.
100% transmitted light) was used since earlier seedling establishment under zero shade resulted in a
90% death rate.

Previous work (Alvim et aI. , 1974) has also demonstrated a high percentage of

seedling death (61 % after 261 days) when planted under 100% transmitted light.

Considering

preliminary results and past studies (Alvim et aI., 1974) 70% treatment was the highest light
treatment chosen for this experiment. The design consisted of four light treatments 450 ~mol m- 2
(25% treatment), 600 ~mol m~mol m-

2

S-I

2

S-I

(35% treatment), 900 ~mol m-

2

S-I

S-I

(50% treatment) and 1200

(70% treatment) when PFD was measured at solar noon under each light treatment

(100% T corresponds to approximately 1800 ~mol m-2

S-I

during July 2002).

Plate 3.1 Top view of the Held shade trial at Coastal Plains Horticulture Research Station.

3.2.2

Trial management

3.2.2.1 Fertiliser and irrigation treatments
Soils at the experimental plot were relatively low in nutrients so a regular fertiliser regime was
used. A combination of NPK (Nitrophoska blue special N 12:P6:K 14 - 150 g/tree) was applied at
bimonthly intervals and foliar or ground applications of trace elements were applied annually
(Liberal BMX). Later reductions in N and increases in P and K (Intec water soluble NO:PIO:K20 Chap ter 3 - Diurnal and seasona l response of cocoa
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100 g/tree) were applied during the main fruit-set period in the hope this would increase fruit
retention and increase bean yields (Uribe et aI., 2001).
Water was supplied to each plant using full ground cover 50 litre/hour sprinklers (Wingfield™
Australia). Irrigation was controlled using a Richdel solenoid connected to a Rainbird irrigation
controller. Plants were watered daily during the dry season and watered during the wet season if
rain had not occurred for two days.

3.2.3 Trial data collection
3.2.2.2 Weather data
Annual sunshine hour data were gathered from the Bureau of Meteorology at the Darwin Airport,
70 km north of the trial site. Air temperature was recorded in one structure per treatment using
Tinytalker data loggers (Gemini logger, TM) commencing May 2002 and ending in May 2003.
Loggers recorded air temperature at five minute intervals. Rainfall data were not recorded during
this study since plants were irrigated.

3.2.2.3 Specific leal"area
During leaf gas exchange measurements, three or four recently developed hardened-off leaves (full
maturity, thick dark green leaves representing at least 3 months growth) were harvested from each
of four plants per shade structure per treatment and placed in a cooler while transported back to the
laboratory. Each leaf was used to calculate specific leaf area (SLA) (leaf area / leaf dry weight) by
2

taking a 2.01 cm leaf disk and weighing after drying at 70°C for 48 h.

3.2.2.4 Leal"water potential
Leaf water potential r¥1) was measured using a pressure chamber (Soil Moisture Corporation,
USA). Since plants were irrigated ':PI measurements were investigated only once during the dry
season (June-July) while LA VPD were large.

Four trees were tagged in each shade house for

repeated measurements. During each measurement time (0600,0800, 1000, 1200, 1400, 1600 and
1800 h), one leaf was harvested from each tagged tree and placed in labelled seal-locked bags.
Collected foliage was temporarily stored in a cooler (no ice) while measurements were completed.
In total sixteen leaves were harvested during each time interval for each light treatment.

3.2.2.5 Plant growth
C hapter 3 - Diurnal and seasonal response of cocoa
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Six trees in each shade house (excluding guard trees) were used to measure stem diameter at 30 cm
above the ground. Stem circumferences were measured on eight separate dates to determine growth
rates over time between treatments.

3.2.2.6 Leafgas exchange measurements
Measurements of leaf photosynthetic carbon gain were completed using a portable open IRGA
(Infra Red Gas Analyzer) (LI-COR 6400; Li Cor Inc., Lincoln, IL, USA).

Leaf gas exchange

readings to measure photosynthetic performance were completed on recently matured fully
expanded upper canopy leaves (approximately 3 months old). During each measurement, one leaf
from each of two trees per shade house per treatment was used to record diurnal patterns of leaf gas
exchange. All parameters measured by the LI-COR were recorded while the chamber was closed
and when readings had become stable (usually after 2 minutes). The open sky attachment (LI-COR
6400; measuring ambient light) was used for all measurements with the exception of photosynthetic
light saturation curves.
During July and December, leaf gas exchange diumals were completed to examine the seasonal
patterns.

Leaf gas exchange was measured at 0830, 1000, 1130, 1300, 1430 and 1600 h.

Preliminary investigations determined the time when maximum (Amax) light saturated leaf carbon
assinlilation occurred during the photoperiod. Results indicated that Amax occurred at approximately
0830 h. Using these times, bi-monthly measurements of leaf gas exchange were completed on one
leaf from two trees per shade house.
Photosynthetic light saturation curves were also measured during the dry and wet seasons. Using a
red/blue light attachment (LI6400-02B LED Light Source) measurements were completed between
0740 - 0900 h. One leaf in each of three shade structures per treatment was exposed to each PFD
step for two minutes before taking a measurement. In order of use, the following PFD levels were
used: 1200, 1000, 800, 600, 500, 400, 300, 200, 100, 50 and 0 !lmol m·2

S-I.

Temperature and

humidity were not controlled during measurements; however, a summary of conditions during
curve development can be viewed in Appendix 5 (i.e. LA VPD, leaf temperature, relative humidity,
etc).
Temperature response curves were created using Aarca data gathered during different times and
seasons. Point measurements of leaf carbon assimilation were then grouped into particular leaf
temperature groups when light was saturating.

C hapter 3 - Diurnal and seaso na l respon se of cocoa
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temperature interval and each PFD treatment were plotted as standard XY scatter graphs and later
fitted with quadratic curves.
Dark respiration was measured on attached foliage using a portable open IRGA (LI-CO 6400; Li
Cor Inc., Lincoln, IL, USA).

Sampled leaves were sealed within the cuvette (2 x 3 cm

approximately two minutes prior to recording measurements.

2

)

for

The rate of dark respiration was

determined one hour after dusk after leaf temperatures had stabilised at 30 ±0.2

°c for the different

PFD treatments.

3.2.2.7 Leafchlorophyll fluorescence
A description on how Chlorophyll a fluorescence measurement were completed is discussed in
Chapter 2 (section 2.2.3.1). However, during the completion of rapid light curves the fibre-optic
was positioned at the half way mark (8 mm) on the leaf clip holder so specific light intensities could
be achieved. The PAR sensor on the PAM-2000 was calibrated against a LI-COR PAR sensor prior
to measurements (Appendix 6).
Table 3.1 Leaf chlorophyll fluorescence abbreviations

Fluorescence Equation/Symbol

Description
Minimum dark adapted fluorescence
Minimum light adapted fluorescence

Fm

Maximum dark adapted fluorescence

Fm '

Maximum light adapted fluorescence

Fv

(Fm-Fo)

Variable fluorescence

FvlFm

(Fm-Fo)/Fm

Maximum quantum yield

NPQ

(Fm-Frn')/Fm'

Non-Photochemical Quenching

RLC

Rapid Light Curve

The dark adapted maximum quantum yield (F)Fm) was determined pre-dawn on over-night dark
adapted leaves in the field.

One leaf from each of two plants for three shade structures per

treatment was used to determine pre-dawn F) F m values. Leaves measured at pre-dawn were tagged
for repeated measurements and RLC were preformed using a user-defined program (Appendix 7).
A 90-second RLC with nine actinic light intensities (internal white halogen lamp) ranging from 0 to
1450 Ilmol m·2

S·I

was used to determine several fluorescence parameters during the day. At each

RLC intensity, the actinic irradiance was maintained for 10 seconds with a 0.8 second saturating
C hapter 3 - Diurnal and seaso na l response of cocoa
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flash separating RLC steps (2000 - 3000 J.lmol m- 2

S- I

using the internal white halogen light). The

amount of non-photochemical quenching (NPQ) was calculated based upon the diurnal RLC data
and using the pre-dawn Fm dark-adapted value for calculating the NPQ for each RLC step. The
initial pre-dawn Fm value was used and plotted against the Fm' of light adapted leaves to generate
instantaneous NPQ throughout the day. The FJFm of tagged leaves used to assess differences in
NPQ was investigated to determine if pre-dawn values differed between treatments.

Pre-dawn

FJFm values were relatively stable and averaged 0.79 ±0.004 when all measurements were
combined. It was necessary to determine the similarity of FJ Fm readings between light treatments
since leaves with markedly different FJ Fm values can provide ambiguous NPQ results when
comparing leaves with different growth light histories (Maxwell and Johnson 2000).

3.2.2.8 Statistical analyses
Stem growth rates, assimilation and leaf temperatures were plotted as standard scatter plots and
were fitted with quadratic curves after determining residual values for other possible fits. Light
saturation curves were fitted with Sigmoidal Chapman 3 parameter curves.

Fitted curves were

assessed using combined curve fitting curve analysis (Kimura 1980). Treatment comparisons of
SLA, C/C a were made using nested ANOV A where samples were nested within shade structures.
Seasonal photosynthetic rates and morning and afternoon A arca, Amass, gs data were analysed using
repeated-measures ANOVA. A post hoc LSD test was used to determine significant differences
between treatments and times.
Statistics were calculated using Statistic a version 6.1 (Statsoft, Inc 1984 - 2003). Probability
values <0 .05 were considered significant. Graphical representation was perfom1ed using Sigma
Plot version 6.10 (1986-2000 SPSS Inc).
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3.3
3.3.1

Results

Weather

3.3.1.1 Air temperature
Dry season temperatures were approximately 10 DC lower than that of wet season readings at 0600
h. The lowest average 1700 h air temperature (28 °C) occurred between November and February.
A verage daily air temperatures for the 70% and 25% treatments ranged between 14 to 34 DC and 14
to 36 DC respectively. The lowest 0600 h minimum was observed in luly-August during the winter
months. At 0900 h the lowest average minimum temperature was observed during August followed
by a sharp rise in October. Thereafter, average 0900 h temperatures gradually decreased until May
2003 . There were significant temperature differences between treatments for the 0900 and 1700 h
periods during November and December (P< 0.001). The mean annual difference between the 70
and 250/0 treatments for the 0900 and 1700 h times was 0.8 and 1.3 °c respectively (Fig 3.1 a).

3.3.1.2 Sunshine hours
The mean monthly sunshine hours for Darwin varied little during the dry season (March to
December) averaging approxilnately 10 h per day (±2 h). Thick cloud cover was often present
during the wet season (January to March) reducing the sunshine hours to approximately 5.7 hours
per day (Fi g 3.1 b).
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Figure 3.1 A - Mean monthly temperatures at 0600 h (unbroken line), 0900 h (short dash) and 1700 h
(dotted line) for the 25% (niangle) and the 70% (circle) transmitted light treatments and B - Mean dally
sunshine hours for each month at Darwin Airport between May 2002 and May 2003 (Bureau of Meteorology,
2003) ± s.e

3.3.2

Stem growth and specific leaf area

3.3.2.1 Stem growth
Stem diameters at the end of this study (l000 days growth) were significantly different between
treatments (P<0.02). Treatments were also significantly different over time (P<0.05). Average
stem diameter was largest for the 50% treatment at the end of the experiment and was
approximately 10/0, 80/0 and 13% larger than the 700/0, 35% and 25% treatment respectively (Fig
3.2).
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F igure 3.2 Mean stem diameter ± s.e plotted against days after germination for seedlings grown at 25% (long
dash, triangle); 35% (dotted, diamond); 50% (ShOli dash, square) and 70% (unbroken, circle) transmitted
light. Trees were approximately 2 years 7 months at last measurement (i.e. 1000 days).

3.3.2.2 Specific leaf area
Specific leaf area showed distinct seasonal variation for all treatments (P<O.OOl ).

However,

specific leaf area between treatments followed a similar pattern throughout the year. The lowest
average SLA (16.4 m 2 kg-I) was observed during May under the 70% treatment. At this time SLA
was 90/0, 200/0, 28% smaller when compared against SO, 3S, and 2SO/o treatment respectively. During
October the largest SLA (26.1 m2 kg-I) was observed for plants subjected to 2S% transmitted light.
At this time SLA was 29% larger (P<O.Ol) when compared to the 70% treatment (Fig 3.3).
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Figure 3.3 Monthly trends in specific leaf area (SLA) during the experimental period for 25% (triangle), 35%
(diamond), 50% (square) and 70% (circle) transmitted light treatment. Each data point represents the mean of
16 upper canopy leaves ± s.e.

3.3.3

Season, time of day, and growth irradiance response in leaf gas exchange

There were significant differences (P<O.05) between months and between morning and afternoon
measurements of Aarca (carbon assimilation rate per unit leaf area), gs (stomatal conductance), C/C a
(intercellular CO2 concentration/ambient CO 2 concentration), LA VPD (leaf-to-air vapour pressure
difference) and T'caf (leaf temperature).

Leaf gas exchange measurements completed during

different months and in the morning or afternoon were significantly different (P<O.05) between the
majority of treatments (Fig 3.4 and 3.5).

A comprehensive summary of significant differences

amongst Aarca and Amass measurements can be found in Appendix 8 for both the morning and
afternoon periods.
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Figure 3.4 Seasonal variation in morning
(0830 - 0930 h) assimilation (Aarea),
stomatal conductance (gs), leaf-air vapor
pressure difference (LAVPD), leaf
temperature and, intercellular CO 2
concentration/ ambient CO 2 concentration
(C/C a) measured under ambient light
conditions for plants grown under 25%
(triangle; long dash), 35% (diamond;
dotted), 50% (square; short dash) and 70%
(circle; unbroken) transmitted light. Points
are the mean of 8 readings ± s.e. where
larger than symbol size.
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Figure 3.5 Seasonal variation in afternoon
(1430 - 1530 h) assimilation (Aarea),
stomatal conductance (gs), leaf-air vapor
pressure difference (LAVPD), leaf
temperature and, intercellular CO 2
concentration! ambient CO 2 concentration
(C/C a) measured under ambient light
conditions for plants grown under 25%
(triangle; long dash), 35% (diamond;
dotted), 50% (square; short dash) and 70%
(circle; unbroken) transmitted light. Points
are the mean of 8 readings ± s.e. where
larger than symbol size.
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3.3.3.1 Seasonal variation in morning A

area

Morning measurements of leaf assimilation demonstrated that, irrespective of treatment,
photosynthesis was the lowest (2.7 to 4.6 !lmol m- 2 sol) in August during the dry season (Fig 3.4).
During the wet season, Aarea increased by 65, 59, 56, 74% for the 25, 35, 50 and 700/0 treatments
(5.2, 6.3, 6.3 and 8 !lmol m- 2 sol respectively) respectively when compared to dry season values. As
the build-up (transitional period from dry to wet season) commenced, assimilation rates increased.
By October, morning assimilation rates had increased between 46 to 74% for the 25, 35, 50 and
70% treatment (2.3 - 4.2, 2.9 - 6, 3.3 - 3.3 and 2.2 - 7.9 !lmol m- 2 sol respectively). Thereafter,
changes in leaf assimilation (December to April) were treatment specific, with the 70% treatment
exhibiting the smallest increase (10%; 7.3 - 8.6 !lmol m-2 sol) and the 250/0 treatment the largest
(300/0; 4.5 - 6.7 !lmo} m- 2 S-l).

3.3.3.2 Seasonal variation in afternoon Aarea
The rate of assimilation during the afternoon was relatively constant throughout the dry and buildup periods (Fig 3.5). Leaf assimilation (excluding August readings) showed only small changes (10
to 160/0) for each treatment during the dry season. Leaf assimilation almost doubled during the wet
season (February) when compared to December. Averages for the 25, 35,50 and 700/0 treatments
were 4.4 - 6.5, 4.4 - 8, 5.6 - 8.5 and 4.9 - 9.5 !lmo} m- 2 S-I respectively. In each treatment Aarea
increased by 28, 42, 35, 48% for the 25, 35, 50 and 700/0 treatments respectively.

In April

photosynthesis, irrespective of treatment, decreased when compared to wet season values and
averaged 5 !lIDol m-2 S-I.

3.3.3.3 Seasonal variation in morning and afternooll Amass
During the morning significant differences were observed between treatments and season (P<0.05;
Fig 3.6a; Appendix 9). Afternoon values also showed significant differences (P<0.05) between
treatments (Fig 3.6b; Appendix 8). For all treatments, Amass was lowest in May (dry season) and
highest in February (wet season). Only the lowest light treatment showed a significant increase
during the progression of the wet season. In the afternoon a distinct peak in Amass occurred in
February and the lowest values of Amass occurred in the dry season for all treatments.
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Figure 3.6 Seasonal variation in Amass·during the momings (A; 0830 h) and afternoons (B; 1400 h) for plants
grown under 25% (triangle; long dash), 35% (diamond; dotted), 50% (square; short dash) and 70%
transmitted light (circle; unbroken). Points are the mean of 8 individual leaves ± s.e. where larger than
symbol size.

3.3.3.4 Seasonal variation in gs morning and afternoon
Stomatal conductance (gs) followed a similar pattern to Aarca with lllorning values increasing by 54,
55,62,720/0 for the 25,35,50 and 700/0 treatments respectively from the beginning of the dry (May)
to the middle of the wet (February) season (Fig 3.4). During the afternoon, gs closely followed
A arca , with the lowest gs observed during May (0.04 mol m-2 S·l; 350/0 treatment) and the highest for
the December period (0.17 mol m-2

S·l;

50% treatment) (Fig 3.5). The lowest average morning gs

was observed under the 70% treatment (0.05 mol m- 2 S·l) during the dry season and the largest (0.27
mol m·2 s·') for the 700/0 treatment during the wet season. Average afternoon gs was lowest under
C hapter 3 - Diurnal and seasonal response of cocoa
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the 35% treatment (0.04 mol m-2 S-I) during the dry and the 50% treatment exhibited the highest
average gs (0.16 mol m-2 S· I) during the wet season.

3.3.3.5 Relationship between gsand Aarea
The relationship between gs and Aarca was strong with the 25, 35, 50 and 70% treatment resulting in
r2 of 0.60, 0.64, 0.74 and 0.65 respectively (Fig 3.7). Once gs values above 0.15 mol m- 2 S-I were
achieved, leaves were able to gain full photosynthetic potential.
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Figu re 3 .7 The relationship between stomatal conductance (gs) and assimilation (Aarea) for cocoa grown under
25% (long dash, triangle), 35% (dotted, diamond), 50% (short dash, square) and 70% (unbroken, circle)
transmitted light. Each p oint represents the mean of all pointe; within that particul ar gs interval (n= 15-105,
mean= 4 5) ± s.e.

3.3.3.6 Seasonal variation in nlOrning and afternoon LA VPD
During the dry and wet seasons, morning LA VPDs were similar between treatments (± 0.1 kPa) and
averaged approximately ] .8 kPa irrespective of shade treatment (Fig 3.4). The exception to this was
in August when uncharacteristically cold over-night temperatures resulted in LA VPD well below
1.0 kPa . Morning LA VPD > 2 kPa were commonly observed on commencement of the build-up.
During the time of ' peak' build-up (October), LA VPD increased by 440/0 when compared to the dry
season months (June-August). During dry season afternoons (Fig 3.5) LA VPD were between 3 to 4
kPa and during the build-up (September to December) ranged between 4 to 5. 2 kPa . The wet
season (January - March) averaged 1.5 kPa irrespective of treatment.
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3.3.3.7 Relationship between LA VPD and A area
The overall effect of LA VPD on assimilation did not change significantly between treatments so
data were combined (Fig 3.8). The relationship between LA VPD and Aarea resulted in an r2 value of
0.422 . At LA VPD <1.0 kPa average assimilation rates were 6.9 ~mol m- 2 s-'. As LA VPD
increased, assimilation decreased and during periods of high LA VPD (i.e. >6 kPa) leaf assimilation
was 390/0 less when compared to assimilation at LAVPD <1.0 kPa.
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Figure 3.8 The relationship between leaf-to-air vapour pressure difference (LA VPD) and assimilation (Aarea)
for all light treatments combined. Each point represents the mean of all points for each particular LA VPD
interval (n= 8-220, mean= 16) ± s.e. Note: The overall effect of LAVPD on assimilation did not change
significantly between treatments so data were combined for all treatments.

3.3.3.8 Relationship between LA VPD and gs
The effect of LA VPD on stomatal conductance (g)s was the strongest for the 70% treatment (r2 =

0.75) and weaker for the lower light treatments (r2 of 0.43, 0.50, 0.4] for the 25, 35 and 50%
treatments respectively). Stomatal conductance was maximal (>0. 15 mol m-2 s-' irrespective of light
trea.tment) when LA VPD was] kPa and minimal «0.07 mol m-2 S-I irrespective of light treatment)
when LA VPD exceeded 4 kPa (Fig 3.9). Data used was the combination of both morning and
afternoon leaf carbon assimilation measurements.
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Figure 3.9 The relationship between stomatal conductance (gs) and LA VPD for cocoa grown under 25%
(long dash, triangle), 35% (dotted, diamond), 50% (short dash, square) and 70% (unbroken, circle)
transmitted light. Each point represents the mean gs within each particular LA VPD interval (n= 9-70, mean=
33) ± s.e. Data points are a combination of both morning and afternoon leaf carbon assimilation
measurements.

3.3.3.9 Seasonal variation in morning and alternOOTJ leaftemperatllres
Morning T Leaf were the lowest during the May - August period ranging between 20 to 22 DC
irrespective of treatment. During the build-up T Leaf increased by 38%) from August to October and
remained relatively constant thereafter (October 2002 to May 2003) ranging between 33 to 36 DC
(Fig 3.4). Afternoons were generally >33

°c for an seasons irrespective of treatment and the lowest

(33 DC) and highest (42 DC) afternoon leaf temperatures were recorded in February and October
respectively (Fig 3.5).

3.3.3.10 Relationship between leaftemperature and A area
The relationships between Aarea and T Leaf were significantly different (P<0.05) between treatments
(Fig 3.10). The optimal leaf temperature for photosynthesis is between 31 to 33 DC inespective of
treatment. On either side of the optimal temperature range assimilation declined rapidly, especially
with temperatures <25 DC and >40 DC. It was also observed that plants subject to cold over-night
temperatures « 12 DC) were unable to achieve normal rates of carbon gain throughout the
subsequent day. This is detai led further in Chapter 4.
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3.3.3.11 Seasonal variation in morning and aflernoons C/Ca
Throughout most of the year C/C a values were between 0.5 - 0.8 (Fig 3.4 and 3.5). At times, during
periods of low over-night temperatures (i.e. August) C/C a increased between 17 to 46%. The
highest C/C a (0.95) was achieved during August whereas the lowest (0.5) was observed in the
morning during October.

The 700/0 treatment achieved the lowest average (0.5) and was

significantly different (P<0.05) at most intervals (Fig 3.4). The afternoons were characterised by
values ranging from 0.55 to 0.75 (Fig 3.5). Again, C/C a was generally lower (P<0.05) for plants
grown under the 70% treatment.
Stomatal conductance overall had a large influence on seasonal patterns of C/C a (Fig 3.4 and 3.5).
Photosynthetic rates were maximal when the C/ C a was the highest (>0.7).

In the dry season,

reductions in assimilation could be linked to reduced C/C a (Fig 3.11 a) and directly attributed to the
reduction in & (Fig 3 .11 b).
treatment, were 0.07 mol m·2

During the dry season, maximum gs and C/C a , irrespective of
S·1

and 0.62 , respectively. During the wet season, maximum gs and

C/C a , irrespective of treatment, were 0.2 mol m- 2

S- 1

and 0.73, respectively. In most comparisons

the Ci/Ca ratio decreased from the morning to the afternoon (Fig 3.11).

C hapter 3 - Diurnal a nd seasonal response of coc oa

3-22

A

10

'";"

en

~

pm(·.

8

pm

E

(5

E

3

ro

Q)

J

P] .pm

6

pm<)-

~

/p~

4

pm<>-

J

L.;.

..

B

::7/
/ .pm

0.2

'";"

en

~

E

(5

£

0.1

(/)

0>

pm

:l .pm
I't~

o/gpm
pm
0.0

.

0.5

0.6
~/

0.7

0.8

Ca
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3.3.3.12 Leafphotosynthetic light saturation curves
Assimilation increased curvilinearly with increasing PFD for both treatments. When PFD exceeded
400 ~mol m-2

(250/0 treatment) and 600 ~mol m- 2

S-I

S-I

(70% treatment) (Fig 3.12), Aarea approached

an asymptotic maximal value for both seasonal responses . Light-saturated assimilation during the
wet season was 200/0 larger when compared to the dry season. Amax between treatments varied by
approximately 8% during the dry and 170/0 during the wet season. However, differences between
treatments were only significant during the wet season (P <0.05).
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3.3.3.13 Diurnal pattern ofleafwafer potential (dry season)
The diurnal trend in leaf water potential for the dry season is shown in Fig 3.13. There was a
moderate decline in 'P during the day for all light treatments but no significant differences were
found between treatments using combined curve-fitting analysis (Kimura 1980).
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Figure 3.13 The diurnal response of leaf water potential (\}I) during a typica l dry season day for irrigated
cocoa grown under 25% (long dash , triangle); 35% (dotted, diamond); 50% (short dash , square) and 70%
(unbroken, circle) transmitted light. Each data point represents the mean of 16 leaves.
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3.3.4 Diurnal patterns in leaf gas exchange in the dry and the wet seasons
3.3.4.1 Diurnal pattern, dry season
Throughout the course of the day, LAVPD increased from a low value of between 2 to 2.4 kPa at
0830 to peak values of 3.2 to 4.5 kPa in the afternoon. There was little difference in LAVPD
amongst light treatments, although the 70% treatment exhibited larger values than the remaining
three treatments (Fig 3.14). PFD increased throughout the morning and peaked at solar noon, with
consistent differences between treatments throughout the day (Fig 3.14).
Aarea was maximal at 0830 (4.5 to 8.5 ~mol m-2

S- l)

and declined for the remainder of the day (Fig

3.14). Significant differences (P<0.05) in Aarea between all four treatments were observed with the
largest values of Aarea found for the 70% treatment. For most of the day the ranking of Aarea was the
same for all li ght treatments. Thus the lowest rates of Aarea were measured in the lowest light
treatment and vice versa. When expressed as Amass, differences in carbon assimilation amongst
treatments were less than that observed in the Aarca data (Fig 3. 14).
Stomatal conductance (gs) peaked between mid-morning (1 000 h) and noon for most treatments and
was lowest for the 250/0 and 350/0 plants, and largest for the 50%

and 700/0 plants, with little

consistent differences between the two highest li ght treatments (Fig 3.14).
Transpiration rate were lowest at 0830 h for all treatments and increased to a peak value
(approximately 2 to 3 mmol m-2 S·l) in the afternoon. For most of the day transpiration rates were
smallest for the two lowest light levels and largest for the two largest light treatments.
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Figure 3.14 Diurnal trends in assimilation (A arca ), stomatal conductance (gs), transpiration (Tr), assimilation
on a mass basis (Amass), leaf-to-air vapor pressure difference (LA VPO) and, photon flux density (PFO) for
cocoa grown under 25% (triangle), 35% (diamond), 50% (square) and 70% (circle) transmitted light during
the month of July (middle dry season). Each point represen ts th e mean of 8 measurements ± s.e. where larger
then symbol size.
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3.3.3.13 Diurnal patterns:! wet season
During the wet season LAVPD and PFD were lowest in the early morning (0830 h) and peaked at
approximately 1300 h for all treatments. During the morning there were no significant differences
in LA VPD and differences during the afternoon were also relatively small.
Aarea was larger in the mormng than the afternoon for the two highest light treatments but
differences between mornings and afternoons were small for the two lowest light treatments. All
four treatments exhibited a mid-day (1300 h) depression in A area.
Stomatal conductance showed few consistent patterns of change throughout the day or consistent
differences amongst treatments. Stomatal conductance ranged between 0.1 and 0.25 mol m-2 s-J
although most values ranged from 0.1 to 0.15 mol m-2 s-J (Fig 3.15).
Transpiration was lowest for the 25% and 35% treatments at 0830 h. For the remainder of the day
transpiration varied between 4 and approximately 6 mmol m-2 s-J with few consistent patterns
amongst treatments (Fig 3.15).
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Figure 3.15 Diurnal trends in assimilation (Aarca), stomatal conductance (gs), transpiration (Tr), assimilation
on a mass basis (Amass), leaf-to-air vapor pressure difference (LAVPD) and, photon flux density (PFD) for
cocoa grown under 25% (triangle), 35% (diamond), 50% (square) and 70% (circle) transmitted light during
the month of December (start of wet season). Each point represents th e mean of 8 measurements ± s.e. where
larger then symbol size.
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3.3.4.3 Dark respiration
Significant differences (P<0.05) in dark respiration were found between treatments (Table 3.2).
The 500/0 and 700/0 treatment exhibited the largest mean dark respiration rate. A 48% increase in
dark respiration was observed when comparing the 70% treatment against that of the 25%
treatment.
T able 3.2 Dark respiration for cocoa grown under 25%, 35%, 50% and 70% transmitted light treatments with

the corresponding internal C j and air temperature during measurements for the month of March 2002 .

A verages are the mean of 4 individual leaves ± s.e. Means followed by the same letter are not significantly

different.

Treatment
(% light)

3.3.4

Dark respiration
(gmol m-2 S-1)

°c

± 30

29.79

± 0.05

-0.60 a ± 0 .21

530 ± 22

30.05

± 0. 24

50

-1.42 b ± 0 .2 5

584

± 38

29.97

± 0.08

70

- 1.28 b ± 0 .14

594 ± 10

29.98

± 0.07

25

-0.67 a

35

± 0.32

Air temperature

Internal
C j J.1mol mor 1
487

L eaf chlorophyll fluorescence

3.3.4.1 Efficiency o[PS II
Leaf chlorophyll fluorescence was used to measure the FvlFm ratio at solar noon during the wet and
the dry seasons. There were no significant differences in FvlFm values measured at noon for the
three lowest light treatments, in both the wet and dry seasons. However, for both seasons, the FvlFm
ratio of the 70% treatment leaves were significantly lower than the three lower light treatments.

FvlFm ratios within each treatment did not differ between seasons (Table 3.3).
Table 3.3 FjFm determined at 1300 h during different ti mes of the year for cocoa grown under 25%, 35%,

50% and 70% transmitted ligh t. Each value is the mean of 16 leaves ± s.e. FJFm readings were completed
after 30 minutes dark adaptation. Means followed by the same letter are not significantly different from each
other.

Treatment
TL (%)
25
35
50
70
25
35
50
70

Season
DRYIWET

Fv/F m

End of Wet (March 2002)

0.73
0.72
0.70
0 .60

±0.028 a
±0.01 5 a
±0.01 7 a
±0.022 b

Beginning of Dry (May 2002)

0 .66
0.66
0.65
0.59

±O.O] 0
±0.014
±0.015
± 0.042

a
a
a

b

30

3.3.4.2 Non-photochemical quenching (NPQ)

The amount of NPQ exhibited during different times of the day was investigated at the start of the
wet season (Fig 3.16 and 3.17). Two approaches were used to understand NPQ development: First,
instantaneous NPQ readings were completed during different times of the day (Fig 3.16); and
second, rapid light curves were performed (Fig 3.17) at different times of the day to understand the
rate of change and intensity of forced NPQ development (i.e. series of light intervals with each
interval followed by a saturating pulse of light). The development ofNPQ as a function of time of
day was always lower under 250/0 treatment compared to the 50 and 70% treatment (Fig 3.16). For
example, at noon, maximal NPQ for the 25% treatment was approximately 500/0 and 25% lower
than the 50% and 700/0 treatment, respectively.

However, treatments started to recover in late

afternoon and at 1600 h NPQ ranged between 2.2 to 2.7 for all treatments (Fig 3.16).
While performing RLC between 0800 hand] 600 h, the maximum artificially achieved NPQ ranged
between 8 to 11 NPQ, for the lowest and the highest light treatments respectively. However, at
1800 h, maximal levels ofNPQ declined for all treatments to approximately 6 (Fig 3.17).
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Figure 3.16 Diurnal patterns ofPFD (A) and non-photochemical quenching (NPQ; B) of upper canopy leaves
developed under 25% (triangle, long dash), 50% (square, short dash) and 70% (circle, unbroken) transmitted
light. Each point 1S the average of 3 leaves. Measurements were completed in December 2002 (beginning of
the wet season). On ly three light treatments were measured because there was not enough time within each
hourly measurement interval to compete readings all four light treatments .
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3.4
3.4.1

Discussion

Temperature and LA VPD within shade structures

There were few differences between treatments with respect to LA VPD and aIr and leaf
temperatures during this study (Figs 3.1a, 3.4 and 3.5).

Furthermore, light to moderate winds

continuously channelled through shade structures which may have minimised differences in
temperature and LAVPD between treatments. There were exceptions (i.e. during the build-up in
October), when the 700/0 treatment experienced temperatures 2 to 3 DC higher than more heavily
shaded treatments, but overall differences were few.

3.4.2

Effect of PFD treatments on growth, SLA, Aarea and Amass

The 500/0 treatment resulted in the largest stem diameter (Fig 3.2) and visually, trees in the 700/0
treatment exhibited the smallest total leaf area, thereby reducing the potential for light interception,
assimilate production, and hence dry matter gain. The same conclusions were drawn from similar
studies on cocoa seedlings (Hutcheon 1977; Raja Harun and Ismail 1983 ; Galyuon et aI., I 996b).
In the present study the two high light treatments produced a larger stem diameter when compared
to the two lower light treatments. This is presumably because plants under the 70% treatment were
shorter and perhaps partitioned more dry matter to the stem. Temperatures of 33.3 and 30.5 DC are
known to be optimal for dry matter gain and leaf expansion in cocoa seedlings (Sena Gomes and
Kozlowski 1987). In the present study average afternoon air temperatures (Fig 3.1) were regularly
between 30 to 34 DC however leaf temperature could peak to 42 DC during October and December
(Fig 3.5). Thus air temperatures were usually optimal for dry matter gain with respect to Sena
Gomes and Kozlowski (1987) findings. However, leaf temperatures were supra-optimal for leaf
development with respect to Gomes and Kozlowski (1987) findings and in this study photosynthesis
declined once leaf temperatures exceed 34 DC (Fig 3.10).
The SLA of cocoa exhibited large seasonal changes (Fig 3.3). Importantly, SLA can substantially
influence A arca • Sun plants have a smaller SLA and a larger internal leaf area than shade plants
(Evans and Poorter 2001; Terashima et al., 2001) which increases the amount of CO 2 fIxed per unit
leaf area by increasing the number of catalytic sites for CO 2 fixation (Evans and Poorter 2001).
F urthermore, changes in the total daily integrated quantum flux density absorbed during leaf
development can signifIcantly affect SLA (Ninemets et al. , 1998).
C hapter 3 - Diurnal a nd seaso na l respon se of cocoa
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The combination of lower SLA and a larger relative internal leaf area can increase Aarca.
Differences in assimilation between treatments were larger on a leaf area basis than a leaf mass
basis because leaves exposed to high light had a small SLA.

In the present study, the 700/0

treatment had a higher light saturation point than the lowest light treatment (Fig 3.12).

Thus,

although cocoa is photosynthetically light saturated at PFD between 200 to 600 !lmol m- 2 s -I, high
PFD is required during leaf development to produce leaves with a low SLA and a high assimilation
rate per unit leaf area. The lowest specific leaf area was found under the 700/0 treatment during the
present study (Fig 3.3). A similar specific leaf area to the 70% treatment can be achieved under
1000/0 transmitted light (Chapter 6; section 6.3.2).

Considering little differences were found

between 70 - 1000/0 sunlight, irradiance levels exceeding 70% treatment probably do little towards
increasing photosynthesis per unit leaf area. In fact, increasing irradiance beyond 700/0 transmitted
light would likely have detrimental effects rather than a positive one.

3.4.3

Seasonal effect of LAVPD and leaf telnperatu re on A area ,

gs,

and Rd

Large seasonal variation in leaf carbon assimilation was observed for all PFD treatments during this
study (Figs 3.4 and 3.5). In general, photosynthetic rates found were higher than those previously
reported for cocoa (Murray 1940; Hutcheon 1977; Balasirnha et at., 1991 ; Balasirnha 1992; Yapp
and Hadley 1994; Galyuon et at., 1996b).

This was attributed to lower SLA along with leaf

temperatures generally closer to optimal during the present investigation. Regular irrigation and
fertiliser application may have also contributed to higher photosynthetic rates. Although high PFD
resulted in higher Aarca compared to low PFD treatments, al1 treatments exhibited the same response
to seasonal fluctuations in LA VPD and leaf temperature. Photosynthesis was mainJy influenced by
high LA VPD, which reduced gs (Figs 3.8 and 3.9), a result previously reported for cocoa (Valle et
at., 1987; Balasimha 1991). The & results from the present study, (Figs 3.4,3.5,3.7,3.9,3.11,3.14

and 3.15) agree with Balasimha et al., (1991) findings and rarely exceeded 0.20 mol m-2
2

view of the present findings and previous work, leaves need to maintain gs >0.15 mol m-

S-I.

In

S-1

for

maximum photosynthetic performance assuming light, nutrients and water are not Jimited.
Although plants in this trial were irrigated daily, small reductions in '¥Lcaf occurred during the day
but no significant differences were observed between treatments (Fig 3.13). These reductions in
'¥Lcaf were unlikely to have affected gs or assimilation since reductions in photosynthetic
performance does not occur until -2.0 MPa in cocoa (Mohd Razi et at., 1992).
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The effect ofVPD on & has been reported for many tropical crops such as grapefruit (Syvertsen and
Salyani 1991), banana (Thomas et al., 1998) and mango (Gonzalez and Blaikie 2003).
In cocoa, VPD can substantially influence leaf carbon assimilation.

For example, controlled

experiments (Thomas et af., 1981; Hernandez et af., 1989; Balasimha et af., 1991) demonstrated a
significant reduction in assimilation when VPD exceeded 2 kPa. Similarly, under field conditions
(Balasimha et af., 1991), carbon assimilation rapidly declined once VPD exceeded 1.6 kPa.
Consistent with this, the highest assimilation rates during the present study were achieved when
LAVPD was below 2 kPa (Figs 3.14 and 3.15). However, during the dry season, LAVPD usually
exceeded 2 kPa by mid-morning (Fig 3.4), and is therefore likely to limit carbon assimilation. In
environments with continual high LAVPD over extended periods , assimilate production would
decline and probably cause reductions in crop yield.
In the present study, the effect of LA VPD on stomatal closure could not be overcome by daily full
ground cover irrigation. This was particularly noticeable in the afternoon during the dry season (Fig
3.5). To prevent stomatal closure, canopy sprinklers have been used in maize (Tolk et aI. , 1995) and
tea (Tanton 1982) to reduce VPD and air temperatures within the canopy.

Similarly, foliar

applications of kaolin particles (i.e. clay) reduced VPD and leaf temperatures in grapefruit (Jifon
and Syvertsen 2003). In practice, these methods could be used to help minimise the effects of high
LA VPD and leaf temperatures for cocoa grown in the Northern Territory. The use of kaolin sprays
has been shown to be superior to canopy sprinklers in maintaining & (Jifon and Syvertsen 2003).
Experiments are currently underway by DBIRD to investigate the effects of kaolin particles on
reducing VPD and leaf temperature and how this relates to cumulative yields.
Leaf temperature can substantially affect the rate of photosynthesis. Optimal leaf temperatures for
carbon fixation during this study were between 31 to 33 DC for carbon fixation irrespective of
treatment (Fig 3.11), and as previously reported for cocoa (Balasirnha et al., 1991). Furthermore,
large reductions in assimilation were found when temperatures were <25°C and > 35 °c (Fig 3 .10).
In contrast, in a controlled temperature experiment (Raja Harun and Hardwick 1987), little change
in carbon assimilation was observed between 20 to 30°C for cocoa seedlings.
Apart from gains from photosynthesis, losses of carbon through dark respiration was also measured
at the end of the wet season.

Leaves developing under the 500/0 and 700/0 treatment lost

approximately 50% more carbon from dark respiration when compared to the 250/0 and 35%
treatments (Table 3.2).

It has previously been established that more carbon is Jost by dark

respiration during warm nights when compared to cooler nights (TjoeJker et al., 1998). Considering
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cocoa grown at 50 and 700/0 treatments loses 500/0 more fixed carbon at 30 DC compared to the lower
light treatments it would be interesting to determine if elevated CO 2 concentrations could reduce the
amount of CO 2 lost by dark respiration and if increases in daily net photosynthesis could be
achieved.

3.4.4

Effect of season and PFD on C/C a and transpiration rates

There was a large seasonal and PFD affect on C/C a between morning and afternoons in both dry
and wet seasons (Fig 3.11). On most occasions, C/C a decreased in the afternoon compared to
mornings because of reduced stomatal conductance. Reductions in stomatal conductance also lead
to the reduction in leaf carbon assimilation (Fig 3.11 b). Maximum C/C a ratios were the largest for
all light treatments during the wet season when taking into account high photosynthetic rates
(3.11a). However, the largest recorded C/C a (1.0) was found in August (dry season) after overnight chilling stress of 10 DC (Fig 3.4) impaired chloroplasts inhibiting carbon fixation which
increased the inter-cellular carbon concentration. After warmer over-night temperatures during the
dry season, chloroplasts functioned normally and reductions in C/C a were a result of very low

stomatal conductance ranging from 0.03 to 0.08 mol m-2 s-' (Fig 3.11b).
Transpiration rates were the lowest during the dry season and the largest during the wet season
(Figs 3.14 and 3.15). Transpiration is directly affected by stomatal conductance and in well watered
plants stomatal conductance is affected by leaf-to-air vapour pressure difference.

As LAVPD

increases leaf transpiration decreases (Fig 3. 14) reducing leaf water loss.

3.4.5

Effect ofPFD on Fv/Fm and NPQ

Cocoa is photosynthetically light saturated at low PFD compared to shade intolerant plants and
leaves can become photoinhibited (i.e. reduction in FJFm) and show high levels of NPQ
development throughout the day when exposed to light exceeding photosynthetic light saturation
(Table 3.3; Figs 3.16 and 3.17). NPQ development occurs when the

~pH

(build-up of hydrogen

ions on the lumen side of the thylakoid membrane) across the thylakloid membrane becomes large
(i.e. from excessive light) causing a down-regulation in the efficiency of Photosystem II (Niyogi
1999). In the current study, FJ Fm was always lowest for the 700/0 treatment and highest under the
250/0 treatment. This finding agrees with that of Galyuon et aI., (1996a) who reported cocoa subject
to 1000/0 transmitted light, exhibited a lower F J Fm then shaded counterparts. In the present study
the reduction in the efficiency of PS 1I, measured at noon, varied from the end of the wet season
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(March) to beginning of the dry season (May). This is best explained by the increased solar hours
during May resulting in a higher degree of photoinhibition (Fig 3.1 b and Table 3.3). Although the
25%) treatment was heavily shaded, reductions in F jF m still occurred, suggesting high temperatures
may have also contributed to photoinhibition under low PFD.

In a controlled temperature

experiment F) F m were determined for selected cocoa genotypes subject to thermal environments
outside their normal growth range (Daymond and Hadley 2003). During this study, Fj F m declined
when genotypes were subject to temperatures outside their normal range. Similarly, longan and
mango leaf disks subject to 45°C experienced 50 - 70% reductions in FjF m compared to controls at
25°C (Yamada et at., 1996).
It must be emphasized that reductions in FjF m are not necessarily a negative response. To better

understand this process, photoinhibition is best explained as a photo-protective mechanism rather
than a photo-damaging occurrence (Demmig-Adams 1998).

In the present study when PFD

exceeded photosynthetic saturation, NPQ increased protecting the leaf against photo-damaging
effects (Fig 3.l2b). The largest instantaneous NPQ value recorded in the present study was 5.5
(Fig. 3.16). This is larger than the 0.5 to 3.5 commonly found in terrestrial plants at saturating light
intensities which varies between species and plant light histories (Maxwell and Johnson 2000). In
another study, exposed leaves from the tropical tree Clusia minor L. (Roberts et at., 1998) exhibited
maximum NPQ values between 4.5 to 5.0 whereas exposed leaves of the grass Stipa tenacissima L.
can be no greater than 0.8 (Balaguer et at., 2002). Because of this variability in NPQ among plant
species it was of interest to further understand the development of NPQ in cocoa. Results gathered
from rapid light curves during the first hour of light showed a low development of NPQ. NPQ
increased thereafter until noon when NPQ development was largest, irrespective of treatment (Fig
3.17).

An absolute maximum NPQ of 11.9 was found during the afternoon (i.e.1400 h; 50%

treatment; Fig 3.17). This corresponded to the time when light was most excessive (Fig 3.17).

3.4.6

Conclusion

In summary, photosynthesis in cocoa, like all other crops, is determined by light, &, temperature
and LA VPD in the short-term. Photosynthetic rates are usually high when LA VPD are <2 kPa and
when leaf temperatures are close to 31 to 32°C. Generally, the higher the LA VPD the lower the
stomatal conductance. Differences in SLA were associated with changes in leaf carbon assimilation
and PFD during leaf expansion ultimately determines specific leaf area. Cocoa, being a tropical
shade tolerant plant, will always experience some form of photoinhibition under modern cropping
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practices (i.e. zero to moderate shade). However, cocoa can withstand short intervals of high light
by maintaining high rates of non-photochemical quenching.
The present study location may be too hot with excessive LA VPD during most times of the year for
optimum production, despite this cocoa demonstrated high vegetative growth accompanied by high
photosynthetic rates at favourable times of the year. With irrigation cocoa can grow reasonably
well in the coastal regions of the wet dry tropics; however, other regions further inland would
probably be unsuitable due to the greater temperature extremes experienced away from the coast.
Crop yields are not solely influenced by high photosynthetic rates. For instance, a plant with a
higher photosynthetic rate would not necessarily result in large yields. This may be because the
plant does not have the capacity to transfer a large amount of stored energy to the reproductive
component; instead, assimilates are used for vegetative growth. Perhaps flowering or pollinators
are in low abundance resulting in low pod yields.

There are many factors contributing to

reduced/increased yields therefore it must be clear that photosynthesis is only one

process to

measure while studying factors affecting yield in cocoa.
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Chapter 4
Short-term over-night chilling in cocoa: Leaf chlorophyll
fluorescence and photosynthesis in field grown cocoa under
contrasting light treatments.
Table of Contents
4.1

Introduction .. ..... ...... ..... .. ..... .......... .. ................. ........... ............. ........4-1

4.2
Methods .......................... .................................................................. 4-5
4.2.1 Outline of experiments ...... ... ......... .. ......... ..... ...... ..... ............... ... .... 4-5
4.2.2 Plant material, trial design, and procedures ................. ..... ................... 4-5
4.2.2.1
4.2.2.2

4.2.3

Plant material.................................... .. .... ... . .. . ... .......... .... .. ... ... 4-5
Experimental design and procedures .................................................................. .4-6

Trial measurements .......................................... ...... ....... ..... 4-7

4.2.3.1
4.2.3.2
4.2.3.3
4.2.3.4
4.2.3.5
4.2.3.6

Climate data ....... ... .. .. .. ..... . .. . ................... .... .. ..... ... ............ . .... ..... .4-7
Dark-adapted leafchlorophyllfluorescence .. , .......... . .......... . .... ...... .... 4-7
Light adapted leafchlorophyllfluorescence .. ........ .... ........... .... .... ... .. . 4-7
Rapid light curves ............. .... . ......... .. ...................... ... ... . ... ... ........ 4-8
Leafgas exchange .................... ........... . .. . ....... . .... ..... .. ....... . .. . . ..... 4-8
Statistical analysis . ... . .... . ..... .. ... .. .... .. . .. . ...... . ... . .... .... . ... .. .. . . .......... 4-8

4.3
Results ............ .. .......... ... .. ..... .. .... .... ..... ............. ... ........... ...... ....... .... 4-9
4.3.1 Experinlent one - seasonal leaf chlorophyll fluorescence ........ .. ........ 4-9
4.3.1.1
4.3.1.2
4.3.1.3
4.3.1.4
4.3.1.5
4.3.1 .6

Dry season air temperature and relative humidity ........ , . ... ... .. . .. . . .. . .. ..... 4-9
Dry season leaf chlorophyll fluorescence ....... . .. ........ ............. . ...... . .. .. 4-10
Wet season air temperature . ........... . ....... .. . .. . ..... . .. ........ . .... . ..... ...... .4-13
Wet season leaf chlorophyll fluorescence .. .... ....... . ........ ... ..... . ... .... .. ... 4-14
Changes in !1FI Fm ' and F / F m between dry and wet seasons .. .... .. .. . .. . ... . 4-17
NPQ development between dry and wet seasons . ... . .. . ... ....... . . .. . . . .. . .. .. ... 4-17

4.3.2

Experiment two - chilling stress on seedlings ..... ...... ...... .... ... .. ....... .4-18

4.3.3

Experiment three - chilling temperatures and leaf gas exchange ... ..... 4-20

4.3.4

Minimum temperatures in traditional and non-traditional locations ... 4-22

4.3.2.1
4.3. 2.2

4.3.3.1
4.3.3.2

Air temperature and relative humidity .. ....... . ... ..... . . ...... ... . ......... . .... ...4-18
F jFm and effective quantum yield................... .. .......... ........... .. ... . .. . 4-19

Leafgas exchange, Northern Territory .... .... ...... . .......... . .... ...... . ....... . 4-20
Leafgas exchange, Queensland . . .. ......................... . .......... . .......... ... 4-20

4.4
Discussion ....... .. ......... ..... ...... .. ...... .. .......... ........... ..................... ...... 4-24
4.4.1 Dynamic and irreversible photoinhibition ... .. ............................ ...... 4-24
4.4.2 Non-photochemical quenching (NPQ) .... .. .... ..... ....... ..................... .4-25
4.4.3 The influence of chilling temperatures on leaf gas exchange ............ 4-26
4.4.4 Geographical distribution of cocoa and temperature ................ .. ...... 4-28
4.4.5 Conclusions ................................................................................. 4-29

Chapter 4: Short-term over-night chillin g in cocoa

4-i

List of Figures
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

Minimum and maximum air temperatures during July ............................... 4-9
Air temperature and relative humidity during chilling events .................... 4-1 0
Dry season dark adapted chlorophyll fluorescence ................................... .4-11
Dry season steady-state chlorophyll fluorescence .................................... .4-12
Wet season minimum and maximum air temperatures ............................. .4-13
Air temperature during a wet season day ................................................. .4-13
Wet season dark adapted chlorophyll fluorescence .................................. .4-15
Wet season steady-state chlorophyll fluorescence .................................... .4-16
Non photochemical quenching between dry and wet seasons ................... .4-18
Air temperature and relative humidity, experiment two ........................... .4-19
Chilling temperatures and leaf gas exchange, Queensland ..... ...................4-21

List of Tables
4.1
4.2
4.3
4.4
4.5
4.6

SUlnmary of leaf chlorophyll fluorescence results, experiment two .......... .4-19
Leaf gas exchange between dry and wet seasons ...................................... 4-20
Minimum temperatures in traditional cocoa producing areas ................... .4-22
Minimum temperatures for north Australian locations ......................... .. .. .4-23
Average minimum temperatures for north Australian locations ................ .4-23
Absolute minimun1 temperatures for north Australian locations ............... .4-23

Chap ter 4: Short-term over-night chilling in cocoa

4-ii

4.1 Introduction
Many crops such as cocoa are now cultivated away from their place of origin. This trend has
been a result of many factors including increased land availability, better soil conditions,
suitable economic structure, and fewer pests and diseases than found in indigenous locations.
However, cultivating cocoa in environments that differ from its origin in the Amazon basin of
South America can significantly influence plant function and growth. In the present study 50
km from Darwin (12° S), temperatures can drop below 8 °c during over-night chilling events.

Absolute minimum temperatures in the main cocoa producing areas in Brazil go below 11.9 °c
(Daymond 2000); however, Brazilian farmers tend to provide shade over their crop to reduce
the adverse affects of the environment.
Tropical species are especially susceptible to chilling stress since they are adapted to warm
humid conditions between 20 to 30°C. Cold stress can render plants particularly susceptible to
photoinhibition and cause large losses in canopy productivity (Allen and Ort 2001).

A

combination of chilling stress followed by full sun can severely reduce the photosynthetic
performance of chilling sensitive plants (Tsonev et al., 2003).
The effect of chilling, combined with moderate or high light levels, can cause leaves to become
photoinhibited and losses in photosynthetic productivity have been reported for lnany species
such as mango (Allen et aI., 2000), French bean (Tsonko et aI., 2003), Eucalyptus (Hovenden
and Warren 1998) and grapes (Hendrickson et aI., 2004).

Leaves have evolved several

protective strategies to protect against photodamage including: (1) dissipating excess absorbed
energy as heat by xanthophyll pigments to promote non-photochemical quenching (DemmigAdams et aI., 1996); (2) enhanced photorespiration (Osmond and Grace 1995); and (3) changing
leaf angle if rotating petioles are an adaptive feature (Ehleringer and Comstock 1987; Oliveira
and Pefiuelas 2000).
According to Ottander et at., (1993), there are four hypotheses to explain why plants become
more sensitive to photoinhibition at low temperatures: (1) low temperatures can reduce
photosynthetic capacity and therefore increase the surplus in stimulus of PS II; (2) the
restoration capacity of PS II is reduced at low temperatures due to degradation and diminished
synthesis of protein D 1 in the reaction centres; (3) the capacity of oxygen seizers to provide
protection against photoinhibition decreases at low temperatures; and (4) the ability to create
zeaxanthin, used in dissipating the excessive energy in the LHC II, may be inhibited at low
tempera tures.
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The full processes involved in causing chilling stress have not been clearly defined to-date.
However, it is known that the secondary processes that impede leaf productivity following
chilling events can be represented by three broad groups. First, low stomatal conductance can
cause restrictions in inter-cellular CO 2 concentrations reducing leaf carbon fixation (vanHerrden et aI., 2003). Second, enzyme sluggishness causing enzymes or metabolic pathways to
be disproportionately inhibited causing an accumulation of toxins (Saltveit and Moris 1990;
Savitch et al., 2001;).

This also causes a down-regulation of photosynthesis as a result of

reduced capacity to utilise incident radiant energy in photosynthetic carbon metabolism (Tsonev
et al., 2003). The third group includes chloroplast impairment which includes the separation of

lipids required for chloroplast structure and function and/or the degradation of photosynthetic
proteins which can both inhibit photosynthesis (Lyons 1973; Grau and Halloy 1997; Sonoike
1998).
Distinguishing between enzyme sluggishness and chloroplast impairment is difficult and many
of the processes involved are still unclear (Allen and Ort 2001; Zhang and Scheller 2004). The
intensity of chilling (the temperature involved), the duration of the chilling, and chilling
sensitivity will determine whether leaves experience short-term (i.e. enzyme sluggishness) or
long-term reductions in leaf productivity (i.e. chloroplast impairment).
Leaf chlorophyll fluorescence measurements can quickly determine when photosystem II

IS

under stress by determining the efficiency of photosystem II (PS II). The efficiency of PS II
gives a measure of the proportion of PS II reaction centres that are open. High efficiency of PS
II in1plies many PS II reaction centres are functioning and vice versa (Maxwell and Johnson
2000). A decline in PS II efficiency is usually interpreted as a photo-protective response to
plant stress (Demmig-Adams and Adams-III 1"992a).
The term photoinhibition defines an event causing permanent damage to photosystems (Krause
1988). Photoinhibition is irreversible and does not necessary affect the whole leaf. In some
cases only a portion of the PS II reaction centres are damaged as indicated by limited FvlFm
recovery (Tsonko et aI., 2003). The terms dynamic photoinhibition, reversible photoinhibition,
and photoinactivation describe PS II inactivation (Werner et al., 2002). In these cases, full
recovery to pre-dawn levels is achieved.

Photoinhibition and dynamic photoinhibition are

therefore separate processes as photoinhibition indicates permanent damage while dynamic
photoinhibition indicates no permanent damage to PS II reaction centres.
PS II activationlinactivation is determined by measuring changes in the FvlFm (PS II efficiency)
ratio.

The equation used for calculating FvlFm uses both maximum fluorescence (Fm) and

minimum fluorescence (F 0) yields.

A reduction in maximum fluorescenc e yield (Fm) is
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interpreted as thermal dissipation and/or the inactivation of PS II reaction centres (LeGouallec

et at., 1991). Increases in minimum fluorescence yield (Fo) while Fm decreases can indicate the
perturbation of thylakoid membranes (i.e. chloroplast impairment) leading to the separation of
light harvesting complex II from the PS II core complex and a block of the PS II reaction centre
(Schreiber and Armond 1978; Yamane et at., 1997).
A study in cocoa Joly and Hahn (1991) focused on the rates of CO 2 fixation (Aarea), gs, and C j
proceeding dark chilling. This study concluded that initial inhibition of leaf carbon assimilation
was from the impairment of chloroplast function and subsequent inhibition was from reduced gs
(Joly and Hahn 1991).

Leaf chlorophyll fluorescence was not determined during the study

therefore the capacity of PS II during and after exposure to chilling temperatures was not
known.
This study focuses on the effect of minimum over-night temperatures on leaf performance in the
northern tropics of Australia. Cocoa is sensitive to dark chilling (Joly and Hahn 1991) and
therefore an understanding of how low temperatures affect leaves is essential for determining
the management practices required to sustain economic cocoa production in Australia. Cold
over-night temperatures can cause: (1) losses in photosynthetic productivity: (2) impair
metabolic enzymes and pathways (referred to below as enzyme sluggishness); and (3) damage
to cell membranes altering the integrity of proteins and lipids leading to visual damage such as
leaf yellowing (See Chapter one; Plate 1.4).
Measurements to determine the photosynthetic performance of cocoa leaves after over-night
chilling were undertaken in South Johnstone, north Queensland and Coastal Plains near Darwin,
Northern Territory. North Queensland experiences few chilling events and has frequent cloud
cover with rainfall being distributed throughout the year.

In contrast, the Darwin area is

normally wet and humid for five months (October to March) followed by dry and mainly cloud
free weather for the balance of the year. Three or four chilling events usually occur during the
drier winter months (June to August) varying in duration and intensity.
Pre-dawn, daytime, and dusk measurements of leaf chlorophyll fluorescence were performed in
conjunction with leaf carbon assimilation measurements to determine:
(1) Whether short-term over-night chilling temperatures in northern Australia caused
irreversible or dynamic Photoinhibition.
(2) Whether large rates of non-photochemical quenching were achievable following overnight chilling compared to warmer over-night temperatures.
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(3) The extent of loss in photosynthetic capacity of cocoa subject to cold over-night
temperatures under field conditions.
(4) Whether low metabolic processes, chloroplast impairment or photoinhibition caused
reductions in photosynthesis following over-night chilling; and,
(5) Whether it was possible to establish how far south and how far inland cocoa could be
successfully grown in the north Australian tropics assuming over-night chilling poses a
problem for canopy productivity.
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4.2 Methods
4.2.1

Outline of experiments

The three experiments outlined below were completed to determine the effects of cold overnight temperatures on leaf performance in cocoa. The experiments were carried out in two
different locations (Darwin, Northern Territory and South Johnstone, Queensland).

The

Queensland trial was part of the Northern Australian Cocoa Development Alliance
(NACDA) project described in chapter six.
(1) Diurnal measurements of leaf chlorophyll fluorescence for plants subject to naturally
occurring over-night chilling were completed in July (dry season; winter) and compared
to measurements in January (wet season; summer);
(2) Six month old seedlings were subjected to 10°C for one night in a controlled
temperature room with day-time temperatures kept at 24 °C . Leaf chlorophyll
fluorescence measurements were completed after 11 h exposure to the low temperature
treatment.
(3) Point measurements of leaf gas exchange were undertaken following over-night chilling
in the Northern Territory and compared with results obtained following warmer overnight temperatures. Point measurements of leaf gas exchange and diurnal investigations
were carried out in Queensland following over-night chilling. Recovery was monitored
up to the ninth day following over-night chilling.

4.2.2

Plant material, trial design, and procedures

4.2.2.1 Plant material
Cocoa (Theobroma cacao) seeds used for all experiments were sourced from Papua New
Guinea's Cocoa and Coconut research institute in RabauI, East New Britain Province. K82 x
KEE43 were used for experiments one and two while KA2-106 x KEE23 was used for
experiment three. Seeds were gern1inated in 17 em diameter pots under 30 to 500/0 transmitted
light on arrival at the Department of Business Industries Research and Development (DBIRD)
section of the Coastal Plains Horticultural Research Station (CPHRS) in the Northern Territory
and at the Department of Primary Industries, South Johnstone, Queensland. Seedlings were
transplanted into the field after three to five months growth. All plants were regularly fertilised
and irrigated during this study (see sections 3.2.2. ]).
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4.2.2.2 Experimental design and procedures
Experiment one consisted of four shade treatments constructed in the field as detailed in chapter
two. The 25, 35, 50, 700/0 transmitted light treatments were equivalent to 450, 600, 900 and
1200 /lmol m- 2 s-' at solar noon (i.e.1800 /lmol m- 2 s-') respectively. Treatments were replicated
four times by individual blocks with each block consisting of six experimental trees spaced at
2.25 meters and two guard trees (i.e. a tree used at either end to protect experimental trees from
edge effects). The efficiency of F)F m and electron transport rate (ETR) were determined on
four recently hardened-off upper canopy leaves per block per treatment.

Dark adapted

efficiency of PS II was determined on two recently hardened-off upper canopy leaves per block
per treatment. Leaves were tagged for repeated measurements.
Experiment two used eight seedlings selected from among 90 plants for uniformity in leaf
development and leaf greenness. Four seedlings were used for the chilling treatment (10 °c
over-night) and four were used for the control (24°C over-night). Buckets of water were spaced
around each controlled temperature room to maintain a high relative humidity and produce a
more stable temperature throughout the experiment.

Seedlings in the 10°C treatment were

covered with large plastic bags with small holes throughout to reduce wind exposure from the
refrigerator fan.

Leaf chlorophyll fluorescence measurements were completed after eleven

hours exposure to treatment conditions before seedlings were taken from the controlled
temperature room. Measurements were performed on three leaves per plant per treatment.
Experiment three was completed in the Northern Territory and Queensland. Northern Territory
leaf gas exchange measurements were carried out after over-night temperatures of 10°C in
August and during warmer (24°C) over-night telnperatures in October. Leaf gas exchange was
measured between 0800 to 0840 h on two leaves per block per treatment (three blocks). The
Queensland leaf gas exchange measurements were undertaken on cocoa subject to partial shade
representing approximately 80 to 90% transmitted light. These measurements were undertaken
following chilling events between the 3 - 51h of June 2002 and diurnal measurements on the 4th
1
1h
and 5 of June 2002. Leaf gas exchange was also measured at 0830 h on the 6 '\ 71h and 91h of
June 2002.

Eight recently hardened-off upper canopy leaves in each of three blocks were

tagged for repeated measurements.
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4.2.3

Trial measurements

4.2.3.1 Climate data
Tiny Talk data loggers (Gemini data logger, 1994 UK Ltd) were placed within Stevenson
screens and mounted on star pickets in the middle of the canopy of one block per treatment.
Loggers recorded temperature and relative humidity every five minutes throughout the study.
Data were downloaded using a notebook computer equipped with downloading software (GLM,
Version 2.10). Climatic data were also obtained from the Australian Bureau of Meteorology to
allow the field data to be compared to long term averages.

4.2.3.2 Dark-adapted leaf chlorophyll fluorescence
Leaf chlorophyll fluorescence measurements were performed using a pulse amplitude modulator
2000 (PAM 2000, Walz, Effeltrich, Germany) in conjunction with the leaf clip holder (model
2030-B), as described by Schreiber and Bock (1995). Leaf chlorophyll fluorescence readings
were stored in a portable computer (Poquet Computer Corp., Santa Clara, CA, USA), loaded
with data processing software DA-2000 (W ALZ). The photosynthetic active radiation (PAR)
sensor on the PAM 2000 was calibrated against a quantum sensor (LI-COR, Lincoln, Lincoln,
NE, USA) (Appendix 1.6).
The efficiency of PS II was assessed on recently hardened-off upper canopy leaves that were
dark-adapted for 30 minutes prior to measurements. Leaves were kept in the dark by covering
leaves with aluminium foil to ensure photosynthetic active radiation remained below 20

~mol

m-2 S- I before and during the determination of FvlFm.

4.2.3.3 Light adapted leaf chlorophyllfluorescence
Diurnal measurements of the effective quantum yield

(~F/Fm')

were carried out on recently

hardened-off upper canopy leaves which were tagged for repeat measurements.

Leaf

chlorophyll fluorescence measurements were completed between five and eight times a day
during both dry and wet season. Leaf angle was maintained in its natural inclination during
measurements so photosynthetic active radiation (PAR) at the leaf surface could be accurately
assessed. PAR data was corrected for the actual incident light as recommended by Rascher et

at. , (2000). Non-photochemical quenching (NPQ) measurements were re-calculated using the
pre-dawn F m values (Table 4.1).

The calculations used in determine other leaf chlorophyll

fluorescence parameters are shown in Table 3.1 in the previous Chapter.
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4.2.3.4 Rapid light curves
Rapid light curves (RLCs) were performed during experiment two using the leaf clip holder
(model 2030-B, Walz, Effeltrich, Germany) with the PAM 2000 pulse amplitude modulator.
The PAM 2000 was manually programmed (Appendix 1.7) to complete a 90 second RLC with
nine actinic light intensities ranging from 0 to 966 /-lmol m- 2
light halogen lamp.

S-I

using P AM-2000 internal white

The actinic light was maintained for 10 seconds at each light interval

followed by 0.8 second saturating flash (2000 to 3000 /-lmol m-2 S-I white, halogen lamp). At the
end of each saturating flash, the effective quantum yield of PS II was automatically calculated
and stored along with PAR, leaf temperature, and Fo and Fm' data.

Leaf chlorophyll

fluorescence parameters were later used to detennine NPQ using the pre-dawn F mvalue for each
sampled leaf. Rapid light curves were performed after two hours exposure to morning light.
Before starting a RLC each leaf was temporarily kept in the dark for 30 seconds.

4.2.3.5 Lea/gas exchange
Leaf gas exchange was measured using a portable open Infra Red Gas Analyser-IRGA (LI-COR
6400; LI-COR Inc. , Lincoln, IL, USA).

Leaves were enclosed in a 6 cm2 cuvette during

measurements and readings recorded after approximately one minute.

Leaf gas exchange

measurements were completed in the same manner described in Chapter three.
An open sky attachment (LI -COR 6400) was used during measurements so PFD could be
recorded using the internal quantum sensor under ambient light conditions.

4.2.3.6 Statistical analysis
Diurnal measurements of leaf chlorophyll fluorescence and leaf gas exchange completed in
Queensland were analysed using repeated analysis of variance (ANOY A). Time of day and
season were factors in the analysis. Light treatments were further assessed by a post hoc LSD
test determining significant differences between treatments and treatment times.

Leaf gas

exchange measurements taken between August and October in the Northern Territory were
assessed using main effects analysis of variance with replication within blocks. Statistics were
calculated using Statistica version 6.] (Stat, Inc 1984 - 2003). Probability values <0.05 were
considered significant unless otherwise stated. Sigma Plot version 6.] 0 (1986 - 2000 SPSS Inc)
was used for graphical presentation of the data.
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4.3 Results
4.3.1

Experiment one - seasonal leaf chlorophyll fluorescence

4.3.1.1 Dry season air temperature and relative humidity
Chilling temperatures in Darwin usually occur between June and August and at least three to
four cold events are experienced each year (i.e. when air temperature drops below 12°C; Eamus
Air temperatures below 12°C at night were usually followed by air

and Wilson 1983).

temperatures >30 °c the following afternoon (Fig 4.1).
Relative humidity (RH) was typically above 80%

until 0930 h. Thereafter RH was

approximately 20 to 300/0 during mid-afternoon (Fig 4.2).
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Figure 4.1 Daily minimum and maximum air temperatures during July 2002 (dry season).
indicates when diurnal leaf chlorophyll fluorescence measurements were completed.
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fluorescence measurements were taken on the 5th to the 6 th July 2002.

4.3.1.2 Dry season leaf chlorophyll flu orescence
Dry season minimum leaf chlorophyll fluorescence yields (Fo) were not significantly different
between each time and treatment; however, F 0 values were significantly different for time of
day increasing during the morning and decreasing in the early afternoon irrespective of
treatment. TIns was particularly noticeable during day two when Fo peaked at noon (Fig 4.3).
Maximum fluorescence yields (Fm) were at times (0800 and 2000 h) significantly different
(P<O.OO 1) between the 25 and 700/0 treatments (P<0.05). There were also differences between
treatment times during the day (Fig 4.3). Large reductions in Fm occurred during the day for all
treatments. The FjFmratio decreased significantly during the day (P<O.OOI) for all treatments
but few differences were detected between treatments within each time interval especially
during day two (Fig 4.3).
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Figure 43 Diurnal pattern of minimum florescence yield (Fo), maximum fluorescence yield (Fm)
and the efficiency of PS II (F JFm) during over-night chilling between the 4 - 7th July for cocoa
grown at 25% (triangle, long dash), 35% (diamond, dotted), 50% (square, short dash) and 70%
(circle, unbroken) treatment. Each point is the mean of eight individual leaves ± s.e.

Steady state (i.e. light adapted leaves) measurements of the effective quantum yield of PS II

(llFlF m') and ETR (electron transport rate) were completed on the same days as dark adapted
measurements. The llFIFm'was largely reduced at first light irrespective of treatment (Fig 4.3).
At 0730 h, llFIF m' averaged 0.24 for the 25 and 350/0 treatments and 0.18 for the 50 and 70%
treatments after 30 minutes exposure to PFD of approximately 60 Jlmol m- 2

S- I.

All treatments

recovered gradually and at 1830 h the lowest llFIF m' was found under the 700/0 treatment (0.4)
when compared to three lower Jight treatments (0.6).

The ETR was «10) at 0730 h but

increased throughout the day irrespective of treatment. There were significant differences in
ETR between treatments (P<O.OOI) and treatment time intervals (P<O.OOl) with the maximum
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ETR (100 to 150 ETR) for all treatments occurring at approximately 1430 h. At 1430 h the
70% treatment had 350/0 larger ETR than the 250/0 treatment.
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Figu re 4.4 Diurnal pattern of leaf temperature (oe), photosynthetic active radiation (PAR; !-lmol
m-2 S- I), effective quantum yie ld of PS II (6FlF rn ') and the electron transport rate (ETR; !lmol m-2 S- I)
during chilling temperatures (i.e. between the 4 - i h July Fig 4.1) for cocoa grown at 25% (triangle, long
dash), 35% (diamond, dotted), 50% (square, short dash) and 70% (circle, unbroken) treatment. Each
point is the mean of eight individual leaves ± s.e.
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4.3.1.3 Wet season air temperature
In contrast to the dry season (July), minimum air temperatures in the wet season (January) never
fell below 22 DC and maximum air temperature at times reached 38 DC during the mid-afternoon
(Fig 4.5). During leaf chlorophyll fluorescence measurements in January minimum air
temperatures were 22 DC and maximum air temperatures 32 DC (Fig 4.6). Relative humidity for
January was not presented due to sensor malfunction; however, Bureau of Meteorology
statistics for Darwin airport showed that humidity rarely falls below 600/0 in the month of
January.
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Figure 4.5 Average minimwn and maximum temperatures during January 2003 (wet season). Leaf
th
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when leaf chlorophyll fluorescence measurements were completed.
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chl orophyll fluorescence measurements were completed .
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4.3.1.4 Wet season leaf chlorophyll fluorescence
There were no significant differences in wet season Fa values between treatments during each
time interval. However, differences between time intervals were highly significant (P<O.OOI)
and there was also a treatment by time interaction as shown in Figure 4.7 (P<0.02). Fa values
remained low for all pre-dawn measurements and peaked at 0930 h irrespective of treatment. Fa
gradually decreased after 0930 h and ranged from 0.21 to 0.23 by 2000 h. The maximum
fluorescence yields (Fm) were significantly different between treatments (P<0.001) and a time
by treatment interaction was also observed (P<0.001; Fig 4.7). Fm declined from pre-dawn
values until 1330 h recovering thereafter. The 70% treatment had the lowest Fm value at 1330 h
(0.57) and was between 12 - 360/0 lower than the three lower light treatments (Fig 4.7). FvlFm
followed the same pattern as Fm decreasing until 1330 h and recovering thereafter. There were
significant differences between treatments (P<O.OO 1) and there was again a treatment by time
interaction (P<0.001) for FvlFmmeasurements.
The

~F/Fm'

was significantly different between treatments (P<0.001) and treatment times

(P<O.OOl) during January. The

~F/Fm'

decreased gradually during the morning and was lowest

for all treatments at 1200 h (Fig 4.8) and ~F/Fm' values were 0.41 , 0.28, 0.21 0.11 for the 25 , 35,
50 and 700/0 treatments respectively. Afternoon,
h when

~F/Fm '

~F/Fm'

increased after 1200 h up until the 2000

values were similar to readings taken at 0830 h.

Differences in ETR were highly significant between time and treatment (P<O.OOl) at 0830 hand
1600 h with ETR peaking at noon for all treatments (Fig 4.8). During 1200 h measurements,
ETR ranged from 130 to 145 irrespective of treatment.
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Chapter 4: Short-term over-nigh t chilling in cocoa

4-16

4.3.1.5 Changes in AFI Fm' and FIFm between dry and wet seasons
Highly significant differences (P<0.001) were found between dry and wet season measurements
of

~FIFm'

(Figs 4.4, 4.8; Appendix 9).

The dry season L\FIF m' at noon were significantly

smaller 260/0 of the time between all treatments when comparing the dry to the wet season
values.
The pre-dawn efficiency of PS II (F i Fm) were below the optimal value of 0.83, as reported by
Maxwell and Johnson (2000) for higher plants on all sampling dates. The mean pre-dawn F iF m
ratios for the 25, 35, 50, 70% treatments were just on the boarder-line of significance (P<0.05)
being lower during the dry season (Fig 4.3) when compared to that of the wet season (Fig 4.7)
with the exception of the 50% treatment. There were also significant differences (P<O.OO 1) in
FvlFm at 1400 h between seasons (Appendix 9).

4.3.1.6 NPQ development between dry and wet seasons
The average (n= 3 to 5) RLC showed that between the morning and afternoon maximum NPQ
development increased by 47% for the 25% treatment and 22% for the 700/0 treatment during the
dry season (August).

In comparison, wet season (January) maximum NPQ developlnent

increased by 570/0 for the 25% treatment and 260/0 for the 70% treatment between the morning
and afternoon (Fig 4.9).
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Figu re 4.9 Non-photochemical quenching for recently hardened-off upper canopy leaves during the
morning (0800 h) and afternoon (1400 h) using nine step 10 second interval rapid light curves (RLC) for
plants grown at 25% (triangle, long dash) and 70% transmitted light (circle, unbroken) during August and
January. Each symbol is the average of five leaves. Upper error bars are only presented in some cases to
improve clarity.

4.3.2

Experiment two - chilling stress on seedlings

4.3.2.1 Air temperature and relative humidity
Over-night air temperature was maintained at 10 DC for the treatment and 24 DC for the control.
Relative humidity was maintained above 800/0 for both treatment and control.

Details of

changes in air temperature and humidity throughout the experiment are provided in Figure 4.10.

Chapter 4: Short-term over-night chilling in cocoa

4-1 8

100
~

~

£-0
·E
:::l

..c

Q)

>

~Q)

a::

o

0,-"

90
80
70
60
30

25

e-. .. -.... . .

..

.... . ... .... .. ... .. ..... __ .-e .-.

20

i

15
10 -

;{

\

I

\.-~ . . - . - . .--'t"-.- .T- . ~ . -"'. ~
N

~

~

m m

~

00

m

I

I

r-"

1

0

~

N

~

~

~

~

~

Hours from start of experiment

Figure 4.10 Air temperature and relative humidity in controlled temperature rooms. Triangles represent
the treatment at 10°C and circles the control at 24 DC.

4.3.2.2

F /Fm and effective quantum yield

There was a significant decline (P<0.05) in the efficiency of PS II (F jFm) when seedlings were
subject to ] 2 °c over-night (0.73) compared to control plants at 24°C (0.77) (Table 4.2). The
~FlFm'

after over-night dark chilling was significantly reduced (100/0) for both treatments.

Seedlings at ]0 °c also experienced lower ~F/Fm' values (0.70; P<0.05) when compared to the
control (0.75, Table 4.3).

Table 4.1 A summary of leaf temperature, electron transport rate (ETR), the effective quantum yield of
PS 11 (~FlFm') , the maximum efficiency of PS II (FvlFm) the maximum dark adapted fluorescence yield
(Fm) and the minimum fluorescence yield (Fo) during experiment two. Values are the mean of 36
measurements ± s.e. Letter followed by a different letter indicate significant differences (P<O.OS).
Time
11 h treatment
11 h control
14 h treatment
14 h control

N
36
36
36
36

T Leaf
12±O.2
24 ±].3
33 ±0.2
32 ±0.2

ETR
3.S 3 ±
S.Oa ±
116b ±
] ] 2b ±

0
1
S
3
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AF/F m '

0.70 a ±O.l
0.7S b ±0.1
c
0.20 ±O.I
0.22 c ±O.l

FJFm

0 .73
0.77 b
3

Fm

0.84
0.99 b
3

Fo

0.22 3
3
0.23
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4.3.3

Experiment three - chilling temperatures and leaf gas exchange

4.3.3.1

Leaf gas exchange, Northern Territory

Leaf carbon assimilation was suppressed for all light treatments after over-night chilling in
August (Table 4.3).

There were no significant differences between leaf gas exchange

parameters for the different light treatments at 0830 h during August measurements.

In

October, while leaf-to-air vapour pressure difference was larger than that experienced

III

August, photosynthesis for all treatments increased significantly (P<O.OOl) when compared to
August measurements. Stomatal conductance was similar between months for all treatments;
however, there were significant differences (P<O.OO 1) in C j between August and October.
Table 4.2 A comparison of leaf carbon assimilation (Aarea), stomatal conductance (gs), inter-cellular CO2
concentration (C j ), leaf-to-air vapor pressure difference (LA VPD) and leaf temperature (Tleaf) during the
morning (0830 h) after cold over-night temperatures in August (12 DC) and warm over-night temperatures
in October (25 DC) in the Northern Territory. Values are the mean of8 - 20 leaves (mean,14) ± s.e.
Month
August

October

Transmitted
light (%)
70

Aar-ea
{l!mol m- 2 S-l}
3.0 a ±0.4

gs
(mol m-2 S-I)
0.03 ±0.01

Cj
(mol mor l )
292 a ± 14

LAVPD
(kPa)
0.7

Tleaf
(oC)
21

50

2.3 a ±0.2

0.09 ±0.01

353 b ±8

35

2.2 a ±0.3

25

2.1 a ±O.l

70
50
35
25

7.4b ±7 .4
c

6.4 ±6.4
d

5.6 ±5.6
4.6 e ±4.6

0.6

20

0.03 ±0.09

b

394 ± 13

0.5

19

0.10 ±0.01

b

368 ±4

0.6

20

0.09 ±0.01

c

2.1

34

0.09 ±0.0 1

d

227 ±5

2.3

34

0.1 I ±O.Ol

d

249 ±6

2.2

33

0.08 ±0.01

d

2.4

35

210 ±8

238 ±9

4.3.3.2 Leafgas exchange, Queensland
Measurements taken in Queensland showed that over-night chilling significantly impaired
photosynthesis the following day (Fig 4 .11). Photosynthesis was 0.7 /.lIDol m-2
2

day one peaking to 2.7 /.lmol m-

S- I

S- I

at 0830 h on

at 1000 h. Leaf carbon assimilation was further inhibited

throughout day two achieving rates no larger than 1.5 /.lmol m-2 S-I. At 0830 h on days three and
four, photosynthesis started to recover reaching approx imately 4 /.lmol m-2

S- I .

On day nine

leaves previously exposed to over-night chilling were able to attain photosynthetic rates of 6
J..lmoJ m-2

S- I

(Fig 4.11).
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Figure 4.11 Diurnal and point measurements of leaf carbon assimilation (Aarea), stomatal conductance
(gs), inter-cel1uar carbon concentration (C), leaf-to-air vapor pressure difference (LAVPD), leaf
temperature and photon flux density (PFD) during a cold shock in South Johnstone, Queensland.
Numbers indicate days after over-night chilling; (l,day one), (2"day two), (J"day three), (1"day four) and
(2.,day nine). Circles correspond to left x axis squares correspond to right x axis. All symbols are the
mean of24 leaves ± s.e.

Stomatal conductance (gs) declined by 870/0 (P<O.OOI) when compared to gs on the ninth day
(Fig 4.11). Stomatal conductance remained low «0.04 mol m-2

S- I)

for two days following

chilling temperatures recovering slowly thereafter until the ninth day (gs; 0.16 mol m- 2 S-I).
The inter-cellular CO 2 concentration (C j ) at 0830 h on the first two days following chilling
temperatures was between 347 llIDol

S- I

and 420 llmol

S-I.

There were large decreases in C j

between 0830 h and mid-afternoon for days one (180/0) and two (25%). Thereafter C j at 0830 h
remained relatively stable ranging between 310 to 320 llmol

S-I.

Leaf-to-air vapor pressure difference (LA VPD) was below 2 kPa for all 0830 h leaf gas
exchange measurements.

LA VPD peaked at approximately 1430 h (2.4 kPa) and declined

thereafter.
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Leaf temperature followed the same pattern as LA VPD peaking at 1430 h (32°C). During the
first measurement time (0830 h) average leaf temperatures were 16, 20, 29, 28, 30°C for days 1,
2, 3, 4 and 9 respectively.
Leaf gas exchange measurements were completed at PFD >800 I-lmol m- 2

S-I,

therefore light was

not limiting photosynthesis since cocoa is photosynthetically light saturated between 250 to 450
I-lmol m-2

4.3.4

S- I

(Chapter 3; Fig 3.12).

Minimum temperatures in traditional and non-traditional locations

Cocoa is traditionally grown less than 11 ° north or south of the equator; however; there are a
few cases when cocoa is produced 13 ° south as seen for Brazil (Table 4.4). Generally speaki ng,
chilling temperatures increase when moving away from the equator with exceptions to locations
at altitude. Several of the traditional cocoa producing areas can experience low over-night
temperatures (Table 4.4) however only in isolated cases does air temperature fall below 10°C
(Table 4.4).

Table 4.3 Locations of traditional cocoa producing areas including latitude, longitude, elevation,
minimum temperatures during January, April, July and Oct and the absolute minimum temperature
(Source: National Oceanic and Atmospheric Administration (NOAA), North Carolina, USA).

Country
Brazil, Salvedor
Brazil
Cameroon
Cote d'lvoire
Ecuador
Malaysia
Papua New Guinea
Trinidad

Latitude
City
Manaus
0308S
Salvedor
1300S
Yaounde
0353N
Man
0742N
Guayaquil
0210S
Sandakan
0554N
Rabaul
0413S
Port of Spain 1040N

Elevation
Longitude (meters) Jan
44 24
6001W
47 23
3830W
770
19
1132E
364 20
0500W
6 22
7953W
11803E
12 23
152 11 E
9 23
6131W
20 21

Apr
24
23
19
21
22
24
23
21

Extreme
Jul Oct minimum
24 24
17
21 22
10
19 18
14
20 20
14
19 20
11
24 24
21
18
23 23
22 22
11

Average minimum monthly (Table 4.6) and absolute minimum monthly data (Table 4.7) were
collected from the Bureau of Meteorology weather stations for various north Australian
localities (Table 4.5). Sites that experience cold over-night temperatures < 13°C have been
highlighted to indicate locations where reductions in photosynthetic productivity could be
expected to occur if cocoa was grown in those areas.
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Table 4.4 Locatio ns in north Australia including latitude, longitude, elevation and group (latitude and
lo ngitudinal) in which each location belongs too (Bureau of Meteoro logy, Australi a).
Location
Gove
Darwin
Katherine
Cooktown
Kununurra
Port Douglas
Mareeba
Kairi Research Stn
Innisfail
Broome
Cardwell
InQham
Bowen
Proserpine
Mackay
Bundaberg

Lat
12.3S
12.4S
14.5S
15.5S
15.8S
16.5S
17.1S
17.2S
17.5S
18.0S
18.3S
18.7S
20.0S
20.5S
21 .1S
24.9S

Long
136.8E
130.9E
132.3E
145.3E
128.7E
145.5E
145.4E
145.6E
146.0E
122.3E
146.0E
146.2E
148.3E
148.5E
149.2E
148.3E

Elev.
51.6
30.4
103.0
6.0
44.0
4.0
471.9
714.5
8.0
19.0
5.7
11.8
6.0
19.7
5.7
27.0

Group

10-14°

15-19°

20-25°

Table 4.5 The average minimum monthly temperature during the year for various locations across north
Australia. Values highlighted yellow represent months where air temperatures would negatively affect
photosynthetic productivity (Bureau of Meteorology, Australia). The environment at Innisfail is also very
similar to that found at South Johnstone.
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4.4 Discussion
4.4.1

Dynamic and irreversible photoinhibition

Large changes were found in diurnal FJFm during both the dry and wet seasons (Fig 4.3 and
4.7) following low over-night temperatures. Down regulation of FJFm was found to be more a
function of light than dark chilling, a fmding consistent with others (Ball et aI., 1991; Sonoike
1998; Oliveira and Penuelas 2001). Since leaves were in a darkened state during chilling, FJFm
remained relatively high indicating little to no inhibition of PS II. However, pre-dawn FJFm
was slightly lower (P<0.05) during June when compared to January, suggesting over-night
chilling or stress from the previous day had caused some inhibition of PS II (Fig 4.3 and Fig
4.7).

The assumption that cold over-night chilling had caused the reduction in FJFm was

supported in experiment three where FJFm was significantly (P<0.05) inhibited after 11 h
exposure to 10

°c compared to the control at 24 °c (Table 4.2).

Similar declines in pre-dawn

FvlFm have been reported after over-night chilling in french bean (Tsonev et aI., 2003).
Although there was evidence dark chilling caused a small level of PS II inactivation (Table 4.2)
it was clear that chilling followed by high light flux density caused significantly larger downregulation of FJFm during the day for all light treatments, especially the 700/0 treatment (Fig
4.3). This was primarily caused by large reductions in Fm at dawn suggesting light was the
likely cause of reduced Fm. There were also likely contributions from increasing Fo during the
day causing F j F mratios to decrease further (Figs 4.3 and 4.7). Reductions in Fm and Fo usually
indicate changes in antenna size (i.e. dissociation of light harvesting complex II from PS II)
which causes a reduction in the amount of light absorbed by PS II (Verhoeven et al., 1996;
Neidhardt et aI., 1998).

Changes in antenna size (i.e. reducing FJ Fm) is a form of

photoprotection and reduces the charge separation between PS II and PS I reaction centers
(Bennett 1991). This is a beneficial response protecting leaves from over-excitation pressure.
The most dramatic response was seen for the decline of effective quantum yield of PS II

(L\FlFm') when comparing leaves after cold (Fig 4.4) and warm (Fig 4.8) over-night
temperatures. In July, following over-night chilling L\FlF m' underwent large reductions after
one hour of morning light (0.20, Fig 4.4).

In contrast, morning measurements of L\FIF m'

declined only marginally in January (0.67, Fig 4.8). A similar response was seen in experiment
two after dark chilling (Fig 4.2).

However, large and rapid changes in effective L\FIF m'

occurred for both chilled and control plants suggesting the mechanism causing reduced L\FIFm'
occurs when any type of stress in endured.

Control plants in the present study may have

experienced stress from transportation from the green house to the controlled temperature room.
This experiment was completed on the same day as plant transportation. In a similar study,
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reduced

~F/Fm'

resulting from chilling temperatures was considered to be a form of

photoprotection for the Mediterranean plant Quercus ilex L (Oliveira and Pefiuelas 2000).
The efficiency of PS II showed a variable response during the day (Fig 4.3) indicating that overnight chilling was reversible and, most importantly, no major damage to reaction centres were
found after short-term over-night temperatures below 10 DC for two consecutive nights. This is
an important finding when considering potential sites for growing cocoa commercially.
In the present investigation, dynamic rather than chronic photoinhibition occurred since FvlFm
values were able to recover close to pre-dawn values (Figures 4.4 and 4.8). Photoprotection was
achieved by the fast and large down regulation in

~F/Fm'

and the large development of non-

photochemical quenching (NPQ). However, it is important to note that the results obtained in
this study were after chilling temperatures over two consecutive nights. Long-term chilling
temperatures, followed by high light levels during the day would likely cause ongoing
cumulative damage to PS II reaction centres leading to chronic photoinhibition (Hendrey et al.,
1987).

4.4.2

Non-photochemical quenching (NPQ)

Cocoa leaves are able to develop large levels of NPQ (approximately 5.0) compared to the
typical range of 0.5 to 3.5 NPQ reported for most higher plants (Maxwell and Johnson 2000).
NPQ enables leaves to dissipate excess absorbed energy as heat with NPQ accounting for up to
750/0 of dissipated absorbed light (Niyogi 1999; Ott et at. , 1999; Hendrickson et aI., 2004). This
is obviously an important photo-protective feature. In the present investigation there were no
sign ificant differences between rapid light curves (RLC) completed at 0800 h or at 1400 h for
August (dry season) and January (wet season). Thus, the xanthophyll cycle was not inhibited
after chilling temperatures and plants were able to develop large NPQ levels equivalent to those
observed in January. NPQ development assists cocoa to tolerate the combined affects of cold
over-night chilling and high subsequent light levels. However, NPQ development may only
protect leaves during short-term exposure to over-night chilling combined with high light levels.
Continued over-night chilling followed by exposure to high solar irradiance is likely to cause
larger demands for D1 turnover (i.e. psbA gene product is the most rapidly turned over protein
in chloroplasts) (Hundal et aI. , 1990).
Under lnost conditions the major mechanism of photoinhibition is the inactivation of the D 1
protein of PS II (Aro et al. , 1993). Damage to D 1 is directly proportional to light intensity
(Tyystjarvi and Aro 1996) and inactivated protein molecules must be replaced by newly
synthesised D 1 proteins to restore PS II activity (Zhang and Scheller 2004). Since metabolic
pathways are sluggish after chilling, especially in tropical plants, (Allen and Ort 2001) the
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regeneration or recovery process of D 1 proteins is likely reduced following chilling (Morrison
and Critchely 1998).

Leaves are therefore vulnerable to chronic photoinhibition since Dl

turnover needs to accelerate when leaves become photoinhibited (Misra et at., 1998; Ji and Jiao
2000).

Plants are able to dissipate excess energy by alternative processes other than non-

photochemical quenching. It is reported that 20% of energy flux contributing to ETR can be
dissipated through photorespiration. Other known means of energy dissipation such as photo
reduction of O 2 at PS I and subsequent superoxide detoxification (water-water cycle) are known
to represent only a small energy sink at chilling temperatures (Hendrickson et af., 2004). There
are also other techniques cocoa can use to reduce light absorption such as changing leaf angle
(Ehleringer and Comstock 1987), inter-leaf self shading through leaf clumping (de Castro and
Fetcher 1999) and crown development close to the stem creating a more compact canopy
(Takenaka 1994).
The most evident decline in any of the leaf chlorophyll fluorescence parameters was
As discussed previously,

~F/Fm'

decreased by 66% on commencement of first light (Fig 4.4)

after exposure to over-night chilling.
January,

~FlFm'

~FlFm'.

However, during warmer over-night temperatures in

changed very little (Fig 4.4 and 4.8). This result may be interpreted through

the findings of Barker and Adams-III (1997) in the cactus species Opuntia macrorhiza where
the efficiency of PS II was significantly reduced during the day from the retention of zeaxanthin
and antheraxanthin xanthophyll pigments. The retention of these pigments was shown to be a
protective strategy allowing for the fast development of NPQ the following dawn (Barker and
Adams-Ill 1997). It is suggested here that particular carotenoids may be retained during overnight chilling causing the fast and ready activation ofNPQ the following morning in cocoa.

4.4.3

The influence of chilling temperatures on leaf gas exchange

Large reductions in photosynthesis occurred after cocoa experienced over-night chilling
compared to warm over-night temperatures (Table 4.3). Photosynthesis in cocoa is optimal at
32°C (Chapter three; Fig 3.11) and changes in leaf thermodynamics (i.e. metabolic activity with
respect to temperature) can influence the rate of carbon metabolism by reducing reaction rates
therefore limiting sinks that absorb excess excitation energy (Huner et at., 1998). The main site
of photoinhibition at low temperature is reported to be PS I reaction centres (Sonoike 1998;
Zhang and Scheller 2004). Due to the formation of hydroxyl radicals fi'om reactions between
hydrogen peroxide and reduced iron-sulfur centres, a PS I reaction centre subunit and a
phylloquinone protein are destroyed during this process (Terashima et af. , 1998). It is also
proposed that photo-inactivation of PS I occurs through three successive steps; (1) inactivation
of the acceptor side, (2) the destruction of reaction centre chlorophyJls and, (3) through the
degradation of PS 1 subunits (Sonoike 1998).
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In the present study, photosynthesis at Coastal Plains was clearly affected by over-night
temperatures of 12°C in August (Table 4.3). In comparison, photosynthetic rates were larger
and accompanying C j concentrations lower during warmer over-night temperatures in October;
however, afternoon photosynthetic rates were similar for both months suggesting over-night
dark chilling in August were not severe enough to induce chloroplast impairment rather, leaves
experienced leaf temperatures low enough to significantly reduce enzyme activity_
Low photosynthesis, stomatal conductance (gs) and large morning C j were found in Queensland
grown cocoa (Fig 4.11) after over-night chilling temperatures of 10°C. The exposure of cocoa
to chilling temperatures in Queensland demonstrated a similar response to that found at Coastal
Plains. However, chilling temperatures in Queensland were lower and two consecutive overnight chilling events were experienced.

Low photosynthetic rates following chilling are

originally thought to be a result of low gs. However, C j was high at the same time suggesting
other causes such as sub-optimal leaf thermodynamics and/or chloroplast impairment.
Low gs is known to result from chilling temperatures (Powles et at., 1983). However, the effect
of low gs on photosynthesis in the present study was probably negligible since C j on the second
day following chilling temperatures was large indicating little CO2 was being fixed. However,
one can not ignore the potential for gs to reduce photosynthesis.
chilling have reduced photosynthetic rates (Hendrickson et

Grape vines experiencing

at., 2004).

It was shown that gs in

grape vines was reduced by 10 to 200/0 directly after chilling temperatures, presumably
accounting for part of the decline in photosynthesis (Flexas et

at., 1999). This reduction in gs

was associated with leaf water deficit.
Previous measurements of morning (0800 h) photosynthesis in cocoa after warm over-night
temperatures (24 to 25°C) showed a 1000/0 increase in leaf assimilation even when gs values
were similar to that of mornings following chilling events (0.04 mol m-2
3.4).

S-I)

(Chapter 3; Fig

The present study could therefore rule out the effect of leaf water deficits as the

experimental plot was watered daily during the dry season. It is reported that cocoa leaves
experiencing over-night dark chilling had a larger leaf water potential compared to unchilled
plants (Joly and Hahn 1991). Thus, following chilling cocoa is more likely to be atlected by
non-stomatal limitations. Furthermore, in the present study C j did not change significantly
between the second and ninth day indicating C j was not restricting CO 2 fixation (Fig 4.11). Joly
and Hahn (1991) reported similar findings for cocoa after dark chilling.
In the present study, high electron transport rates (ETR) were found following over-night
chilling temperatures (Fig 4.4). It has been reported that night chilling can increase the ratio of
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ETR to CO 2 assimilation in leaves (Fryer et al., 1998). This response has been attributed to the
increased O 2 uptake via RuBP oxygenase or the Mehler reaction (Park et al., 1996; Fryer et al.,
1998). However, RuBP oxygenase seems to be CO 2 sensitive and Mehler reaction insensitive.
Thus, the Mehler reaction can account for up to 30% of ETR when chloroplasts are insensitive
to CO 2 concentrations (Flexas et aI., 1999). This presumably reduces photo-oxidation by overexcitation pressure during chilling temperatures. Changes in the speed of processes through
changes in leaf thermodynamics can alter photosynthetic rates.

However, once chilling

temperatures become severe, chloroplast impairment can occur leading to protein degradation
and the separation of fatty acids associated with thylakoids (Yan et al., 2006).
Results of Fo measurements in the present study following dark chilling suggested the possible
effect of chloroplast impairment through the process of either protein degradation or the
separation of fatty acids in chloroplasts. After cold over-night temperatures in August the
minimum fluorescence yield increased significantly up until noon (Fig 4.3). However, even
higher levels of Fo were experienced during January mornings following warm night
temperatures (Fig 4.7). Thus, disassociation of unsaturated fatty acids or protein degradation
occurs at both sub-optimal and supra-optimal temperatures. However, whilst experiencing cold
over-night temperatures photosynthesis took at least 5 to 9 days to recover (Fig 4.11). This
indicates short-term impairment of chloroplasts.

Even when leaf temperature was close to

optimal for photosynthesis on day three, photosynthesis was still suppressed compared to day
nine.

It is highly feasible that proteins, especially ones associated with the photosynthetic

apparatus, were degraded after two consecutive cold over-night temperatures <10°C.

It is

suggested that proteins associated with PS I reaction centres were degraded due to the prolonged
recovery of photosynthesis. PS I recovery after chilling temperatures is a very slow process
taking up to five days even under optimal conditions (Teicher et al., 2000). In comparison, PS
II recovery is relatively fast «8 h) (Neidhardt et al., 1998). This difference is due to PS I
reaction centres being completely removed and replaced once damaged whereas only damaged
proteins within PS II reaction centres are resynthesised (Teicher et al., 2000).

4.4.4

Geographical distribution of cocoa and temperature

Minimum temperatures throughout north Australian locations vary considerably with latitude
(Table 4.6 and 4.7). Average monthly minimum temperatures ranged from 10 to 26°C for
locations lying between 12 to 25° south of the equator while absolute minimum temperatures
faJI below 0 °c for some locations (Table 4.7). Low average monthly minimum temperatures
and absolute minimum telnperatures are reported to negatively affect cocoa fruit yields (Wood
and Lass 1985). For instance, consecutive days of 10°C have reduced cocoa fruit yields by
500/0 in Malawi (Lee ] 974). This is a significant loss in potential earnings to the producer.
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Those selecting localities for cocoa production in Australia must consider minimum monthly
temperatures as a variable of importance. In the present study over-night leaf temperatures of
13°C caused large losses (approximately 120 %

)

in photosynthesis.

Cocoa grown for the present study was able to tolerate isolated over-night temperatures of 10 °c
with only short-term losses in photosynthesis. However, persistent cold nights would result in
fewer assimilates being synthesised for growth and crop yields during winter months.

For

instance, while investigating average monthly minimum air temperatures the Kairi, Bundaberg,
Mackey and Proserpine, areas appeared to be marginal for cocoa production.

After

investigating these areas further it was shown (Table 4.7) that absolute minimum temperatures
ranged from severe to mild (0 °c to 13°C) 80 to 100% of the year. These absolute minimum
temperatures would cause long-term inhibition of photosynthesis in cocoa (Tables 4.6 and 4.7).
It is suggested that areas with regularly occurring air temperatures <20°C would not be suitable

for establishment of cocoa seedlings since they would be unlikely to achieve the photosynthetic
rates (i.e. assimilate production) required to support further vegetative growth.

Even if

seedlings were able to form assimilates at chilling temperatures, this enviroID11ent would still
result in poor fruit yield performance (Chapter 3; Fig. 3.10).

4.4.5

Conclusions

In the present study over-night chilling temperatures of 8 °c caused mild photoinhibition of PS
II reaction centres for all light treatments. However, PS II reaction centres were still able to
down-regulate in direct response to irradiance received the following morning leading to the
dynamic photoinhibition of PS II similar to that seen for cocoa leaves following warmer nights.
Short-term over-night chilling temperatures did not render leaves particularly susceptible to
chronic photoinhibition. In fact, the cocoa showed the ability to close PS II reaction centres
almost immediately following light absorption the morning following night chilling. This was
indicated by extremely low quantum yields of PS II

(~F/Fm').

It is suggested that the

development of low quantum yields of PS II was important for photo-protection following
forms of stress. Cocoa subject to over-night chilling temperatures were still able to develop
large levels of non-photochemical quenching (NPQ) similar to days following warm over-night
temperatures. Cocoa provides short-term protection for leaves after chilling nights and high
light pressure the following the day by closing PS II reaction centres.

This reduces the

efficiency of PS II and promotes development ofNPQ during the day.
Physiological processes used for photo-protection were shown to remain intact and functional
following short-term chilling temperatures. However, photosynthetic performance was severely

inhibited following chilling temperatures of ] 0 °c. Photosynthesis declined by 5000/0 following
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over-night chilling at 10 DC compared to warmer over-night temperatures. This inhibition is
suggested to occur from a combination of events, primarily a reduction in enzyme activity from
sub-optimal conditions for leaf thermodynamics and the degradation of specific proteins
associated with PS I reaction centres referred to in the present study as chloroplast impairment.
Canopy performance during the north Australian dry season months (i.e. winter months) will
ultimately depend on crop location. In areas with short-term over-night chilling, photosynthetic
capacity will be based on the intensity of chilling events and the number of chilling nights
endured. When considering the effect of chilling on photosynthesis and plant productivity, it
must be emphasised that losses in photosynthetic productivity don't only relate to crop yields
but also to survivorship/establishment success of juvenile plants and the time taken for plants to
reach maturity. However, it is highly recommended that potential producers investigate average
monthly minimum temperatures for their area.

Locations with average minimum monthly

temperatures < 15 DC would not be suitable for farmers seeking to cultivate high fruit yielding
cocoa. Furthermore, absolute minimum temperatures of 8 DC can inhibit photosynthesis for up
to seven days.

Temperatures below this point may cause severe permanent damage to

photosynthetic pigments resulting in chronic irreversible photoinhibition.

In these instances

cocoa seedling would die and more mature canopies would probably be set back by at least five
months while the canopy recovers.
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Chapter 5
Initial yields: The effect of contrasting light treatments on flowering, cocoa
bean quality and quantity for cocoa grown in the Northern Territory,
Australia.
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5.1

Introduction

Coastal Plains located near Darwin has a wet-dry tropical climate with the majority of rainfall
occurring during the wet season which normally occurs in December to March. The remainder of
the year is dry with little rainfall, low humidity, and high temperatures. This is in sharp contrast
with West African cocoa producing countries which typically experience high humidity, substantial
cloud cover, lower maximum temperatures and higher minimum temperatures throughout the year.
The difference between Coastal Plains climate and that of traditional growing areas raises the
question of whether it would be feasible to produce high yielding, good quality cocoa (i.e. large
beans with high fat melting point) if plants were supplied with shade, adequate irrigation and
fertiliser throughout the year.
Cocoa seedlings are traditionally planted under a variety of well-established shade-providing trees .
Gliricidia sepium is used as a shade tree in Malaysia whereas West African farmers tend to plant
directly under existing native tree species (Wood and Lass 1985). Regardless of type, some form of
shade is normally used during establishment with the shade trees being partially or totally removed
once the cocoa plants matw·e. However, nothing has been documented about the long-term effects
of continuously high light levels on cocoa seedling establishment, commencement of flowering,
long-term patterns of flowering, or the quantity and quality of bean yield. The work described in
this chapter primarily focuses on the results of establishing cocoa seedlings under 25, 35 , 50 and
700/0 transmitted light. It also addresses the question of whether the highest light level resulted in
reduced cocoa yields during the first full year of harvest. This question is of particular importance
since farmers require high early yields to generate early cash flow to support capital investments.
There are many factors to consider when determining the earliness of cocoa yields. For example,
cocoa grown in nutrient solution can flower just nine months after germination (Alvim and Alvim
1977b).

In addition, cocoa seedlings grown in sugarcane mill mud (i.e. a by-product from

sugarcane mills) can reduce nursery time by up to 50%. Seedlings need large healthy canopies to
support vegetative development in order to reduce the time taken for plants to mature. Seedlings
with a reduced canopy area during early development may stay in a juvenile stage longer, thus
reducing early yields and potential income to farmers.

Importantly, excessive light levels can

significantly reduce leaf area in cocoa seedlings (Chapter 2) and in some cases cause plant death
(AI vim et al., 1974).
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Flowering is a major factor for influencing yield in any angiosperm. Flowering in cocoa usually
commences between one to four years after germination with the variation dependent upon the
genotype involved and management of trees during growth (Alvim 1967). Subsequent peaks in
flowering and seasonal flowering cycles mainly coincide with rainfall events (Young 1984).
Hydroperiodicity exists in cocoa and changes in soil moisture can induce synchronised flushing and
high intensity mass flowering (Alvim 1993). However, without rainfall, flushing and flowering can
still occur since vegetative growth is also influenced by the availability of stored carbohydrates
(Machado and Hardwick 1988).
The level of shade and temperature can also influence flowering in cocoa (Alvim 1993). Reducing
shade promotes earlier profuse flowering in young cocoa trees (Murray 1956; Boyer 1970;
Asomaning et ai., 1971) whereas high and low temperatures cause variable effects (Sale 1969). For
instance, flowering was completely inhibited when mean monthly temperatures were below 23°C
and significantly reduced for the following two months (Alvim 1967). In contrast, temperatures
>35 °c can increase flowering and vegetative growth in cocoa (Enriquez and Ferreira 1993;
Rajamony and Mohanakumaran 1996).
Yield increases in cocoa can be achieved when grown at full sunlight (Halnpson et al., 1996;
Ahenkorah et al., 1987) but it is questionable whether this method of production is sustainable, cost
effective, and/or if there is a trade-off with bean quality. Past investigations have shown that pol1en
type (Lachenaud 1994a), pollen amounts, fruit set and ovule development (Lachenaud 1995b),
nutritional factors (Lachenaud 1995a), and environmental variables (Toxopeus and Wessel 1970;
Berbert 1976; Wood and Lass 1985) all affect cocoa bean development. Whether reduced bean size
in cocoa is caused by reduced time for bean filling, the lack of available assimilates for bean
development, or simply the result of high water loss through high pod transpiration rates is yet to be
established.

Prior to the current project, there were no studies on the effect of varying light

environments during establishment on the quantity and quality of beans during the fIrst fulJ year of
harvest. Furthermore, past studies on cocoa bean yield were completed in wet tropical locations
where average monthly maximum temperatures did not exceed 30°C.

The average monthly

maximum temperatures at the present study site were never below 32 °c and regularly above 35°C.
Absolute maximum temperatures reached 38

°c.

Climate is also wet-dry tropical rather than wet

tropical.
Shade was found to be necessary for the establishment of cocoa seedlings in the Northern Territory
due to high mortality rates occurring during preliminary work which resulted in a 900/0 death rate at
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1000/0 transmitted light. Previous reports also showed similar results, with a 600/0 death rate being
recorded under similar conditions (Alvim et aI. , 1974). These factors led to 700/0 transmitted light
treatment being used as the maximum light treatment for this study.
The main aims of the work described in this chapter are:
(l) Determine whether seedlings established under high photon flux density (PFD) will flower

earlier and produce more flowers compared to lower light treatments.
(2) Determine whether the timing of flowering is similar for trunk and branch segments under the
different shade treatments;
(3) Determine whether increases in photosynthetic rates observed under the high light treatment
(Chapter three) will be reflected by higher yields.
(4) Determine whether cocoa quality (i.e. individual bean weight, number of beans, bean
deformities, and bean fat characteristics) varies as a function of light treatment.

5.2
5.2.1

Materials and Methods

Study location, experimental design and trial management

5.2.1.1 Study location and planting material
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The location, construction and planting material used for this experiment have been described in
Chapter three. In summary, the study was located at the Coastal Plains Horticultural Research
Station, an experimental site owned and operated by the Department of Business Industries
Research and Development (DBIRD) in the Northern Territory. Cocoa seeds (K82 x KEE43 Trintario x Amazonian) used in this experiment were sourced from Papua New Guineas Cocoa and
Coconut Research Institute, Rabaul, East New Britain Province.

5.2.1.2 Trial design
The trial consisted of four light treatments (25, 35, 50 and 70% transmitted light). Each treatment
contained four replicated shade structures, with each structure containing six experin1ental trees and
two guard trees at both ends.

Seedlings were planted within each structure after four months

growth and spaced at 2.5 m in single row formation. At the start of the experiment each treatment
was represented by 24 experimental trees, but during this trial many trees incurred root damage by
termites (Mastotermes spp.) and these plants were excluded fronl the experiment. The results of
this experiment are therefore based on 14 or 15 experimental trees per treatment.

5.2.1.3 Trial management
Plants were irrigated for 30 minutes each day during the dry season using 50 L h-I sprinklers and
irrigated as needed during the wet season. Soil at the experimental site was poor in nutrients and
therefore N :P:K was applied bimonthly at a rate of 12:6: 14 - 150 g/tree.

Foliar and ground

applications of trace elements were applied annually (Liberal BMX) and later reductions in nitrogen
and increases in Potassium and Phosphorus (Intec water soluble 0: 10:20 - 100 g/tree) was applied
to the soil. Pruning mainly focused on the fortnightly removal of chupons (orthotropic apical bud
formation). Pruning above the jorcette (the point where growth turns from orthotropic to
plagiotropic and 3 to 5 fan branches begin development) was carried out on two occasions to allow
improved light penetration throu gh the canopy.
There were a few problems with pests at Coastal Plains and pesticides were used on several
occasions as detailed in Appendix 2. Aphids were a problem during the winter months (June to
August) and mealy bugs were persistent throu ghout the year.

Spraying was carried out in the

summer months to control caterpillars which, if left untreated, damaged each new leaf flush and
destroyed young cherelles.
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5.2.2

Trial measurements

5.2.2.1 Temperature data

Maximum and minimum temperatures were recorded using Tiny Talk data loggers (Gemini LTD)
in one shade structure per treatment. Data loggers were set to take a temperature reading every five
minutes.
5.2.2.2 Flowering, cherelle set, and wilt

Fifteen trees per treatment were tagged and used for repeated bimonthly measurements of flowers,
flower cushions, cherelle development and cherelle wilt to determine the effect of PFD. However,
by the end of this trial a total of 36 trees were excluded from the data set due to termite damage.
This reduced replication to approximately 14 or 15 trees per treatment. Flowers and active flower
cushions (cushions showing bud formation) were counted on two sections of the tree: (l) the trunk
just below the apex; and (2) two branches just above the jorcette. Sections consisted of two 50 cm
segments for the branch section and one 50 cm section for the trunk. These sections were tagged
for repeated measurements (Plate 5.1) and counted flowers were marked to ensure the same flower
was not recorded twice. Measurements commenced at first flowering during February 2002 and
ended in July 2003.
The number of cherel1es set and the number of cherelles wilted from each tagged section were
recorded during bimonthly measurements of flowering. ChereHes in this experiment were
considered to be any fruit between 0.5 cm and 10 cm in length.
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Plate 5.1 Inside one of the four 25% transmitted light shade structures. The colored tape marked
branches used for repeated measures of flowering and yield attributes.

5.2.2.3 Yield, pia/It growth and bean fat yield
Ripe pods were collected fortnightly from each tree and labelled for identification before being
taken to the laboratory. In the laboratory each harvested pod was assessed for the number of normal
beans and the number of bean deformities (i.e. undeveloped beans; flat beans). Pods were then
divided into three sections (i.e. husk, bean and placenta) and oven dried at 70°C for 72 h to
determine the dry weight of each section. Pod sections were dried at 60 0 C for five days and later
weighed. To calculate average individual bean weight per pod, the number of beans per pod was
divided by the total dry weight of beans. Similarly, pod value (number of harvested pods to gain
one kilogram of dry bean) was determined by the number of harvested pods to gain one kilogram of
dry bean. Weighed pod sections (i.e Husk + beans + placenta) were later used to determine the
percentage allocation of dry weight amongst pod organs.
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The approximate total fat yield planrl annum-I was estimated by calculations derived from Pires et

al., (1998). Nib (i.e. cotyledon without testa) fat content was averaged for pods harvested between
1029 to 1231 days after germination (DAG) resulting in a bean fat content of 51 0/0. Shell content
(i.e. testa) of beans was not measured during the present study due to time constraints so the amount
of shell was standardised at 20% of total bean weight irrespective of treatment (estimated from
Pires et al. 1998). The following calculation was used to determine total annual fat yield per plant,
irrespecti ve of treatment:

Fat yield = (51% total nibfat

* mean annual dry seed yield grams plan(1 /100) - 20% (testa)

Extraction of total bean fat used the method described by Pires et al., (1998). Bean testa were
removed, nibs dried at 60°C until a constant weight was reached, ground, and then five grams of
nib was digested using hot N HC 1 solution and then filtered. Digested filtrate was than extracted
with petroleum ether for four hours and fat content determined on a dry nib basis.
Trunk circumference was determined at 30 cm above the ground during January and December
2002 and January and December 2003 using a flexible tape. Trunk circumference was later used to
calculate trunk growth increments (TGI) and yield efficiency (YE) by;
TGI == TC 2 - TC I
Where TC 2 and TC I are the cross sectional areas for times one (TC I) and two (TC 2).
and
YE

= Yae/TGI

Where Yael is the actual yield per tree in kg dry bean weight

5.2.2.4 Data analysis
The number of flowers, flower cushions, cherelles and cherelle wilt measured were analysed using
repeated ANOV A analysis. The least significant difference post hoc test was used to determine
significant differences between treatments and times. Two way ANOV A were used where light and
block were factors and significant differences were found in the trunk cross sectional area , trunk
growth increments, and yield attributes.
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Quadratic curves were fitted to XY plots using the average of each point for the pod value (number
of harvested pods to achieve one kilogram of dry bean), individual bean weight, number of beans,
number of deformed beans and dry matter allocation data.
Quadratic curves were calculated using each treatment' s entire dataset with the residual values
being calculated for each curve. The method of Kimura (1980) was then used to test for significant
differences while using residual values. One way main effect ANOVA was used to compare total
bean fat and annual fat yield (g planrl) where light was the factor. Statistics were calculated using
Statistica version 6.1 (Statsoft, Inc 1984-2003).

Probability values <0.05 were considered

significant. Graphical representation was performed using Sigma Plot version 6. 10 (1986-2000
SPSS Inc).
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5.3
5.3.1

Results

Climate

5.3.1.1 Differences in air temperature between locations and treatments
Cocoa seedlings used in this experiment were sourced from Rabaul, East New Britain Provenance
in Papua New Guinea (PNG) as previously described. The origin of cocoa genotypes is known to
play an important role in the behaviour of genotypes once planted away from origin. For instance,
genotypes that achieve high yields at origin may perform poorly in another location.

It was

therefore considered important to understand the temperature difference between origin and the
present experimental site. A large temperature difference was noted during the present study with
minimum and maximum temperatures in the Northern Territory averaging 8 DC lower and 7 DC
higher, respectively, compared to PNG (Fig 5.1).
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5.3.2

Flowering, chereUe development and wilt

5.3.2.1 Trunk flowering, cherelJe set and wilt
Direct comparisons of flowering, cherelle set and cherelle wilt between trunk and branch segments
were not carried out due to differences in trunk and branch circumferences. The number of flowers
produced between Feb 2002 to July 2003 showed that the 700/0 treatment had fewer flowers per 50
cm section of plant (1.51 flowers planrl; P=0.05) when compared to that of the 50% treatment (2.7
flowers planrl) but the 70% treatment produced more flowers than the 25 and 35% treatments.
First flowering commenced approximately 350 days after germination (DAG) (Feb to March 2002)
for all treatments. After May 2002, all treatments demonstrated changes in the number of flowers
and flower cushions (i.e. minute inflorescence where flowers emerge). The peak time for flowering
occurred between 520 - 710 DAG (June to November 2002) irrespective of treatment. During this
period the 25, 35, 50 and 70% treatments averaged 2.7, 2.7, 5.3 and 2.9 flowers on 100 cm of
branches planrl respectively. The 50% treatment also had the largest average number of flower
cushions (20.1 ±1.25; P>O.OOI) when compared to the other treatments (Fig 5.2).
There was a decline in flowering for all treatments at 710 DAG (December 2003). At 880 DAG
(July 2003) the 50% treatment maintained the largest number of flowers and flower cushions. The
70% treatment produced the slnallest average number of flowers and flower cushions throughout
the majority of measurements. There were no significant differences (P>0.05) between treatments
in regard to the number of developing cherelIes; however, there were distinct peaks in cherelle
development in April 2002, November 2002 and June 2003. These were especially noticeable for
the 250/0 treatment.
Significant differences in the number of cherelles on the trunk were detected between treatments
(P<O.OO 1; Fig 5.2).

Peaks in number of cherelles approximately corresponded to peaks in

flowering, although there was an offset by approximately 20 to 30 days corresponding to the time
taken for cherelles to develop from initial anthesis.

There were also significant differences in

cherelle wilt between measurements taken in March 2002 to December 2002 (P<O.OI; Fig 5.2). No
differences were found between treatments within each time interval.
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5.3.2.2 Branch flowering, cherelle set and wilt
Data gathered from two paleotropic branches on each plant were grouped together to dampen noise
observed within the data-set for each tree (Fig 5.3). The number of flowers on branches varied
significantly (P<0.02) at particular times between June 2002 to December 2002 when compared to
December 2002 to June 2003 (Fig 5.3). The number of flowers started to increase in May 2002
with a peak occurring between June to November 2002. During this time the 50% treatment had the
largest average number of flowers (4 ±0.41) and flower cushions (19 ±l.l) (P>O.OOl) when
compared to the other light treatments (Fig 5.3). After December 2002 the number of flowers and
flower cushions started to decline for all treatments and by June 2003 the number of flowers were
the same as when flowering fIrst commenced in March 2002.
There were peaks in cherelle development for the 25, 35 and 500/0 treatments between April and
May 2002 with cherelle development remaining relatively constant thereafter although another
small peak was recorded towards the end of the study in June 2003 (Fig 5.3). The 700/0 treatment
demonstrated the highest average number of developing cherelles (2.45) but no significant
differences were found between treatments. There were no significant differences in cherelle wilt
on the branch segments between treatments or over the period of this study (Fig 5.3).
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5.3.3

Stem growth

Trunk cross section area (TCSA) after the first 903 days growth demonstrated no significant
differences between light treatments (Fig 5.4a). However, after 1278 days growth, differences in
TCSA were found between treatments (P<0.05). At this time the 70% treatment exhibited the
largest trunk cross-sectional area (70 cm2 ±5.4) and was 14, 10 and 6% larger than that of the 25, 35
and 50% treatment respectively (Fig 5.4a).
Trunk growth increments (i.e. increase in cross-sectional area between known dates) displayed a
similar pattern with no significant differences detected between treatments for 2002 measurements.
Large changes in TOl were found during 2003 with the 70% treatment exhibiting the largest growth
increment (42 cm2 ±3.2; P<O.OOI) and was 44, 41 and 21% larger then the 25 , 35 and 50%
treatments respectively (Fig 5.4b).
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5.3.3.1 Number ofpods
The fIrst pods were harvested during August 2002 (700 DAG) from the 25 and 350/0 treatments.
The higher light treatments did not start producing harvestable pods until November 2002 .
Although no relationship was seen for plant yield versus trunk growth, the 70% treatment produced
the largest number of pods tree-I annum-I during the first full year of harvest (45 pods ±8.4;
P<O.OOI) and carried approximately 55% more fruit then the three lower light treatments (Fig 5.5a).
The 25, 35 and 500/0 treatments were not signifIcantly different with respect to number of pods (Fig
5.5a).
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Figure 5.5 Number of pods per tree and the corresponding average yield efficiency increment during January
2003 to December 2003 for the 25, 35, 50 and 70% transmitted light treatments. Within each year different
letters indicate significant differences (P<0.05).

The average dry bean yield per tree did not vary significantly between the 25, 35 and 500/0 light
treatments and averaged approximately 0 .75 ±O. l kg dry bean tree-I annum-I. The 700/0 treatment
generated the largest average dry bean yield on an individual tree basis (1.34 ±O. J kg dry bean tree-I
annum-I; P<0.05) (Fig 5.6). This equates to approximately] .4 7 tons dry bean ha-I at the present
planting density of 1 J 00 trees per hectare.
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light in Papua New Guinea (PNG) Tan (1988). Different letters indicate significant differences between
treatments.

No significant differences were found in yield efficiency increments between treatments (0 .037,
0.037, 0.025 and 0.033 kg cm- 2 greatest s.e. ±0.0092 for the 25, 35, 50 and 700/0 treatments
respectively).

The lower light treatments exhibited the largest average yield efficiency (0.037
2
).

±0.0092 kg cm-

5.3.4

Pod yield

5.3.4.1 Pod value and bean dry weight
To determine the effects of transmitted light and plant age on pod quality, each harvested pod was
segregated into three segments (HuskJBeanJPlacenta) and dried. The 50 and 70% light treatments
had significantly higher pod values (i.e. number of harvested pods to produce one kilogram of dry
bean) than the 25 and 35% treatments. The largest average pod value was found on commencement
of fruiting for all treatments and were 43, 43, 58 and 60 pods per kilogram of dry bean for the 25,
35, 50 and 70% treatments respectively (P< 0.05; Fig 5.7a). After initial yields , pod values steady
declined and after 1230 DAG (December 2003) all treatments had a combined pod value averaging
28 ± 0.52 . The 25 0/0 treatment achieved the lowest pod values throughout most treatments until
1230 DAG (December 2003) at which time there were no significant differences between
treatments.
Individual bean weight was the lowest on commencement of fruiting irrespective of treatment with
average weights of 0.6, 0.6, 0.4 and 0.6 grams for the 25, 35, 50 and 700/0 treatments respectively
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(Fig 5. 7b). Bean weight increased slowly but steadily under all treatments until a maximum was
reached at 1200 DAG (November 2003) with average bean weights of lA, 1.3, 1.2 and 1.0 g were
recorded for the 25, 35, 50 and 70% transmitted light treatments respectively (Fig 5.7b; P<0.05).
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5.3.4.2 NUlnber olbeans and bean delormities
There were large variations in the number of beans per pod during the commencement of
measurements in 2003 (Fig 5.8a). This was particularly noticeable for pods developing under 500/0
treatment.

The 70% treatment exhibited the largest average number (42.5) of beans per pod
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between August and September but there were no significant differences detected between the 25,
35 and 70% treatments.

However, the number of beans per pod in the 50% treatment was

significantly smaller (P<0.05) from the 25, 35 and 700/0 treatments.

The number of bean

deformities demonstrated an inverse relationship with the number of beans per pod (Fig 5.8b).
There were significant differences (P<0.05) when comparing fitted curves over time and treatments.
The 50% treatment exhibited the largest number of bean deformities for all the light treatments.
During December, all treatments with the exception of the 50% treatment had bean deformities
averaging between 2.8 to 3.9 beans per pod.
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Figure 5.8 The effect of time from gennination on (A) average number of beans per pod and the, (B) average
number of bean defonniti es per pod for the 25% (triangle, long dash); 35% (diamond, dots); 50% (square,
short dash) and, 70% (circle, unbroken) transmitted light treatments. Number of beans per pod: each data
point is the average of2 to 36 pods (mean = 10). Number of bean deformities: each data point is the average
of2 to 36 pods (mean = 12) ± s.e.
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5.3.4.3 Dry matter allocation within pods

The 700/0 treatment demonstrated the lowest allocation towards the husk (44 to 50%; P<0.05) with
the 35 and 500/0 treatments allocating the largest (47 to 57%) (Fig 5.9a). The 700/0 treatment had a
significantly larger proportion of dry matter allocated to the bean (46 to 54%) of total pod dry
matter (P<0.05). Allocations in lower light treatments ranged from 36 to 51 % (Fig 5.9b).
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Figure 5.9 The percentage of dry matter allocated towards the (A) husk and, (B) bean segments of the pod
between 1120 - 1230 days after germ ination for the 25% (triangle, long dash); 35% (diamond, dots); 50%
(square, short dash) and , 70% (circle, unbroken) transmitted light treatments. Each data point is the average of
2 to 92 pods (mean = 20) ± s.e.
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5.3.4.4 Total filt content, bean filt yield and percent Jat solids

When all treatments were combined, the average total nib fat content from the first harvest in
December 2002 were 9% lower (P<O.OOl ) compared to the combined average from beans harvested
during May 2003.

Only small changes were observed in total fat content during May 2003;

however, fat content in December decreased by 4% compared to that of October values. Significant
differences were only detected (P<0.05) for the 50% treatment (Fig 5.10). The annual bean fat
yield planf 1 was approximately 38% larger (P<0.05) for plants grown under 700/0 treatment when
compared to the lower light treatments. The three lower light treatments did not differ significantly
in annual fat yield as shown in Table 5.1.
Beans harvested in December 2003 were further analysed for fat hardness. Pods developing under
25%

treatment produced beans with fat that melted at a lower temperature than that of beans

developed under 700/0 treatment (Fig 5.1]). It was noted that fat from beans grown in Mossman,
Queensland melted at higher temperatures than Coastal Plains beans (Fig 5.1 ]).
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Figure 5.10 Total nib (i.e. cotyledon without testa) fat content during selected months in 2003 for the 25, 35 ,
50 and 70% transmitted light treatments. Values are the mean of 1 to 3 samples ± s.e. The straight line is the
combined mean of all treatments for each particular month ± s.e.
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Table 5.1 The mean annual bean fat yield for cocoa grown at 25,35,50 and 70% transmitted light. Fat yield
was determined using the average percent of nib fat content between May to December 2003 (i.e. 51 %)
multiplied by the total annual dry bean yield (grams) plant - I subtracting the testa (i.e. shell content)
standardised at 20% of total dry bean, irrespective of treatment ± s.e. Pires et al., (1998).

Treatment (% light)

No . of Plants

Annual fat yield g plant . J
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Figure 5.11 The relationship between temperature and fat melting point for beans developed at 25 and 70%
transmitted light in the Northem Territory and cocoa beans developed in Mossman, Queensland Australia.
Each point in the Northern Territory is the mean of three samples, whereas Mossman was completed on one
sample.
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5.4
5.4.1

Discussion

Effect of PFD on flowering

There was no significant difference in the date of commencement of flowering amongst light
treatments (Figs 5.2 and 5.3).

The cocoa hybrids used in this study initiated flowering

approximately one year after germination (Figs 5.2 and 5.3) similar to that previously reported for
the same hybrid in Papua New Guinea (Tan 1988). It has been reported that cocoa trees need to be
of a certain age before flowering can occur (Wood and Lass 1985). Growing conditions during
establishment and genetic origin can vary the time of commencement of flowering (Alvim 1993).
F or example, seedlings grown in nutrient solution flowered before one year of age, but under
traditional soil-based systems, flowering can take up to 3 to 4 years (Alvim 1993). Flowering
usually commences after two years growth when using modern crop management practices (i.e.
with irrigation and fertilisation; Alvim 1993); however, flowering may occur earlier as discussed in
the following paragraph.
Early flowering in cocoa is believed to result from the combined effect of (i) plant genetics, (ii) the
u e of daily irrigation and bi-monthly fertiliser (;lpplications, and; (iii) continuous high temperatures
(AI vim 1993). High temperatures are known to increase vegetative growth (Daymond and Hadley
2003; Sena Gomes and Kozlowski 1987) and cause profuse flowering in cocoa (Sale 1970a). Air
temperatures between 23 to 30 DC enables cocoa to produce more flowers than temperatures below

23 DC (Sale 1969). The average monthly maximum temperature in the present study never dropped
below 32 DC (Fig 5.1). Air temperatures at Coastal Plains would therefore be favourable for flower
development. However, relative humidity is very low during periods of high temperatures during
Coastal Plains dry season. This could lead to desiccation of flowers, especially on windy days. A
relative humidity (RR) of 500/0 reduces flowering in peanut (Arachis hypogaea) when compared to
a RH treatment of 95%. Ethylene production at low RH may have caused reduced flowering in the
present study (Lee-Jr 1972). Exposure to wind can also delay flowering in Sinapis alba (Retuerto
and Woodward 2001). It is therefore possible that cocoa at 700/0 transmitted light (lighter shade

=

more wind exposure) compared to the lower light treatments may have suffered from larger wind
exposure causing reduced flowering. This may also partly explain why more flowers were found on
branches as opposed to the truck even though a larger number of active flower cushions were found
on the measured truck section (Fig 5.2 and 5.3).
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The date of flower initiation was not altered by growth PFD during this study. However, previous
studies on cocoa have shown earlier flowering when grown without shade (Asomaning et ai., 1971).
This difference may be attributed to the fact that in the earlier studies seedlings were established
under deep shade for 18 months before exposure to full sun. In contrast, seedlings used in the
current study were established under the various li ght treatments only three to four months after
germination. This early relocation of the seedlings was performed to assess the effect of different
shade levels on future yield performance. As discussed in Chapter two, the optimal light regime for
cocoa seedling establishment at Darwin was <35% transmitted light.

In contrast, flowering

commenced at approximately the same time for all levels of transmitted light (Fig 5.2 and 5.3).
Therefore early establishment at 25 to 70% transmitted light does not influence the commencement
of flowering.
The number of flowers produced increased with tree age in the first nine months of the experiment
but decreased in the second half irrespective of treatment (Fig 5.2 and 5.3). Since the number of
flowers per tree generally increases with increasing PFD for many plant species (Hampson et ai.,
1996), it was surprising to observe a reduction in the number of flowers at 700/0 treatment (Figs 5.2
and 5.3). Differences in flowering intensity at 70% treatment may have resulted from seedlings
being more exposed to dry wind. However, cocoa grown at 700/0 treatment did have fewer flower
cushions compared to lower light treatments suggesting that establishing cocoa seedlings at 70%
treatment without adequate wind breaks rnay restrict flower cushion development.
The difference in the number of flowers and flower cushions was detected up until 25 months of
age (700 DAG) (Figs 5.2 and 5.3) when the 70% treatment eventually exceeded the 25 and 350/0
treatments whilst the 500/0 treatment continued to achieve the highest flowering between 700 and
850 DAG. This result indicates that the initial negative effect of establishment at high PFD was

partly overcome after 700 DAG. Cocoa at Coastal Plains could therefore be established at light
levels of between 35 to 50% treatments with the level of shade reduced when flowering commences
in order to encourage more flowering.
The pattern of flowering during this study was similar for all light treatments indicating light
affected flowering intensity but not phenology (Figs 5.2 and 5.3). The same result was found in
earlier studies in cocoa (Asomaning et al., 1971).
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5.4.2

Effect of PFD on fruit retention and wilt

Cherelle retention and wilt on the trunk or branch segments showed no significant differences
between treatments (Figs 5.2 and 5.3).

Cherelle retention may improve with increasing PFD

(Asomaning et at. , 1971); however, only minor differences were found in the present study. This
lack of effect was attributable to; (1) high variability between trees; and (2) air temperatures above
27°C which increases cherelle wilt (Hadley et at. , 1993). Wilt in cocoa is considered to be a
natural thinning process used to alter the pod holding capacity of a tree (Nichols 1965; Nichols
1964; Valle et at., 1990) and the number of cherelles set is an unimportant factor in determining
fina l yield (McKelvie 1960; Nichols 1965b).

5.4.3

Effect of PFD on partitioning amongst organs

During the first 903 DAG there were no significant differences in trunk cross sectional area (TCSA)
or trunk growth increment (TGI) amongst treatments.

However, large differences occurred in

TCSA and TGI after 1268 DAG. When trees in the 70% treatment were 450/0 and 140/0 larger,
respectively, compared to trees in the 250/0. Thus, plants subjected to high light levels accumulated
more dry matter in the trunk over time. The underlying question is whether this high vegetative
growth occurred at the expense of yield. In the present study, and that of Daymond et at., 2002a, no
correlation was found between TGI and dry bean yield. In contrast, Glendinning (1966) reported
that some cocoa clones show a negative correlation between TGI and dry bean yield. During the
present study, trees in the 700/0 treatment had yields 450/0 higher then the lower light treatments (Fig
5.6). The differences in yields between the 70% treatment and lower light treatments may have
occurred because more cherelles were held through to maturity due to higher photosynthetic rates in
the 700/0 treatment.

This in tum may have resulted in increased assimilate supply for fruit

development. This conclusion is supported by previous work (Valle et at., 1990) which showed
that the yield potential of various genotypes depends on assimilate production.
Pod yield can also vary in response to variations in the allocation of assimilates between vegetative
and reproductive components of the plant. Yield efficiency (i.e. dry bean yield divided by stem
growth rate) in the present study were not significantly different between treatments. However,
previous reports showed yield efficiencies (YE) of between 0.005 to 0.21 kg cm- 2 for different
cocoa genotypes (Daymond et at., 2002a; Lachenaud et at., 2000). The larger average YE in the
present study (0.25 to 0.37 kg cm-2) compared to previous work is partly explained by a large
increment in tree growth (Fig 5.4b). TGI was extremely large for plants grown at 700/0 treatment

Chapter 5 - Initial yields: The effec t of con tra sting li ght treatments on tlowering. cocoa bean quality and quantity

5-24

and was 280/0 larger (Fig 5.4b) than the largest TOI observed for selected genotypes in Brazil
(Daymond et al., 2002a).

5.4.4

Effect of PFD on yield

Pods were small when plants commenced fruiting and this resulted in high pod values (i.e. the
number of harvested pods required to produce one kilogram of dried cocoa bean). Pod values
during initial fruiting ranged between 45 to 60 pods per kilogram irrespective of treatment (Fig
5.7a). As time progressed and trees matured, pod size increased until a minimum pod value of 30
was achieved for all treatments (Fig 5.7a). Using the same aged cocoa hybrid as the present study,
Tan (1988) showed that the average pod value after four years growth in PNG was 17.5 or 42%
lower than the present study.

The differences in pod values may result from differing

environmental conditions between locations and the genotype by environment interaction of the
cocoa hybrid to a different environment.
Crops are influenced by the interaction of genotype and environment (Pandey 1989; Hardner et at.,
2002; Messina et aI., 2006). For example, environmental conditions in PNG are usually humid and
thus provided optimal conditions for photosynthesis. In contrast, Coastal Plains offers more supraoptimal and sub-optimal conditions for photosynthesis with respect to air temperature (Fig 5. 1) and
relative humidity.

These two contrasting climates result in different amounts of assimilate

production leading to large variation in yield. The affects of different cropping locations on leaf
photosynthetic rates in cocoa is discussed further in Chapter 6.
Beans harvests from the 700/0 treatment were smaller than those from the 25 % treatment at the
commencement of fruiting.

Individual bean weights within pods were shown to be affected by

plant maturity since average bean weight increased irrespective of treatment towards the end of the
study. This supports the assumption that plant age primarily affected bean weights during the initial
stages of fruiting (Fig 5.7). At the end of this study individual bean weight were lower for the 50
and 700/0 treatments (mean 1.0 g) when compared to the two lower light treatments (mean 1.4 g).
This could be a potential pitfaJ1 when growing cocoa at Coastal Plains since beans < 1.0 g in dry
weight are often unacceptable to many manufacturers due to the higher processing costs involved
and the relatively low returns compared to processing beans> 1.0 g . Beans < 1.0 g generally have a
lower total fat content than beans > 1.0 g resulting in less fat volume per ton of beans. Small beans
are also difficult to process unless the grinding facility is equipped for processing small beans. In
older grinding facilities, processing small beans can lead to losses or damage to beans and/or
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mechanical break-down during various stages of bean processmg.

These factors result

III

discounted prices being offered for smaller beans.
Cocoa breeders and growers are now endeavouring to improve bean weight. Bean weight is usually
influenced by four major factors: (1) plant genotype; (2) climate; (3) plant maturity; and (4) crop
management.

For instance, different cocoa genotypes can exhibit different individual bean dry

weights (Glendinning 1966). This is supported by Lim et at., (1991) and Yapp and Hadley (1994)
who showed that Upper Amazonian cocoa selections regularly produce smaller beans. The
environment can also playa key role in influencing bean weight. In West Africa, soil moisture
stress is shown to significantly reduce bean weight when compared to conditions of adequate soil
moisture (Toxopeus and Wessel 1970). Factors affecting bean weight of irrigated cocoa of the
same hybrid are addressed in detail below.
It is possible that extended periods of high leaf-to-air vapour pressure difference (LA VPD)

indirectly contribute to reduced bean size by causing lower stomatal conductance which in turn
leads to reductions in photosynthesis and lower assimilate production (Chapter 3). However, in the
present study trees at 250/0 treatment produced the largest beans while exhibiting significantly lower
photosynthetic rates than trees in the 70% treatment.

Photosynthetic rates may be inversely

proportional to bean size.
High temperatures and large LAVPD can increase fruit transpiration rates while increasing
humidity limits fruit transpiration. This improves fi'uit water status, particularly during the day
(Cipollini and Levey 199]).

Cocoa pods developing during the Coastal Plains dry season

experience high temperatures combined with Jow relative humidity. These conditions would likely
cause high pod transpiration rates leading to high moisture loss from pods. Beans within a cocoa
pod are covered in a pink mucilage that is usually very moist (Wood and Lass 1985). The mucilage
was found to be dry when exam.ining pods during this study suggesting water loss or water
restriction to the pod. Although mucilage moisture content was not measured during the present
study pods in the 25% treatment appeared slightly wetter than those in the 700/0 treatment (personal
observation).

Water restrictions during pod development can significantly reduce bean size in

cocoa (Toxopeus and Wessel 1970). It is therefore suggested that water losseslrestrictions to pods
may also have impaired bean development during the present study .
High air temperatures can impair seed filling in legume (Egli and Wardlaw 1980) and grain crops
(Chowdhury and Wardlaw 1978). In the present study, maximum air temperatures averaged 32 DC
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whereas cocoa is typically grown in regions where maximum temperatures are below 28 DC. Green
fruits have large respiration rates and large losses in carbon can occur at low light levels
compared to periods of higher light levels (Cipollini and Levey 1991). Since cocoa is cauliflorous
(fruit develop from flower cushions located on the bark) fruit develop underneath the canopy with
limited access to light. In this low light environment carbon loss from pods could be high. In
addition, pod respiration rates can double when temperatures increase from 20 DC to 30 DC (Hadley

et al., 1993). In the present study, pod respiration would have been very high since average
maximum monthly air temperatures for all treatments were never below 32 DC (Fig 5.1). Minimal
air temperature variation was measured between treatments with only a 1.3 DC change in air
temperature between the 70% and 25% light treatments (Chapter 3). Air temperature may therefore
have played a role in reducing individual bean weight but perhaps not to the extent seen in the
present study. It is therefore concluded that a range of factors also played a part in restricting bean
weight.
Another possible cause of reduced bean size could be from a limitation in stored carbohydrates for
filling beans. Since trees grown under 70% treatment had a larger number of pods per tree (Fig
5.5a) compared to the lower light treatments, more assimilates would be required to support
developing pods and if assimilate supply was linliting, smaller beans may result. Even if more
assimilates were stored during later stages of pod development (i.e. after 100 days) beans would
probably not increase further in dry matter since bean size is deternlined during the first 100 days of
development (Toxopeus and Wessel 1970).
The number of beans per pod is primarily determined by plant genetic composition, with some
varieties being more efficient bean producers per pod than others (Jacob and Atanda 1973).
However, po]]en genotype and compatibility (Lachenaud 1994b) and the position of pods on trees
(Lachenaud 1995b), can also influence the mean number of beans per pod, as can applications of
fertilizer (especially boron) under full sun conditions (Lachenaud ] 995a). In the present study, pods
that developed under 70% treatment were able to produce larger numbers of beans per pod than
those in the lower light treatments (Fig 5.8a).

Since all shade houses experienced sinlilar air

temperatures within the canopy (Fig 5.1), and photosynthetic rates per unit area was larger under
700/0 treatment (Chapter 3; Figs 3.4 and 3.5), more assimilates may have been available to support a
larger number of beans per pod compared to cocoa grown under the lower light treatments. This
suggests that the larger number of beans per pod at 70% treatment may have resulted from
increased photosynthetic rates at higher PFD.
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The number of bean deformities (i.e. beans that were underdeveloped, flat, or irregular in shape)
was largest at the commencement of fruiting for all treatments.

It is possible that demands for

nutrients were not fully met during pod development because of restricted sap flow (Lachenaud
1995b). It is known that deficiencies in Boron can reduce bean filling in cocoa (Lachenaud 1995a).
In the present study boron concentrations in both wilted and unwilted cherelles were not
significantly different (Appendix 10). Furthermore leaf samples showed that boron levels were
above the recommended levels for cocoa (Wood and Lass 1985) (Appendix 10). Differences in
cocoa genotype can also change the number of bean deformities. For instance, seasonal effects on
the number of deformed beans usually only affect upper Amazon forestero varieties whilst
Trinitario and Amelonado show little change (Lachenaud 1991). In the present study, hybrids came
from Amazonian and Trinitarian parents so large numbers of bean deformities (Fig 5.8b) with
respect to season were not unexpected.
Reproductive yield in cocoa can be influenced in part by the partitioning of available photoassimilates and other nutrients from the vegetative plant to the developing seeds. However, the
husk of a cocoa pod also requires resource inputs resulting in potential resource competition
between seeds and pod walls. Trees in the 70% treatment allocated a larger proportion of dry
matter towards beans and less to the husk compared to the three low light treatments (Fig 5.] 0).
Dry matter allocated to beans ranged from 47 .6 to 52.6%; a result similar to that reported for other
cocoa genotypes (Yapp 1992). A variation in dry matter allocation to cocoa beans has also been
suggested to result from differences in plant assimilate production (Daymond et al. , 2002). In the
present study, higher photosynthetic rates and larger partitioning of dry

matt~r

to beans was found

at 700/0 treatment compared to the three lower light treatments (Chapter 3). It is therefore plausible
that improved assimilate production could increase dry matter partitioning to the reproductive
component in cocoa. The difference in dry matter allocation towards beans between the different
light treatments may be a result of lower resource use for husk construction at 700/0 transmitted light
thereby increasing the percentage of bean dry matter.

Increasing crop loads in apple led to an

increase in dry matter production per unit leaf area, dry matter partitioning to fruit, and a decrease
in fruit size (Palmer 1992).

A similar result was seen in the present study with pod weight

decreasing as pod load increased. However, cocoa seemed to compensate for losses in individual
bean weight at 70% treatment by increasing the number of beans per pod (Fig 5.8a).
Cocoa is primarily grown for its flavour and fat content. The latter represents between 45 to 60% of
the total solids per bean (Wood and Lass 1985). Variation in total fat and fat composition has been
attributed to plant genotype (Pires

el

al. , 1998) and environmental conditions during pod
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development (Toxopeus and Wessel 1970).

In the present study, pod values were high and

individual bean weight and total fat content low when fruiting commenced (Figs 5.7a, 5.7b and
5.10). This result is in keeping with findings by (End et af., 1988), who found negative linear
relationship between cocoa fat content and cocoa bean size. Although the 700/0 treatment produced
the smallest beans throughout the present study, the 70% treatment still produced the largest annual
fat yields compared to the lower light treatments (Table 5. I). This was attributed to annual fat
yields being correlated with annual bean yield since total fat content per bean and total annual fat
yields showed little variation between the three lower light treatments where cumulative bean yields
and individual bean fat content were similar (Fig 5.6 and Fig 5.10)
Total fat content is commonly used as an indicator of bean quality.

However, quality is also

determined by the composition of different fats within the bean as this can significantly affect the
melting point of finished chocolate products (Wood and Lass 1985). The fat melting profile of
beans from different locations is thought to be influenced by local temperatures during growth
(Berbert 1976). For instance, localities with extended cool periods, such as Brazil, tend to produce
beans with a low oleic:linoleic fatty acid ratio whereas localities such as Malaysia produce beans
with a high oleic:linoleic fatty acid ratio (Wood and Lass 1985).

Beans with a low

saturated/unsaturated fatty acid ratio produce cocoa fat generally soft at room temperature and vice

versa (Berbert 1976). Soft cocoa butter is an unfavourable characteristic for chocolate
manufacturers (Wood and Lass 1985) since fat with a low melting point can slow down the
manufacturing process as chocolate takes longer to become solid.

Beans produced under 25%

treatment and 70% treatment at Coastal Plains (wetJdry tropics) produced cocoa fat that had a faster
melting profile with temperatures changing from 0 to 60°C compared to beans developing in
Mossman, Queensland, within the wet tropics (Fig 5.11).

Fat extracted from beans grown at

Coastal Plains would therefore slow down chocolate production. However, this problem could be
overcome by mixing fats of different origins to raise the melting point or in manufacturing terms to
produce a harder butter. Alternatively, Coastal Plains cocoa could be used for non-chocolate based
products such as the production of fat based cosmetics.

5.4.5

Conclusion

The establishment of cocoa under 70% transmitted light in the Northern Territory led to a decrease
in the number of flowers and flower cushions when compared to the three lower light treatments.
Increasing photon flux density during cocoa seedling establishment seems to negatively impact
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flower production but not the time taken for plants to initiate flowering. There were no differences
in timing of flowering between autotrophic (stem) and plagiotropic (branch) plants sections,
irrespective of light treatment. However there was a large difference in flower production between
stems and braches for all treatments. This difference was attributed to more wind exposure at the
stem level and possibly better conditions within the canopy for flower development. The reduction
of flowering exhibited by trees exposed to 70% light transmission was largely overcome 25 months
after germination.
Cocoa grown at 700/0 transmitted light resulted in the largest photosynthetic rates per unit leaf area
compared to the three lower light treatments (Chapter 3). The larger photosynthetic rates at 700/0
transmitted light translated into larger annual fruit yields. However, a linear response was not seen
for PFD and yield as the 250/0, 35%) and 500/0 treatments achieved similar annual dry bean yields.
There was high variability in yield amongst plants within treatments therefore treatment effects may
have been lost. Vegetative growth was large for all treatments directly affecting the yield efficiency
of trees. Even though annual dry bean yields were largest at 70% light there were no significant
differences in yield efficiency between treatments. It was likely that large air temperatures caused
excessive vegetative rather then reproductive growth leading to a reduction in annual yields for all
treatments.
The quality of cocoa with respect to bean weight, fat content, and fat melting characteristics
changed significantly for the different light treatments. At the initiation of fruiting all treatments
resulted in low dry bean weights (high pod values). As plants matured bean weight increased for all
treatments (lower pod values).

However, dry bean weight always remained lower for the 70%

treatment compared to the lower light treatments. It was assumed that bean weight was affected by
a range of factors such as supra-optimal air temperatures and leaf-to-air vapour pressure differences,
high pod transpiration rates leading to water stress within pods, high pod respiration rates
competing with available assimilates to support bean development, and a limjtation in stored
assimilates to support large pod loads. Total fat content per bean was also low during initial fruiting
for all treatments improving thereafter irrespective of treatment. No difference was seen in fat
content between treatments 37 months after germination. However, there were differences in the
melting profile of fats extracted from beans developing under 250/0 and 700/0 transmitted light. It
was found that beans at 25%

light comprised of fat solids that melted faster with increasing

temperature compared to beans that had developed at 70% transmitted light.
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Although photosynthesis was not optimal for most of the year, cocoa hybrids grown at 700/0
treatment were still able to achieve 1.32 kg dry bean plant -I annum-] whereas heavier shaded
treatments produced far less in the first full year of production averaging 0.75 kg dry bean plant -I
annum-I. The affects of high and low air temperatures, high leaf-to-air vapour pressure differences
and high photon flux density may be partly overcome by a combination of shade trees, canopy
intercepting misters and kaoline sprays during the dry season months.
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Across northern Australia: Morphological characteristics and
photosynthetic response of cocoa at various locations in the north
Australian tropics.
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6.1

Introd uction

The Northern Australia Cocoa Development Alliance (NACDA) was formed in 1998 and
consists of the Queensland Department of Primary Industries, the Northern Territory
Department of Business, Industries, Research, and Development, and Agriculture Western
Australia. The main objectives for the NACDA were to determine: (1) if cocoa could be an
economically feasible industry for Australia; and, (2) if marketable yields of >3.5 ton ha- I can
be achieved annually on broad-scale plantations.
Five replicated experimental plots were planted across north Australia with plots grouped into
two distinct environments: (1) the wet tropics (Queensland) characterised by frequent cloud
cover and an approximately even distribution of rainfall throughout the year contributing to
moderate leaf-to-air vapor pressure differences (LA VPD); and, (2) the monsoonal wet/dry
tropics characterised by frequent cloud cover and heavy rainfall in the wet season and warm,
dry conditions during the rest of the year.
Ecophysiological work completed under this study was can-ied out in conjunction with
agronomic work by the NACDA group and focu sed on how cocoa preformed in these different
environments during the second and third year after planti ng.

This chapter describes

ecophysiological attributes at Darwin, Kununarra, Mossman and SOUtIl Johnstone experimental
locations and how these differences affected grovvth and photosynthetic p erformance.

It is difficult to determine which environmental parameters affect yieJd under fi eld conditions.
For instance, air temperatures between NACD A locations were very different. Plants growing .
at different day and night-time air temperatures have different rates of growth and flowering
(Berry and Bjorkman 1980; Sena Gomes and Kozlowski 1987; Bandara 2006).

High

temperatures can cause excessive vegetative growth and shorter intervals between flushing (Sale
1969) as well as large canopy respiration rates (Griffin et al., 2002). High air temperatures also
encourage vegetative growth (Daymond and Hadl ey 2004). Some of the other parameters that
cause variations in cumulative annual cocoa yi elds inclu de: low soil moisture availability
(Toxopeus and WesseJ 1970), shade and fertiliser (A somaning et al .., 1971), planting density
(Lim et ai., 199] ; Ampofo and Osei-bonsu 1993; Lockwood and Yin 1996), genotype (Lim et

ai., 1991 ; Daymond et ai. , 2002a) and pollination incompatibility (Lockwood 1977; AduAmpomah et al. , 1991).
The work described in this chapter is not intended to provide informa tion to accurately model
total carbon gain of cocoa trees; however, th e chapter docs provi de ins ight into the behavior of
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one cocoa hybrid (Amazonia x Trinitaro) growing in different environments in the Australian
wet and wet/dry tropics. The locations used for the work described in this chapter represent
optimal to extreme locations for cocoa production enabling this study to provide useful
information on ecophysiological boundaries for cocoa production in north Australia.
In summary, the objectives of this chapter were to:
(1) Determine whether there were significant differences in leaf gas exchange rates during
the wet and dry seasons for each NACDA location.
(2) Determine if any differences in leaf gas exchange rates were a result of differences in
leaf-to-air vapor pressure deficit, leaf temperatures, and/or total foliar nitrogen content.
(3) Determine whether specific leaf area and stomatal densities changed between seasons
for each NACDA location and whether these leaf attributes varied between locations;
(4) Determine whether there were differences in the formation of canopy area between
locations and if this affected stem growth.
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6.2
6.2.1

Materials and Methods

Trial design, management and measurements

6.2.1. 1 Triallocations
T he original project design incorporated experime ntal plots in Broome, Coastal Plains
Horticultural Research Station near Darwin, Mossman a nd Sout h Johnstone. A fift h sma ller
p lot was added at Ku nunurra, Western Australia to provide a pi lot study for this region. Each
experimental site was visited two or three times during this study to investigate how local
climates affect leaf gas exc hange, total leaf area, individual leaf area, specific leaf area (SLA),
total leaf nitrogen and stomatal density (SO).

Coastal Plains, Darwin.
Kun unurra.
Broome.

Mossman.
South Johnstone.
NT

WA

OLD

Plate 6.1 Map of NACDA cocoa trial locations in Australia

The Northern Australian Cocoa Development Alliance (NACDA) locations were chosen on the
basis that they represented different climate types (Table 6. I).

The Queens land plots were

located in the wet tropics while the Northern Territory p lots were based inland at the Coastal
Plains Horticultural Research Station (CPHRS).

The experimental plots at Kununurra and

Broome evaluated more extreme climatic conditions (Plate 6.1).
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Table 6.1 A summary of cocoa seedling establishment at the different experimental locations . Dates are
given for shade tree establishment and shade tree thinning where shade is expressed as an estimate of
transmitted light. Averages of monthly minimum (min) and maximum (max) temperatures (temp) (oC) , 3
pm relative humidity (RH) (%), 3 pm wind speed (rn/s), annual rainfall (mm) and the number of clear
days per year for all five Northern Australian Cocoa Devolvement Alliance locations. Climatic
information on Ghana, which produces 24% of the world's cocoa, has been included to provide a
comparison between traditional and non-traditional cocoa growing locations. The seasonality index is
defmed as the sum of the absolute deviations of mean monthly rainfalls from the overall monthly mean,
divided by the mean annual rainfall. Values can theoretically range between 0 and 1.83 ; values less than
0.4 indicate an equal rainfall di stribution, whereas values larger than 0.8 indicate markedly seasonal
rainfall with a long dry season (Walsh and Lawler 1981). Data for Broome, Kununurra, , South Johnstone
and Mossman was gathered fro m Bureau of Meteorology, Australia. Air temperature data for CPHRS
collected from air temperature loggers on site. Weather data for Ghana was sourced from the Bureau of
Meteorology, Ghana.
L ocation

IBroome

IKununurra

2CPHRS

IS. Johnstone

Latitude
Longitude
Sha de tree planti ng date
Cocoa planting date
151 shade remova l
nd
2 sha de removal
rd
3 shade remova l
Annual dai ly average
maximum temp (0C)
Absolute maximum IernE
Annua l dai ly average
minimum te mp (0C)
Abso lute mi nimum temp
(0C)
Annual ma ximum 3pm
relative humid ity (%)
Annual 3pm wind speed
(kmlh)
A nnu a l ra infa ll (mm)
Wettest month
Driest mon th
Sea sonal ity index
M ea n no. of cl ear days yr
Mo nth with most clear days

17.8 0 S
122 °E
Mar 2000
2001- 2002
Jul 0 1 - 25 %
2002 - 75 %

15.5 Os
128 °E
Mar 2000
Oct 2000

17.3 S
146 °E
Feb 2000

16.3 Os
145 °E
Feb 2000
Jul2000

35

12.3 S
130 E
Jan 1999
June 2000
Jan 0 1 50%
Nov 01 25%
Dec 0124%
34

28

31

6 .0 oN
25 O
w
NA
NA
NA
NA
NA
30

32
44
21

45
22

44
23

37
19

41
21

36
25

5

8

5

7

I3

18

54

32

48

65

70

66

12

12

17

15 .7

20

576
Ja n
Oct
1.03
176
Aug

793
Feb
Aug
0.99
123
Aug

15 35
Jan
.Tul
0 .9 1
101
Aug

3287
Mar
Sept
0. 60

201 3
Mar
Aug
0.78
80
Aug

°
°

°

SeE

IMossman

1295 - 1927
Ju n
Jan
0 .56
Ja n

6.2.1.2 Experiment design
The main NACDA project (Broome, Coastal Plains, South Johnstone and Mossman)
investigated four cocoa hybrids using two planting densities: one with single row spacing of
2.25

ill

between plants and 3.3

ill

between rows (equivalent to 1235 trees/ha), the second with

double row spacing at 2.5 m between plants and 2 m between rows with 6.5 m between each
double row (equivalent to 1231 trees/ha). The two planting densi ties were replicated three times
with alternating single and double density plantings wi th 4.5 m between the edges of each pl ot.
Each of the four hybrids were planted in separate plots in each row thus dividing each row into
four plots. Each plot contained either 48 trees in the single density or 63 trees in the doubl e
density of the same cocoa hybrids. The entire experimental block was surrounded by a tripl e
layer of windbreak trees to reduce edge effects.

Diagrams of the planting layouts used at

NACDA locations are shown in Appendix 11.
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6.2.1.3 Cocoa type
Only one hybrid (KA2-I06 x KEE23) was investigated in the present study since the time
available did not allow for the extensive replication required to accurately assess four types of
hybrids. The hybrid cocoa seeds were sourced from Papua New Guineas Cocoa and Coconut
research institute, Rabaul, East New Britain Province on the basis that hybrids were vigorous,
early bearing, high yielding, produced pods with low pod values, and had some resistance to
vascular streak die back (a viral infection of cocoa). Seeds were germinated in various pot sizes
at each experimental location in standard nursery potting mix.

After 4 to 5 months growth

seedlings were transplanted into the field under various shade trees depending on location.

6.2.1.4 Shade tree management and planting density
Different shade tree species and shade tree densities were chosen for each experimental location
because of differences in solar irradiation and climatic conditions at the various sites (Chapter
two; Fig 1.1). At Coastal Plains, Acacia mangium was planted at the same density as the single
cocoa tree density or between the double cocoa planting rows two years prior to planting cocoa
seedlings. Shade tree densities were reduced to 50% from original stand after the first year of
cocoa establishment.

Unfortunately, the Coastal Plains plot in the Northern Territory

experienced strong storm winds during the second year of cocoa establishment resulting in a
98% loss of shade trees. The same shade design and shade species were also used in Western
Australia. Shade trees were selectively thinned out two years after planting to 25% of original
stand (Table 6.1).
At both Queensland sites Gliricidia sepium was planted as shade since it is commonly used in
Malaysian cocoa systems, and Eleaocarpus grandis, as a potential timber species. The shade
trees in South Johnstone were planted one year prior to cocoa establishnlent and later reduced to
approximately 250/0 of the original stand density. The shade trees at the Mossman site were
planted behind schedule and cocoa seedlings therefore required shade cloth enclosures during
establishment. Shade tree removal dates for each experimental location are given in Table 6.1.

6.2.1.5 Trial management
Trials in the NT were irrigated regularly during the dry season using under-tree sprinklers.
Initially the trees were watered twice per day with the equivalent of 10 litres per day. Watering
was increased as the cocoa matured until 50 litres per day was being provided during the fifth
year. Irrigation was switched off and used only when warranted during the wet season (January
to March).
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Trials were regularly fertilised throughout the project.

During the first two years of

establishment all sites were broadcast fertilised using N:P:K and Mg; however, each
experimental location used different fertiliser rates and concentrations (Appendix 12).

All

locations were converted to liquid fertilisers applied fortnightly by fertigation during the third
year after planting (Appendix 12).
None of the major pest and diseases associated with cocoa production are currently in Australia
although damage did occur from various insect pests. The major pests in Queensland were: (1)
rhyparida (Monolepta spp) which attack newly formed shoots causing extensive damage to
terminal branches if left untreated; and (2) Ambypelta spp - a fruit spotting bug. Combinations
of insecticides were used to control pests when applications were warranted.

The NT trial

experienced problems with termites (Mastotermes spp) , fruit stinging insects, aphids

(Pentalonia spp) and mealybug (Planococcus spp).
Pruning was undertaken every four months to minimise self-shading, to assist with light
penetration through the canopy, and to improve plant stability by reducing top heaviness and to
maintain trees at 3-4 m height (Lockwood and Yin 1996).

6.2.1.6 Leafgas exchange measurements
Each NACDA plot was visited on two or three occasions during the transitional wet-to-dry
season (September) 2002; the wet season (February) in 2003 and; the dry season (June) in 2003.
During each visit eight fully exposed upper canopy leaves were tagged on each of eight trees
pcr block for repeated measurements. Since leaf age has a significant impact on photosynthesis
(Miyaji et aI., 1997a), only the first fully expanded mature leaf was used for leaf gas exchange
measurements on each tree. ALI-COR 6400 (Chapter three; section 3.2.3.5) was used for all
leaf gas exchange measurements.

6.2.1.7 Leaf and canopy characteristics
Specific leaf area (SLA), stomatal density (SD), individual leaf area and an estimation of total leaf
area was determined during the dry (June) and wet season (February) in order to assess changes in
leaf and canopy characteristics between locations. Eight newly hardened-off upper canopy leaves
from each of three blocks were harvested and dried to determine specific leaf area (SLA) during
each season. Stomatal density was also determined on eight upper canopy leaves from each of
eight plants per block. The procedure described in chapter two (2.2.3.2) was used to calculate
stomatal densities.
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Total leaf nitrogen was determined from samples taken during the wet season on the same tagged
leaves used for photosynthetic measurements. Total leaf nitrogen was assessed by the Kjeldahl
method for nitrogen determinations.

To determine total leaf area of trees at each site, three trees per block at each location
were randomly selected and tagged. The total number of leaves on each tagged tree were
counted to determine total leaf number.

For each tagged tree, twenty leaves were randomly

harvested, labeled, and taken back to the laboratory and scanned using DeltaT Device imaging
software (DeltaT Devices, Cambridge, UK) to determine individual leaf area. An estimation of
total leaf area for each tree was then calculated by multiplying the total number of leaves per tree
by the average individual leaf area for that particular tree.

6.2.1.8 Statistical analysis
Point measurements of leaf gas exchange were analysed using repeated-measures ANOV A. A

post hoc LSD test was used to determine significant differences between treatments and times and
only for those factors shown by ANOV A to be significantly different at <0.05 .
Specific leaf area, total leaf area and stomatal density were tested by comparing means among and
between treatments by using one or two factor nested analysis of variance. The principal factor of
analysis was light treatment while the secondary factors were time or season. The cut-off for
significance was P<0.05 unless otherwise stated.

Raw stem diameters data points for each

NACDA location were modeled using power curves and tested for significant differences by
comparing non-linear regressions using Kimura's (1980) method.
Statistics were calculated using Statistica version 6.1 (Statsofi, Inc 1984-2003). Graphical
representation was performed using Sigma Plot version 6.10 (1986-2000 SPSS Inc).
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6.3
6.3.1

Results

Air temperature at NACDA locations

Coastal Plains Horticultural Research Station in the NT experienced the highest monthly
average maximum air temperature (42 DC) on record in November 2002 and maximum monthly
air temperatures during the year rarely went below 34 DC (see Fig 6.1). Kununurra, Western
Australia had the second highest overall maximum air temperatures but had the highest
maximum air temperatures of all NACDA locations in March and April. Mossman, Queensland
was the third hottest NACDA location with maximum monthly air temperature peaking at 35 DC
in March whereas the largest monthly maximum air temperature in South Johnstone,
Queensland was 32 DC.
Coastal Plains had the lowest overall daily minimum temperature (8 DC; August 2002). Coastal
Plains minimum temperatures were usually below 23 DC during the summer months (September
to May), and dropped below 15 DC during the winter (June to August).

Overall, South

Johnstone had the second lowest average minimum air temperatures amongst NACDA locations
with temperatures ranging from 15 to 23 DC.

Kununurra generally had higher monthly

minimum air temperatures than South Johnstone with the exception of the winter months (June
to August) when minimum air temperatures were approximately 14 DC. Mossman's average
monthly minimum air temperatures changed only moderately ranging from ] 9 to 25 DC
throughout the year (Fig 6.1). Broome air temperature averages represented in Fig 6.1 were not
gathered from the experimental site rather, average air temperatures were from Broome post
office situated near the coast. Thus, Broome air temperatures in Fig 6.1 are not truly indicative
of air temperatures at site as shown from incomplete records collected during June, October and
November at Broome' s experimental site (Appendix 13).
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Figure 6.1. The average monthly minimum and maximum air temperature for NACDA locations;
Coastal Plains Research Station (solid line), Kununurra (dash two dots), Broome (dash one dots),
Mossman (dots) and South Johnstone (short dash). Coastal Plains air temperatures were recorded using
tinytalk data loggers logged every five minutes whereas Broome, Kununurra, Mossman and South
Johnstone data were sourced from the Bureau of Meteorology, Australia.

6.3.2

Leaf area

Specific Leaf Area (SLA) showed plasticity between NACDA locations (Table 6.2). The lowest
SLA was found at South Johnstone (15.27 m 2 kg-I) and Coastal Plains (16.07 m 2 kg-I) during the
dry season. The largest SLA (19 m 2 kg-I) was found in Coastal Plains during the wet season.
2

Mossman showed a more stable SLA throughout seasons ranging between 17.4 to 18.7 m kg-'
(Table 6.2).
Total leaf area differed considerably amongst locations, with Mossman achieving the largest
average total leaf area per tree when determined in the 2002 dry season. At that time cocoa grown
at Mossman had a total leaf area 600/0 and 360/0 larger than South Johnstone and Coastal Plains
respectively. When total leaf area was measured during 2003 dry season Coastal Plains had a
similar total leaf area to Mossman while South Johnstone still had approximately 40% less total
leaf area than Mossman or Coastal Plains (Table 6.2).

Table 6.2 Specific leaf area (SLA), total leaf area (TLA) and stomatal density (SD) for cocoa grown in
Mossman (MOS), South Johnstone (SJ) and Coastal Plains (DAR) during various seasons in 2002 and
Chapter 6 : Across northern Australia : Morphological characteristics and photosynt hetic response of cocoa
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2003. Values are the mean of 24 leaves for SLA; 9 trees for LA and 24 leaves for SD ± s.e. Values
followed by a different letter within a column indicate a significant difference (P<0.05).

Dry

MOS
Wet

Dry

Dry

SJ
Wet

Dry

DAR
Dry

DAR

SLA
(m2 kg-I)

18.7 a
±0.4

17.6 b
±0.6

17.4b
±0.5

18.0b
±0.5

17.8 b
±0.3

15.3 c
±0.3

16.l d
±0.3

19.0 e
±0.4

TLA
(m2)

28 a
±2.0

30 a
±2.0

12b
±1.0

18 c
±2.0

19 c
±1.0

Variable

MOS

2002

2003

2003

SJ

2002

1060a
±27

SD
(mm-2)

6.3.3

MOS

SJ

2003

1062 a
±24

2003

2002

943 b
±3 2

Wet

2003

DAR
Dry
2003

30 a
±1.0
1090a
±25

1180c
±32

Stomatal density

Stomatal density ranged from 943 to 1180 stoma per mm2 between locations. There were no large
differences in stomatal densities between NACDA locations although Coastal Plains did have the
largest stomatal density for all locations (1180 mm 2, P<0.05 (Table 6.2)).

6.3.4

Leaf gas exchange

Diurnal measurements of leaf gas exchange were determined in June (dry season) and February
(wet season) in Coastal Plains, Kununurra, Mossman and South Johnstone (Fig 6.2).

Leaf

carbon assimilation rates were always larger during the morning compared to the afternoon for
all locations with the exception of South Johnstone which achieved larger leaf carbon
assimilation rates in the afternoon. The largest photosynthetic rates were recorded at Coastal
Plains (9.2 ~mol m- 2

S- I)

and Mossman (9.0 ~mol m- 2

lowest at South Johnstone (0.7 ~mol m-2

S-I)

S- I)

in the morning in January and the

during the early morning after over-night chilling

temperatures in June. On average morning photosynthetic rates were approximately 250/0 larger
during the mornings compared to afternoons when locations were combined (Fig 6.2).
Stomatal conductance (gs) ranged from 0.03 to 0.22 mol m-2
combined. The largest gs of approximately 0.22 mol m- 2

S- l

S-l

when all locations were

was achieved during the wet season

at Coastal Plains and South Johnstone. However, it was assumed that Mossman would have
achieved similar gs values if diurnal measurements of leaf gas exchange were perfonned in the
Viet season. Stomatal conductance was typically low in Kununurra, Western Australia and did
rot exceed 10 mol m-2

S-I.

During Coastal Plains dry season gs rates were similar to

Kununurra 's gs profile for both the dry and dry/wet season. The only atypical response was
seen for South Johnstone after experiencing low over-night temperatures during the dry season
res ulting in very low gs rates the following morning «0.03 mol m-2

S- I) .

Typically gs rates are

closer to 10 mol m-2 S- I during this time of year (Chapter 4; Fig 4.16).
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Transpiration rates (Tr) varied from 1.0 to 3.1 mmol m-2
(l.2 mmol m- 2

S-I)

S-I

amongst locations. The lowest Tr

which peaked at 1300 h was found in South Johnstone following over-night

chilling temperatures during the dry season.

The largest Tr was found at South Johnstone

peaking at 3.1 mmol m- 2 S-I followed by 2.8 mmol m- 2

S-I

at Coastal Plains from 1130 to 1600 h.

Although Kununurra experienced a similar LA VPD profile to Coastal Plains during the dry
season, Kununurra produced Tr rates 10% lower then Coastal Plains.
The ratio between inter-cellular CO 2 concentration (C j ) and the ambient CO 2 concentration (C a)
ranged from 0.48 to 0.95 with the lowest C/C a (0.48) occurring at South Johnstone following
over-night chilling temperatures. The largest C/C a (0.95) was experienced in Kununurra during
the dry season. The C/C a ratio typically averaged 0.66 when all locations were combined.
Inter-cellular carbon concentrations averaged 260 ppm for all locations. The lowest C j (210
ppm) was recorded in South Johnstone at 0830 h during the wet season and the largest (345
ppm) was found following over-night chilling temperatures also in South Johnstone but during
the dry season (Fig 6.2).
There was large variation in LA VPD between NACDA locations, with Coastal Plains and
Kununurra experiencing the largest LA VPD of approximately 4.8 kPa at 1300 h during the dry
season. LA VPD at Coastal Plains and Kununurra were 500/0 larger than South Johnstone and
Mossman in the dry season. The lowest LAVPD was recorded at Coastal Plains (0.7 kPa)
during the wet season. The Queensland locations generally experienced low LA VPD throughout
the year and never exceeded 2.4 kPa (Fig 6.2).
Leaf temperatures at the NACDA locations ranged from 16 to 38°C (Table 6.3) and generally
leaf temperatures were lower in Queens land compared to the other experimental locations. In
the NT and WA leaf temperatures were rarely below 30 DC and typically above 30 DC after 0830
h.

Al1 locations experienced full sun (1800 /-lmol m-2

S- I)

at solar noon.

Therefore leaf gas

exchange measurements were completed when irradiance levels were light saturating for
photosynthesis; however, there were exceptions for Mossman (1600 h) and Kununurra (0700 h
and] 300 h) when light was below photosynthetic light saturation (Fig 6.2).
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Figure 6.2 The response of leaf carbon assimilation, stomatal conductance, leaf transpiration, the
difference between inter-cellular and ambient CO 2 concentration, the inter-cellular CO 2 concentration,
leaf-to-air vapor pressure difference, leaf temperature and photon flux density during diurnal
investigations in February 2002 (unfilled symbols) and June 2003 (filled symbols) for Kununurra,
Coastal Plains, South Johnstone and Mossman. Each symbol is the mean of 24 (n=24) upper canopy
leaves ± s.e. Leaf gas exchange measurements for cocoa in Broome were not completed since plants
died at the establishment phase. Also, wet season leaf gas exchange measurements in Mossman were
not completed due to rainfall on the day of field visitation.

6.3.5

Estimated monthly photosynthetic rates

Monthly photosynthetic rates were estimated through diurnal investigations and regressIOn
analysis of leaf photosynthesis against LA VPD between mornings and afternoons for each
location (Figs 6.3 and 6.4). Kununurra exhibited the lowest and Mossman the largest
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photosynthetic rates for both the mornings and afternoons when compared to the other NACDA
locations (Fig 6.6). Mossman photosynthetic rates for both mornings and afternoons were on
average 10%, 200/0 and 40%

larger than South Johnstone, Coastal Plains and Kununurra

respectively (Fig 6.6).
10~----------------------------------~

'en

LAVPD (kPa)

Figure 63 Leaf carbon assimilation rate of cocoa as a function of leaf-to-air vapor pressure difference
(LAVPD) during the dry season morning and afternoon for Kununurra (diamond; line with two dots;
=0 .61), Coastal Plains (circles; solid line r2=0.47), South Johnstone and (square; dashed line r2=0.26)
Mossman (triangle; dotted line r2=0.26). Linear regressions have been fitted to raw data. Symbols
represent the means of approximately 24 -36 measurements.
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Figure 6.4 Leaf carbon assimilation rate of cocoa as a function of leaf temperature in the morning and
afternoon during the dry season for Kununurra (diamond; line with two dots; r2=0.59), Coastal Plains
(circle; solid line r2=0.45), South Johnstone (square; dashed line r2=0.16) and Mossman (triangle; dotted
line r2 =0.11). Al1 negative linear regressions were fitted to raw data points. Symbols represent the means
of approximately 24 -36 measurements.

It was shown that

Ama x

increased for both Coastal Plains and Mossman during the wet season as

foliar nitrogen content increased (Fig 6.5).
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Figure 6.5 Leaf carbon assimilation rate at Coastal Plains (circles) and Mossman (triangles) as a function of
total leaf nitrogen. The results of each linear regression is as follows; Coastal Plains were y=3.415x +
0.4922 R 2=0.31; Mossman y=6.6864x - 5.601 R2=0.48.

Months

Figure 6.6 An estimate of average monthly upper canopy photosynthetic rates between morning (0800 0900 h; top) and afternoon (1330 - 1430 h; bottom) for Kununurra (line with two dots), Coastal Plains
(dash), South Johnstone (solid line) and Mossman (dotted). Photosynthetic rates were estimated using the
average hourly VPD and air temperature during the day for each month and determining the rate of
photosynthesis within each VPD and air temperature interval by regression analysis for each location.

6.3.6

Stem growth and total leaf area
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There were significant differences (P<0.05) in average stem growth between the NACDA
locations (Fig 6.7). After 200 days growth, stem diameter in Mossman was significantly larger
(P<0.05) than the other locations when comparing fitted curves. After 400 days growth
Kununurra, South Johnstone and Coastal Plains stem diameters were 36%, 160/0 and 90/0 smaller
than Mossman respectively.

At 800 days growth Kununurra, South Johnstone and Coastal

Plains grown cocoa were 470/0, 150/0 and 80/0 smaller respectively when compared to Mossman.
After 1200 days they were 53%, 160/0 and 80/0 smaller respectively.
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Figure 6.7 Stem diameter for cocoa hybrid (KA2-106 x KEE23) grown in Mossman, Queensland
(dotted line) , Coastal Plains, Northern Territory (unbroken line), South Johnstone, Queensland (dashed
line) and Kununurra, \Vestern Australia (dashed with two dots) from time of gennination. Stem
diameter was measured on 15 individuals 7 to 11 times at each NACDA location.

Stem diameter and total leaf area was determined and compared after 800 days growth for cocoa
grown in Kununurra, South Johnstone, Coastal Plains and Mossman.

There was a strong

relationship between stem diameter and total leaf area after 800 days growth when fitted with a
linear regression resulting in an r2 value of 0.76. Kununurra exhibited the lowest total leaf area
and corresponding stem diameter. Increases in total leaf area reflected increases in stem growth
although this relationship was not strictly linear (Fig 6.8).
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Figure 6.8 The relationship between total leaf area as a function of stem diameter for Kununurra
(diamond), South Johnstone (square), Coastal Plains (circle) and Mossman (triangle). Linear regression
was fitted against all raw data points resulting in an r2=0.76. Each symbol is the mean of six trees (n=6).
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6.4
6.4.1

Discussion

General

The study conducted for this chapter was designed to increase the understanding of growth and
ecophysiological function of cocoa in various north Australian locations. Sites were chosen on
the basis that they exhibited tropical climates that differed with respect to rainfall, temperature,
vapor pressure difference (VPD), total annual sunshine hours, and their seasonality index (Table
6.1; Fig 6.1).
Six important agronomic variables that need consideration when considering the establishment of
a crop in a new environment are: (1) rainfall or irrigation availability; (2) soil fertility (3) air
temperature; (4) VPD; (5) annual sunshine hours and, (6) wind.

Each of these variables can

significantly affect crop growth and yield. Cocoa requires an annual rainfall of approximately
1500 - 2000 mm per year, soil fertility for the major elements around 150 kg N; 90 kg P; 200 kg K
per hectare per year (Wood and Lass 1985), air temperatures between 21 to 32°C, VPD not above
a daily mean of 1.4 kPa (Balasihma et at., 1991), annual sunshine hours between 1600 to 2300
hours per year (Wood and Lass 1985) and wind not exceeding 21 km per hour (Sena Gomes and
Kozlowski 1989).
The experimental locations chosen for this study were both above and below the recOlmnended
requirements for some of the variables described above. However, one of the purposes of this
project was to explore the upper and lower enviromnental boundaries for cocoa production to
determine where cocoa could potentially be grown in Australia.

6.4.2

Leaf gas exchange north Australia

One of the main environmental parameters that can cause large reductions in photosynthetic
rates are high leaf-to-air vapor pressure differences (LAPVD). As discussed in detail in Chapter
3, leaves experiencing supra-optimal LA VPD respond by lowering stomatal conductance. This
response has been seen in many plants species, particular plants inhabiting the wet - dry tropics
(Eamus et at., 1999). In the present study, large differences in rates of leaf gas exchange were
found between seasons and locations (Fig 6.2). The main causes of reduced photosynthetic
rates were primarily supra-optimal LA VPD and leaf temperatures (Fig 6.3 and Fig 6.4). Supraptimal conditions were especially evident during dry season months (June to August).
Depending on location, LA VPD measured during the dry season afternoons ranged from 2 to 5
kPa (Fig 6.2). The maximum LA VPD were therefore well in excess of the 1.3 kPa threshold for
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reduction in leaf photosynthetic rates previously recorded in cocoa (Balasimha et al., 1991;
Chapter 3).
Sub-optimal leaf temperatures are also known to reduce photosynthetic rates in cocoa (Raja
Harun and Hardwick 1988b; Joly and Hahn 1991; Chapter 4). Diurnal measurements of rates of
photosynthesis of cocoa conducted during this study indicated that leaf carbon assimilation
began to decline once leaf temperatures drop below 31°C.
South Johnstone's cold over-night air temperatures during the dry season caused extremely low
photosynthetic rates the following day compared to rates exhibited after warm over-night
temperatures (Fig 6.2). The reduction in photosynthesis after cold nights has been attributed to
the combined effect of stomatal closure, reduced enzyme activity and protein degradation as
discussed in chapter 4. Tropical plant species are susceptible to temperatures below 10°C and
commonly experience reductions in photosynthesis during the morning following chilling
temperatures (Diczbalis 1997) or a delayed inhibition of photosynthesis a day later (Allen et al.,
2000).

During the present investigation, over-night temperatures of 10°C reduced

photosynthesis.

Although photosynthetic rates were eventually recovered, large losses in

canopy productivity were evident. This is an important factor to consider when contemplating
growing cocoa in areas that experience low temperatures.
Supra-optimal leaf temperatures can also cause reductions in leaf photosynthesis (Raja Harun
and Hardwick 1987; Chapter 3); although; supra-optimal leaf temperatures may not be as
influential as supra-optimal LA VPD (Shirke and Pathre 2004). Leaf temperatures exceeding 31
°c in cocoa cause a decline in leaf photosynthetic rates (Raja Harun and Hardwick 1987;
Chapter 3). Strong r2 values were found between leaf temperature and LA VPD for
photosynthesis at Coastal Plains (Fig 6.4). Therefore leaf temperatures and LA VPD at Coastal
Plains and Kununurra caused similar negative responses to photosynthesis. The growing areas
at South Johnstone and Mossman also exhibited negative linear relationships between
increasing leaf temperature or LA VPD and photosynthesis. However, trees growing at both
QLD locations showed stronger negative correlations with LA VPD (Fig 6.3 and Fig 6.4). This
suggests LA VPD is the most influential climatic parameter causing decreased photosynthesis.
Leaf carbon assimilation and stomata] conductance (gs) rates in cocoa are very sensitive to VPD
(Balasimha

el

al., 1991; Raja Harun and Hardwick 1987). A decline in gs as VPD increases

occurs to prevent dehydration of the leaf. In the present study, reductions in photosynthesis
between seasons were primarily a result of reduced stomatal conductance (Fig 6.2; Chapter 3).
Large declines in leaf carbon assimilation between morning and afternoon, accompanied by
Cl1apter 6: Across northern Australia : Morphologica l c haracteristics and photosyntheti c res ponse of cocoa
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increased CJCa, can be interpreted as a non-stomatal inhibition of photosynthesis (Lauer and
Boyer 1992). This response was found for cocoa grown at Kununurra and to a lesser extent for
cocoa at Coastal Plains during the dry season.

It is possible that large transpiration rates

induced reductions in photosynthesis independent of changes in gs (Sharkey

1984).

Transpiration rates were continuously high at Coastal Plains between 1130 to 1600 h during the
dry season; however, the rates were also high during the wet season when photosynthetic rates
were at their highest levels (Fig 6.2).

It is probable that non-stomatal limitations

III

photosynthesis occurred from high VPD in the afternoon triggering a reduction

III

photosynthetic biochemistry as previously reported by Shirke and Pathre (2004).
Other non-stomatal influences on leaf carbon assimilation include changes in specific leaf area
and leaf nitrogen content. There are many reports on the effect of specific leaf area (SLA) on
Aarea (Evans and Poorter 2001; Terashima et at., 2001). In the present study SLA ranged from
15.3 to 19.0 m 2 kg-I (Table 6.2) whereas in previous investigations described in Chapter 3, SLA
ranged from 16 to 26 m 2 kg-I . Although significant differences in SLA were detected between
locations there was no trend in SLA between locations and seasons. The reason for only small
differences in SLA between locations was probably due to similar light levels during growth. It
was previously suggested (Chapter 3) that SLA would change very little from 70 to 1000/0
transmitted light. All experimental plots described in this chapter used only partial or shade,
resulting in plots receiving 90 to 1000/0 transmitted light.

This can be seen during diurnal

measurements of leaf gas exchange where PFD at solar noon was 1800 ~mol m-2 S-I (equal to
100% transmitted light at solar noon) for all locations (Fig 6.2).
Although there was no significant trend in SLA and Amax (not shown) there were positive
correlations between Amax and foliar nitrogen (N) content (Fig 6.5); a finding in agreement with
other studies (Evans 2001; Evans and Seemann 1989).

Since trees at all locations were

fertilised weekly, (Appendix 12) these differences must reflect difference in N allocation and/or
N uptake. During measurements of A max , environmental conditions were similar at each site.
However, gs during some measurements in the NT were 100/0 lower than that of Mossman
measurements. This may have caused some reduction in photosynthesis even though total N
content may have been larger. Trees growing at both locations exhibited positive correlations in
leafN and photosynthesis but Mossman had the strongest relationship between Amax and leafN
content. Cocoa leaves at Mossman and Coastal Plains averaged the same total foliar N content
of approximately 20/0 on a total leaf mass basis, however, the largest foliar N content was found
in the NT (2.50/0). Based on the results of the correlation between N content and photosynthesis
(where gs rate was >0.15 mol m- 2 S-I) it was likely there was an effect of foliage N on Amax in
keeping with the findings of Yapp and Hadley (1998). lncreases in foliar N in cocoa have
C hapt er 6: Across northern Australia: Morpholog ica l characteristics and photosynthetic response of cocoa
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shown to increase total chlorophyll content per unit leaf area which in tum can lead to enhanced
vegetative growth (Costa et at., 1998).
Changes in leaf gas exchange are influenced by different stomata densities (SD) (Schluter et at.,
2003).

For example, increasing stomata per unit leaf area can enhance CO 2 fixation and

transpiration rates. SD can be affected by environmental variables other than CO 2 concentration
(Sharkawy et at., 1985). For example, light availability and quality (Liu-Gitz et

at., 2000) both

affect stomatal development and leaves with different SD develop depending on their position
in the canopy (Ceulemans et at. , 1995). Exposure to drought during leaf development can
reduce SD (Awada et

at., 2002). In the present study SD ranged from 940 to 1180 mm 2 across

all locations (Table 6.2). This is substantially larger than that reported for many other tropical
plants which typically range from 25 to 400 stomata per mm2 (Shearman and Beard 1972;
Palliotti and Cartechini 2001; Sun et

at., 2003; Kouwenberg

et

at., 2004). This result may

partly be explained through biotic and abiotic factors which indirectly influence SD.
Differences in air temperature, water availability and relative humidity can alter the absolute
number of stomata and influence the size and! or spacing of epidermal cells. This can result in
stomata that are closely packed together leading to an increase or decrease in SD (Beerling and
Kelly 1997).

Cocoa in the NT was exposed to high leaf temperatures and large LAVPD

compared to cocoa grown in Queensland (Table 6.1; Fig 6.1; Chapter 3).

Supra-optimal

environmental conditions in the NT may have led to the development of more stomata per mm
compared to Queensland grown cocoa (Table 6.2).

2

As increases in SD may enhance leaf

cooling by increasing transpiration (Lu et at. , 1998).

6.4.3

Annual canopy carbon gain

Estimates of Amax were determined for each month at each experimental location (Fig 6.6).
Results indicate that Mossman in Queensland provided the best climate for photosynthesis and
Kunununa the least. Even during the afternoons (1400 h), Mossman was still able to achieve
photosynthetic rates >5 /-lmol m-2
/-lmol m-2

S-I

(Fig 6.2).

S-I

whereas in Kunununa photosynthetic rates dropped to 3

Maximum photosynthetic rates were more commonly observed in

Mossman than the other experimental locations due to lower LA VPD at Mossman (Fig 6.2).
Even during the dry season, LA VPD in Mossman never exceeded 2.0 kPa. In contrast, during
the Coastal Plains and Kunununa dry seasons, which span the majority of the year, LAVPD
were typically above 2.0 kPa by 1000 h (Fig 6.2).

The larger and sustained rates of

photosynthesis in Mossman lead to Mossman exhibiting the largest stem growth (Fig 6.2) and
the largest total leaf area (Fig 6.9) of the four locations. However, it must be emphasised that
days following cold over-night temperatures also resulted in low LA VPD.
Chapte r 6: Across northern Austral ia: Morphological characteristics and photosynthetic response o f cocoa
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6.4.4

Canopy area and stem growth

Rates of photosynthesis can affect the growth and yield performance of a plant (Pettigrew and
Meredith 1994; Guo et al., 2002; Edna and Singahdhupe 2004). However, total carbon gain is
strongly influenced by the amount of leaf area available to capture light (Spanner et al., 1990).
Total leaf area is therefore an important aspect of total assimilates production. In cocoa and
other plants (Allen and Ort 2001; Toit and Dovey 2005) maximising leaf area from an early age
is necessary for optimal growth and early yields. For instance, post establishment treatments

of fertiliser significantly increased the leaf area index of Eucalyptus grandis resulting in larger
woody biomass production in comparison to a control using no fertiliser (Toit and Dovey 2005).
In the present study, cocoa at the different experimental locations achieved different total leaf
areas after 18 months growth (Fig 6.8; Table 6.2). These differences were largely attributed to
differences in local climate rather than differences in fertiliser and water supply since all
locations were provided these inputs on a regular basis (Appendix 12). In cucumber (Gosselin
and Trudel 1985) and several grass species (Hazlett 1992) warmer air temperatures increase
total leaf area, whereas reducing soil-water availability in grapes substantially reduces leaf area
and yields (G6mez-del-Campo et al., 2002; Bindi et aI., 2005).
All experimental locations were irrigated regularly during the present study and therefore soil
moisture was not a limiting factor. However, large

leaf-t~-air

vapor pressure deficits and air

temperatures differed between sites. It is likely that supra-optimal conditions of temperature
and VPD at Coastal Plains and Kununurra severely inhibited photosynthetic performance
resulting in reduced gs. The reduced rate of leaf carbon assimilate production through low gs
would have reduced the rate of vegetative growth. The relationship between total leaf area and
stem diameter showed a strong positive correlation indicating that increases in total leaf area
positively affect stem growth or vice versa (Fig 6.8).

Any reductions in leaf area would

therefore reduce stem growth and yield.

6.4.5

Establishment in Broome Western Australia

Four of the five study locations (Diagram 6.1) were successfully established.

The only

exception was in Broome where cocoa seedlings showed relatively poor growth compared to the
other experimental locations. The problems at Broome started with poor germination success of
approximately 5 to 550/0 for the PNG and Malaysian seed consignments. Seeds that were able
to germinate produced deformed leaves and experienced poor root formation. The principal
researcher from Broome suggested that poor germination rates were the result of temperature
fluctuations during seed transit (Richards 2002).
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Irregular root formation can occur from various factors including inadequate soil moisture being
in the pot for too long (Berntson et at., 1993), high salinity (Ramolita et at., 2004), low or high
soil pH (Mohammad and Shiraishi 1999), nutrient deficiency/toxicity (Sheldon and Menzies
2005) and from sub-optimal temperatures (Diczbalis and Menzel 1998). Information collected
from the Broome site excluded most of these factors and it was considered that low air and soil
temperatures during establishment were the primary reasons for the unsuccessful planting
(Appendix 13).
Poor vegetative growth above-ground would have also been affected by low air temperatures,
particularly in June when eight consecutive nights of air temperatures below 9 °c were
experienced (Appendix 13).

Cold temperatures can lead to large losses in photosynthetic

productivity and cause chloroplast impairment leading to long-term reductions of carbon gain
(Chapter 4). Cocoa seedlings that were successfully transplanted into the field at Broome were
unable to develop new leaf flushes (Richards 2002). This occurrence was thought to be the
result of inadequate root development. However, it was likely that continuous exposure of suboptimal air temperatures produced conditions highly unfavorable for leaf assimilate production.
Plants could therefore not produce the required assimilates to support leaf growth. In these
circumstances resources are slowly depleted until plants eventually die.
In view of the foregoing, Broome is not considered a suitable location for cocoa production.
Even if seeds were successfully raised during the start of warmer months (November), seedlings
would be subjected to suboptimal air temperatures during the May to August winter season (Fig
6.1; Appendix 13). Minimum monthly temperatures below 15°C would significantly inhibit
photosynthesis resulting in poor vegetative growth, inhibited flowering (Alvim et at., 1974) and
restrict root growth as reported for the seedlings planted in Broome.

6.4.6

Conclusion

Cocoa grown in different locations across north Australia exhibited large differences in
maximum photosynthetic rates.

Depending on location and season, upper canopy leaves

photosynthesised at rates between 0.7 to 10 J..lmol m-2 s-'.

Trees growing in Mossman in

Queensland exhibited the largest daily leaf assimilation rates during the dry season and trees in
Kununurra, Western Australia exhibited the lowest. During the wet season trees growing in
both Coastal Plains and South Johnstone exhibited photosynthetic rates >7.5 J..lmol m- 2 s-'
whereas Kununurra never exceeded 7 J..lmol m- 2 s-'.
Although diurnal wet season measurements were not completed in Mossman, it was likely that
both the diunlal profile of leaf gas exchange and furthermore the photosynthetic potential of
Chap ter 6: Across northern Austral ia : Morphological cha racteristics and photosynthetic response of cocoa
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Mossman cocoa were similar to that of trees growing at Coastal Plains and South Johnstone.
Amax was estimated for each month at each location.

These estimates revealed that trees in

Mossman would exhibit the largest Amax throughout the year.

Higher photosynthetic

performance would lead to improved assimilate production; however, it has yet to be
determined whether large Amax correlated with large fruit yields. Correlation between Amax and
yield have rarely been reported (Lawlor 1995) but there are cases when strong relationships do
occur (Pettigrew and Meredith 1994).
The main factor affecting leaf gas exchange during the present study was exposure to moderate
to large leaf-to-air vapor pressure deficits of 2 to 4.5 kPa. This was especially evident in the
Northern Territory and Western Australian locations where LAVPD commonly exceeded 4.5
kPa for the majority of the year.

In Queensland, LAVPD rarely exceeded 2 kPa and only

moderately affected photosynthesis.
There was no evident affect of specific leaf area (SLA) on Amax between locations. This was
thought to be a result of limited differences in SLA due to similarities in growth irradiance
between locations. The Northern Territory did experience larger annual solar exposure but SLA
seemingly reaches a maximum at PFD equal to or > 1400 f.lmol m- 2

S-I.

However, there was a

reasonable relationship with foliar nitrogen content and photosynthesis. This ranged from 4 to 9
/.lmol m-2

S- I

as total nitrogen contents increased from 1.6 and 2.2%

of total leaf mass

respectively.
Cocoa in Mossman exhibited larger stem growth rates than the other experimental locations.
This was attributed to higher photosynthetic rates and a larger canopy area in Mossman during
the year. In contrast, Kununurra exhibited the lowest photosynthetic rates and smallest canopy
area and lowest stem growth. Canopy area has a significant impact on stem growth rates and
therefore influences the time taken for cocoa to reach lnaturity.
Mossman was shown to be the preferred site with respect to photosynthetic potential and
canopy development. However, it is not clear how differences in Amax throughout the year in
Mossman or other locations will correlate with pod yield. It is expected that pod yields would
initially be largest in Mossman compared to the other locations because of the early
development of a large canopy area; however, synthesised assimilates may be directed towards
other organs other than pod production.

Mossman hosted the most optimal climate for leaf

photosynthesis, canopy development and stem growth.

South Johnstone was not able to be

assessed with respect to interactions with local climatic conditions due to early attack by
rhyparida beetle and lack of wind breaks. Furthermore, trees at South Johnstone are prone to
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short-term chilling temperatures during the dry season. These will reduce assimilate production
while the conditions persist but this would have only a limited short-term affect on growth.
Trees at Coastal Plains were able to produce large vegetative growth rates despite experiencing
both supra-optimal and sub-optimal environmental conditions throughout the year. However, it
should be noted that the climate window when environmental conditions were optimal for
photosynthesis was limited to three months of the year. It is likely that pod yields at Coastal
Plains would be restricted by low assimilate production resulting in lower pod yields than the
north Queensland locations.
Kununurra in Western Australia was at the extreme end of the climatic boundaries for cocoa
production and would be unsuitable for economic returns at present cocoa prices. Although it
would be possible to produce cocoa in wet to dry tropical conditions with appropriate irrigation,
yields would be lower than north Queensland locations primarily because LAVPD are <2 kPa.
In summary, the Mossman area of north Queensland offered the most suitable climatic
conditions for cocoa ecophysiology of the five NACDA locations.
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Chapter 7
General discussion and conclusions
7.1

Introduction

This PhD project was established to determine whether it would be possi ble to prod uce cocoa in
the tropics of north Australia. Tropical Australia experiences climatic conditions that differ
significantly from the relatively aseasonal climates of the equatorial regions where cocoa is
traditionally grown.

It was therefore necessary to use irrigation to compensate for highly

seasonal rainfall and to use artificial shade structures to simulate over-head shade trees
traditionally associated with cocoa production. These practices allowed manipulation of soi l
moisture content and photon flux density. However, it was not practical to manipulate other
factors such as temperature and vapour pressure deficit (VPD) during the project.
Cocoa exhibits many characteristics of shade-adapted plants, including low maximum
photosynthetic rates and dynamic photoinhibition at relatively low ilTadiance.

This project

focussed on determining the effects of light flux density, air temperature, and atmospheric VPD
on growth, yield, and physiological behaviour of cocoa. The thesis includes five experimental
chapters investigating the following areas:
a.

Morphological and physiological characteristics of potted cocoa grown under
contrasting light reg imes (Chapter 2);

b.

Leaf gas exchange and growth in shaded cocoa (Chapter 3);

c.

Leaf chlorophyll fluorescence and photosynthesis during short-term seasonal
chilling of cocoa grown at different light levels (Chapter 4);

d.

The effect of photo flux density on flowering, bean quality, and quantity of
cocoa (Chapter 5); and

e.

The ecophysiological and yield response of cocoa grown at various locations in
the north Australian tropics (Chapter 6).

The first four chapters examined cocoa grown under shade cloth to produce contrasting light
treatments of 25 , 35 , 50 and 70% transmitted light. The fifth experimental chapter focuses on
standardised cocoa field trial designs established using artificial shade and or under shade trees
planted at low density to provide a small degree of shade resulting in 80 - 900/0 light
transmission. The standardised trials were based in Broome, Darwin, Kununarra, Mossman and
South Johnstone to detemline how local climates at these sites affect yield and ecophysiological performance of cocoa.
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The main findings of the experimental chapters are discussed below.

7.2

Cocoa seedlings

Coastal Plains experiences a higher amount of solar radiation compared to traditional cocoa
producing areas (Fig 2.1; Chapter 2). Establishing cocoa seedlings under full sun can lead to a
high mortality rate (AI vim 1967). In fact, cocoa seedlings planted in the field under full-sun
had a 90% mortality rate at Coastal Plains near Darwin. High mortality from preliminary
investigations led to the selection of 700/0 treatment as the highest light treatment in al1 shade
house experiments conducted during this PhD project.
Chapter one was based on the use of potted seedlings

In

shade houses to determine cocoa

seed ling responses when grown under 25, 35, 50 and 70% transmitted light.

Table 7.1

compares seedling response at 70% treatment compared to those grown at lower light
treatments.
Table 7.1 Summary of morphological/ecophysiological and leaf pigment response when cocoa seedlings
are grown under 70% transmitted light compared to plants grown at 25, 35 and 50% transmitted light in
pots .
Measurement

Plant girth
Individual leaf area
Total leaf area
Number of branches
Relative growth rate
Net assimilation rate
Leaf area ratio
Total dry matter
Specific leaf area
Stomatal density
Total chlorophyll
Total carotenoids
Total Car: total ChI ratio
Quantum yield PSIl (at noon)
Efficiency of PSJ1 (at noon)

70%
to:

treatment grown cocoa compared

25%

35%

50%

higher
lower
lower
higher
same
same
lower
lower
lower
higher
lower
lower
higher
lower
lower

higher
lower
lower
higher
same
same
lower
lower
lower
same
lower
lower
higher
lower
lower

same
lower
lower
same
same
same
same
lower
lower
same
lower
same
higher
lower
lower

The present study indicated that exposure to irradiance had the largest impact on total leaf area.
Upper canopy cocoa leaves grown at 70%

treatment had lower concentrations of total

caroteloids compared to lower light treatments.

This is the opposite effect to previously

reported (Demmig-Adams and Adams-III 1992). There are only two other repol1s of decreasing
carote:lOid concentrations with increasing irradiance, one on cocoa (Theobroma cacao) and the
other 'osewood (Aniba rosaeodora) (Goncalves el al., 2005). Interestingly both these species
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originated in the understory of the Amazon basin.

Measurements of leaf ch lorophyll

fluorescence confirmed that exposure to 700/0 treatment resulted in photoinhibition as revea led
by large decreases in the quantum yield of PS II and PS II efficiency. Such decreases in PS II
are known to be a photo-protective mechanism against excessive electron flow .

However,

continued high irradiance above the level required to saturate electron transport rate (ETR) can
lead to cell death (Sonoike et

at., 200 I).

These results lead to the recommendation that cocoa seedlings in the NT should be established
at light levels of approximately 350/0 transmitted light.

Light levels below or above 35%

transmitted light wi)) led to under or over exposure to light at the seedling stage. Irradiance
should later be increased to 700/0 transmitted light when seedlings exhibit a reasonable canopy
area.

7.3

Mature field-grown cocoa

Many studies investigating the response of cocoa to irradiance have been laboratory based and
carried out on three to six month old seedlings (Galyuon et

at., ]996a).

Leaves of mature cocoa

trees are photosynthetically more productive compared to those of seedlings (Hutcheon 1977).
Chapter 3 focused on the effect of various light treatments on leaf gas exchange, leaf
chlorophyll fluorescence, leaf characteristics and stem growth of young field grown cocoa trees
(Table 7.2) . There have been few attempts to measure photosynthetic rates of field grown

at.,

cocoa, and only one diurnal investigation of leaf gas exchange is available (Balasimha et
1991). Photosynthetic rates in cocoa showed a wide range (.1.2 to 7 ~mol m-2

S-I;

Table 1.1),

with different genotypes exhibit ing different leaf photosynthetic rates (Hadley and Yapp 1992).
In the current project, which used hybrid cocoa, photosynthetic rates of up to 10 ~mol m- 2

S-I

were measured . This is significantly larger than previous reported rates (Balasimha et aI. , 1991 ;
Raja Harun and Hardwick 1987; Hutcheon 1977). The larger photosynthetic rates in this project
are considered to result from more optimal climatic conditions during the year, the continual
application of irrigation and fertiliser which lead to favourable leaf attributes and perhaps the
coc a genotype used. Differences in SLA and pigment composition have been attributed to leaf
flushes developing at high solar irradiance.
(Ni nemets et

at. ,

1998).

This in turn strongly influences final SLA

Specific leaf area is an important aspect since lowering SLA can

substantially influence photosynthesis per unit leaf area. Sun plants have a smaller SLA and a
larger internal leaf area than shade plants (Evans and Poorter 2001; Terashima et at., 200 I).
Thi s increases the amount of CO 2 fixed per unit leaf area by increasing the number of catalytic
sites for CO 2 fixation (Evans and Pool1er 2001).
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Table 1.2 A comparison of morphological and ecophysiological attributes on cocoa grown under 70%
transmi1ed light compared to plants grown under 25, 35 and 50% treatments in the field, Northern
Territory.

Measurement

70% treatment grown cocoa

compared to:

A lllax morning January
A lllax afternoon January
A lllax morning July
A lllax afternoon July
Stem diameter (2 years 7 months growth)
SLA May
SLA January
Pre-dawn leaf water potential
Leaf dark respiration
Non-photochemical (noon) quenching

25%

35%

50%

higher
same
higher
higher
higher
lower
lower
same
higher
higher

higher
same
higher
same
same
lower
lower
same
higher
higher

same
same
higher
same
same
lower
lower
same
same
same

In addition to differences in leaf morphology (SLA), this investigation showed that climatic
variables such as leaf-to-air vapour pressure difference (LA VPD) influence the rate of leaf gas
exchange.

There have been no previous studies showing the effect of large LA VPD on

photosynthesis in cocoa or the interaction of LA VPD and Amax under different levels of solar
irradiance. Chapter 3 describes the effect of LA VPD and leaf temperature on leaf gas exchange
and demonstrated that cocoa experiencing long-term high levels of LAVPD and leaf
temperatures could still photosynthesise at larger rates than previously reported. However,
differences in photosynthesis from those previously reported diminish once climatic variables
become SUb-optimal or supra-optimal. The optimal climatic and physiological conditions for
maximum leaf carbon gain in north Australia are described below (Table 7.3).
Table 7.3 Summary of optimal values with respect to photosynthesis for: leaf-to-air vapour pressure

difference (LA VPD), leaf temperature and photon flux density (PFD), stomatal conductance and leaf
transpiration .
Climatic/physiological parameter

Optimal at

(!lmol m- 2 s-')

Largest

Amax

optimum

value

at largest recorded

value (!lmol

recorded

va riable in column

Amax

at

2

m- s-')

for

three

variable
Leaf.. to-ai ~ vapour pressure differenc e (kPa)

< 0.8

Leaf tem perature (DC)

PFD (~lm I m- 2 s-')

10

5.0

2.0

3I

10

42

2.0

) 400 to ) 600

10

1800

1.8

0. 15

10

0 . 17

10

Transpiratio n (mmol m- 5")

2.5

10

6.0

2.5

Specific leafarea (m 2 kg-I)

16 to 19

10

26

4. 1

Total leafnitrogen (%)

2 to 2.2

8

2.4

10

2

Stomatal co nductan ce (mol m- s")
2
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7.4

Shade

An opportunity to compare the photosynthetic characteristics of partially shaded and fully
exposed mature cocoa trees (approximately one and a half years old) were presented when the

Acacia mangium trees originally shading an adjacent cocoa trial were destroyed during a storm .
Thus, at Coastal Plains, these cocoa trees were subject to full-sun thereafter. The extra 300/0
transmitted light in the fully exposed trees caused a decrease in leaf photosynthesis of
approximately 2.0 /lmol m-2

S-I

compared to the 70% treatment described in this thesis. Whilst it

was expected that cocoa grown in full-sun would produce leaves with a lower SLA compared to
the 700/0 shade treatment, this was not observed and leaves of both sets of trees had a similar
2

SLA of approximately 16.0 m kg-I. There are presently no other published values of SLA in
cocoa and more investigations of SLA would be useful to determine the extent to which
variation in photosynthesis between genotypes is influenced by SLA.
PS II efficiency was significantly reduced during a typical day at Coastal Plains in shaded trees.
Only the 700/0 treatment experienced small level s of irreversible photoinhibition.

The 250/0,

35% and 50% treatments showed full PS II recovery at pre-dawn, demonstratin g a dynamic
photo-inhibitory response with no long-term detrimental effects to leaves. The results of this
study indicated that the 700/0 treatment was the upper limit for growth of cocoa without
suffering serious detrimental effects.

While continued exposure of cocoa leaves at 700/0

treatment did not lead to immediate visual damage, it may cause cumulative irreversible damage
to photosystems in the long-term, resulting in lower photosynthetic rates and reduced leaf
longevity compared to more shaded systems.
An important component of this project was to determine whether any of the five locations in
north Australia that were selected were suitable for production of cocoa (two in north
Queensland, one in the NT, and two in Western Australia). Irradiance levels at Coastal Plains
were 30% larger than at the north Queensland sites due to increased cloud cover throughout the
year in north Queensland. Consequently, shade recommendations for QLD wou ld be different
from those applica ble to location s in the NT. The results of this project indicate the use of
shade trees for mature cocoa crops is recommended for Coastal Plains. In contrast, it may be
possible to grow mature cocoa without shade in far north Queensland due to the increased cloud
cover. Climatic condition s at the two Western Australia location s were more extreme than at
Coastal Plains site and proved to be un su itable for cocoa production.

Cocoa planted under

shade in Broome and Kunun a lTa either did not establi sh or had extremely low photosynthetic
rates compared to trees growin g at Coasta l Plains and QLD locations.

These poor climatic

responses prevented extensive study of phys iologica l performance at the W A site.
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7.5

Temperature

The impact of cold over-night temperatures during the winter months in northern Australia were
investjgated to determine whether the chilling temperatures experienced caused losses in
photosynthetic performance for cocoa.

Chilling temperatures are

known to reduce

photosynthesis in cocoa (Joly and Hahn 1991) but the temperature at which significant losses in
photosynthetic performance occur the next day is not known for field grown trees. Results
obtained showed that over-night chilling below 12°C significantly reduced leaf carbon
assimilation and over-night chilling below 8 °c reduced photosynthesis for up to five days. The
current project was not able to determine photosynthetic response functions below this
temperature because temperatures did not fall below 8°C.

However, it was noted that,

irrespective of shade treatment, photosynthesis in cocoa was still suppressed the morning
fo llowing chilling to 12°C even when climatic conditions were near optimal for photosynthesis
the following morning.

The low light treatments did show a faster rate of photosystem II

recovery/activation as determined by measuring quantum yield of PSII, but photosynthetic rates
for the lower transmitted light treatments were still suppressed compared to leaves experiencing
warmer over-night temperatures.

7.6

Yield

Canopy photosynthetic rates and fruit yield are not always positively correlated and in many
cases are negatively correlated (Evans 1998; Lawlor 1995). In the present study, a positive
relationship was found between increased irradiance and crop yields, a result that agrees with
previous reports for cocoa (Ngit-Ming 2002; Ahenkorah et af. , 1987). Cocoa plants used in this
project did not attain full productivity and therefore the results presented here only represent
initial early yields. It was noted that yield efficiency, irrespective of light treatment, was low in
comparison to other reports for cocoa genotypes (Daymond et al. , 2003) but it must be
emphasised that the trees used in this study were not at full productivity.
Crop yields are influence by genotypes, as genotypes differ in their abil ity to store
carbohydrates, allocate sink reserves to the reproductive component, and the time taken to
replenish reserves in response to environmental conditions (Lotscher 2006). The present study
used seedlings so each plant was in fact its own genotype. This would have introduced variably
into the sample.
The micro-climate of leaves can also influence crop yields . lrradiance levels and climatic
variables such as LA VPD s ignificantly influenced photosynthesis in cocoa in the present study.
Farmers will need to consider irradiance levels and best management practices for maximising
stomatal conductance during the day in order to improve leaf carbon gain. Stomatal closure
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causes decreases in photosynthesis and over-exposure to irradiance > 1400 Jlmol m-2

S- l

can

cause declines in photosynthesis and long-term damage to leaves (Sonoike et ai., 2001).

7.7

Management considerations

The advantages of shade trees to growth and yield of cocoa may be outweighed by the
restrictions that shade trees can place on the ability to apply mechanised pruning and the
potential requirement of harvesting shade trees themselves 20 to 30 years after establishment.
These disadvantages can be minimised by carefully positioning shade trees to allow ease of
access by machinery and by cycling the replacement of cocoa stocks to coincide with harvesting
of the shade trees. Side-grafting techniques could also be used in the latter case using old cocoa
as rootstock in order to minimise the farm's downtime until yields return. However, this could
be offset by the larger pruning requirements for side-grafted plants.
The impracticality of maintaining shade trees may eventually rule

In

favour of zero-shade

practices in some areas despite the gains associated with shade implementation. Further studies
should be undertaken to investigate the use of canopy sprinklers to maintain a humidified
micro-climate within the canopy in order to help maintain maximum stomatal conductance
throughout the day.

Foliar sprays of Kaolin particles (clay) could also be investigated to

determine the effectiveness of these products in reducing leaf temperature through increased
reflectance of solar radiation.
Cocoa grown at Coastal Plains requires no more than 350/0 transmitted light at seedling stage.
Photon flux density larger than 350/0 transmitted light would likely cause upper canopy leaves to
become photoinhibited after prolonged exposure, reducing leaf carbon assimilation.

Once

cocoa canopies are well established photon flux density could be increased to approximately
70% transmitted light. This will encourage favourable leaf morphological characteristics such
as a low SLA and enhanced photosynthetic rates.
Shade trees established over cocoa assist in reducing unfavourable climatic conditions such as
high LAVPD and high leaf temperatures. Coastal Plains experienced a much larger LA VPD
com pared to north Queensland sites which support the recommendation for the use of shade
trees at Coastal Plains. North Queensland could also benefit from micro-climate manipulation
especially when LA VPD exceeds 1.2 kPa. Providing shade can also assist with the recovery
rate of photosystem II following over-night chilling and minimise irreversible photoinhibition
that can result after over-night chilling combined with full-sun exposure the following day.
Of the five experimental locations
rates.

Mossman ~

in Queensland, achieved the largest photosynthetic

This was followed by South Johnstone, Darwin and Kununarra respectively.
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Broome experiment did not pass the establishment phase since seedlings died from low overnight and daytime temperatures.

Farmers need to determine the climatic variables in their

region before committing to cocoa as a new crop. Cocoa is a tropical plant and prefers humid
conditions, low LAVPD

«

l.2 kPa) and day-time air temperatures near 30 DC to maximise

photosynthesis. Average minimum over-night air temperatures should ideally not drop below
l5 DC and photon flux density should be maintained at approximately 70 to 80% transmitted
light.

7.8

Future work

The success of an Australian cocoa industry will depend on many factors including the selection
of appropriate cocoa genotypes. The cocoa hybrids used in the plantings investigated during
this PhD project were sourced from PNG and chosen on the basis of bearing large early yields.
Preliminary crop yields from these hybrids indicate a high resource allocation to the vegetative
component in both the NT and QLD locations. The high vegetative growth will require more
labour for pruning than would be needed for slower growing genotypes. This extra work should
be avoided in Australia due to high labour costs.
The diverse climatic conditions in north Australia may also reqUIre different genotypes to
maximise production in different locations. For example, the high LAVPD conditions
experienced in the Northern Territory might be best served by using cocoa genotypes sourced
from the breeding program established in southern India due to similarities in LA VPD and
general climatic condit ions. In contrast, genotypes from the Central American collection may
be better suited to conditions in far north Queensland. Further research should be undertaken to
determine the most suitable genotypes for each location.
Farming systems will need to be developed to strike a balance between encouraging low SLA,
maintaining irradiance levels necessary for achieving light saturation, and maximising stomatal
conductance during the day. Possible ways to achieve this include modifying the micro-c1imate
by: (1) providing shade to the cocoa canopies during times of high irradiance levels; (2)
spraying canopies with kaolin clay particles during time of high photon flux density to reduce
leaf temperature through reflection of irradiance and; (3) by installing canopy sprinklers to
humidify cocoa canopies and reduce leaf temperatures and LAVPD. These methods need to be
evaluated in the field to determine their effectiveness and practicality, and whether problems
from pests and diseases are likely to occur.
Farmers will also need to choose between full-sun and shaded cocoa production systems. This
thesis outlines some of the problems associated with full-sun practices such as photoinhibition
of leaves, and how artificial shade management can reduce some adverse effects. The first step
Cfiapter 7:
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In

this process would be to investigate timber tree species that are compatible with cocoa

plantations. These investigations would need to review leaf area index (LAI), invasive root
systems, and stem growth rates of potential tree species to ensure their compatible with cocoa in
the first instance.

Some shade tree species may have an LAI too large for association with

cocoa; however, it may be feasible to manipulate canopies of shade trees using herbicide stem
injections (Kocenderfer et al., 200]).

This technique has been successfully used to control

canopy leafiness in various hardwood species.

It would be beneficial to assess whether

herbicide injecti ons could be used to maintain at least 70% transmitted light levels under the
canopy of timber species grown in northern Australia. A positive result would allow farmers to
use timber species for shade trees thus providing a second source of income once the shade trees
reached a harvestable size ..
It may also be possible to link cocoa production with maintaining the environment by planting
and sustaining forest trees. This would contribute to increasing biodiversity, enhance cocoa
yields through improved micro-environments, and perhaps attract more interest in cocoa
because of its environ mental and biological services.
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Appendix

Appendix 1
Photographs of pest and beneficial ' s found on cocoa in north Australia (2000 -2004).

Pest: Red ants

farming mealybug
attached to the midri bs and petioles of
cocoa lea ves .
Photograph by Nathan
Leibel (NT, CPHRS;
2002). Meal ybug can
be very difficult to
control with
conventional
insecticides due to
insecticide resistan ce.

Pest: Bl ac k bull ants

fa rmin g aphids on a
newl y fo rm ed cocoa
leaf flu sh. Photograph
by Nath an Lei bel (NT,
CPHRF; 2002) .

Beneficial:

Camoufl age in sect
found on cocoa. These
insects usuall y prey on
aphids. Photograph by
Nathan Leibel (NT,
CPHRF; 2002).
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Pest: Caterpillar eats
newly formed cocoa leaf
flushes. Photograph by
Nathan Leibel (NT,
CPHRF; 2002).

Pest: Caterpi li ar
(Olene dryina). Eats new
formed cocoa leaf
flushes. Photograph by
Nathan Leibel (NT,
CPHRF; 2002).

Pest: Caterpi llar eats
newly formed cocoa
leaf flushes.
Photograph by
Nathan Leibel (NT,
CPHRF; 2002).
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Pest: Caterpi liar
(Spodoptera litura)
eat newly formed cocoa
leaf flu shes.
Photograph by Nathan
Leibel (NT, CPHRF;
2002).

Pest: Grasshoppers eat
newly formed cocoa leaf
fl ushes. Grasshopper
were not a serious problem
during this study.
Photograph by Nathan
Leibel (NT, CPHRF;
2002).

Pest: Longhorn (Family:
Cerambyeidae) bore into
cocoa stems and branches
causing branch and plant
death. The pupal stage of
the beetle was particularly
devastating in the NT
especially on stressed
cocoa trees. Photograph by
Nathan Leibel (NT,
CPHRF; 2002).
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Beneficial: Praying
mantis. Photograph by
Nathan Leibel (NT,
CPHRF; 2002).

Pest: Rhyparida. Eat
newl y formed leaf
fl ushes and green
term inal buds on cocoa.
Is a particular problem in
QLD. Beetles arrive in
swarms and are very
sea onal. Photograph by
PaDIL.

www.pad il. gov.a u

Pest: Mastotermes
Photograph by Geocity.
Eat vegetation both
living and dead. Is a
particular problem in the
Northern Territory. This
species of termite is
difficult to monitor and
control. Termites invade
trees from the roots up
and plants do not usually
show symptoms of attack
until they are almost
dead. Early symptoms of
attack are shown on
leaves which turn yellow
as if water stressed.
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Pest: Ambypelta sp. (Fruit
spotting bug). These
insects damage fruit by
inserting their probosci s
into plant tissue to extract
sap. These insects are a
particular problem in QLD
and the NT although they
are more of a problem in
QLD. Photograph by
Geocity internet.

Appendix 2
List of pest and

di sea s l~s

that Ii ve on cocoa in Queensland and the Northern Territory.

Commom Name
Mealybug
Aphids
Rhyparida
Fruit spotting bug
Longicorn beatle
Longicorn beatle
Weevil
Caterpillar
Caterpillar (Caste r oil looper)
Caterpillar
Black sooty mould
Main trunk split
Termites
Caterpillar
Grasshopper

Appendix

Latin Name
Not sure
Not sure
Mono/epta
Ambype/ta
Aca/o/epta mixtus Hope
Prosoplus
Not sure
Olene dryina
Achaea janata
Spodoptera litura
Not sure
Not sure
Mastotermes
Spodoptera litura (Fabricius)
Not sure

Family
Coccoidae
Aphididae
Chrysomelidae
Coreidae
Cerambyeidae
Cerarnbyeidae
Curculionidae
Lymantriidae
Noctuidae
Noctuidae
Not sure
Not sure
Mastotermitidae
Noctuidae
Acrididae
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Appendix 3
List of chemicals and oils used to control pests on cocoa in the Northern Territory_ (Special Note:

It must be

emphasised that thi s was an experimental planting and chemicals used to control pest outbreaks were not registered for cocoa in
Australia. Therefore, these chemicals are not to be used on cocoa until they have been certified by the Australian Pesticides and
Veterinary Medicin es Authority (APVMA) .

Pest type

Chemicals I Oils used

Aphids

1,4,5,6

Mealy bug

1,5, 6

Caterpillars

2

Termites

3

Longicorn

Chemical

Active ingredient

Poison class

Contact/Systemic/Digestive

Rogor

Dimethoate

S6

S

2

Carbaryl

I-napnthol N- methylearbamate

S6

D

3

Regent

Fipronil

S6

D

4

Confidor

Imidacloprid

S5

S

5

Oil

Refined petroleum

Organic product

C

6

Neem

Oil extract: Azadirach taindica

Organic product

C

No.
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Appendix 4
Top view of the cocoa shade trial in the Northern Territory (Chapter 3).
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Appendix 5
Summary of environmental variables that leaves were exposed to during photosynthetic light saturation
curve development. The wet season measurements were completed in mid-January and the dry season
measurements in July. Values are the mean of all point measurements for each treatment and time. The
abbreviation (T) stands for transmitted light; gs stomatal conductance; Tr Transpiration; LAVPD Leaf-toair vapor pressure difference; Tleaf Leaf temperature; RH Relative humidity.

Treatment

gs
(mol m- 2 S-I)
0.15
0.31
0.05
0.06

Wet 700/0 T
Wet 25% T
Dry 700/0 T
Dry 250/0 T

Tr
(lrunol m- 2 S· I)
1.7
3.1
0.6
1.0

LAVPD
(kPa)
1.2
1.3
1.4

1.9

Tleaf
(oC)
33
33
30
31

RH
(%)
66
62
61
57
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Calibration of the photosynthetic active radiation (PAR) sensor on the Pulse Amplitude Modulator 2000
(PAM 2000) with a PAR sensor from LI-COR. Photosynthetic active radiation measurements recorded
from the PAM 2000 were increased by 23% for all ambient light measurements.
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Appendix 7
Run #9
1,N
1,2
10,Y
15,+
25,Y
30,+
40, Y
45,+
55,Y
60,+

Steps

70,Y

1
2
3
4
5
6
7

8
9
10
11

Run #9
75,+
85,Y
90,+
100,Y
105,+
115,Y
120,+
130,Y
135,A
1,L

1,I\E

Steps

12
13
14
15
16
17
18
19
20
21
22

User-defined program used to activate a 90-second rapid light curve (RLC) with nine actinic light
intensities (internal- white halogen lamp) ranging from 0 to 1450 JlIl101 m- 2 sol . At each actinic
irradiance interval light was maintained for 10 seconds with a 0.8 second saturating flash (2000 to 3000
~mol m-2 sol internal white halogen light) separating each rapid light curve step.
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Significance differences in Aarea for the 25%, 35%, 50% and 70% transmitted light treatments during the
morning (A) and the afternoon (B). Analysed using ANOVA of repeated measures. A post hoc LSD test
was used to describe the interaction between treatments and times. Blank squares, non-significant value;
* Significant at P = 0.05; ** Significant at P = 0.01
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Significance differences in Amass for the 25%, 35%, 50% and 70% transmitted light treatments during the
morning (C) and the afternoon (D). Analysed using ANOVA of repeated measures. A post hoc LSD test
was used to describe the interaction between treatments and times. Blank: squares, non-significant value;
* Significant at P = 0.05; ** Significant at P = 0.01
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Appendix 9
Significance differences in effective quantum yield ofPS II (ilFlF m') and the efficiency ofPS II (FjFm)
for the 25%,35%, 50% and 70% transmitted light treatments. ilFIFm' (Table A) were compared at 1200
h whereas the Fj F m (Table B) were compared at 1400 h between the dry and wet seasons. Analysed
using repeated measures ANOV A. A post hoc LSD test was used to describe the difference between
seasons for each light treatment. Blank squares, non-significant, * Significant at P= 0.05, ** Significant
at P=O.Ol.

!

...

t'-""""'--""""~-V''''''''''.~' -'''U.'''':-.-'''"'-''-'''''--'''''"'"'''''''''''''''''''''''''T'''''''''''''"'''''''''-'V>N.'''''----~"""""~"""'~N."''''''''''''"",",,,,'''''''''''~~'''',",''''''.Y.'V''''''''''--''''~!,,,,"",,''''.~.''-

A
Treatment % T'
i Treatment % T
TIME
70
D~
70
Wet
50
D~
50
Wet
35
D~
35
Wet
25
D~
25
Wet

!

B

!Treatment % T
70
70
50
50
35
35
25
25

AppendLr

Treatment % r
TIME

70

Dr~

70
Wet

50

50
Wet

35
Dr~

**

35
Wet

**

1 '25- :251
I

lI

Dr~

**

I
**
**

**

70

70
Wet

Dr~

**

50
Dr~

**

50
Wet

**
**

35
Dr~

**

35
Wet

D~

Wet

1:

1:

I
I
I

r

Wet
**
**
**
**
**
**
**

**

25
Dry

25
Wet
*
**

D~

Wet
D~

Wet
D~

Wet

1:

**
**

*

*

A-12

Appendix 10
The first two tables represent th e results of two separate leaf analysis reports (2002 and 2003) competed
by the Northern Territory DPI plant laboratory department. Leaf samples were collected by randomly
selecting one recently hardened-off upper canopy leaf per tree per plot per treatment. Treatments were
identified as follows in the two tables below 25% TL (T4), 35% TL (T3), 50% TL (T2) and 70% TL (TI).
The last table (at bottom) is the result of a cherelle wilt nutrient investigation. Here both healthy cherelles
(control 1 and 2) and wilting cherelles (Sl and S2) showing signs of wilt i.e. yellowing and spongy to the
touch were harvested dried and ground for nutrient analysi s.
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Appendix 11
Trial design for cocoa planted at Coastal Plain near Darwin in the Northern Territory. Immediately below
is a close up of the double and single row spacing. The second illustration on this page shows the entire
trial with the various cocoa hybrids used during the Northern Australian Cocoa Development Alliance
project.
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Trial layout for cocoa planted at Mossman in far north Queensland. Immediately below is a close up of
the double and single row spacing. The second illustration on this page shows the entire trial with the
various cocoa hybrids used during the Northern Australian Cocoa Development AlIiance project.
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A -IS

Trial layout for cocoa planted at South Johnstone in far north Queensland. Immediately below is a close
up of the double row spacin g. PNG4 in the illustration below represents hybrid KA2-1 06 x KEE23.
Double row spacing had the same measurements as those shown for Mossman.
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Appendix 12
NT and Q LD cocoa nutrition: (Information supplied by DPI).

At establishment

Tropigro monsoon ta blets (20g block) (one per hole used at planting)
N=20%, P=4.4%, K=8.20/0, Ca=4%, S=60/0, Mg=0.20/0
Cu=.330/0, Zn-0.5%, Fe=0.33 % , Mn = 0.160/0, B=0.010/0, Mo=.01%

Early Years

(Agreed Standards - NACDA)

Pre Plant
Yl
Y2
Y3

Basle nutrient inputs g/tree/annum (elemental)
P
K
N
175
275
137

77
121
60

Mg
28
44
22

58
91
46

(Split into 4 basal aplplications per year using Tropical Mineral Mix, Urea and MAP)

a ure years - ~e rfIga t ed wee klly
Mt
COCOA FERTIGA TION
SCHEDULE
Year 3 onwards
Total trees
Element
required
N
P
K
Mg
Ca

1152

Product
%N
KN03
13.00
MAP
12.00
Urea
46.00
ivlag sulphate
0.00
Kg product required
kg per
year
136.00
KN03
MAP
2 56.00
Urea
238 .00
265.00
Mag sulphate

Appendix

kg per
quarter
39.46
17.28
13 .25
6.34

kg per
fortnight
6.07
2.66
2.04
0.97

%P
0.00
27.00
0.00
0.00

%K
39.00
0.00
0.00
0.00

%Mg
0.00
0.00
0.00
9.60

kg per
quarter
34.00
64.00
59.50
66.25

kg per
fortnight
5.23
9.85
9.15
] 0.19

kg per
grams
year
per tree
157.82
137
69.12
60
46
52.99
25 .34
22
3.5 tlha/yr gyp

kg per
week
3.035
1.33
1.02
0.485

kg per
week
2.6
4.9
4.5
5.1

A-I7

Every year
Ca = Gypsum - 3.5 t/ha/yr applied in years 1,3 and 5.
Micro elements - 3/year during flushing from Year 2 onwards
Zn - sulphate heptahydrate 2g/1
Fe - Iron chelate 1gil
B - Solubar 1gil
Either via fertigation (separate to weekly fertigation) or sprayed @ 2,700 IIha
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Appendix 13
Air temperatures at the Broome cocoa experimental site durin g October to November. Even during late
October air temperatures dropped to 10°C. Information supplied by the Department of Agricultural
Western Australia.
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Air temperatures at the Broome cocoa experimental si te from the 22 nd May to 8th June 200 1. Absolute
minimum air temperatures were typ ically below 15 °C during this time. There was even a peri od where
eight consecu ti ve nights below 8 °c were experienced. In formati on supplied by the Department of
Agricultural Western Australi a.
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