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Abstract: Fusarium oxysporum f. sp. cubense Tropical Race 4 (Foc TR4) (Syn. Fusarium odoratissimum)
is a devastating soil-borne pathogen that infects the roots of banana plants and causes Fusarium
wilt disease. Colombia is one of the world’s leading banana producers; therefore, new uncontrolled
outbreaks could have serious consequences. Despite this, little is known about the susceptibility of
Musaceae lands in Colombia to Foc TR4. This work presents a pioneering study on the susceptibility
of Colombian soils to Foc TR4. For this, a study was carried out to characterize climatic, edaphic,
and density factors of Musaceae productive systems at the Colombian level, articulated with expert
criteria to map and define areas with different levels of susceptibility to Foc R4T. These criteria are
typically selected based on the existing scientific literature, consultation with domain experts, and
consideration of established methods for assessing soil health and disease susceptibility in Musaceae
plantations. By joining the analyzed susceptibility factors, differentiated areas were generated that
imply a greater or lesser predisposition to the disease. Subsequently, a validation of the classification
was made with Random Forest. The results indicate that at the level of climate, soil, and farm
density as a fit factor, practically 50% of the cultivated territory of Musaceae are areas high and very
highly susceptible to the pathogen (572,000 km2). The results showed that from the total Musaceae
area, Antioquia, Bolívar, Chocó, and Santander turned out to be the departments with the highest
proportion of very high susceptibility class of the production farms. The analysis of Random Forest
classification performance shows that the model has a relatively low out-of-bag (OOB) error rate
(0.023). The study on the susceptibility is highly novel and original, as it represents the first systematic
investigation of Foc TR4 susceptibility in Colombian soils. This paper provides important insights
into the susceptibility of Musaceae lands in Colombia to Foc TR4. The study highlights the need
for ongoing monitoring, containment, and control measures to prevent the spread of this deadly
pathogen and protect Colombia’s important banana industry.

Keywords: agri-environmental suitability; banana; edaphic factors; predisposing factor;
land management; Random Forest

1. Introduction

The Musaceae family is one of the most important and economically valuable plant
families in the world [1]. Colombia is one of the top ten banana producers globally,
and the industry is critical to the country’s economy [2,3]. According to Agronet [4],
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Musaceae production (bananas and plantains) in Colombia recorded a harvested area
of approximately 530,117 hectares. The production is 1,994,723 tons, and the yield is
37.4 tons/ha for export bananas. The department’s main producing regions for Musaceae
are Antioquia, Magdalena, and La Guajira for export bananas; Nariño, Valle del Cauca,
Chocó, and Cundinamarca for traditional bananas; and Antioquia, Arauca, Valle del Cauca,
Córdoba, Meta, Quindío, and Caldas for plantains. Furthermore, the country’s Musaceae
production is characterized by the cultivation of various varieties, including in the case of
bananas the popular Cavendish and Gros Michel banana types.

However, the Colombian banana industry is facing a severe threat from Fusarium
oxysporum f. sp. cubense Tropical Race 4 (Foc TR4) (syn. Fusarium odoratissimum) [5], a
soil-borne fungus that causes Fusarium wilt in banana plants [6,7]. Currently, the state of
the disease in Colombia is present, with restricted distribution and official control by the
Colombian Agricultural Institute (ICA). There are 17 farms in quarantine, of which 11 are
in La Guajira and 6 in Magdalena. The area under quarantine corresponds to 0.5% of the
total area of Musaceae in the country [8]. The first confirmation of the pathogen occurred
in 2019 in the department of La Guajira [6], and in 2021 the presence was confirmed in the
department of Magdalena [9]. Foc TR4 is considered one of the most destructive banana
plant pathogens globally and has caused significant economic losses in countries such as
China, Indonesia, and the Philippines [10,11]. Therefore, it is crucial to understand the
susceptibility of Colombian Musaceae lands to this deadly disease.

Climate, soil, and agronomic management practices play a crucial role in the suscepti-
bility of Colombian Musaceae lands to Foc TR4. The environmental conditions in which the
banana plants are grown can affect their susceptibility to the disease [12,13]. For instance,
temperature and humidity levels can impact the fungus’s growth and spread [14,15], while
soil characteristics such as pH, texture, and organic matter content can affect the plant’s
ability to uptake nutrients and resist infection [16,17]. Agronomic management practices,
such as the use of irrigation systems, fertilizers, and pesticides, can also influence disease
incidence and severity [18–20]. For example, improper use of pesticides can lead to the
development of pesticide-resistant strains of Foc TR4, while excessive fertilization can
promote the growth of susceptible banana plants [7,21,22]. Therefore, understanding the
influence of climate, soil, and agronomic management practices on Foc TR4 susceptibil-
ity is critical to developing effective disease management strategies for the Colombian
banana industry.

Despite the significant economic and social importance of the Colombian banana
industry, there is still limited scientific knowledge regarding the susceptibility of Musaceae
lands in Colombia to Foc TR4. While some studies have been conducted on the disease in
other countries [23–25], the specific environmental and cultural conditions in Colombia and
Latin America require further investigation [11]. Therefore, there is a critical information
gap that needs to be addressed to develop effective prevention and management strategies.
The need for novel findings in this area is crucial, as the spread of Foc TR4 could have
severe implications for the Colombian economy and global food security with emphasis on
Latin American farmers who are economically dependent on banana production [26–28].

This scientific paper addresses the research hypothesis: Musaceae lands with certain
environmental characteristics will exhibit greater susceptibility to Foc TR4. Therefore,
it is expected to map and determine the percentage of lands with different degrees of
susceptibility. To answer this question, this paper explores the susceptibility of Foc TR4
in Colombia and the impact of environmental factors such as soil type and climate on
the predisposition of Musaceae lands, as a base study to avoid and control the spread of
Foc TR4.

The solution alternatives to address the problem of Foc TR4 in Colombian Musaceae
lands and the world include improving biosecurity measures [13,29,30], developing resis-
tant banana cultivars [31,32], and implementing sustainable farming practices [14,17,22,33].
These strategies can reduce the spread and severity of Foc TR4 and help prevent economic
losses and impacts on food security [34]. This study aims to investigate the susceptibility of
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Colombian Musaceae lands to Foc TR4 based on expert knowledge which refers to the spe-
cialized and in-depth understanding possessed by people who have extensive experience,
knowledge, and qualifications in a specific field or topic and identify agri-environmental
factors that influence the potential predisposition of Musaceae lands sensitive to developing
the disease.

The findings of this scientific paper have significant implications for the Colombian
banana industry and global food security. Understanding the susceptibility of Colombian
Musaceae lands to Foc TR4 can inform the development of effective strategies for disease
management and prevention according to the biophysical characteristics of those farms.
Additionally, this study can contribute to the global knowledge base on the epidemiol-
ogy and control of the spread of Foc TR4, which can help other countries facing similar
challenges in the banana industry.

2. Materials and Methods
2.1. Study Area

The study was carried out over the continental territory of Colombia (1,141,748 km2),
located in the northwestern part of South America, bordered by the Caribbean Sea to the
north, Panama to the northwest, Venezuela to the east, Brazil to the southeast, Peru, and
Ecuador to the south, and the Pacific Ocean to the west (Figure 1a). The height above sea
level in Colombia varies dramatically, contributing to the country’s climatic diversity. From
the coastal plains, which lie at sea level, to the towering peaks of the Andes, Colombia’s
altitude ranges from 0 to over 4500 m (Figure 1b) [35]. This diversity results in microclimates
that support an array of ecosystems, from the hot and humid rainforests at lower altitudes
to the chilly paramo ecosystems at higher elevations. The vast range in altitude, combined
with Colombia’s geographical location near the equator, offers an extraordinary variety of
climates and landscapes within its borders.

The mean annual precipitation in Colombia showcases a remarkable contrast across
its regions (Figure 1c). The western part, along the Pacific coast, experiences high levels
of precipitation, often exceeding a 3000 mm annual average [36]. The Andean region
receives moderate rainfall, creating a perfect environment for coffee plantations and fertile
agricultural lands. On the other hand, the eastern plains, known as the Orinoco region, have
a drier climate with rainfall averaging around 500–1000 mm annually, fostering unique
savannas and grasslands.

Regarding mean annual temperatures, Colombia’s elevation plays a significant role.
As one ascends in altitude, temperatures decrease. In the lowland regions, such as the
Caribbean coast, Average mean annual temperatures range from a tropical 25 to 30 ◦C
throughout the year [37]. The Andean highlands, characterized by cities like Bogota and
Medellin, exhibit a more temperate climate with average temperatures ranging from 14
to 19 ◦C (Figure 1d). The higher mountain ranges, including the Sierra Nevada de Santa
Marta and the Sierra Nevada del Cocuy, experience cooler conditions, with temperatures
falling below freezing points in some areas.

The spatial distribution of edaphic elements in Colombia reveals a mosaic of soil
characteristics across the country. The pH distribution map (Figure 2a) showcases a wide
range of acidity levels throughout Colombia. Acidic soils dominate in some regions,
particularly in the western areas along the Pacific coast and parts of the Amazon rainforest.
Meanwhile, more neutral to alkaline soils can be found in the central and eastern parts of
the country [38].
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regions such as the northern coast and eastern plains. The soil drainage map (Figure 2c) 
indicates diverse soil drainage classes across Colombia [38]. Well-drained soils are pre-
dominant in the highlands and areas with steep slopes, while poorly drained soils are 
more common in lowland regions, wetlands, and floodplains. 
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Figure 1. (a) Geographic location of Colombia; Spatial distribution of climate factors and elements:
(b) altitude; (c) mean annual precipitation of 1976–2005 (mm/year); (d) mean annual air temperature
of 1970–2000 (◦C).

The soil organic carbon distribution map (Figure 2b) highlights varying levels of
organic matter content in Colombian soils [38]. Higher percentages of soil organic carbon
are typically found in areas with dense vegetation cover, such as the Amazon rainforest and
the Andean regions. In contrast, lower organic carbon content is observed in drier regions
such as the northern coast and eastern plains. The soil drainage map (Figure 2c) indicates
diverse soil drainage classes across Colombia [38]. Well-drained soils are predominant in
the highlands and areas with steep slopes, while poorly drained soils are more common in
lowland regions, wetlands, and floodplains.
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Figure 2. Spatial distribution of edaphic elements: (a) pH, (b) soil organic carbon (%), (c) soil drainage
(class), (d) soil clay content (%), (e) soil silt content (%), and (f) slope (%).

The soil clay content distribution map (Figure 2d) illustrates variations in clay content
throughout the country [38]. Soils with higher clay percentages are found in the Andean
regions and some parts of the Caribbean coast, contributing to their fertility and water
retention capabilities. Areas with lower clay content are observed in the drier regions of
the northern coast and eastern plains. The soil silt content distribution map (Figure 2e)
reveals the prevalence of silt in many regions of Colombia [38]. Silt-rich soils can be found
in the river valleys, floodplains, and deltas, particularly along major rivers such as the
Magdalena and Cauca. These areas often exhibit fertile soils suitable for agriculture. The
slope distribution map (Figure 2f) reflects the diverse topography of Colombia, with a
range of slope percentages observed across the country [35]. Steep slopes are predominant
in the mountainous regions, particularly in the Andes, while flatter terrains are present in
the coastal plains and some lowland areas.

2.2. Data, Criteria, and Standardization

The geographic data, the format, and the resolution, as well as the sources that were
used to create the criteria for the susceptibility of Musaceae lands to Foc TR4, are shown
in Table 1. The raster maps of (a) mean annual precipitation published by the Institute of
Hydrology, Meteorology and Environmental Studies (IDEAM) [36], available on the portal
of the Environmental Information System of Colombia (SIAC), and (b) mean annual air
temperature of 30 s of the resolution were used, available on WorldClim [37]. The latter was
preferred, instead of the one published by IDEAM, given the similarity between the two and
because the one provided by WorldClim is in raster format without reclassification (each
pixel represents a value), while the IDEAM is in vector format with values of temperature
grouped by classes.



Horticulturae 2023, 9, 757 7 of 30

Table 1. Data used for susceptibility modeling.

Data Name Spatial Resolution
(Arc-Seconds) Format Source

Annual mean Precipitation 30 Raster [36] 1

Annual mean temperature 30 Raster [37] 2

Soil characteristics 30 Raster [38] 3

Altitude 30 Raster [35] 4

Location points of farms - Vector
(Point feature) [39]

Note: 1 IDEAM: Institute of Hydrology, Meteorology, and Environmental Studies Colombia; 2 Downloaded from
Worldclim.com; 3 Harmonized World Soil Data Base. Food and Agriculture Organization of the United Nations;
4 Global 30 Arc-Second Elevation. U.S. Geological Survey. Earth Resources Observation and Science Center.

Land susceptibility maps were obtained using direct approach methods based on
expert knowledge of the target area. The direct approach is based on expert knowledge
about the relationship between the occurrence of a phenomenon and its hypothesized
predisposing factors. This approach requires the definition of expert rules that lead to
different degrees of susceptibility [40].

The methodology for preparing a document on the susceptibility of land to plant
pathogens based on expert knowledge generally involves a multidisciplinary approach
[41–44]. A team of experts, including agronomists, plant pathologists, environmental
scientists, and soil scientists, analyzed available data on the agricultural area in question,
including climate, soil characteristics, and Musaceae cultivation history. The team then
identified and evaluated the potential impacts of these factors on the growth and spread of
this plant pathogen in the study area. Based on their analysis, the team identified areas of
increased susceptibility to Foc TR4.

The mean precipitation and temperature values were classified according to the fol-
lowing table produced according to expert criteria (Table 2). To evaluate the characteristics
of the soil, given the exploratory nature of the study, the map of the FAO harmonized world
soil database was used (FAO–HWSD) [38]. The selected characteristics corresponded to
those relevant to the Foc TR4 and which, at the same time, were included in the database.
A prior soil map processing was required to replace the name of each soil delineation with
the proper soil feature contained in an external database. Therefore, one raster map per soil
feature was obtained. The values of soil characteristics were classified according to expert
criteria (Table 3).

Table 2. Assessment of the climate elements for the conditions of Colombia.

Class and Valuation (Vi)

Element Low
(1)

Medium
(2)

High
(3)

Very High
(4)

Importance
(Ici)

Mean Precipitation (mm/year) <200 200–600 600–2000 >2000 10
Mean Temperature (◦C) <12 12–18 18.1–25 >25 1

Notes: Each precipitation and temperature range is classified into valuation classes (Vi) from Low (1) to Very
High (4) class. ICi: expert-assigned importance for each climate element, as stated in Equation (3).
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Table 3. Assessment of soil characteristics for the conditions of Colombia.

Class and Valuation (Vi)

Element Low
(1)

Medium
(2)

High
(3)

Very High
(4)

Importance
(Isi)

pH >7.5 7.5–6.5 6.5–5.5 <5.5 15
Organic Carbon (%) >3.68 3.68–1.84 1.84–0.92 <0.92 6

Drainage (class) * 6 and 7 5 3 and 4 1 and 2 15
Clay (%) <15 15–30 30–50 >50 7
Silt (%) <20 20–35 35–50 >50 7

Land slope (%) >25 12–25 3–12 <3 10
* Drainage classes: 1: Very poorly drained; 2: poorly drained; 3: Imperfectly drained; 4: Moderately well drained;
5: well drained; 6: Somewhat excessively drained; 7: Excessively drained. Notes: Each soil characteristic range is
classified into valuation classes (Vi) from Low (1) to Very High (4) class. Isi: expert-assigned importance for each
soil characteristic, as stated in Equation (4).

2.3. Determination of the Susceptibility Index of the Farm’s Production to the Foc TR4 (SUPFoc)

In this study, the susceptibility of the land will be evaluated, understood as the degree
to which environmental conditions (climate, soil, and altitude) potentially predispose areas
for infection with Foc TR4 together with the susceptibility of the production farms, under-
stood as the degree in that both the environmental conditions together with the location
(spatial density) of the banana and plantain production farms condition the possibility of
infection. The methodological scheme for the determination of the susceptibility index of
the farm’s production to the Foc TR4 (SUPFoc) is shown in Figure 3.
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An index that qualifies the susceptibility of production farms (SUPFoc) (Equation (1))
was developed and applied. This index is based on the weighting of climatic elements and
soil characteristics according to expert criteria (Sclimate-soil), adjusted by altitude functions
(FH) and the density of Musaceae production farms (FD) [43,45,46]. The calculation of the
index was carried out for the continental territory of Colombia using the algebra of raster
layers of 30 s of the resolution, corresponding to the classification of (a) climate elements
(annual mean precipitation and temperature), (b) soil characteristics (pH, drainage class,
clay, silt, organic carbon, and slope of the land), and (c) adjustment factors for altitude and
density of production farms.

SUPFoc = Sclimate−soil H FD (1)

where SUPFoc is the susceptibility index of the farm’s production to the Foc TR4, Sclimate–soil
is the subindex that qualifies the susceptibility of lands according to climatic elements
and soil characteristics (Equation (2)), fit factor according to altitude (FH), and density of
Musaceae production farms (FD)

Sclimate−soil = 0.6Eclimate + 0.4Esoil (2)

The Sclimate–soil subindex is made up of the weighed sum of the valuation of the indi-
cator of the effect of climatic elements (Eclimate) which is expressed as a weighting of the
annual mean precipitation and temperature (P y T, respectively) according to the impor-
tance of each of them (Equation (3)) and the assessment of the indicator of the effect of soil
characteristics (Esoil) (Equation (4)).

Eclimate =
VP IP + VT IT

∑2
i=1 Ici

(3)

where VP is the valuation corresponding to the annual mean precipitation, VT is the
valuation corresponding to the annual mean temperature, and Ic is the expert-assigned
importance of each climatic element i. ESoil is expressed as a weighting of the evaluations
corresponding to the reaction of the soil (VpH), drain class (VDr), clay content (Vclay), silt
content (VSilt), organic carbon (VOC), and land slope (VPen), according to the expert-assigned
importance of each (Isi, the subscript (i) refers to each characteristic of the soil according to
the case).

Esoil =
VpH IpH + VDr IDr + VClay IClay + VSilt ISilt + VOC IOC + VPen IPen

∑6
i=1 Isi

(4)

2.4. The Fit Factor According to Altitude (FH) and Density of Musaceae Production Farms (FD)

The fit factor FH was obtained as a function of altitude (h). Above 2000 m, this
function gradually reduces the value of FH and, consequently, the previous result of the
product of Equation (5). In this way, from 2000 m, the altitude adjustment factor decreases
asymptotically as the altitude approaches infinity.

Eclimate−soil FH (5)

If h < 2000 m, FH = 1, the value of the product of Equation (5) is not affected.
If h ≥ 2000 m, FH will be determined by Equation (6).

FH = 54.55 e−0.002h (6)

The altitude value of each pixel was obtained from a 30 s resolution digital elevation
model GTOPO30 [35]. Figure 4 shows the curve defined by the fit function according to
altitude. Consequently, as each pixel’s altitude is higher, the susceptibility of the lands to
Foc TR4 decreases. The use of this negative exponential function allows the rate of change
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near 2000 m altitude to decrease rapidly but allows the rate of change to slow down as the
altitude increases. To do this, we started from the principle that, up to 2000 m, altitude is
still relevant in terms of predisposition in favor of the Foc TR4, but once this threshold is
exceeded, with altitude the predisposition is rapidly reduced due to (a) reasons for access
and the varieties of crops used in the very few and scattered production farms and (b)
precipitation loses importance and temperature is privileged as an influential factor.
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Regarding the fit factor FD, it was obtained from a farm density index (iD) calculated
from the sampling points reported throughout the country. In this case, a database of
1441 points was obtained, corresponding to production farms not infected by the fungus in
all departments, except the departments of Magdalena and La Guajira. For these last two
departments, a database of 1010 points was available, of which only a proportion was used
according to the density of non-infected points in the surroundings. This was necessary to
homogenize the sampling intensity in both databases.

Once all the points over the territory of continental Colombia were obtained, a density
raster map was generated considering a radius of 3◦ geographic from each point. The
system, for each point, determines the density of the points included within that radius.
Then, there is an interpolation between the density values obtained through the various
circles. The result is distributed, continuously, with higher values in the areas with a higher
concentration of points or farms and lower values in the areas with a lower concentration.

The expression to fit the indicator for climate elements and soil characteristics through
the density factor of production farms (Equation (7)) was the following:

If iD > 80, FD = 1, with which the Eclimate–soil index is not affected
If iD ≤ 80, then FD will be determined by Equation (7)

FD = 0.2554 iD0.314 (7)

FD is the density of Musaceae production farms. The value of iD = 80 was taken as
the limit of the fit function given the peripheral character of this value about the general
distribution of the points (Figure 5).
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Figure 6 shows the curve that represents the function used. Consequently, to the
extent that in each pixel the density of production farms is lower, the value of EClimate–soil is
reduced. The use of a potential type of function allows the value of the adjustment factor,
below a certain density index threshold (in this case, 80), to be asymptotically reduced to
zero as the density index approaches zero.
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2.5. SUPFoc Index Classification

Finally, the value obtained in each pixel of the susceptibility index of the production
farms before Foc TR4 (SUPFoc) was reclassified according to the following scale (Table 4).
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This met the classification criteria between 1 and 4 of the climatic elements and soil charac-
teristics. In this way, the classes between low and very high are associated with rounded
values of the SUPFoc index. The class “very low or not considerable” was added given the
reduction caused by the adjustment factors for altitude and density of the production farms.

Table 4. The qualitative classification of the susceptibility index of the production farms before the
Foc TR4 (SUPFoc).

SUPFoc Value Susceptibility Class

0–0.5 Very low or no considerable
0.5–1.5 Low
1.5–2.5 Medium
2.5–3.5 High
3.5–4 Very High

2.6. Results Analysis

For modeling, maps of susceptibility of the land of Musaceae to Foc TR4 were elab-
orated; this refers to the process of creating maps that show the probability that a given
area is susceptible to Foc TR4. This was achieved by using The Quantum GIS Geographic
Information System software (version 3.22.12) [47] to analyze data on the various factors
considered, such as soil properties and climate. By overlaying this data on a map, the
areas that are most susceptible to Foc TR4 can be identified and prioritized for further
investigation or targeted management strategies. This approach turns out to be a useful
tool for farmers, researchers, and policymakers to prevent the spread of the disease and
manage its impacts on banana and plantain production.

Classifier Performance and Accuracy Assessment

For this step, the selection of a representative sample of geographic points of Musaceae
in Colombia for analysis of soil susceptibility to Fusarium wilt required several steps. The
first step was to identify the geographic range of Musaceae in Colombia, including the
different varieties grown in the region. Subsequently, the sampling frame was defined,
which sought to include all geographic points within the geographic range of Musaceae in
Colombia. The third step was to establish the sample size, which was large enough to pro-
vide a representative sample of the region, but not so large that it becomes unmanageable,
being n = 1029 sampling points or observations. A stratified sampling approach was used
to ensure that the sample represented the different soil types, climates, and topographic
conditions within the region. Likewise, the random sampling method was used within
each stratum to select the specific geographic points that will be included in the sample.

The data matrix X was constituted by the set of vectors of the observations
X[ij], j = 1, ..., p, and where each vector X[ij] presented the jth variable for all the obser-
vations and where X the data matrix was formed by “n = 1029” observations with 10”
variables. A total of 10 predictor variables were considered in this study, being the fol-
lowing: Altitude (Alt), Annual Mean Precipitation (P), Annual Mean Temperature (T),
pH, Organic Carbon (OC), Drainage Class (DC), Clay, Silt, Land slope, and Farms Density
Index (DI).

The climate, soil, and farms database underwent a rigorous data verification process
to ensure that the data is reliable, consistent, and complete. Data normalization was then
performed to allow comparison and analysis of the data. Normalization techniques, such
as the geometric mean and a generalized logarithmic transformation using the “glog”
function in R software version 4.0.2 (R Core Team, Vienna, Austria) [48], were performed to
make the variables comparable due to differences in the units to measure them [49,50] and
are applied to standardize the data. After normalization, an unsupervised analysis was
carried out using principal component analysis (PCA) to extract patterns and relationships
from the data using the prcomp package, and the calculation is based on singular value
decomposition.
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The next step consisted of applying the supervised analysis. The Partial Least Squares-
Discriminant Analysis (PLS-DA) was applied to classify the data into different groups based
on predefined categories [51,52], using the “plsr” function provided by the R pls package [53].
The classification and cross-validation are performed using the corresponding wrapper
function offered by the caret package [54]. The variable importance in projection (VIP) > 1
and the corresponding |loading values| > 0.30, in the PCA and PLS-DA model, were
used to identify the variables responsible for distinguishing. Furthermore, a permutation
test with 100 permutations was employed to validate the performance of the PLS-DA
model. For the quality criterion, we chose PLS-DA, R2Y (goodness of fit parameter), and
Accuracy > 0.5.

Finally, Musaceae zones with different levels of Foc TR4 susceptibility are classified
with the Random Forest algorithm (RF) using the Random Forest package [55], with a
number of trees: 2000, number of predictors: 5, and Randomness: Fix current random seed.
RF is a popular machine-learning algorithm that uses decision trees to classify data based
on multiple input variables [55–57]. RF also provides other useful information such as
OOB (out-of-bag) error, variable importance measure, and outlier measures. During tree
construction, about one-third of the instances are left out of the bootstrap sample. This
OOB data are then used as a test sample to obtain an unbiased estimate of the classification
error (OOB error). This process would make it possible to validate that identifying areas
with different levels of susceptibility through expert judgment is adequate and would help
develop appropriate management strategies to address these differences.

3. Results
3.1. Effect of Climate (EClimate)

The climate turned out to be a very important predisposing factor for infection with
Foc TR4 in almost the entire territory of Colombia (Figure 7a). It was estimated that 91.5% of
the surface qualifies as highly and very highly susceptible due to the effect of precipitation
and temperature. Only a smaller fraction (8.5%) resulted in average and lower ratings.
It is worth noting that, if only the effect of precipitation and temperature is considered,
in Colombia, the entire territory would correspond to medium to very high classes. The
low and not considerable classes result from the effect of altitude as a factor that adds the
particular conditions of climate, access, and relief and that dominates over the effect of
precipitation. In this case, the lands that, due to the effect of the climate, are classified as
low and less susceptible correspond to 6.4%.
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The departments with the greatest susceptibility of the lands to infection with Foc
TR4 for climatic reasons were Amazonas, Guainía, Guaviare, Vaupés, and Vichada, all
of them with 100% of their surface with very high susceptibility. It is followed by the
departments of Caquetá, Casanare, Putumayo, Meta, Chocó, Bolívar, and Antioquia, with
more than 60% of their surfaces with very high susceptibility. The departments with the
least susceptibility due to the effect of climate were Bogotá D.C, Boyacá, and Cundinamarca,
with more than 40% of their surface with susceptibility between very low and medium.
The rest of the departments presented high and very high susceptibility in at least 85% of
their surface (Figure 7b).

3.2. Effect of Soil (Esoil)

According to the general scale of the soil cartography used, most of the territory of
continental Colombia (87.3%) corresponds to soils with high susceptibility to infection
by Foc TR4. With this, 94.3% of the surface corresponds to soils with high and very high
susceptibility to infection. A small fraction of the country (5.7%) corresponds to medium
susceptibility soils (Figure 8a). The very high susceptibility of the soils is associated, in
general, with the low slope and, in addition, to poor drainage (along the fluvial axes of the
east of the country) and the acid reaction of the soil in part of the Santander, Antioquia,
Cordoba, and Bolivar departments. Areas of medium susceptibility located to the east of
the country, even with a low slope and acid reaction, are associated with rapid drainage,
due to the low content of sand and silt (departments of Guainía and Vichada). Other
areas with soils of medium susceptibility, located in the north of the country (departments
of La Guajira, Magdalena, and Cesar), are associated with a certain slope, moderate to
fast drainage, and low clay content. Additionally, they are soils with high pH (generally
higher than 6.5) that are considered less predisposing to the disease. Finally, central-
western areas, at the Andean foothills (above 1000 m in the departments of Cauca, Valle del
Cauca, Risaralda, Caldas, Quindío, and Antioquia), are associated with moderate and faster
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drainage, low clay contents, and less acidic soil reaction (pH higher than 5.0, generally
around 6.0).
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The departments with the highest proportion of soils with very high susceptibility to
infection with Foc TR4 are Arauca and Casanare, with more than 35% in proportion to the
area of each one. The department of Guainía stands out with a high proportion of soils that
confer medium susceptibility to infection (45%). Most of the departments have medium
susceptibility soils of around 5% and up to 16%. Likewise, in most departments, the surface
occupied by soils that confer high susceptibility to infection with Foc TR4 is greater than
80% (Figure 8b).

3.3. The Joint Effect of Climate and Soil (Sclimate–soil)

When incorporating the effect of the soil and the spatial occupation of the suscep-
tibility classes conferred by the climate, variations are shown in the high and very high
classes, particularly in the extreme east of the country and in the Andean Mountain range
(Figure 9a). Even though with the effect of the soil, these classes occupy a similar fraction
(91.3%) to that corresponding to the effect of the climate (91.5%), it is observed that the
class of high susceptibility increases from 17.3 to 30.5%, at the expense of the very upper
class, which decreased from 74.2 to 60.8%. The rest of the classes show variations of less
than 0.2%.
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The effect of the soil caused variations in the assessment of the susceptibility of the
lands concerning the assessments by the climate alone (Figure 9b). In general, towards the
east, it caused a reduction in valuation (between 10% and 20%), while in the Andean zone, a
heterogeneous variation is observed in the direction, with small increases (not greater than
5%) in the courses of the intervalley’s mountains and reductions (between 10% and 20%) in
the highest areas. Towards the Caribbean side (north, except for the peninsula), there is a
slight increase (around 5%). These variations are a sign of the sensitivity of the valuations
to the distribution of soil characteristics. However, these variations were sometimes not
large enough to cause class changes.

3.4. The Density of Farms (iD)

The density of production farms (expressed as the iD index) shows a concentric distri-
bution from a “nucleus” around the departments of Caldas and Risaralda (Figure 10). Given
the location of production farms along the valleys and Andean foothills, a lengthening
of the density pattern is observed to the south and north. The transition to density index
values to apply the correction function (FD) can be located, to the north, in the southern
limits of Córdoba and northern Bolívar, to the south in the northern limit of Nariño, to the
west between Córdoba and Antioquia, and the east on the western limits of Arauca and
Casanare. In a southeasterly direction, this transition is located in the western areas of Meta
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and Caquetá. It is estimated that the area with significant density (iD values greater than
80, where the density function does not apply) is approximately 327,000 km2.
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3.5. Susceptibility of Production Farms to Foc TR4 (SUPFoc)

When considering the density of Musaceae (banana and plantain) production farms,
it is obtained that the high and very high susceptibility classes occupy around 50% of the
continental Colombian territory (572,000 km2). This is because as one moves towards the
east, the density index of production farms decreases substantially given the dispersion
and very low number of these (Figure 11a). In these areas, although the susceptibility for
environmental reasons (land susceptibility) may be very high, the very low occupation
by Musaceae production farms means that the possibility of infection may be low. As a
consequence, in general, the lower and middle classes increase their proportion (29.3 and
16.4%) at the expense of the more susceptible classes. The very low or not considerable
class maintains a very low proportion, corresponding to lands that due to their altitude
(and associated factors such as access and temperature) are not suitable for production
systems in low-lying areas and also “remote lands” with a very low density of production
farms (as in the department of Amazonas).
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Figure 11. (a) Classes of susceptibility of Colombian lands to infection with Foc TR4 (SUPFoc);
(b) Distribution of the susceptibility classes of the production farms to infection with Foc TR4
(SUPFoc) according to the surface (%) they occupy in each department.

Regarding the proportions of the susceptibility classes of the production farms to
infection with Foc TR4 by department (Figure 11b), only nine of them presented less than
50% of high and very high susceptibility classes of the production farms (Vichada, Vaupés,
La Guajira, Guaviare, Guainía, Caquetá, Boyacá, Bogotá D.C, and Amazonas), while the
departments of Antioquia, Atlántico, Bolívar, César, Chocó, Córdoba, Magdalena, Meta,
and Sucre presented more than 85% of their surface with high (and very high) susceptibility
of the production farms. In addition, Antioquia, Bolívar, Chocó, and Santander turned out
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to be the departments with the highest proportion of very high-class susceptibility of the
production farms.

3.6. Exploratory Multivariate Analysis

Using PCA, the susceptibility classes were not distinguishable (Figure 12a). The first
two principal components (PC) explained 75.0% of the variance; however, no trends in differ-
ences were detected (Figure 12c). Based on the contribution value |loading values| > 0.30,
we obtained the top five variables, including slope (0.66), altitude (0.63), and OC (0.34) in the
first component and the silt (0.39) and clay (0.30) in the second
component (Figure 12b).
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Figure 12. Results of principal component analysis (PCA) (n = 1029) for dimension reduction:
(a) sample scatterplot displays the first two components in each data set in PCA, (b) Loadings plot
between the two PCs, (c) PCA biplot between the selected PCs. Foc TR4 susceptibility classes:
0 = very low, 1 = low, 2 = average, 3 = high, 4 = very high.

When using the PLS-DA as a classification model, a moderate tendency to distin-
guish susceptibility classes was found (Figure 13a). In this model, the first two principal
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components explained 66.8% of the variance. Based on the |load values| > 0.2, seven
significant variables were found: slope (0.69), altitude (0.66), OC (0.36) in the first compo-
nent and DI (0.70), precipitation (0.49), clay (0.45), and silt (0.30) (Figure 13b). In addition,
the performance of PLS-DA was assessed using the accuracy of 0.84 and goodness of fit
R2Y = 0.43. This result indicated good predictive power and moderate class separation.
The important features identified by (VIP) > 1 in component 1 were slope (1.98), altitude
(1.94), and OC (1.14) (Figure 13c), and two important variables were identified as DI (1.56)
and precipitation (1.44) in component 2 (Figure 13d).
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Figure 13. Results of Partial Least Squares-Discriminant Analysis (PLS-DA) (n = 1029) for distin-
guishing susceptibility classes. (a) sample scatterplot displays the first two components in each data
set in PLS-DA, (b) loading plot weights of each feature selected on the two components of PLS-DA,
(c) Important features identified by component 1 and (d) component 2 in PLS-DA. The colored boxes
on the right indicate the relative influence of the corresponding variable in each group under study.
Foc TR4 susceptibility classes: 0 = very low, 1 = low, 2 = average, 3 = high, 4 = very high.
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3.7. Classifier Performance of Random Forest

The analysis of Random Forest Classification Performance shows that the model has
an out-of-bag (OOB) error rate of 0.023, which is relatively low (Table 5). OOB error rate is
a metric used to evaluate the performance of Random Forest models. It measures the error
rate of the model on the data that were not used during training (out-of-bag data). A low
OOB error rate indicates that the model has good predictive accuracy and is less likely to
overfit the data.

Table 5. Random Forest Classification Performance, the error OOB= 0.023 (n=1029).

Susceptibility Class 0 1 2 3 4 Class Error

0 (very low) 5 1 0 0 0 0.17

1 (low) 0 27 4 1 0 0.16

2 (medium) 0 1 54 2 0 0.05

3 (high) 0 1 4 707 6 0.02

4 (very high) 0 0 0 4 212 0.02

Figure 14a displays the cumulative error rates for each of the five classes, with the
x-axis representing the number of trees in the model and the y-axis representing the
cumulative error rate. Interpreting the graph involves analyzing the trend of the cumulative
error rates for each class as the number of trees in the model increases. A decreasing trend
indicates that the model is improving in its ability to accurately classify the different
susceptibility classes. Ideally, the cumulative error rates decreased with an increasing
number of trees in the model (2000) until it leveled off, indicating that the model has
reached optimal performance. Figure 14a allows us to compare the performance of the
model for different susceptibility classes. If a class has a consistently higher cumulative error
rate compared to others, such as class 0 (very low susceptibility) and 1 (low susceptibility),
it may suggest that the model is having difficulty classifying those classes accurately in
particular. This can be used to identify areas where the model needs improvement, such as
collecting more data for that specific class or adjusting the features used in the model.

Figure 14b is an important tool for understanding the factors that influence the disease.
The graph ranks the features by the mean decrease in classification accuracy when they
are permuted. The higher the mean decrease in classification accuracy, the more important
the feature is for predicting susceptibility to Foc TR4 in Musaceae. In this particular figure,
the top five significant features are precipitation (0.19), altitude (0.15), temperature (0.07),
clay (0.06), and farm density index (0.05).

Precipitation is ranked as the most important feature, with a mean decrease in classifi-
cation accuracy of 0.19. Classes 0 and 1 are the ones with the least influence of this variable,
and classes 3 and 4 are the ones with the greatest influence of precipitation, similar to the
behavior of temperature in those classes. Otherwise, the influence of altitude is greater in
classes 0 and 1 and less in the last classes of susceptibility. This suggests that precipitation,
altitude, and temperature have the greatest influence on the susceptibility of Musaceae to
Foc TR4, and changes in precipitation levels can significantly affect disease susceptibility.
Figure 14c shows the outlier measures of all samples for the given parameters.
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Figure 14. (a) Cumulative error rates by Random Forest classification (n = 1029) for accuracy assess-
ment of the susceptibility classes obtained by expert criteria. The overall error rate is shown as the red
line; the color lines represent the error rates for each class. (b) Significant features identified by Mean
decrease accuracy of Random Forest. The colored boxes on the right indicate the relative influence of
the corresponding variable in the class under study. Class: 0 (very low), 1 (low), 2 (medium), 3 (high),
4 (very high). (c) Potential outliers are identified by Random Forest, only the top five are labeled
(AN = Antioquia; BY = Boyaca; CS = Casanare; SA = Santander and SU = Sucre).

4. Discussion

Regarding the climatic variables analyzed, it becomes evident that most of the Colom-
bian territory presents a very high assessment of susceptibility to the pathogen, with around
80% of the total land, followed by land with high susceptibility located in the vicinity of
the eastern, central, and western cordilleras and inter-Andean valleys and, finally, areas
of low or very low susceptibility that correspond to the highest lands of the mountains,
above 2000 masl. In the latter case, these areas with less susceptibility are colder and have
less favorable conditions for the pathogen and its characteristics associated with greater
pathogenicity in warm tropical areas [13], as well as because these cold climate regions
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have fewer Musaceae production areas [58,59] which represent the exclusive host of this
pathogen in terms of productive systems [14].

The regions that have a very high susceptibility classification correspond mostly to
climates according to the Holdridge classification [36] as warm humid, warm very humid,
and warm rainy, while the areas with high susceptibility correspond to climates with less
precipitation, indicating as hot dry, very dry, and arid. Finally, the regions classified as low
susceptibility due to the effect of the climatic condition correspond to cold climate regions
with classifications of temperate (very humid, humid, and rainy) and cold (very dry, dry,
humid, and very humid). The areas of very high and high susceptibility correspond in
the same way to areas of high precipitation, which represent a factor for the dispersion of
the pathogen [60,61] and for the generation of conditions of excess soil humidity that are
favorable for its higher incidence on the crop [62,63].

On the other hand, regarding the edaphic factors, it becomes evident that most of the
Colombian territory is classified as high risk (around 90% of the total land), followed by
small proportions of high-risk areas located in the Inter-Andean Valleys, foothills plains,
and regions of the Colombian Orinoquía and Amazonas. Finally, a few areas of medium
risk correspond to savannah soils in the Orinoquía. This classification of areas of high and
very high susceptibility is due to the predominance of soils with acidic pH, low organic
matter content, and low to medium natural fertility of the soils of the Colombian in the
case of Orinoquía [64]. In the Andean zone, the soils are characterized by having acidic
pH, low P, Ca, S, and Mg contents, and medium K and B, which tend to nutritionally affect
banana or plantain crops [65]. Likewise, soils in the Caribbean region present acidic to
strongly acidic pH conditions, salinity problems, low to medium natural fertility, as well as
low cation exchange capacity [66]. In the case of the Urabá region, which has the largest
export banana production area in the country, they generally have acidic pH soils, with
low P and Ca content, low natural fertility, low cation exchange capacity, and low values of
organic matter [67]. In this way, these studies of soils from different regions of production
of banana and plantain have edaphic factors predisposing to Foc TR4 based on chemical
properties of the soil that have been indicated for this pathogen in different productive
systems of Musaceae in the world [21,62,68–70].

The areas classified as high and very high susceptibility to Foc TR4 correspond to soils
that have drainage limitations, compaction in the superficial layers of the soil, and high
clay contents that promote water saturation in the soil profile [71] which are favorable for
the pathogen [60,62,72] and hinder the development of banana and plantain crops [73–75].
On the other hand, the areas classified as medium susceptibility are well-drained soils,
with predominantly sandy textures with better soil drainage conditions [64].

The new configuration of zones with different degrees of susceptibility to Foc TR4
when crossing the climate and soil maps generates a smaller proportion of areas with very
high susceptibility made up of the Orinoquía and Amazon regions to the south of the
country, as well as the regions of the entire coast of the Pacific Ocean and certain regions of
inter-Andean zones towards the north of the country. The areas around the three Colombian
mountain ranges represent, in general terms, high susceptibility zones, while the highest
parts of these mountainous regions represent low susceptibility. It is necessary to highlight
that the current areas with confirmation of the pathogen are located in the northern part of
the country in the Caribbean region (departments of La Guajira and Magdalena), which
on this map represent areas of high susceptibility; however, the areas of influence of these
departments also have banana production systems (Cesar, Sucre, Córdoba, and Antioquia
departments) and plantain production systems (Atlántico, Bolívar, Sucre, Córdoba, Cesar,
Antioquia, and Chocó), which represents a significant risk to prevent the spread of the
pathogen and reinforce the containment, biosecurity, and integrated management measures
of the pathogen in those areas present and, therefore, reinforce the exclusion measures in
absent areas.

Figure 11a shows the map that includes the climate x soil interaction and the density
function of areas cultivated with bananas and plantains in Colombia, which generates a
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segmentation of all the formulated categories (from very high to very low susceptibility)
of the Musaceae production farms about Foc TR4. In this way, the southern region of the
country represented by the Orinoquía and the Amazon begins to have a low and medium
susceptibility because in these regions the production of bananas or plantains is more
limited in terms of their areas and representativeness in those territories. This contrasts
with the previous categories of climate and soil in those same regions that classified them
as having very high susceptibility. In this sense, the importance of including the Musaceae-
producing areas within the susceptibility index of production farms is observed, which
differentiates it from the previous categories of land susceptibility which did not take
banana or plantain cropping systems into account.

On the other hand, in the categories of very high and high risk, the entire coast of the
Pacific Ocean persists, which grows both traditional bananas and plantains, and includes
the region of the foothills in which plantains predominate, regions of the inter-Andean
valleys that grow traditional bananas and plantains, and the entire production area of
the Colombian Caribbean Coast where export bananas, export plantains, and traditional
bananas are grown. Finally, the Urabá region belonging to the department of Antioquia,
which represents the area with the highest production of banana exports and which up to
now is free of the Foc TR4 pathogen, has a very high susceptibility classification. In this
last case, the factors inherent to the climate (rainfall regime and susceptibility to flooding),
as well as edaphic (soils with physical and chemical properties favorable to the pathogen),
represent criteria to be taken into account for the banana production sector in this region
to reinforce exclusion and biosecurity measures on farms but, additionally, manage soils
oriented towards suppression and generate less favorable conditions for the pathogen and
better ones for the crop. In this sense, the conditioning of soil chemical variables (pH,
organic matter, and Ca and P content) [61,69,72,76], improvements in soil drainage and
compaction, and the incorporation of beneficial microorganisms and biological controllers
of Foc R4T are strategies within integrated management that have been studied for Foc TR4
and R1 in different productive systems of Musaceae [25,60,63,75,77,78].

According to the results obtained in the exploratory analysis, the PLS-DA turned
out to be a powerful statistical technique that can identify the relationships between the
predictor variables (in this case, slope, height, organic carbon, precipitation, and farm
density index) and the response variable (susceptibility to Foc TR4). The results suggest
that these variables are highly correlated with disease incidence and can be used to predict
susceptibility levels with a high degree of accuracy.

The inclusion of these variables in management strategies can help to reduce the
impact of Foc TR4 on Musaceae production in Colombia. For example, farms located in
areas with higher slopes and elevations may be less susceptible to disease and may require
targeted management strategies to control disease spread [15,24]. Similarly, farms with low
organic carbon levels or high precipitation may require different management strategies to
reduce disease susceptibility [79].

The classification of five levels of susceptibility to Foc TR4 in Musaceae is a challenging
task due to the complexity and variability of the data. However, the Random Forest
algorithm was able to classify the data with high accuracy, as evidenced by the low OOB
error rate. This indicates that the model has learned to identify the key features and
patterns that distinguish the different levels of susceptibility. The analysis of Random
Forest classification performance provides valuable insights into the effectiveness of the
model and can be used to further refine and improve the classification of susceptibility
levels in Musaceae.

Overall, the significant features identified by Random Forest for the susceptibility pro-
vide a clear picture of the significant features that influence the susceptibility of Musaceae
to Foc TR4 in Colombia. This information can be used to develop targeted management
strategies that focus on controlling these specific factors to reduce the incidence and spread
of the disease.



Horticulturae 2023, 9, 757 26 of 30

There is a growing body of scientific literature on the implementation of supervised
methods and machine-learning algorithms to solve problems related to disease incidence
in Musaceae in Latin America [52,75,80,81]. Numerous studies have applied these methods
to identify risk factors [15,82,83], but predicting the susceptibility of Musaceae to Fusarium
wilt is still a pending task.

Many of these studies have shown the efficacy of supervised methods such as partial
least squares discriminant analysis (PLS-DA) [52,84–86] and machine learning algorithms
such as Random Forest [87–90] in identifying more significant environmental variables and
predicting susceptibility levels with a high degree of accuracy.

However, it is important to note that the application of these methods is still relatively
new, and more research is needed to fully understand their potential and limitations. For
example, there may be other variables or factors contributing to disease incidence that
have not yet been identified or included in the analyses. Additionally, implementing
these methods requires access to high-quality data and expertise in statistical analysis and
machine learning. In many cases, this can be a barrier to its widespread use.

5. Conclusions

The study demonstrates that the agro-environmental conditions in Colombian Musaceae
lands create a favorable environment for the establishment and spread of Foc TR4. Factors
such as precipitation, temperature, soil characteristics, and farming conditions play crucial
roles in influencing disease dynamics. This pioneering article sheds light on the critical
issue of understanding the susceptibility of Colombian Musaceae lands to the devastating
pathogen and provides valuable insight into the potential impact of Foc TR4 on the banana
industry in Colombia.

In conclusion, addressing the susceptibility of Colombian Musaceae lands to Foc
TR4 requires a transdisciplinary and holistic approach. The findings presented in this
paper provide a foundation for further research and contribute to the collective efforts
aimed at safeguarding the Musaceae in Colombia. By implementing robust biosecurity
measures, adopting sustainable agricultural practices, and fostering collaboration between
stakeholders, we can strive to minimize the impact of this deadly foe and ensure the long-
term resilience of Musaceae production in Colombia and other producing countries from
Latin America and the Caribbean.
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