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Abstract

The effects of temperature and light integral on fruit growth and development of

five cacao genotypes (Amelonado, AMAZ 15/15, SCA 6, SPEC 54/1 and UF 676)

were studied in semi-controlled environment glasshouses in which the thermal

regimes of cacao-growing regions of Brazil, Ghana andMalaysiawere simulated.

Fruit losses because of physiological wilt (cherelle wilt) were greater at higher

temperatures and also differed significantly between genotypes, reflecting

genetic differences in competition for assimilates between vegetative and repro-

ductive components. Short-term measurements of fruit growth indicated faster

growth rates at higher temperatures. In addition, a significant negative linear

relationship between temperature and development time was observed. There

was an effect of genotype on this relationship, such that time to fruit maturation

at a given temperature was greatest for the clone UF 676 and least for AMAZ

15/15. Analysis of base temperatures, derived from these relationships indicated

genetic variability in sensitivity of cacao fruit growth to temperature (base tem-

peratures ranged from 7.5�C for Amelonado and AMAZ 15/15 to 12.9 for SPEC

54/1). Final fruit size was a positive function of bean number for all genotypes

and a positive function of light integral for Amelonado in theMalaysia simulated

environment (where the temperature was almost constant). In simulated envi-

ronments where temperature was the main variable (Brazil and Ghana) in-

creases in temperature resulted in a significant decrease in final pod size for

one genotype (Amelonado) in Brazil and for two genotypes (SPEC 54/1 and

UF 676) in Ghana. It was hypothesised that pod growth duration (mediated

by temperature), assimilation and bean number are all determinants of final

pod size but that under specific conditions one of these factors may override

the others. There was variability between genotypes in the response of bean size

and bean lipid content to temperature. Negative relationships between temper-

ature and bean size were found for Amelonado and UF 676. Lipid concentration

was a curvilinear function of temperature for Amelonado and UF 676, with

optimal temperatures of 23�C and 24�C, respectively. The variability observed

here of different cacao genotypes to temperature highlights the need and oppor-

tunities for appropriate matching of planting material with local environments.

Introduction

Fruit developmental rate is known to be affected by tem-

perature in a number of species (Adams et al., 2001;

Snelgar et al., 2005). In the case of cacao (Theobroma

cacao L.), negative relationships between time to fruit

(often termed pod) maturity and temperature have

been observed under field (Alvim et al., 1972) and
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semi-controlled environment conditions (End et al., 1988).

Such relationships are of relevance as the temperature

variation in areas of cultivation of cacao are often greater

than experienced in its centre of origin, the Amazon

Basin (Toxopeus, 1985). For example, in the main cacao-

growing region of Brazil (the south-east of the state of

Bahia), the mean minimum monthly temperature at the

coolest time of the year is 17�C (Wood, 1985a), although

absolute temperatures as low as 11.9�C have been re-

corded (unpublished data). In West Africa, while mini-

mum temperatures remain relatively constant throughout

the year, maximum temperatures are higher during the

dry season (typically January to early March) than during

the rest of the year. In contrast, temperatures in South-

East Asia remain relatively constant (Wood, 1985a).

As well as affecting developmental rates, there is some

evidence that temperature affects final fruit and bean size

in cacao. End et al. (1988) showed a negative (although

weak) relationship between temperature and final fruit

and bean size in var. Amelonado. Furthermore, there is

evidence that growth temperature affects both lipid con-

tent and lipid melting point characteristics. For example,

cacao butter from artificially heated fruits had altered

fatty acid profiles and higher melting points compared

with unheated controls (Lehrian et al., 1980).

Studies on the effects of temperature on cacao fruits

have, to date, been limited to few genotypes and yet cacao

is known to show considerable genetic variation in fruit

size and shape and bean size (Bekele et al., 2006) as well

as lipid content (Lambert et al., 1999a). There is, there-

fore, a need to assess whether different cacao genotypes

vary in their response to environmental variables.

As with other fruit tree species, cacao has a fruit thin-

ning mechanism. In cacao, this is termed cherelle wilt and

is characterised by an initial cessation of young fruit (cher-

elle) growth, after which it turns yellow and then blackens

and shrivels, but remains on the tree. Cherelle wilt may

occur any time up to around 100 days after pollination

(McKelvie, 1956). It is thought that this phenomenon

is brought about by competition for carbohydrates

(Nichols, 1964). Fruit losses through cherelle wilt have

been reported in the range of 19–92.5% in Trinidad

(Pyke, 1932 cited in Humphries, 1943) and in Ghana in

the range of 22–84% (Hewison and Ababio, 1929 cited

in Humphries, 1943).

A previous study has shown higher rates of wilting with

increases in temperature brought about by a greater car-

bohydrate demand through increased respiration rates

(Hadley et al., 1994). Little is known, however, about

whether losses through wilting at higher temperatures

vary with genotype.

The aim of this study was to assess the effects of tem-

perature on growth rate, fruit and bean size and bean

quality of contrasting cacao genotypes as well as the pro-

portion lost during fruit development. Semi-controlled

environment greenhouses simulating the thermal re-

gimes of three cacao-growing regions (Daymond &

Hadley, 2004) enabled the effect of temperature to be

assessed while maintaining a similar solar and nutri-

tional regime between treatments.

Materials and methods

Controlled environment greenhouse

The experiment was located within a triple-span green-

house (each compartment approximately 19 m � 6.5 m)

located at the University of Reading, UK. Temperature

control (achieved through indirect flued gas heaters and

venting in the roof of the greenhouses) within each green-

house was via a combined computer and microprocessor-

based system (ADAM-5000, distributed data acquisition

and control system; Semaphore Systems Ltd, London,

UK) programmed using dedicated software (GENIDAQ,

Semaphore Systems Ltd) and controlling at 30-s intervals.

The control system also acted as a datalogger, which logged

environmental data at 1-min intervals. Temperature and

humidity were monitored using PT100 sensors (S.W.

Burrage, Kent, UK) located within an aspirated screen in

the centre of each greenhouse. Solar radiationwas recorded

by tube solarimeters (in-house manufacture; Szeicz et al.,

1964) positioned just above the canopy, one per green-

house. The outputs from the solarimeters were converted

to W m22 by calibrating them against a pyranometer

(Kipp & Zonen Group, Rontgenweg, the Netherlands).

These values were then transformed to lmol m22 s21 by

multiplying by 4.57 (Thimijan & Heins, 1983) and inte-

grated over time. Photosynthetically active radiation was

assumed to be half of total radiation.

Supplementary lighting was provided between October

and March each season by 13 � 400 W sodium lamps in

each compartment to maintain a minimum 12-h day

length. Nevertheless, light intensity varied throughout

the season and this was incorporated into the data analysis.

In each greenhouse compartment, the diurnal and sea-

sonal thermal conditions of three cacao-growing regions

were simulated: these being Brazil (Itabuna, Bahia),

Ghana (Tafo) and Malaysia (Lower Perak, Sabah), here-

after referred to as ‘Brazil’, ‘Ghana’ and ‘Malaysia’. Data

for the maximum and minimum temperatures for these

regions were obtained from Wood (1985a) (Table 1). The

‘Brazil’ environment shows seasonal variation in both

maximum and minimum temperatures; the ‘Ghana’

environment shows seasonal variation in maximum

temperatures with little variation in minimum (night)

temperature, whereas the ‘Malaysia’ environment has
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little seasonal variation in temperature. Diurnal temper-

ature was simulated continuously in the form of a sine

wave, such that maximum temperatures were achieved

at 14:00 h and minimum temperatures at 06:00 h.

Seasonal variation in temperature was simulated by

changing the maximum and minimum temperature for

each greenhouse (simulated environment) on the first

day of each month. The temperature regimes simulated

in the greenhouses were 6 months out of synchrony

because in the cacao-growing regions of Brazil and

Ghana, the period from June to September is slightly

cooler than the rest of the year.

Plant culture

The selection of accessions included four clones from those

that have been used in a multilocation clonal trial (Eskes,

2001). Clones were chosen that were known to vary in

their vigour, morphology and yield components (Turnbull

& Hadley, 2007). The clone AMAZ 15/15 (origin

R. Amazonas near Iquitos) has a spreading habit and an

intermediate bean size. SCA 6 (origin R. Ucayali, Peru)

has a low vigour and a small pod and bean size. SPEC

54/1 (origin Colombia) has an intermediate vigour and

medium pod size. UF 676 (selection made in Costa Rica)

has a high vigour with a large bean size. The fifth acces-

sion used, Amelonado is a traditional variety that histori-

cally has been grown in West Africa.

Replicated plants of the four cacao clones were estab-

lished during May 2001 by means of patch budding onto

a common rootstock (var. Amelonado). The stockmaterial

was obtained from the International Cocoa Quarantine

Centre at The University of Reading. Additionally, seed-

lings of the Amelonado variety were also raised during the

same period for inclusion in the experiment. The plants

were grown in a mixture of sand, gravel and vermiculite

(1:2:2) and fed (seven times per day) via an automatic

hydroponic system with a modified form of Long Ashton

nutrient solution (End, 1990). The nutrient solution was

maintained at a conductivity of 2 mS and a pH of 5.8.

Five replicate trees of each genotype were transferred to

each of the three greenhouses inDecember 2001, atwhich

point the different temperature regimes were imposed.

The replicate plants were randomised within five blocks

along the length of the greenhouse.

Fruit growth and cherelle wilt

After the initiation of flowering (approximately 18

months after establishing the plants), manual pollinations

were conducted regularly on all plant material at different

times during the season. To minimise possible confound-

ing effects of fruit load, no more than three fruits were

allowed to develop on any plant at a particular time.

Weekly measurements of fruit length were then made

between November 2003 and March 2005 using digital

callipers. Fruit losses through cherelle wilt were also

recorded.

Diurnal patterns of fruit growth

As an adjunct to the main experiment, short-term experi-

ments were conducted to assess the diurnal nature of fruit

growth and to ascertain the direct effect of temperature on

fruit growth. Fruits of the Amelonado variety (on trees in

the Ghana simulated environment that were separate from

themain experiment)were alternately subjected toheating

usinga thermostatically controlled infrared lampset toa tar-

get fruit temperature of 30�C for a period of 24 h, followed

by a period of 24 h at ambient greenhouse temperature.

The daily increase in fruit length was measured using a

linear voltage displacement transducer (LVDT) (Solartron

Metrology, Bognor Regis, UK) attached to the end of a fruit

and connected to the ADAM 5000 control system that

logged voltage output from the transducer, corresponding

to changes in fruit length, every minute. The LVDT thus

allowed changes in the fruit length to bemeasured to a high

level of precision over a short period of time.

Fruit biomass and bean quality

Upon reaching maturity, fresh and dry weights (after dry-

ing in a ventilated oven at 70�C until achieving constant

dry weight) of the fruit components (beans and husk)

were recorded. Total percentage lipid content of the

shelled, dried beans was then evaluated by means of acid

hydrolysis.

Final leaf area

At the end of the experiment (June 2005), all the plants of

the four clones were defoliated and the number of leaves

per plant was counted. Leaf area of a subsample of 15

leaves per clone in each greenhouse was then measured

using a leaf area meter (Delta T Devices, Cambridge, UK)

and total leaf per plant was then estimated.

Table 1 Variation in seasonal temperatures in three cacao-growing re-

gions (Wood, 1985a)

Region

July temperature (�C) January temperature (�C)

Maximum Minimum Maximum Minimum

Itabuna, Brazil 26.5 17.0 30.5 20.5

Tafo, Ghana 28.0 21.5 31.0 20.0

Lower Perak,

Malaysia

32.5 22.5 31.5 22.5
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Data analysis

Cherelle wilt data were analysed bymeans of regression of

binomial proportions.

Fruit growth (measured as increase in fruit length) was

modelled by means of logistic functions (GENSTAT 8.1) in

the form:

Length ¼ Aþ C=ð1þ expð2B� ðt 2 MÞÞÞ ð1Þ

where ‘t’ is time in days and ‘A’, ‘B’, ‘C’ and ‘M’ are

parameters of the logistic function.

These equations were used to assess objectively time to

fruit maturity in terms of the time taken to reach 95% of

maximum size (maximum size being A + C in Eqn 1).

The effect of mean air temperature during fruit growth

on time to fruit maturity, total fruit dry weight, bean dry

weight and bean lipid content was tested for by means of

regression analysis in the Brazil and Ghana environments.

Data were analysed separately within these two simu-

lated environments (consistent with Daymond & Hadley,

2004) for two reasons; first, the diurnal temperature pat-

terns were different between simulated environments

and, secondly the different temperature regimes, which

had been imposed from an early stage, may have pro-

duced confounding ontogenetic differences. For lipid

analysis, mean temperature during the final 60 days

before harvesting was used because lipid production is

concentrated during the final 2 months of fruit develop-

ment (Lehrian & Keeney, 1980).

In theMalaysia simulated environment, the main envi-

ronmental variablewas light integral because temperature

was approximately constant throughout the experiment.

Here the effect of light integral on total fruit dry weight

and bean dryweightwas examined bymeans of regression

analysis. Where such analysis of a particular parameter

showed a significant effect of temperature or light integral

formore than one genotype, comparison of regressionwas

then conducted with genotype as a factor.

The effect of growth environment on time to maturity,

fruit and bean weight was tested on each clone by means

of one-way analysis of variance. The effects of growth

environment and genotype and their interaction on leaf

area were tested for by means of two-way analysis. All

analyses were carried out using GENSTAT 8.1.

Results

Environmental control

Temperature control within each of the simulated environ-

ments was close to the set points for much of the experi-

ment. On average, over the course of the period when fruit

growth measurements were made (1 November 2003 to

1 April 2005) the Brazil simulated environment deviated

by +0.3�C, the Ghana simulated environment by +0.4�C
and the Malaysia simulated environment by 20.2�C. The
temperatures over the same period (mean and thermal

time) were 23.0�C (11 864�C days), 25.3�C (13 082�C
days) and 26.6�C (13 733�C days) in the Brazil, Ghana

and Malaysia simulated environments, respectively.

Solar radiation over the course of the experiment was

slightly higher in the Ghana simulated environment

(cumulative light integral 4753 mol m22 days) com-

pared with the Brazil and Malaysia simulated environ-

ments (cumulative light integral of 3755 and 3942 mol

m22 days, respectively).

Average relative humidity over the course of the

experiment showed slight variation between the simu-

lated environments (62.3%, 56.0% and 57.6% in the

Brazil, Ghana and Malaysia simulated environments,

respectively).

Cherelle wilt

There was a significant effect of environment on the pro-

portion of fruits wilting (P < 0.05), such that the highest

proportion of wilting was found in the Malaysia envi-

ronment (32.4%), compared with 21.0% and 16.3% for

the Brazil and Ghana environments, respectively. The

proportion of fruits wilting was also significantly differ-

ent between clones (P < 0.001); this proportion varied

from 12.1% for SCA 6 to 51.0% for UF 676. The largest

increase in wilting in the Malaysia environment was

seen in the clones SCA 6 and UF 676 (Table 2).

Fruit developmental time

Increases in fruit length were described well by logistic

functions (r2 = 98.5–99.9%). Time for fruits to reach

95% of full size (derived from these logistic functions)

was significantly lower (P < 0.001) in the warmer

Malaysia environment (mean of 113 days) compared

with the Brazil and Ghana environments (means of 126

and 128 days respectively).

Table 2 The proportion of fruits (%) wilted of five cacao clones grown in

greenhouses simulating the thermal conditions of the growing regions of

Brazil, Ghana and Malaysia

Clone

Simulated environment

Brazil Ghana Malaysia

Amelonado 15.4 17.4 22.7

AMAZ 15/15 28.6 0 31.3

SCA 6 6.7 7.4 22.2

SPEC 54/1 12.5 16.7 14.3

UF 676 41.7 40.0 71.4
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In the Brazil simulated environment, which has the

greatest seasonal variation in temperature, time to 95%

of full size was a negative linear function of temperature

(Fig. 1). Comparison of regression revealed that there

were no significant differences in the intercept or slope

between Amelonado and AMAZ 15/15 but that the inter-

cept for SPEC 54/1, SCA 6 and UF 676 differed from that

of Amelonado and AMAZ 15/15 (P < 0.001). Thus, based

on the fitted functions described in Fig. 1, the time to

reach 95% of full size at 25�C ranged from 107 days for

AMAZ 15/15 to 123 days for UF 676. At 22�C, this range
was 130 days for AMAZ 15/15 to 154 days for UF 676.

Base temperatures (calculated from a linear regression

of fruit growth rate against corresponding mean temper-

atures in the Brazil simulated environment) differed

between genotype, varying from 7.5�C for Amelonado

and AMAZ 15/15 to 12.9�C for SPEC 54/1 (Table 3).

Short-term effects of temperature on

fruit growth

Daily increases in fruit length were greater when fruits

were subjected to constant elevated temperatures via an

infrared lamp (means of 30.2�C and 30.4�C for fruits 1 and

2, respectively) compared with variable ambient temper-

atures (means of 21.0�C and 19.7�C, respectively). The
mean growth rate of fruit 1 was 3.70 mm day21 at

elevated temperatures compared with 1.12 mm day21

at ambient temperatures. The corresponding figures for

fruit 2 were 1.54 and 0.67 mm day21 at elevated and

ambient temperatures respectively.

The pattern of fruit growth was such that, at ambient

temperatures, growth rates were slower during the morn-

ing and accelerated in the late afternoon/early evening

(Fig. 2a), whereas when fruits were subjected to con-

stant elevated temperatures, the growth pattern was

more linear (Fig. 2b).

Effects of temperature and light integral on fruit

and bean size

Total fruit dry weight was a negative function of temper-

ature for Amelonado in the Brazil simulated environment

(Fig. 3a) and a negative function of temperature for

SPEC 54/1 and UF 676 in the Ghana simulated environ-

ment (Fig. 3b). In the latter case, there was a significant

(P < 0.05) difference between the intercept of the linear

relationship for the two clones. No significant effects of
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Figure 1 The effect of mean growth temperature on the time for fruits to reach 95% of full size (calculated from fitted logistic functions) in the ‘Brazil’

simulated environment. In all cases, the functions are in the form: number of days = mt + c, where ‘t’ is average temperature during the growth of

a particular fruit. The values of ‘m’ and ‘c’ are 27.559 and 296.9, respectively, for Amelonado (r2 = 0.37, P < 0.01; closed circles), 27.376 and 291.8,

respectively, for AMAZ 151/5 (r2 = 0.65, P < 0.01; open circles), 213.34 and 445.9, respectively, for SCA 6 (r2 = 0.58, P < 0.001; open squares),

210.13 and 368.1, respectively, for SPEC 54/1 (r2 = 0.53, P < 0.01; closed squares) and 210.52 and 385.7, respectively, for UF 676 (r2 = 0.50,

P < 0.01, open triangles).

Table 3 Calculated base temperatures of five cacao genotypes based on

linear regressions of fruit growth rate

Genotype Linear regression Base temperature (�C)

Amelonado G.R. = 0.000532t 2 0.00397 7.5

AMAZ 15/15 G.R. = 0.000535t 2 0.00402 7.5

SCA 6 G.R. = 0.000702t 2 0.00887 12.6

SPEC 54/1 G.R. = 0.000725t 2 0.00938 12.9

UF 676 G.R. = 0.000536t 2 0.00533 9.9

G.R., the reciprocal of the time to reach 95% of full size against corre-

sponding mean temperature (t) in the Brazil simulated environment.
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temperature on total fruit dry weight were found for the

remaining varieties in either simulated environment.

Bean dry weight was a negative function of temperature

for Amelonado and SCA 6 in the Brazil environment

(Fig. 3c), the intercept of the relationship differed be-

tween the two clones (P < 0.001). Bean dry weight was

also a negative function of temperature for UF 676 in the

Ghana environment (Fig. 3d). No significant effects of

temperature on bean dry weight were found for the re-

maining varieties in either simulated environment.

The main environmental variable in the Malaysia envi-

ronment at different times of the year was light intensity.

A positive linear relationship was found between light

integral and final fruit dry weight for two genotypes

(Amelonado and AMAZ 15/15). This relationship was

not significant for the other three genotypes. No effect of

light integral was observed on bean size (Fig. 4).

Overall differences between simulated thermal environ-

ments in total fruit dry weight were significant for the

Amelonado variety only (P < 0.05); mean dry weight was

greater in the cooler Brazil environment (108.7 g) than the

Ghana and Malaysia environments (85.6 and 98.8 g, re-

spectively). In the case of dry weight per bean, differences

between simulated environments were detected for

Amelonado and UF 676 (P < 0.01 in both cases). Mean

values in the Brazil, Ghana and Malaysia simulated envi-

ronments were 0.97, 0.70 and 0.95 g, respectively for

Amelonado and 2.23, 2.15 and 1.77 g, respectively for

UF 676.

Effects of bean number on fruit and bean size

Bean number varied considerably within each clone and

consequently had an influence on total fruit size. For all

genotypes, a positive linear relationship described the

relationship between bean number and total fruit dry

weight (Fig. 5).

Effects of temperature on lipid content

Seasonal variation in temperature had a significant effect

on the bean lipid content of two genotypes, Amelonado

and UF 676, grown in the Brazil environment (Fig. 6). For

both genotypes, bean lipid content could be modelled as

a curvilinear function of mean air temperature during

the last 60 days of fruit development. For Amelonado,

bean lipid content rose with mean temperature up to

a maximum at 23�C, after which lipid content declined

(P < 0.001, r2 = 0.66). For UF 676, a similar pattern was

observed with maximum lipid content obtained at 24�C
(P < 0.05, r2 = 0.62).

Final leaf area

Large differences in final leaf area were observed between

clones (P < 0.001; Fig. 7); the difference between SCA 6

and UF 676 being approximately fourfold. While overall

final leaf area was significantly higher (P < 0.001) in

the Malaysia simulated environment (P < 0.001), this

trend was not apparent for the clone UF 676, hence the

clone � environment interaction terms was significant

(P < 0.001).

Discussion

The increase in wilting observed at higher temperatures is

consistent with the results obtained by Hadley et al.

(1994) and is likely to be a reflection of higher respira-

tion rates with increases in temperature, resulting in

a greater carbohydrate demand and hence a reduction in

the fruit load that the tree is able to maintain. It is

known that there is genetic variation in yield efficiency

(Daymond et al., 2002), that is the ratio of reproductive

to vegetative growth. Hence, the carrying capacity in

terms of the number of fruits that a tree is able to main-

tain could be expected to vary between genotypes,
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which would account for the large differences in wilting

observed here. The fact that a temperature effect was, in

some cases, superimposed on the genotypic effect sug-

gests that yield efficiencies of a given clone may change

across growing regions.

The observation of a decrease in fruit maturation time

with an increase in temperature is consistent with previ-

ous studies in cacao (Alvim et al., 1972; End et al., 1988).

Such thermal time relationships have been used to pre-

dict developmental events for a number of crops (Hadley

et al., 1983). The present study showed a genotypic effect

in addition to that of temperature such that there was

genetic variation in the overall maturation time. Thus,

cropping duration in cacao is determined by a combina-

tion of temperature and planting material. Temperature-

induced changes in crop duration may also impinge on

flowering because a longer fruit duration would be ex-

pected to suppress flower production (Vogel et al., 1981).

This in turn will then be a factor in modifying the nature

of the annual yield cycle, although it should be noted

that temperature also impacts directly on flowering

(Sale, 1969).

There are several ways in which an altered cropping

pattern has practical significance. It impacts directly on

the ability to predict yield at a given time. It also poten-

tially affects susceptibility to particular diseases because

varieties are sometimes able to ‘escape’ fungal attack by

producing most of their fruits at times of the year when
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climatic conditions are less favourable to disease spread.

Finally, pest and disease management strategies often rely

on a predictive ability of fruiting intensities at given times

(Leach et al., 2002).

The differences in calculated base temperature for

reproductive growth show a similar pattern to that repor-

ted previously for vegetative growth (Daymond & Hadley,

2004) in that the clones SCA 6 and SPEC 54/1 both ex-

hibited higher base temperatures, although the absolute

values in the present study were lower than those calcu-

lated for vegetative growth. The results imply that

within cacao-growing regions where low temperatures

are sometimes experienced, the consequent adverse effect

on fruit growth may be more pronounced for particular

varieties.

The diurnal pattern of fruit growth under temperature

conditions similar to that experienced by cacao plants in

the field follows the same pattern as that reported previ-

ously (End et al., 1988), that is an increase in growth rate

during the latter part of the day and early evening and

a decrease in the second half of the night/early morning.

However, at constant, elevated temperatures, growth

rates were considerably higher and generally more

stable, with the exception of early to mid-morning when

growth rates were slightly slower. The results, therefore,

0

50

100

150

200

250

0 20 40 60

Bean number

Fr
ui

t d
ry

 w
ei

gh
t (

g)
Amelonado

AMAZ 15/15

SCA 6 

SPEC 54/1

UF 676

Figure 5 The effect of bean number, ‘b’ on total fruit dry weight. Data are combined across all three simulated environments. Linear regression

models are in the form of y = mb + c. Values for ‘m’ and ‘c’ are 1.496 and 46.85, respectively, for Amelonado (r2 = 0.21, P < 0.001; closed circles);

1.941 and 4.698, respectively, for AMAZ 15/15 (r2 = 0.29, P < 0.01; open circles); 1.169 and 13.29, respectively, for SCA 6 (r2 = 0.76, P < 0.001; open

squares); 1.787 and 33.70, respectively, for SPEC 54/1 (r2 = 0.40, P < 0.001; closed squares); 1.763 and 77.2 for UF 676 (r2 = 0.23, P < 0.01; open tri-

angles).

30

35

40

45

50

55

60

20 21 22 23 24 25 26

Temperature °C (last 60 days of fruit development)

Amelonado

UF 676B
ea

n 
lip

id
 c

on
ce

nt
ra

tio
n 

( 
  

)

Figure 6 The relationship between bean lipid content (%) and corre-

sponding growth temperature during the last 60 days of fruit develop-

ment in the ‘Brazil’ simulated environment. Fitted functions are in the

form Lipid content = at + bt2 + c, where ‘t’ is mean temperature during

the last 60 days of fruit development. Values of ‘a’, ‘b’ and ‘c’ are 76.49,

21.664 and 2825.8, respectively, for Amelonado (r2 = 0.66, P < 0.001;

closed circles) and 40.89, 20.850, 2436.9, respectively, for UF 676

(r2 = 0.62, P < 0.05; open triangles).

0

2

4

6

8

10

12

14

AMAZ 15/15 SCA 6 SPEC 54/1 UF 676

L
ea

f 
ar

ea
 (

m
2 )

Brazil
Ghana
Malaysia

Figure 7 Estimated final leaf area per plant for four cacao clones

grown under three thermal environments. Values represent the mean

of five replicates (±SE).

Fruit development in cacao A.J. Daymond & P. Hadley

182 Ann Appl Biol 153 (2008) 175–185 ª 2008 The Authors

Journal compilation ª 2008 Association of Applied Biologists



imply a direct effect of temperature on both the rate and

diurnal pattern of growth. Fishman & Génard (1998)

have proposed a model (calibrated for peach) in which

the diurnal pattern of fruit growth is governed by the

plant’s water status. Such a model clearly does not apply

to the hard-walled fruit of cacao because the highest

growth rate was observed in the afternoon. Here, it

would appear that the diurnal growth pattern is largely

temperature driven but that depressed photo-assimilate

availability during the early morning may result in a lag

in fruit growth at this stage of the day.

Final size of cacao fruits appeared to be determined by

several factors, sometimes working in opposing directions

as summarised in Fig. 8. For example, in the case of

Amelonado grown in the ‘Brazil’ simulated environ-

ment, the faster rate of development at higher temper-

atures was associated with a smaller fruit size. However,

in cases of clones where there was a large variation in

the number of beans, bean number would appear to

override any thermal effect. Additionally, the fact that

a positive effect of light integral on fruit size was

observed for two clones in the Malaysia environment,

where temperature variation was small, would suggest

that assimilation rate may also impact on fruit size. An

assimilation effect on fruit size would explain why no

significant differences in fruit size were detected

between simulated environments for four of the five of

the genotypes studied. The direct negative impact on

fruit size of higher temperatures in the Malaysia simu-

lated environment would have been overridden by

higher rates of canopy photosynthesis (brought about by

a larger canopy size).

When considering bean size, therewas a relativelyweak

negative effect of temperature for some genotypes but not

others. A similar negative effect was also observed by End

(1990) for the Amelonado variety. It has been suggested

that rainfall may also impact on bean size (Toxopeus &

Wessel, 1970), although controlled environment studies

on cacao, which separate the effect of water stress from

temperature, remain limited. Bean size is an economi-

cally important factor because small beans have a higher

shell content and hence are more difficult to process

(Wood, 1985b). An apparent difference between varie-

ties in the effect of temperature on bean size is, there-

fore, of applied significance in that a variety that is

commercially viable in one geographical region may not

be in another because of an environmentally driven

reduction in bean size.

Temperature has been demonstrated to have an effect

on the seed lipid content and profile for a number of crops

(Rondanini et al., 2003). Furthermore, in the case of

soybean, it has been shown that there is considerable

genetic variability in the content of fatty acids in

response to temperature (Oliva et al., 2006) and that

oleic acid was a positive function of temperature while

linolenic acid concentration was a negative function of

temperature. The curvilinear response of total bean lipid

content observed here for two cacao varieties may be

a reflection of differential sensitivities of fatty acids to

temperature. The present study also suggests that there

is genetic variability in the plasticity of the response of

fatty acids to temperature in cacao. Lambert et al. (1999b)

observed that the seasonal response of cacao lipid hard-

ness among cacao clones grown in Bahia, Brazil varied

between genotypes. The authors interpreted the results in

terms of differential acyltransferase activity. Here, the

observed genetic differences in the response of total lipid

content to temperature may also reflect differential

enzyme activity in the fatty acid pathway.

The effects of temperature on beans show how the per-

formance of progeny is not only dependent on their

genetic make-up but also on the behaviour of the parental

material; for example, reduced bean size and altered bean

composition at high temperatures may impact on germi-

nation and early growth rates. Furthermore, DNAmethy-

lation in parental clones in response to temperature stress

is likely to affect the performance of the resulting progeny

(Blodner et al., 2007).

To conclude, this study, along with a previous one

(Daymond & Hadley, 2004) has shown large variations

in the response of a limited number of genotypes to their

photothermal environment. An international clonal trial

on a broader range of accessions (Eskes, 2001) will show

whether such responses are observable under field con-

ditions. The results highlight the need and the potential

for appropriate matching of planting material with local

environmental conditions.
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