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ABSTRACT
Anthracnose is a fungal disease caused by Colletotrichum spp. that affects the avocado (Persea
americana Mill.) crop and causes significant economic losses in the farming sector. To focus
control measures, it is important to understand the spatial distribution and the dynamics
followed by the disease under field conditions. The use of methods derived from spatial
statistics facilitates this task. The aim of this study was to determine the spatial behavior of
anthracnose in Persea americana Mill. cv. Hass in Donato Guerra, a municipality in the State of
Mexico, Mexico, using a geostatistical and spatial analysis by distance indices. Four hundred
trees were selected and georeferenced in the municipal area. In order to measure the incidence,
48 fruits were selected from every tree. Using these data, the experimental semivariogram was
estimated, and adjustments were made to models that explain the spatial arrangement. Maps
were created using ordinary kriging, and the infection area was estimated. The maps generated
show the presence of aggregation centers and a spatial distribution mostly fitting Gaussian and
exponential models, with ranges fluctuating between 12 and 56 m, indicating spatial association
between data. Likewise, the greatest percentage of infected areas was 98 %, while the lowest
was 45 %. Geostatistics enables a precise understanding of the distribution patterns of diseases
such as anthracnose in avocado-growing areas of the State of Mexico, which facilitates the

implementation of integrated management programs with greater effectiveness.

Kaeywords: Colletotrichum spp., aggregation, geostatistics, ordinary kriging, semivariogram.

INTRODUCTION
Mexico ranks first among the 60 commercial avocado (Persea americana Mill.) producers
in the world, with a contribution of 34.4 % of the total production volume (SIAP, 2022).
This economically and nutritionally important crop is affected by phytopathogenic
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agents that limit their commercialization in the international market, forcing farmers
to increase their production costs and investments in chemical inputs, causing
considerable environmental damage (Lemus et al., 2017).

Donato Guerra is an avocado-producing municipal area in the State of Mexico, with
a planted surface of 1531 ha (Figueroa-Figueroa et al., 2020), contributing 13.47 % of
the volume produced in the state. One of the phytosanitary problems that harms the
crop is anthracnose. It is caused by species of the genus Colletotrichum (sexual stage
Glomerella; Ascomycota, Sordariomycetes, Glomerellaceae), which generate round
brown spots and rot the fruit pulp (Ruiz-Campos et al., 2022). This situation generates
economic losses for the avocado sector of the state, limiting its commercialization to
the domestic market.

The implementation of methodologies such as geostatistics and spatial analysis by
distance indices (SADIE) represents a viable alternative towards accurate and timely
decision-making regarding crop management since they enable the analysis and
interpretation of the spatial relationship of a particular phenomenon. Unlike other
statistical methods that characterize the spatial model based on distributions or
dispersion indices, geostatistics and SADIE consider the two-dimensional nature of
disease distribution through their precise spatial location. Additionally, geostatistics,
with the use of a semivariogram and ordinary kriging, enables the representation
of the distribution of diseases in the form of maps, whose main function is to show
spatial dispersion patterns of diseases in agricultural crops (Ramirez-Davila et al.,
2002; Rivera-Martinez et al., 2022).

There are currently few studies that use methodologies derived from spatial
statistics to explain the behavior of fungal diseases in agricultural crops, particularly
avocado. The lack of information and management alternatives leads to the incorrect
implementation of strategies for the control of the disease in the crop (Cardenas-Pardo
et al., 2017). The aim of this investigation was to understand the spatial distribution of
anthracnose in the avocado crop in the municipal area of Donato Guerra with the use
of geostatistical analysis and SADIE, assuming that the disease is found in aggregation
centers in the area of study.

MATERIALS AND METHODS

Area of study
This study was carried out between January and December of 2020 in the municipal
area of Donato Guerra, located in the center of the State of Mexico (19° 18" 29.87” N,
100° 8" 31.19” W) (INEGI, 2022), with an average altitude of 2200 m, a mean annual
temperature of 19.2 °C, and an average rainfall of 1000 mm. The area of study is one of
the main avocado-producing areas in the region (Lara-Diaz et al., 2019).
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Sampling method
Four hundred avocado trees were selected, georeferenced, and marked, considering
one tree as a sampling unit and covering the entire surface of the municipal
area with the quadrant method. The trees were verified to be 10 years old, and
agronomic management was carried out in a similar manner. Every sampled tree was
georeferenced using a DGPS (PRO-XR Trimble; CO, USA) to establish its geographic
coordinates. Likewise, moisture, rainfall, and temperature data were taken from the
Donato Guerra weather station (CONAGUA, 2022).
Each tree was classified into three strata: high, medium, and low, and four branches
were chosen from each stratum, one for each cardinal point. To determine the
incidence of anthracnose, 48 fruits with symptoms were selected from each branch,
and samples were collected for a simultaneous study to identify and confirm the
presence of Colletotrichum gloeosporioides. Sampling was performed biweekly between
January and December 2020.

Spatial Analysis by Distance Indices (SADIE)

Using this analysis, the indices were determined based on distances for regularity (la)
and clustering (Ja). Indices were estimated with the data gathered from a predesigned
grid composed of sampling units that are assumed to be an individual counting
system. A sample is said to be aggregated if la > 1, spatially random if Ia = 1, and
regular if Ja < 1. A total of 2000 randomizations are sufficient to derive the values of
the corresponding indices. The term C denotes the distance for clustering, that is, the
minimum total distance value that sample individuals must move to gather in a unit.
This value is nearer to the distance for regularity (D), using a simple direct search on
all the sampling units. The sampling unit with the minimum value is referred to as the
“cluster center” of the clustering. Random permutations of the observed counts result
in a ratio known as Qa (clustering probability), with a clustering distance equal to or
smaller than the observed value C.

As in the case of index Ia, Ja values > 1 usually indicate an aggregated sample, Ja =1
represents spatially random data, and Ja <1 represents regular samples. In this way,
the values of index Ja are useful to corroborate the results obtained using index Ia.
Furthermore, this index is used to distinguish between spatial patterns with only one
important cluster whose values are significantly greater than the unit and those with
two or more clusters whose values are not significantly different from or even lower
than the unit. The unit’s probability (Qa) is used to determine its significance. Because
the values of Ia and Ja for random counts are uncorrelated, 2000 randomizations
can be used in the software that calculates their respective values. In this work, the
values and probabilities of both indices were determined using AEID 1.22. (Perry and
Klukowsky, 1997).

Geostatistical analysis
Using the anthracnose incidence data collected in the area of study, a statistical
estimation was performed to determine its normality. Subsequently, to obtain the
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experimental semivariogram, the Variowin 2.2 program (Spring Verlag; NY, USA) was
used. The experimental semivariograms were fitted to the theoretical semivariograms,
obtaining the structural parameters of the model to be validated: effect, plateau, and
range effects. These indicators were adjusted in a trial-and-error procedure until
suitable cross-validation statistics were obtained: mean squared error, mean estimation
error, and dimensionless mean squared error.

Level of spatial dependence
The level of spatial dependence was determined by dividing the nugget effect by the
plateau. The result of this operation is expressed as a percentage, using the following
criteria as an explanation: a result below 25 % indicates a high level of spatial
dependence; values between 26 and 75 % are reported as moderate; and finally, a value
above 76 % indicates a low level of spatial dependence for the data of the phenomenon
under study (Lara-Diaz ef al., 2020; Rivera-Martinez et al., 2022; Satish et al., 2023).

Infected surface maps
To represent the surface infected with anthracnose, the ordinary kriging method was
used, enabling the estimation of values related to points that were not sampled, thus
reducing the sampling error and ensuring that the scale used was correct (Samper-
Calvete and Carrera, 1996). With these estimations, maps were generated for every
sampling day using the Surfer 16 program (Surface Mapping System, Golden Software
Inc.; CO, USA).

RESULTS AND DISCUSSION

Spatial Analysis by Distance Indices

For the Ia index, the value was clearly located between 1.4 and 1.78. In all cases, the Ia
index was significantly higher than 1 (Table 1), which indicates an aggregate spatial
distribution of anthracnose inside the sampling zone. In terms of the Ja index, the
lowest value was 1.11 and the highest was 1.26. In all cases, for sampling dates, the Ja
index was higher than 1, but not significant in any case. However, this emphasizes the
aggregation detected by the Ia index. Additionally, the Ja index indicates the number
of aggregation centers present in each sample; since these values were not significantly
different from the unit, the result was that anthracnose is distributed in the sampling
area in more than one aggregation center. This type of distribution has been found in
works such as the one by Perry and Klukowsky (1997) on aphid eggs, or Winder et al.
(1999) on the populations of Sifobion avenae eggs, and Tapia-Rodriguez et al. (2021) on
the avocado crop.

The Ja index results were not significantly higher than the unit, indicating that
anthracnose is distributed across multiple aggregation foci. This coincides with
Korie et al. (1998), who worked with beetles on winter oats in the United Kingdom,
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Table 1. Value of the indices of regularity (Ia) and clustering (Ja) and their
respective probabilities (Pa and Qa) on the incidence of anthracnose in
Persea americana Mill. in the municipal area of Donato Guerra, State of
Mexico, Mexico.

Month Sampling Ia Pa Ja Qa
January 1 1.41 0.011s 1.15 0.246 ns
2 1.65 0.014s 1.11 0.230 ns
February 1 1.47 0.008 s 1.20 0.282 ns
2 1.44 0.010s 1.22 0.269 ns
March 1 1.78 0.012s 1.17 0.301 ns
2 1.61 0.009 s 1.26 0.325ns
April 1 1.57 0.014s 1.16 0.328 ns
2 1.50 0.009 s 1.19 0.255 ns
May 1 1.68 0.008 s 1.24 0.239 ns
2 1.63 0.016 s 1.25 0.279 ns
1 1.56 0.012s 1.22 0.244 ns

June

2 1.71 0.015s 1.21 0.299 ns
July 1 1.43 0.013 s 1.13 0.275ns
2 1.52 0.010s 1.24 0.307 ns
August 1 1.66 0.012s 1.20 0.315ns
2 1.74 0.013 s 1.16 0.266 ns
September 1 1.70 0.007 s 1.27 0.263 ns
2 1.40 0.012s 1.17 0.320 ns
October 1 1.76 0.011s 1.19 0.262 ns
2 1.55 0.008 s 1.12 0.322 ns
November 1 1.64 0.015s 1.13 0.251 ns
2 1.48 0.015s 1.18 0.286 ns
December 1 1.59 0.013 s 1.23 0.311 ns
2 1.72 0.011s 1.14 0.290 ns

ns: not significant; s: significant.

and Ramirez-Davila et al. (2014), who studied the spatial distribution of Sporisorium
reilianum in maize. Rivera-Martinez et al. (2020) performed a study on the spatial
behavior of Bactericera cockerelli nymphs on husk tomato, in which the Ja values
established the number of aggregation centers. In that study, the Ja value was not
significantly greater than 1, which helped establish that the spatial distribution of the
disease was concentrated in different aggregation centers.

Geostatistical analysis
Twenty-four semivariograms were estimated for the incidence of anthracnosis in
avocado fruits; six of them were fitted to spherical models, nine to Gaussian models,
and nine to exponential models. This helped to properly characterize spatial continuity,
thus coinciding with reports by Lara-Diaz et al. (2020) and Cardenas-Pardo et al. (2017),
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who used semivariograms to analyze disease incidence in cocoa genotypes and found
them to be an accurate tool for detecting spatial continuity.

The models of the semivariogram were submitted to the cross-validation process, in
which the values reflected optimum ranges to continue with the geostatistical process
(Isaaks and Srivastava, 1989; Harding and Deutsch, 2021). The cross-validation process
has been applied in several studies in the State of Mexico to verify the accuracy of the
model to which the distribution has been fitted (Lara-Diaz et al., 2018; Tapia-Rodriguez
et al., 2020).

The nugget effect was equal to zero on all the sampling dates; therefore, the sampling
error was minimal and the scale used was adequate (Table 2). The entire variation
in the distribution of anthracnose is due to the spatial structure established in the
corresponding semivariograms for each sampling performed, coinciding with the
studies by Lara-Diaz et al. (2020) and dos Santos et al. (2023). For all sampling dates,
a high level of spatial dependence was found, indicating a high spatial relationship
between every sampling point.

Table 2. Parameters of the theoretical models adjusted to the anthracnose semivariograms, by sampling date, in Donato

Guerra, State of Mexico, Mexico.

. Sample Sample Nugget/ Spatial
Sampling meell)n Variaﬁce Model Nugget  Range  Plateau platei%l (%) dep}e)ndence
January 1 6.05 12.46 Spherical 0 20.8 10.01 0 High
January 2 222 2.92 Gaussian 0 26.6 3.75 0 High

February 1 2.025 1.66 Gaussian 0 22.4 1.37 0 High
February 2 1.94 1.46 Spherical 0 224 1.44 0 High
March 1 1.47 1.25 Gaussian 0 17.6 1.14 0 High
March 2 2.92 1.64 Exponential 0 22.4 1.42 0 High
April 1 13.65 31.78 Spherical 0 28.16 16.79 0 High
April 2 3.47 2.41 Gaussian 0 20.3 2.28 0 High
May 1 391 2.78 Exponential 0 21.8 2.52 0 High
May 2 427 6.59 Gaussian 0 19.6 4.42 0 High
June 1 4.23 3.97 Gaussian 0 24.6 2.31 0 High
June 2 497 5.15 Exponential 0 22.8 3.64 0 High
July 1 6.55 8.14 Exponential 0 26.2 6.63 0 High
July 2 7.65 7.18 Gaussian 0 22.2 4.63 0 High
August 1 9.04 5.08 Gaussian 0 16.6 5.26 0 High
August 2 6.05 12.46 Spherical 0 21.8 10.6 0 High
September 1 5.57 9.94 Exponential 0 20.8 8.1 0 High
September 2 5.94 11.96 Exponential 0 21.9 9.12 0 High
October 1 5.86 12.36 Exponential 0 28 12.30 0 High
October 2 5.89 11.55 Gaussian 0 17.6 10.8 0 High
November 1 5.51 11.98 Spherical 0 20.8 9.56 0 High
November 2 6.02 11.39 Exponential 0 223 8.86 0 High
December 1 6.49 10.97 Exponential 0 19.2 10.27 0 High
December 2 5.85 13.51 Spherical 0 22.4 11.6 0 High
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The spatial association range remained between 17.6 and 28.16 m, indicating the
distance at which the data are spatially related. The range values found indicate
that the validity of the fitted models extends to nearby distances in explaining the
anthracnose aggregation phenomenon. The plateau values ranged between 1.37 and
12.3, indicating the type of aggregation present.

The maximum number of diseased fruits discovered between samplings was 12 per
tree, primarily in April, June, July, and August. This is due to the presence of constant
and abundant rainfall in the production area, while the decrease in temperature had
an influence in January, February, October, November, and December.

Infected surface maps
The infected surface was calculated for the 24 sampling dates. The infected surface
in the area of study was greater than 40 %. In both samplings, this value reached
98 %, as opposed to 45 % as the lowest value. Likewise, 24 incidence maps were
created (Figure 1), which correspond to the 24 samplings conducted from January to
December 2020 on a biweekly basis. These maps show aggregation centers graphically
and help interpret the behavior of the disease within the study area. In all infection
maps obtained, at least one aggregation center was observed, with an average of three
well-defined aggregation centers, which remained present throughout the twelve
months of sampling and can be seen in the upper, central, and lower right parts of
each map (Figure 1).
The infection foci found in each map matched the location of avocado trees that
displayed symptoms of the disease. The ordinary kriging interpolation technique
has been used previously in studies related to diseases, such as those conducted by
Cardenas-Pardo et al. (2017) in cacao, Quifones-Valdez et al. (2015) in gladiolus, and
Rivera-Martinez et al. (2022) for the analysis of pests in avocado crops in the State of
Mexico, verifying the effectiveness of kriging.
This spatial arrangement of aggregation centers indicates that the disease behaved
in a stable manner, advancing from the top and bottom, with another focus in the
center of the map, similar to findings by Alves et al. (2006) and Huded et al. (2022). In
these studies, diseases such as anthracnose display an initial focus and then generate
secondary foci, allowing the spread of the disease throughout the sampled area.
Quifiones-Valdez et al. (2015) and Ruiz-Orta et al. (2023) suggest that control measures
must be directed towards specific sites where the disease shows high infection rates.
It is evident that the application of geostatistical techniques helped establish the
distribution and intensity of the harmful agents based on all the available spatial
information used to create the maps and obtain unbiased estimates of unsampled
points. These maps are highly useful since they help establish more effective control
tactics. On the other hand, the characteristics related to the productive systems,
such as crop age and the number of fruits selected per tree, explain the appearance
of anthracnose, since older trees have been observed to be more susceptible to the
disease in comparison to younger trees.
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Agroclimatic conditions, such as relative humidity and rainfall in Donato Guerra,
may have had a significant influence on the dynamics of the dispersal of the disease,
particularly between April and September, where the presence of infection foci can
be observed. Another important factor in the dissemination and possible progress
of anthracnose were the management practices that the farmers used on the trees.
The use of contaminated tools to prune and harvest fruits favors the transportation
of the inoculum to healthy plants. During the samplings, few farmers were observed
to remove the branches and leaves from pruning, which is why C. gloeosporioides
remained in the orchards.

CONCLUSIONS
Anthracnose in the municipal area of Donato Guerra displayed an aggregate spatial
distribution, forming infection foci that remained stable during the entire sampling
period. The aggregate spatial distribution of the disease in Persea americana Mill.
obtained with the use of spatial analysis by distance indices was verified with
geostatistical analysis and the maps created using kriging. The creation of maps of the
infested surface helped detect areas with a high percentage of infection, which will
help propose alternatives directed at a timely, efficient, and sustainable phytosanitary
management of the avocado crop in Donato Guerra.
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