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ABSTRACT: This work aimed to determine potential areas for the establishment of cocoa moniliasis in Bahia 
state, Brazil, by means of fuzzy logic, based on historical datasets of temperature and air relative humidity, 
available for 519 measurement points distributed throughout the state of Bahia. The data were initially 
submitted to a descriptive statistical analysis. The spatial variability was determined through geostatistical 
analysis, followed by interpolation to map the spatial-temporal structure dependence of the phenomenon. 
Simulations of continuous pixel-to-pixel classification of variables were performed using fuzzy mapping to 
model the climatic risk of disease establishment. The exponential fuzzy model was applied to temperature 
data, while the linear model was used for air relative humidity data. The potential areas were defined for each 
month, using data of temperature and air relative humidity. The fuzzy models used allowed for modeling 
of the climatic risk of cocoa moniliasis establishment. A large area of the state is at high risk of disease, thus 
requiring mitigating measures to avoid the pathogen’s introduction and dissemination.
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Modelagem fuzzy do risco de ocorrência da monilíase
do cacaueiro no Estado da Bahia

RESUMO: Com este trabalho objetivou-se definir áreas potenciais de estabelecimento da monilíase do 
cacaueiro no Estado da Bahia, por meio da lógica fuzzy, com base em séries históricas de temperatura e umidade 
relativa do ar, disponíveis para 519 pontos de medição distribuídos no Estado da Bahia. Os dados foram 
submetidos inicialmente a uma análise estatística descritiva. A variabilidade espacial foi determinada através 
de análise geoestatística, seguida de interpolações para mapear a estrutura da dependência espaço-temporal 
do fenômeno. Para modelar o risco climático de estabelecimento da doença foram realizadas simulações de 
classificação contínua, pixel-a-pixel, das representações das variáveis, utilizando o mapeamento fuzzy. Aos 
dados de temperatura, aplicou-se o modelo fuzzy exponencial, enquanto que aos dados de umidade relativa 
do ar, o modelo utilizado foi o linear. As definições de áreas potenciais foram realizadas para cada mês, 
utilizando a informação conjunta das pertinências da temperatura e da umidade relativa do ar. Os modelos 
fuzzy utilizados permitiram modelar o risco climático de estabelecimento da monilíase no Estado da Bahia. 
A maior extensão do Estado da Bahia tem riscos elevados para o desenvolvimento da doença, o que exige 
medidas mitigadoras para evitar a introdução e disseminação do patógeno.
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Introduction

Cacao is a crop of great economic importance for Brazil, 
especially for Bahia state, while being susceptible to several 
pathogens that can affect production significantly. Moniliasis 
(Moniliophthora roreri) is one of the major diseases affecting 
cocoa crops, accounting for about 40% of the annual 
production losses in countries where its occurrence is recorded 
(Álvarez et al., 2014). Although it has not been detected until 
now in Brazil, it is considered a threat since recent surveys 
have detected the disease at the border between Brazil and 
Peru (Santana & Tarazi, 2017).

Given the possibility of this disease entering the national 
territory, it is essential to study the climatic conditions of 
the main cocoa-producing regions of Brazil, in order to 
determine the possible impacts on the crops. In this context, 
agrometeorological modeling of climatic risk emerges as a tool 
to model real situations using mathematical functions, creating 
simplified representations of a complex system (Silva & Lima, 
2012). In this way, mathematical modeling allows estimation 
of the establishment of diseases as a function of environmental 
variables (Juroszek & Tiedemann, 2015).

Agrometeorological modeling functions as an important 
tool to help decision-making during agricultural production 
(Pezzopane et al., 2010). Through mathematical, statistical 
and probabilistic functions, models are built to simulate real 
scenarios, based on integration and analysis of the behavior 
of the edaphoclimatic components responsible for crop 
production.

The risk of introducing moniliasis to Brazil and its 
importance to the cocoa economy require researches to 
assist in understanding the various related aspects. Models 
based on computational intelligence such as fuzzy logic, 
capable of modeling the uncertainties associated with natural 
phenomena, define more efficiently the areas at higher climatic 
risk for the establishment of pests and diseases in agriculture.

Bahia state with its extensive territory presents high 
microclimatic variations throughout the area; therefore, it 
is possible to define potential areas for the occurrence of the 
Moniliophthora roreri fungus and its transition limits, helping 
to propose mitigating actions to avoid introducing the disease 
and also understanding the pathological system studied.

The aim of this study was to define potential risk areas for 
the establishment of moniliasis in Bahia state using fuzzy logic, 
based on historical datasets of temperature and air relative 
humidity.

Material and Methods

The study covered an area of 567,295 km2 in Bahia, in 
Northeastern Brazil, with approximately 70% of the area 
between 300 and 900 m high and 23% below 300 m.

The predominant climate is tropical, characterized by high 
temperatures (Max - 26.4 °C; Min - 19.7 °C) practically all year, 
except for the Espinhaço mountain range, where temperatures 
are milder (Tanajura et al., 2010). The Bahia backlands, 
known as Sertão Bahiano, have a semi-arid climate with little 
precipitation, not exceeding 500 mm per year and irregular as 

well with long periods of drought. However, in some coastal 
regions, the rainfall may exceed 1,500 mm.

This study used the historical averages of temperature and 
air relative humidity for 519 measurement points throughout 
Bahia in the period between 1961 and 2009. The data were 
obtained from the Climate Research Unit (CRU) of the Agência 
Nacional de Águas, ANA, and of the Instituto Nacional de 
Meteorologia, INMET.

The data were submitted to a descriptive and exploratory 
analysis, determining position (mean, median, minimum and 
maximum values) and dispersion (standard deviation, variance 
and coefficient of variation) measurements. The normality 
hypothesis was tested by the Shapiro-Wilk method at p ≤ 0.05, 
followed by geostatistical analysis to evaluate the intrinsic 
stationarity hypothesis by adjusting a theoretical model to the 
experimental variogram, estimated by Eq. 1:
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where:
γ* (h) - estimated semivariance for each vector h;
N(h) - number of pairs of values z(xi) for each vector h; and,
xi  - spatial position of the variable z.

A mathematical function is fitted to the point cloud [h, 
y(h)], with the following parameters: nugget effect (C0), 
corresponding to the value at which it intersects with the 
semivariance axis; sill value (C0 + C1), approximately equal to 
the value of the data variance; and range (a), representing the 
distance at which the variogram reaches the sill value, and the 
region of spatial dependency between the samples.

For estimating the theoretical semivariance, the exponential, 
spherical, Gaussian and linear models with the threshold 
were tested. The models were chosen to minimize the sum of 
squared errors, those with the highest coefficient of multiple 
determination (R2) of the adjustments of a variogram 
theoretical model to the empirical model, the lowest square 
sum of residuals (SSR) and highest coefficient of determination 
(R2) being selected in the cross-validation.

After the geostatistical analysis, the data were interpolated 
to map the structure of spatial dependence and to evaluate its 
temporal stability throughout the state of Bahia. Interpolation 
was performed using the ordinary kriging geostatistical 
interpolator.

Continuous pixel-by-pixel classification of the variables was 
performed using fuzzy mapping to model climatic risk for the 
establishment of moniliasis in Bahia. The monthly averages 
of temperature and air relative humidity were submitted to 
a continuous classification using the exponential and linear 
association functions, respectively, as shown below:

- Temperature dataset
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- Relative humidity dataset

& Lima, 2012). This avoids the so-called proportional effect, 
which impairs estimates by geostatistical interpolators (Silva 
et al., 2010).

Environmental conditions strongly inf luence the 
development and progress of moniliasis. The cycle begins at 
low humidity, but germination of the conidiospores, fungal 
spores, occurs at higher air relative humidity and temperature 
(Álvarez et al., 2014). Rios-Ruiz (2004) suggested that these 
are the climatic variables most affecting development of the 
pathogen causing cocoa moniliasis.

The results in Table 1 allow the identification of two distinct 
seasons. The first season with higher average temperatures, 
varying from 24.81 to 25.72 °C, extends for much of the 
year (from October to April) whereas the average air relative 
humidity is lower compared to the other months of the year, 
with a maximum value of 78.79%.

The second season with milder temperatures, up to an 
average of 22.86 °C, lasts from May to August, while the air 
relative humidity has a minimum average of 80.88%. The 
high air relative humidity during the winter in part of the 
Brazilian Northeast results from the meeting of two air masses, 
the Atlantic tropical and Atlantic polar air masses. This is 
responsible for frequent frontal rains on the Northeastern 
coast, probably increasing the risk of establishment of 
phytopathogenic fungi in this area at this time of year.

Table 2 shows the results obtained for geostatistical analysis 
of the temperature and air relative humidity variables.

All months presented spatial dependence with adjustment 
to the spherical (8 months), Gaussian (1 month) and 
exponential (15 months) models. All models were fitted 
with coefficients of determination higher than 90%. Similar 
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where:
MFA  - membership function of the variable z;
IF  - inclination factor, considered equal to 0.05, 

according to Silva et al. (2010);
UL and LL - values of the class boundaries of two fuzzy 

sets belonging to a set A; and,
α = UL − LL.

The fuzzy transition zone is given by the lines’ slope for 
the set A with increasing values (air relative humidity) and 
exponential values (temperature).

The epidemiological limits of cocoa moniliasis were 
established as a temperature of 22 to 30 °C and relative 
humidity of 80%.

These limits were established as favorable to highly 
favorable conditions for the establishment of cacao moniliasis, 
based on the work of some authors (Hernandez, 1991; Phillips-
Mora et al., 2007).

The combined effect of climate variables was measured 
using map algebra functions and fuzzy operator of the convex 
mean, according to Silva et al. (2010). Equal weight was 
attributed to all variables, in which they contribute equally 
to the possibility of the establishment of cacao moniliasis in 
Bahia state.

Areas at risk for the establishment of moniliasis were 
mapped for each month of the year, identifying regions with 
more or less pertinence to the ideal development conditions 
for the fungus.

Results and Discussion

The descriptive analysis results of the temperature and air 
relative humidity are shown in Table 1. The central tendency 
measurements (mean and median) for both temperature and 
relative humidity were close for each month.

The mean and median proximity values indicate a 
symmetrical distribution, a fact confirmed by the asymmetry 
(Cs) values close to zero (Santos et al., 2013). Despite this, 
the variables studied did not have a normal distribution, 
indicated by the Shapiro-Wilk test results. Normal distribution, 
unlike other statistical and probabilistic methods, is not a 
presupposition of the methods of spatial analysis and fuzzy 
classification used in this work, and it is recommended only 
when the tails of the distribution are not very elongated (Silva 

Table 1. Descriptive analysis of the climatic variables 
temperature and air relative humidity in Bahia state, Brazil

CV - Coefficient of variation; Cs - Asymmetry coefficient; Ck - Curtosis coefficient; * 
Non-normal distribution by the Shapiro-Wilk test (W) at p ≤ 0.05

(4)

(5)

(6)

(7)
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behavior was observed for the cross-validation, in which the 
coefficients of determination were higher than 0.5. Cross-
validation is an important factor to consider when selecting 
the best fit of a variogram model. Higher values of the cross-
validation coefficient of determination indicate a better fit 
of the model; the ideal is a value of 1 (Pelissari et al., 2014; 
Rocha et al., 2015).

The exponential model was the best fit for the temperature 
of most months, with space dependence range varying from 316 
to 786 km. The air relative humidity was also predominantly 
represented by the exponential model, with range varying 
from 112 to 210  km. These results indicate that, in general 
terms, the temperature has less spatial and temporal variability 
compared to the relative humidity of the air in Bahia. The air 
relative humidity is expected to vary more than other climatic 
variables, a behavior resulting from the several components 
controlling this phenomenon (Jardim, 2011).

In general, temperature was characterized by higher values 
of the range and presented the greatest spatial continuities from 
May to November. It is possible to affirm that in the low rainfall 
period, the difference in temperature is smaller between the 
municipalities, and more affected by location than any other 
phenomenon.

The nugget (C0) effect values found for both variables are 
very close to zero, except for the air relative humidity between 
August and October. Low C0 values, that is, a small random 
variation, make the estimates of unmeasured locations more 
precise, through ordinary kriging (Silva et al., 2010).

Both the temperature and air relative humidity showed 
high spatial dependence, with SDI (spatial dependence 

index) values above 75%. These values are mainly due to the 
low discontinuity in the origin of the variograms, evidenced 
by the low nugget effect values. The SDI values indicate that 
distribution of air relative humidity is strongly influenced by 
the distance separating the sampling points for most months. 
This suggests that only a small part of this variation can be 
attributed to chance, so estimates based only on mean values 
would lead to significant errors, especially in studies similar 
to the one described here.

The spatial continuity was also lower in the period of 
less rainfall. Cera & Ferraz (2015) reported that the rainfall 
regime and other parameters such as cloudiness and amount 
of radiation incident on the surface affect temperature and air 
relative humidity significantly. The direct effect of precipitation 
on air relative humidity can be observed in the semivariance 
ranges of the variograms over time. As expected, due to the 
water regime, the greatest spatial continuity was found for the 
rainy season, except for January and February.

The fuzzy classification allowed the acquisition of 
monthly maps indicating the risk areas for the establishment 
of moniliasis in Bahia state (Figures 1 and 2) expressed as 
pertinence values of temperature and air relative humidity, 
using the mean convex operator.

Most of the state presents pertinence values close to 1, that 
is, with total adhesion to the ideal climate set for pathogen 

Table 2. Geostatistical analysis of the temperature and air 
relative humidity

GAU - Gaussian; SPH - Spherical; EXP - Exponential; C0 - Nugget; C0 + C - Sill; a - 
Range; SDI - Spatial dependence index; R2 - Coefficient of determination of the model; 
CV - Cross-validation

Figure 1. Thematic risk maps for the establishment of cacao 
moniliasis based on the fuzzy classification of temperature and 
air relative humidity from January to June
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Figure 2. Thematic risk maps for the establishment of cacao 
moniliasis based on the fuzzy classification of temperature and 
air relative humidity from July to December

development. No month of the year had relevance less than 
0.6, indicating that the chances of developing moniliasis are 
higher than 60% in Bahia state. The months with the greatest 
variations were May, June, July and August, with pertinence 
values below 0.84 in most of the central region of the state.

The resulting maps show that Bahia state is a favorable 
region for the development of cacao moniliasis. From 
December to March (summer), it can be seen that a large part 
of the state presents favorable conditions for development 
of the disease. This result repeated itself from September to 
December (spring). These seasons have higher temperatures 
compared to the rest of the year, which coupled with higher 
rainfall creates a more appropriate growth environment for 
the Moniliophthora roreri pathogen.

In the other seasons of the year (autumn and winter), 
between March and September, most of the state also presented 
pertinence values close to 1. However, some regions, especially 
Chapada Diamantina, had less chance of developing the disease. 
These higher-altitude areas usually have lower temperatures, 
especially in winter when they tend to reduce even further. 
Thus, these regions do not reach the ideal temperature range 
for moniliasis development; however, they are not traditional 
areas for cacao cultivation.

Moraes et al. (2012) reported that, in Brazil, the development 
of moniliasis was more favorable from November to May 
between 1961 and 1990. This interval is compatible with the 

time of fruit development, which can lead to large production 
losses.

In Brazil, the areas with the greatest climatic potential 
for the occurrence of Moniliophthora roreri are found in the 
Northeast region, especially in southern Bahia (Moraes et al., 
2012). This study focused on the main cocoa-producing region 
in Southern Bahia, which presents high temperature and air 
relative humidity during most of the year, making it a high-risk 
region if the disease were introduced to Brazil.

Moniliasis affects the fruits directly and can cause drastic 
production losses (Álvarez et al., 2014). In Bahia state, the 
possible impacts from this disease could be even more 
significant than in the other cocoa-producing countries of 
Latin America since this cocoa-producing region in the south 
of the state has two harvests, the early and the main harvests, 
while the other producing countries have only one harvest. 
The early harvest, which occurs during the summer, takes 
place when there are climatic conditions more favorable to 
development of the pathogen (Ram et al., 2004).

Noting the damage that this disease can cause to the state 
of Bahia, both in the economic and social spheres, measures 
must be taken to avoid the introduction of the pathogen to 
Brazil, since in neighboring countries, such as Colombia, 
moniliasis has already caused great production losses (Álvarez 
et al., 2014).

Conclusions

1. The fuzzy models used are efficient for defining the 
climatic risk areas for the establishment of moniliasis in Bahia 
state, Brazil.

2. The fuzzy model allows the most favorable seasons and 
locations for Moniliophthora roreri fungus development to be 
established.

3. A large area of Bahia State is highly favorable to the 
development of cacao moniliasis throughout the year.
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