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Abstract Pod rot causes up to 30 % losses in world
cocoa production. In order to predict the risk evolution
of disease, it is important to take into consideration the
developmental stage of fruits. In fact, it has been shown
that the risk of attack by pod rot depends amongst others
on the developmental stage of fruits. We proposed here
to estimate the susceptibility at different stages. Suscep-
tibility of fruit to disease was investigated at three fruit
developmental stages (cherelle, young pod and adult
pod); disease severity was assessed in laboratory con-
ditions, on detached, artificially inoculated fruits, while
disease incidence was assessed in the field, under natu-
ral inoculum pressure. In both assessment fruits at the
cherelle stage were the most susceptible whereas the
young and adult fruits were equally susceptible. The
vertical position of the fruits on the tree did not influence
their susceptibility. Estimates of the fruit susceptibility
and of the infectious potential were derived from the
severity and incidence measurements, using a model

assuming that the number of spores on a fruit follows
a Poisson distribution with the mean, the density of
spores per fruit as the parameter. The estimated param-
eter values allowed the evaluation of the probability of
attack of a fruit by the disease, which could be imple-
mented in a disease warning system.

Keywords Infectious potential . Model . Poisson
variable

Introduction

Pod rot caused by the oomycete Phytophthora mega-
karya is the most devastating disease of the cocoa
plant, claiming up to 30 % of the world cocoa harvest
(Ndoumbe-Nkeng et al. 2009). In a recent review,
Acebo-Guerrero et al. (2012) stressed that harvest
losses due to pod rot may range from 20 % to 30 %,
although individual farms may suffer from 30 % to
90 % harvest loss; the disease can be especially severe
in West and Central Africa, causing up to 64 % of
losses in plantations. In experimental situations, pod
loss can be efficiently reduced by fungicide control of
the disease (Akrofi et al. 2003). Recommendations to
farmers have been issued accordingly (Berry 1999).
However, a multidisciplinary survey of pesticide use
in Cameroon villages supported the conclusion that
the current use of fungicide is not a successful disease
management strategy for most farmers (Sonwa et al.
2008). The authors of the survey advocated for a
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change in management practices and highlighted “the
need to further develop locally acceptable Integrated
Pest Management (IPM) strategies”. In this context,
the number of fungicide sprays should be reduced by
targeting applications to critical stages of crop and
disease development.

In a field study, complementing the already docu-
mented evidence of developmental stage-dependent
fruit susceptibility to pod rot (Ndoumbe-Nkeng 2002),
Deberdt et al. (2007) have shown that: (i) there was a
link between the fruit developmental stages and pod rot
incidence; and (ii) immature fruits were more suscepti-
ble. However, the study was not designed to perform a
quantitative, accurate assessment of the fruit suscepti-
bility on different stages. In field conditions, fruit sus-
ceptibility to pod rot would depend on the genetic
composition of the pathogen population (Ducamp et
al. 2004), on the climatic conditions (Ndoumbe-Nkeng
et al. 2009), and on the infectious potential. The aim of
this study is to quantify the susceptibility of the cocoa
fruit at different developmental stages submitted to arti-
ficial or natural inoculum load, combining experimen-
tation and modelling.

Susceptibility of a fruit to a disease is usually
assessed in controlled conditions as the infection
efficiency that is the ratio of lesion density to
inoculum density (e.g., Xu and Robinson 2010).
However, the assessment of infection efficiency is
tedious in controlled conditions and hardly feasible
in the field. Therefore, we proposed a model that
allowed the estimation of the non-measured suscep-
tibility of cocoa fruits to pod rot disease as a
function of the developmental stages using disease
severity or incidence observations. In this model,
we assumed that: (i) the number of spores deposit-
ed on a fruit follows a Poisson variable of mean
the infectious potential, that is the density of spores
per fruit; and (ii) a spore on a fruit can attack it
with a probability that represents the fruit suscepti-
bility to disease (Soubeyrand et al. 2007). We first
estimated the model using disease severity data
obtained under laboratory controlled conditions.
Secondly, we estimated the model using disease
incidence data obtained in the field. Thirdly, we
compared the susceptibility obtained in laboratory
and field data. Finally, we discuss the implications
of our results for cocoa protection and the wider
interest of our modelling framework for plant disease
epidemiology.

Material and methods

Plant material

All fruits used in the study were collected from
amelonado trees, in a farmland located in Mban-
komo (3°78′0″N, 11°38′0″E; altitude, 730 m above
sea level), Centre region of Cameroon. Characterized
by two dry seasons and two rainy seasons, this
region is a predominantly P. megakarya endemic
area (Nyasse et al. 1999).

Laboratory assessment of disease severity

Ninety fruits were sampled on the 30th of June 1999,
17th of July 1999 and 7th of August 1999, thus 30
fruits per day. Each series of fruits comprised 10
cherelles (fruits of less than 4 cm in length), 10 young
pods (fruits of more than 4 cm in length but not at
adult stage yet) and 10 adult pods (fruits with adult
length, but not yet ripe). The fruits were placed in
sealed bags and brought immediately to the laboratory.
Twenty four hours after harvest, fruits were rinsed
twice with distilled water to remove spores likely to
be present on their surface. The fruits were allocated,
according to a fully randomized design, inside inocu-
lation tanks. Sheets of tissue filter paper were inserted
inside each tank to maintain a homogenous humidity.
A moderately aggressive isolate of P. megakarya
maintained in the Plant Pathology Laboratory at the
IRAD Nkolbisson Research Centre (Cameroon), was
used in this study. It was isolated from a cocoa plan-
tation situated in the Centre region of the country, and
it has been maintained in the laboratory by successive
transfers on 1.5 % pea-based agar medium. To main-
tain its aggressiveness, the isolate has been periodical-
ly inoculated onto cocoa pods (Efomban et al. 2011;
Nyassé et al. 1999). Five days after incubation in the
closed tanks, the number of lesions per fruit was
counted and fruits were ranked according to the fol-
lowing scale: 0 0 no lesion, 1 0 1–6 lesions, 2 0 >6
lesions per fruit.

Field assessment of disease incidence

In the same plot, 15 trees were randomly selected
during two years (1999 and 2001), and each tree was
divided into three levels (bottom: 0–0.5 m, middle:
0.5–1.5 m, top: >1.5 m). In each level, four randomly
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selected fruits were tagged; only fruits at the cherelle
stage were considered. The size of the fruit cohort was
then 159 in 1999 and 169 in 2001. Observations were
performed on the tagged fruits each Monday of every
week for 20 weeks, starting on 26 April 1999 and 23
April 2001, respectively. At each observation day, the
developmental stage of each fruit (cherelle, young
pod, adult pod), and its disease status (0 0 healthy
fruit, 1 0 fruit having at least one pod rot lesion) were
recorded. On each observation day, infected fruits
were removed so that the observed fruits on a given
day were those that had not been found infected the
week before.

Modeling the number of lesions on a fruit

We denote i for a fruit and j for the series of observa-
tions, 1≤ j≤D, where D03 for laboratory data and D0
20 for field data. For a fruit i belonging to a series j, we
denote Ei, j its developmental stage (1 0 cherelle, 2 0

young pod, 3 0 adult pod) and Ni,j its number of lesions.
We assume that: (i) the number of spores on a fruit

follows a Poisson distribution with mean the infectious
potential Uj, that is the density of spores per fruit; and
(ii) a spore on a fruit i of series j can penetrate the fruit
and causes disease (hereafter summarized as “attack”),
with a probability SEi; jwhich represents the stage-

dependent fruit susceptibility. It follows from (i) and
(ii) that the number Ni, j of spores that attacks fruit i
belonging to the series j follows a Poisson variable with
mean sEi; jUj. For a fruit i belonging to a series j and of

stage Ei, j, the probability to observe a class of lesions
represented by the interval [n1, n2[ is thus given by:

PrðNi;j 2 n1; n2½ ½Þ ¼
Xp¼n2�1

p¼n1

expð�skUjÞ ðskUjÞp
p!

: ð1Þ

For the special case where there is no lesion on a
fruit, this probability reduces to:

PrðNi; j ¼ 0Þ ¼ expð�skUjÞ: ð2Þ
We used the likelihood method (Monfort 1971) to

estimate the susceptibility and the infectious potential

under the normalization condition
Pk¼3

k¼1
sk ¼ 1, which

ensures the identifiability of the model. The confidence
intervals for susceptibility and infectious potential were
estimated by using parametric bootstrap (Efron and

Tibshirani 1993). We used the bootstrap method to
avoid the approximation from asymptotic maximum
likelihood estimation theory because the sample size
was small. We used the likelihood-ratio test (Dacunha-
Castelle and Duflo 1992) to test: (i) whether the fruit
susceptibility actually depends on the developmental
stage of the fruit; (ii) whether the fruit susceptibility
to attacks depends on the tree level; (iii) whether the
infectious potential depends on the series of obser-
vation; (iv) whether the fruit susceptibility from the
laboratory data is different from that from the field
data; and (v) whether the fruit susceptibility depends
on the year of observation.

To validate the model estimated from laboratory
data we computed, for each series and for each stage,
1000 simulations of severity classes to get simulated
frequencies of each severity class for each stage and
for each series under the model. The p-value of each
observed severity class for each stage and for each
series was calculated under the model by using simu-
lated frequencies (Peter and Gill 2007). In a further
step, we validated globally the model using the chi-
square distance test (Monfort 1971) by comparing the
observed and simulated severity frequency classes.

Let us recall here that the same model was applied
on the field data by using only two classes of lesions: 0
(for 0 lesion) and 1 (for more than one lesion). In that
case, the model took into consideration the level of the
tree and was given by

PrðNi; j ¼ 0Þ ¼ expð�skhUhjÞ ð3Þ
where h denoted the level of tree in which the fruit was
selected.

The results were obtained using the R environment
(R Development Core Team 2008). We used the nlm
function to maximize the likelihood function.

Results

Laboratory assessment of disease severity

In the laboratory experiment, all inoculated fruits except
one adult pod exhibited disease symptoms (Fig. 1).
Most cherelles (28/30) had more than six lesions per
fruit, the maximum severity class used in this study. The
fruits at the two other stages were equally distributed
among the two severity classes across the experiment.
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However, there was a strong series effect on disease
severity, both in young and adult pods. Within a series,
most young pods were in the same severity class (for
instance, 8/10 in the highest class in series 1 vs. 9/10 in
the lowest class in series 3). This effect was less pro-
nounced in adult pods for instance, in the third series,
fruits were equally distributed among the two severity
classes.

Field assessment of disease incidence

In 1999, the observed duration of the cherelle stage was
two-times shorter (max. five weeks) than for the two
other stages (max. 10–11 weeks; Fig. 2). Moreover, the
dynamics of fruit development differed among the tree
levels; in the bottom levels, the distribution of young
pods showed a peak more pronounced than in the mid-
dle and the top levels. Many fewer adult pods were
produced in the bottom level.

During the first five weeks, the evolution of disease
incidence was similar for the three tree levels with a
maximal incidence of 20 % (Fig. 3). For the next ten
weeks, disease was mostly recorded on young pods
(there were no longer cherelles, but a few adult pods
were already present in the two upper levels); disease
incidence increased with decreasing tree level. In the
last stages of the epidemic, disease incidence on ma-
ture pods was particularly high in the bottom level.

In 2001, the observed duration of the cherelle stage
was around five weeks (Fig. 2). The dynamics of fruit
development in young pods stage did not differ among
the three levels. Conversely, the dynamics of fruit devel-
opment in adult pods stage differed among the levels. In
the bottom levels, the distribution showed a pronounced
peak at week 6; in the middle and the top levels, the peak
in the distribution was delayed to week 10.

During the first five weeks, the evolution of disease
incidence was similar for the three levels with a mean
maximal incidence of around 20 % (Fig. 3). Young
pods were present at the beginning of observations and
their number peaked at week 5. Disease incidence
exhibited a high peak at the end of the study for each
level, when only small adult pods remained.

Estimation of fruit susceptibility and of infectious
potential

Estimation with laboratory data

Fruit susceptibility (sk) estimated from the laboratory
data was significantly different between the fruit
stages (P<0.05). The cherelles were the most suscep-
tible fruits (0.491, s.d. 0.109). The susceptibility of
young pods (0.253, s.d. 0.057) did not significantly
differ (P≥0.05) from the susceptibility of adult pods
(0.255, s.d. 0.058). The estimated infectious potential
(Uj), i.e. the mean number of spores per fruit, was
23.03 for the first series, 31.22 for the second series
and 17.26 for the third series. These three values were
significantly different (P<0.05). The model was even-
tually validated for all series and fruit stages except for
one case (P≥0.05; Table 1). This case corresponds to
one observed number of healthy pods which is signif-
icantly bigger than the one estimated by the model.

Estimation with field data

To estimate the fruit susceptibility using the field data,
we first showed that the susceptibility and the infectious
potentials do not depend on the position of the fruit on
the tree (P>0.05). We then removed from the model the

Fig. 1 Classified severity of
cocoa pod rot (three classes:
no lesion, 1–6 lesions, >6
lesions per fruit) on fruit
inoculated in the laboratory
at three developmental
stages (CH: cherelle, YP:
young pod, AP: adult pod),
three series of 30 fruits each
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effect of the position of the tree on susceptibility and on
infectious potential.

Estimation with laboratory and field data

Fruit susceptibility estimated from the field and labora-
tory data was significantly different between the fruit
stages (P<0.05). The cherelles were the most susceptible
fruits (0.404, s.d. 0.128). The susceptibility of young
pods (0.30, s.d. 0.08) did not significantly differ
(P>0.05) from the susceptibility of adult pods (0.295,
s.d. 0.095). In 1999, the infectious potential increased
from the beginning to the middle of the campaign, peak-
ing at week 11 and then decreasing until the 20th and last
day of observation (Fig. 4). In 2001, the infectious po-
tential peaked at the last week of observation (Fig. 4).

Discussion

In this study, the susceptibility of cocoa fruits depended
on the developmental stage but not on the position of the
fruit on the tree. Other studies have shown that the

susceptibility of cocoa fruit depended on the position
of the fruit on the tree (Martijn ten Hoopen et al.
2012). This contradiction might be explained by the
age of the trees. Our data were collected in a young
farm whereas the two previous studies used fruits
from older farms. On very old trees, increasing
amounts of inoculum are deposited on the tree trunk.
The presence of this inoculum could then influence
the risk of attack at each level of tree. In the present
study, no difference of attack was detected between
the three levels because the data came from relatively
young farms. Moreover, the pod susceptibility did not
depend on the year of data collection. The estimates
of the susceptibility showed that, when submitted to
artificial or natural inoculum, (i) cherelles were more
susceptible to pod rot than young and adult pods and
(ii) there was no significant difference in susceptibil-
ity between the young pods and adult pods. These
results suggest that the disease status of a fruit does
not strongly depend on environmental conditions.

The laboratory data were obtained on fruits classi-
fied according to the number of lesions. In fact, the
best way to estimate our model would be to use the
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lesion counts. However, it was not possible to count
all the lesions on fruits with sufficient precision. In
such a case, it is usually recommended to classify the
fruits in three classes: 0 lesion, 1–6 lesions (which are
easy to observe) and then >6 (because after that num-
ber the lesions could superimpose on each other).

The estimation of susceptibility could have been
biased if we had used only the field data, due to the
presence of other diseases in the field that can
mask attacks by pod rot. Furthermore, fruits observed
in the field were submitted to a non-controlled, natural

inoculum and experienced more climatic variations
(Deberdt et al. 2007). Accordingly, we have not estimat-
ed the susceptibility using the data collected in year
2000 because that year, 32 % of fruits were wilted while
only one fruit was actually attacked by pod rot.

Our conclusions confirmed preliminary results
obtained by Ndoumbe-Nkeng (2002) using a non-
parametric Kruskal-Wallis test. However, such a non-
parametric test requires a large sample, which is not
easy to obtain in most experimental conditions. Our
parametric model, validated on the data set obtained in

Table 1 Chi-square assessment (p-value) of the model of cocoa pod rot severity on fruits at the cherelle.young pod and adult pod
development stages.three series of laboratory experiments (s1. s2. s3). The model is not rejected when P>0.05

Lesions Developmental stages

Cherelle Young pod Adultpod

s1 s2 s3 s1 s2 s3 s1 s2 s3

0 lesion 0.5 0.5 0.5 0.51 0.5 0.56 0.01 0.5 0.56

1 to 6 lesions 0.64 0.51 0.3 0.95 0.24 0.1 0.21 0.74 0.9

>6 lesions 0.36 0.49 0.7 0.04 0.76 0.88 0.92 0.25 0.08
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Fig. 3 Cocoa pod rot incidence (percentage of infected fruits) on cherelles (CH), young pods (YP) and adult pods (AP) recorded each
week at three tree levels in the field experiment for two years (top, 1999; bottom, 2001)
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laboratory conditions, allowed us to estimate fruit
susceptibility to pod rot in field conditions, assuming
that fruits were submitted to the same infectious po-
tential at a given date. Moreover, our model allowed
us to estimate the fruit susceptibility and infectious
potential, which are biological parameters of epidemi-
ological significance not easy to measure.

A simple, practical recommendation to be drawn
from this work is to focus the use of fungicides at
the beginning of the farming season, when most
fruits are at the cherelle stage, the most susceptible
to disease. Fungicide sprays could therefore be rec-
ommended early in the season, when infection levels
are not too high; later on, the removal of attacked
fruits (phytosanitary pod removal: Soberanis et al. 1999;
Ndoumbe-Nkeng et al. 2004; Opoku et al. 2007) could
be recommended to decrease the amount of inoculums
in the plots.

Our model was based on the assumption that spores
can infect the fruit independently of each other accord-
ing to a Poisson distribution; this assumption is not
specific to cocoa pod rot and can be transferred to
other airborne fungal diseases. Fruit susceptibility
has been reported to depend on fruit age (Ando et al.
2009; Xu et al. 2009) or maturity (Chillet et al. 2007;
Moral et al. 2008; Xu and Robinson 2010) in several
other diseases. An epidemiological model should
therefore consider fruits with variable susceptibility,
especially depending on the fruit developmental stage.
In our model, based on the same assumptions whatev-
er the data, the susceptibility and infectious potential
parameters have the same biological meaning and
their estimates are consistent in the laboratory and in

the field. Accordingly, depending on the required level
of precision and practical conditions, these parameters
can be estimated, either in the laboratory or on the
field, from standard assessment of disease incidence or
severity.

The proposed model allows the estimation of the
probability to be attacked at each developmental
stage of fruit. But it does not take into account the
time spent at each developmental stage. This work
can then be considered as a preliminary step for a
proportional hazard model that would take into ac-
count the time spent at each stage in order to esti-
mate the risk of attack by disease knowing the
developmental stage. The estimation of lifetime on
our data (field data) needs more attention because
the data do not allow use of the standard method of
Kaplan and Meier (1958) in order to estimate the
lifetime at each developmental stage. In fact due to
the weekly observations, the data present three spe-
cificities: (i) the entry date at each stage is not
observed; (ii) the changing date at each stage is
not observed; and (iii) for such fruits, the disease
occurred in the interval in which the fruits change the
stage and both events were observed. The estimation of
lifetime by taking into account these specificities is
actually done by the same authors of this work. Fur-
thermore, even if the lifetime was estimated at each
developmental stage, using a Cox proportional model
(Cox 1972), it would need the transformation of the
laboratory data in two classes (1 0 0 lesions and 2 0

more than one lesion). But in this case, we would lose
information on the laboratory data and the method
would be less efficient.
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