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ABSTRACT
The coffee crop (Coffea arabica L.) presents phytosanitary problems that can be economically
significant if not properly managed, such as green scale (Coccus viridis) and fumagina (Capnodium
spp.). Geostatistics is a tool that allows the producer to make optimal, timely, and accurate
decisions for the integrated management of these problems. The objective of the research was
to analyze the distribution and spatial association of fumagina and green scale in the coffee
crop in Sultepec, State of Mexico, Mexico. During the first semester of 2022, random coffee plots
were marked and geo-referenced for sampling. Several methods were used to obtain the spatial
distribution of fumagina and green scale. The results showed fits of Gaussian, exponential,
and mostly spherical geostatistical models, which represent an aggregate distribution and an
association of these problems with each other. The estimation of the infested and infected area
for both problems was obtained using the ordinary kriging method, revealing the presence of
foci of infection and infestation. In plot three, it was identified that these are maintained and
increase as the sampling progresses, finding a high degree of dependence and spatial stability.
It is concluded that the populations of green scale and fumagina have an r value of 0.70,
indicating a high association and correlation between them, which leads to a spatial distribution
and possible management of targeted control of these phytosanitary problems and, in turn,

sustainable management of the crop.
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INTRODUCTION
Coftee (Coffea arabica L.) represents one of Mexico’s main agricultural export products,
as well as one of the activities that generate employment in the states where it is grown.
The cultivated surface of coffee is 710 897.41 ha, with a production value of MXN
$5 210 614, therefore, its importance in the national economy is a fundamental factor
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for the development of programs and projects that promote and support the coffee
sector (CEDRSSA, 2019; SIAP, 2021); these programs cover not only economic aspects,
but also production and marketing activities, as well as phytosanitary issues, which
are promoted by governmental agencies in Mexico.

Coffee, like other crops of economic importance, is not free from phytosanitary
problems; therefore, it is necessary to understand and identify pests and diseases
in the crop in order to establish management programs that contribute to effective
and timely decision-making in order to reduce economic losses for coffee growers.
Hyphotenemus hampei, also known as the coffee berry borer, Leucoptera coffeella (the leaf
miner), and scales such as Selenaspidius articulatus (articulated scale) and Coccus viridis
(green scale), are among the pests affecting the coffee crop. In terms of diseases, those
considered to have a high impact on the coffee crop are rust, iron spot, anthracnose,
and rooster’s eye; however, there have been reports of the presence of fumagina, as in
the study conducted by Gonzalez-Vega et al. (2007).

Fumagina in coffee is a disease caused by the saprophytic fungus Capnodium spp.,
which appears as black ash on sugary and sticky secretions produced by sucking
insects such as aphids and scales, which feed on the sap of the plants and excrete
this sweet and sugary secretion, commonly known as honeydew, on which some
hymenopterous insects can feed. This fungus develops on branches, leaves, and fruits,
covering the leaf area to the point of causing premature senescence and reducing
growth as well as the photosynthetic capacity of the plant (Gonzalez-Vega et al., 2007).
The incidence of the disease becomes more prevalent in rainy seasons, and the number
of diseased leaves increases considerably. Its presence is always caused by sucking
insect attacks. The green coffee scale (Coccus viridis) is the most common species in
coffee plantations less than two years old. Its foci cover the nerves of the leaves, as well
as the petiole and the bark of branches and stems. Adults and nymphs feed on plant
sap and excrete honeydew, which leads to fungal growth on the leaf surface and thus
reduces photosynthesis. They also introduce toxins that cause plant weakening, leaf
drop, and yield reduction if densities are high enough (Fernandes et al., 2011; Ong and
Vandermeer, 2014; Gil-Palacio, 2020).

Several studies have reported the presence of fumagina not only in coffee but also
in other important crops such as citrus, cocoa, soursop, guava, and mango, among
others (Cardenas-Murillo and Posada-Florez, 2001). Control alternatives for this
problem have also been proposed; however, there are no studies in Mexico that show
the spatial distribution of this disease and its relationship with the presence of insects
such as green scale. In this regard, it is essential to recognize that in nature, organisms
form aggregates or gradients in response to structural characteristics controlled by
biotic and abiotic habitat variables, in order to contribute to a better understanding of
the population dynamics of organisms and their relationship with the environment
(Gémez-Campo et al., 2010).

Geostatistics comprises a set of tools and techniques used to analyze and predict the
values of a variable that is distributed in space or time in a continuous manner; it
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can also be defined as statistics related to geographic data, which is why it is also
known as spatial statistics (Moral-Garcia, 2004). Therefore, the objective of this work
was to determine the distribution and spatial association of fumagina and green scale
in the coffee crop in the municipality of Sultepec, State of Mexico, Mexico, as well as to
promote targeted control management for these phytosanitary problems, which will
allow for sustainable management of the crop in the study area.

MATERIALS AND METHODS

Study area
The research was conducted in the municipality of Sultepec in the State of Mexico
(18° 52" 00" N, 99° 57 00” W, at an altitude of 2396 m) from January to June 2022; the
municipality was selected because it has a representative coffee production of 60 ha
for the state (SIAP, 2021).

Field work

Four plots of 0.5 ha were selected for coffee cultivation with a mixture of Caturra and
Typica coffee varieties under conventional management with a polyculture system,
with 40-60 % shade composed of parota, ash, orange, and lemon trees. Each plot was
divided into 50 quadrats of 10 x 10 m, with four trees selected from each quadrat and
georeferenced with a differential global positioning system (DGPS), for a total sample
of 200 trees per plot. Each tree was sampled from four branches to determine the
incidence (presence/absence) of green scale and 12 leaves from the same branches to
detect the presence or absence of fumagina. From January to June 2022, sampling was
done every fourteen days.

Geostatistical Analysis
To process the data obtained on disease incidence and scale in each of the samplings,
Variowin 2.0 software (Primavara Verlag, New York, NY, USA) was used. Experimental
semivariograms were obtained and fitted to theoretical models, which are usually
spherical, exponential, and Gaussian, and then validated using the cross-validation
method (Tapia-Rodriguez et al., 2020). Furthermore, the semivariogram parameters
were determined: sill, range or reach, and nugget effect.

Level of spatial dependence
The level of spatial dependence of each phytosanitary problem was determined by
dividing the nugget effect by the sill, with the result expressed as a percentage. The
level of spatial dependence is considered high if it is less than 25 %, moderate if it is
between 26 and 75 %, and low if it is greater than 76 % (Rivera-Martinez et al., 2020).

Kriging mapping and infected and infested surfaces
After adjusting the semivariograms, data interpolation was carried out using ordinary
Kriging to visualize the spatial distribution patterns of the disease and the pathogen
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over time; the estimates obtained were represented in the form of maps for each
sampling, using the Surfer 16 program (Surfance Mapping System, Golden Software
Inc., New York, NY, USA). Similarly, the infested surface of the microorganisms was
calculated using the aforementioned program.

Spatial association
To determine the possible spatial association of the phytosanitary problems studied,
a correlation analysis of means and a Tukey test at 0.05 % were performed using the
Minitab 19 statistical software.

RESULTS AND DISCUSSION

In this study, the presence of green scale and fumagina was recorded in plots
established with coffee crops in the municipality of Sultepec, State of Mexico, where
48 biweekly samplings were carried out, obtaining a total of 48 incidence maps
and 48 semivariograms adjusted to theoretical models for green scale and the same
amount for fumagina. For the green scale insect, most of the samplings were adjusted
to spherical models (Table 1), except in plot one, where the spatial distribution was
adjusted to exponential models in most of the months, presenting spherical models
only in the second sampling in March and both samplings in May.

Table 1. Models and parameter values obtained for each semivariogram of the respective samplings of green

scales (Coccus viridis) (January to June 2022).

Nugget/ Spatial

Sampling Mean  Variance Model Nugget Sill Range sl dependence
Plot 1
January 1 533 485.16 Exponential 0 431.2 12 0 high
January 2 5.50 498.84 Exponential 0 415 13.6 0 high
February 1 ~ 5.71 517.37 Exponential 0 436.8 11.6 0 high
February2 593 543.99 Exponential 0 473 13.6 0 high
March 1 8.19 1188.07 Exponential 0 996 13.2 0 high
March 2 9.29 1251.01 Spherical 0 1040 9.6 0 high
April 1 9.76 1302.68 Exponential 0 1144 8.4 0 high
April 2 9.88 1271.01 Exponential 0 1078.96 9.99 0 high
May 1 9.83 1216.23 Spherical 0 974.95 10.08 0 high
May 2 11.60 1400.45 Spherical 0 1105.95 12 0 high
June 1 12.43 1565.32 Exponential 0 1344 13.19 0 high
June 2 13.48 1748.37 Exponential 0 1422 14 0 high
Plot 2

January 1 2.59 75.38 Spherical 0 60.8 7.6 0 high
January 2 3.12 128.32 Gaussian 0 101.4 6 0 high
February 1  2.37 107.89 Spherical 0 93.5 8.4 0 high
February2  3.79 1096.71 Spherical 0 160 8.4 0 high
March 1 2.51 114.11 Spherical 0 102 6.8 0 high
March 2 5.98 1139.53 Spherical 0 576 8.4 0 high
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Table 1. Continue.

Sampling

Mean  Variance Model Nugget Sill Range Nugget/ Spatial

sill dependence
April 1 5.93 1135.89 Spherical 0 660 8.4 0 high
April 2 6.62 1149.91 Gaussian 0 672 6.4 0 high
May 1 6.97 1167.30 Spherical 0 684 9.2 0 high
May 2 7.1 1027.65 Spherical 0 605 8 0 high
June 1 6.65 599.22 Spherical 0 384 8.8 0 high
June 2 7.05 658.25 Spherical 0 415.8 7.6 0 high
Plot 3
January 1 8.88 899.50 Spherical 0 774 6.8 0 high
January2  9.77 1052.51 Spherical 0 913 8 0 high
February 1 12.95 1614.38 Spherical 0 1360 6.39 0 high
February 2 10.66 1545.03 Spherical 0 1344 8 0 high
March1  10.64 1440.28 Exponential 0 1155 9.2 0 high
March2  12.46 1569.78 Spherical 0 1264 6.8 0 high
April 1 11.79 1329.11 Spherical 0 1148 7.6 0 high
April 2 11.62 1198.67 Spherical 0 1080 6.8 0 high
May 1 11.87 1223.87 Spherical 0 1092 7.2 0 high
May 2 12.29 1230.37 Spherical 0 1105 7.2 0 high
June 1 12.16 1229.24 Spherical 0 1092 7.2 0 high
June 2 12.67 1283.52 Spherical 0 1092 7.2 0 high
Plot 4

January 1 7.92 1293.12 Spherical 0 1597 3.07 0 high
January 2 7.97 1292.53 Gaussian 0 1743 4.05 0 high
February 1 ~ 8.39 1428.15 Exponential 0 1560 6.3 0 high
February2 8.1 1398.45 Exponential 0 915 3.36 0 high
March1  10.34 1985.66 Spherical 0 1633 4.32 0 high
March2  10.94 1854.33 Spherical 0 1428 7.6 0 high
April 1 11.57 2224.56 Gaussian 0 1245 5.2 0 high
April 2 9.08 1685.28 Spherical 0 1595 7.6 0 high
May 1 9.70 2026.74 Gaussian 0 896 6 0 high
May 2 9.50 1827.48 Spherical 0 806 4.32 0 high
June 1 9.08 1538.16 Gaussian 0 1368 6.3 0 high
June 2 8.86 1456.86 Spherical 0 1232 6.3 0 high

In plots two and three, the spatial distribution of green was associated with spherical-
type patterns for the majority of the sampling months. Biologically, the spherical model
adjustment represents that the insect was identified more in certain points than in
others, which means that there are defined pest aggregation centers that remain stable
in the plots, presenting a strong relationship between them, which agrees with the
work done by Martinez-Martinez et al. (2021) for armored scale (Hemiberlesia lataniae).
It is interesting to note that for plot four, the insect distribution was adjusted not only
to spherical models but also to Gaussian and exponential models, showing spherical
models in the sampling of January, March, and in the second sampling of April, May,
and June. For the rest of the months, the resulting models were exponential in February
and Gaussian in the first sampling of January, April, May, and June.
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Rivera-Martinez et al. (2020) mentioned that the adjustment to the Gaussian model
indicates a continuous aggregation behavior within the study area, indicating that
the pest will tend to spread, while Martinez-Martinez et al. (2021) mentioned that the
exponential model, for armed scale in avocado, refers to an aggregate distribution of
irregular limits within the plot and that it presents an accelerated growth that later
stabilizes. Regarding the geostatistical analysis, it can be observed that a high level of
spatial dependence was found on all sampling dates, which indicates the existence of
a high spatial relationship between each sampling point.

Among the parameters that define the characteristics of the adjusted models is the
range, whose value in meters is indicative of the level of spatial association that exists
between the values of incidence. In this case, the range values for green scale in plot
one were 8.4 m as a minimum and 13.6 m as a maximum, while for plot two, these
values were 6 and 9.2 m. The maximum range values in plots three and four were 9.2
and 7.6 m, respectively, with minimum values of 6.39 and 3.07 m. This range distance
indicates the extent to which the sampled data is spatially dependent. Beyond the
maximum value of the distance, it was identified that there is such dependence
between the population density of the phytosanitary problems in the sampled plots
(Ramirez-Davila, 2012).

As for the sill parameter, the lowest values for the green scale samples were mostly
associated with Gaussian-type models, while the highest values were presented by
spherical models in the four study plots. Biologically, this parameter associated with
the range indicates the point where there is a greater spatial relationship between
organisms, as mentioned by Ramirez-Davila (2012).

The nugget effect is also shown, which for all sampling dates presented values of
zero (Table 1), indicating that the sampling scale was appropriate for monitoring the
green scale. This is in agreement with Oliver and Webster (1998), who suggest that
having zero values for the nugget not only demonstrates that the sampling error was
minimal, but also indicates that the adjusted models provide 98 % reliability. In the
case of fumagina, the spatial distribution was adjusted to exponential, spherical, and
Gaussian models in the four plots sampled; however, there is a certain predominance
of spherical models, especially in the samples taken in plot three (Table 2).

The minimum range value for plot one was 4.07 m, associated with a Gaussian model
in the second sampling in March and May, respectively, while the maximum range in
this plot was 9.03 m, associated with an exponential model for the first sampling in
April. For plot two, the maximum value was 5.1 m and the minimum was 3.14 m, with
the latter associated with a Gaussian model and the maximum value again associated
with an exponential model. Plots three and four had maximum fumagina distribution
range values of 5.16 and 3.29 m, respectively, with minimum values of 3.52 and 2.42
m. The range values found express that the validity of the adjusted models extends
to reasonable distances in terms of explaining the aggregation phenomenon of the
disease (Solares-Alonso ef al., 2011), applying in the same way for green scale in this
study.
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Table 2. Models and parameter values obtained for each semivariogram of the respective fumagina (Capnodium

spp.) sampling (January to June 2022).

Sampling Mean  Variance Model Nugget Sill Range Ni‘?ﬁet/ degglil(t:llz;ce
Plot 1
January 1 2.32 31.22 Spherical 0 66.64 5.1 0 high
January 2 2.40 33.92 Spherical 0 65.7 5.78 0 high
February1 2.54 39.64 Gaussian 0 7391 42 0 high
February 2  2.62 44.03 Spherical 0 70.17 6.01 0 high
March 1 3.27 49.35 Gaussian 0 58.22 4.07 0 high
March 2 4.01 72.40 Spherical 0 51 5.78 0 high
April 1 3.86 70.61 Exponential 0 41.36 9.03 0 high
April 2 3.67 59.54 Spherical 0 69.91 5.59 0 high
May 1 4.005 67.89 Gaussian 0 26.24 4.41 0 high
May 2 4.16 76.07 Gaussian 0 28.56 4.07 0 high
June 1 4.42 84.10 Spherical 0 48.5 5.77 0 high
June 2 4.61 87.19 Gaussian 0 33.6 4.42 0 high
Plot 2
January 1~ 2.07 25.36 Spherical 0 56.32 49 0 high
January2  2.16 28.41 Spherical 0 26.35 4.55 0 high
February 1  2.23 31.07 Gaussian 0 54.28 4.08 0 high
February2  2.35 37.35 Spherical 0 13.76 4.2 0 high
March 1 1.33 3.67 Gaussian 0 38.70 4.55 0 high
March 2 1.81 15.29 Spherical 0 41.6 42 0 high
April 1 2.77 49.06 Gaussian 0 62.09 4.19 0 high
April 2 2.97 51.45 Exponential 0 30.78 4.55 0 high
May 1 3.50 63.32 Gaussian 0 20.8 4.08 0 high
May 2 3.77 68.65 Exponential 0 23.49 5.1 0 high
June 1 3.76 59.19 Gaussian 0 2.51 3.14 0 high
June 2 411 70.96 Gaussian 0 58.22 4.55 0 high
Plot 3
January 1 =~ 2.33 30.70 Spherical 0 56.07 5.09 0 high
January 2 = 2.48 35.55 Spherical 0 58.5 5.1 0 high
February 1 ~ 2.60 40.14 Spherical 0 52.16 5.04 0 high
February 2 2.68 46.32 Spherical 0 42.29 4.16 0 high
March 1 3.46 63.27 Spherical 0 52.92 3.84 0 high
March 2 3.58 64.77 Gaussian 0 51.33 4.16 0 high
April 1 3.53 62.47 Spherical 0 63.95 5.10 0 high
April 2 3.66 58.54 Gaussian 0 72.09 4.42 0 high
May 1 424 78.51 Exponential 0 27.9 5.11 0 high
May 2 4.3 77.58 Gaussian 0 27.9 3.52 0 high
June 1 4.39 80.67 Spherical 0 36.8 4.47 0 high
June 2 4.65 88.90 Exponential 0 69.51 448 0 high
Plot 4
January 1 211 20.17 Spherical 0 24.32 3.29 0 high
January 2 2.27 23.78 Spherical 0 45.36 2.85 0 high
February 1 ~ 2.38 27.09 Gaussian 0 54.81 2.42 0 high
February2 2.5 31.61 Gaussian 0 30.78 2.64 0 high
March 1 2.83 37.41 Exponential 0 64.3 2.71 0 high




Agrociencia 2023. DOI: https://doi.org/10.47163/agrociencia.v57i7.2945
Scientific article

Table 2. Continue

Nugget/ Spatial

Sampling Mean  Variance Model Nugget Sill Range ol dependence
March 2 3.13 46.66 Exponential 0 66.5 2.64 0 high
April 1 3.6 69.59 Gaussian 0 57.6 242 0 high
April 2 3.68 70.05 Spherical 0 51.85 2.63 0 high
May 1 3.57 63.19 Gaussian 0 16.38 2.64 0 high
May 2 3.55 60.88 Gaussian 0 20.16 2.64 0 high
June 1 3.39 53.29 Spherical 0 21.33 3.08 0 high
June 2 3.72 63.71 Spherical 0 41.83 3.08 0 high

The values for the sill were 2.51 as a minimum in plot two and 73.91 in plot one;
likewise, the nugget effect also presented, as for green scale, values of zero, indicating
a minimum sampling error. The creation of semivariogram-based density maps is
another important tool in the spatial analysis of agricultural pests and diseases. For
the 48 samplings in this study, infestation and infection maps were created, which
graphically depict the behavior of the pest and disease analyzed within the study
area. These maps were obtained through the ordinary kriging method, to estimate
the percentages of infested and infected areas, as well as the values associated with
unsampled points.

Density maps have been useful tools in studies of pest and disease behavior in
agricultural crops, such as the study conducted by Quifiones-Valdez et al. (2015), who
carried out spatial distribution and mapping of thrips infestations in gladiolus; as well
as that reported by Jiménez-Carrillo et al. (2013) in the cultivation of husk tomato, who
determined that the pests formed aggregation centers.

In the present work, through the maps generated, the presence of at least four green
scale aggregation centers was detected in plot one (Figure 1), which coincided with
a high population density and were maintained over time during the months of
sampling. The green scale aggregation centers correspond to the aggregation centers
formed by fumagina, although in this case, the disease has about six aggregation
centers that remained stable during most of the sampling.

For plot two (Figure 2), the green scale showed well-defined infestation foci during
the first five samples, but the foci dissipated in the remaining samples, though
they remained constant as population density in the aggregation centers increased.
Likewise, in the particular case of fumagina, more than six aggregation centers were
observed, which were not only maintained over time, but also increased after the first
sampling in April, reaching a maximum of twelve well-defined aggregation centers.
The presence of three aggregation centers formed by the presence of green scale is
clearly observed in plot 3 (Figure 3), and this behavior is maintained throughout the
twelve samplings carried out. In the case of fumagina, the centers of aggregation are
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Figure 1. Biweekly maps of density and spatial distribution of green scale (Coccus viridis) and
fumagina (Capnodium spp.) for Plot 1 (January to June 2022). *1: First two weeks of the month;
2: second two weeks of the month.

maintained and grow as the disease is sampled, indicating not only stability but also
corroborating the level of spatial dependence.

In the case of plot 4 (Figure 4), the presence of two aggregation centers was identified,
which were maintained throughout the sampling period. On the other hand, fumagina
demonstrated the presence of more than four aggregation centers from the start of the
sampling, as well as the presence of the disease in 80 % of the sampling area.

Density maps can be very useful in an integrated pest and disease management
program for coffee cultivation, since it is possible to direct control measures towards
the specific points of infestation and infection shown in the respective map, as
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Figure 2. Biweekly maps of density and spatial distribution of green scale (Coccus viridis) and
fumagina (Capnodium spp.) for Plot 2 (January to June 2022). *1: First two weeks of the month;
2: second two weeks of the month.

reported by Moral-Garcia (2004). For a better spatial analysis of pests and diseases in
agricultural crops, it is important to determine the level of infestation and infection in
the study areas, which allows us to know exactly how the area is and thus determine
appropriate control and prevention actions.

In the present work, the infested area was determined for the 48 green scale samples
(Table 3), finding infestation percentages higher than 70 % in most of the samples
taken. Works such as Esquivel-Higuera and Jasso-Garcia (2015) also show pest
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Figure 3. Biweekly maps of density and spatial distribution of green scale and fumagina for Plot
3 (January to June 2022). *1: First two weeks of the month; 2: second two weeks of the month.

Table 3. Correlation of means and Tukey’s test between
populations of green scale (Coccus viridis) and fumagina

(Capnodium spp.).
Plot Correlation (r) p value
1 0.977 0.000
2 0.807 0.002
3 0.649 0.022
4 0.57 0.050

General value 0.706 0.000
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Figure 4. Biweekly maps of density and spatial distribution of green scale (Coccus viridis) and
fumagina (Capnodium spp.) for Plot 4 (January to June 2022). *1: First two weeks of the month;
2: second two weeks of the month.

infestation percentages in plots where there is no relationship between the percentage
and the density of infestation.

The months with the highest percentages of infestation are May and June in plot three,
where infestation exceeds 70 %. In the remaining plots, the percentages remained
between 59 and 70 %. This is consistent with the higher and lower densities of
population fluctuation of the pest within the study area. It should be noted that the
percentage of infestation is not directly related to the population density of the pest, as
very high levels of infestation can occur at low densities that do not exceed the pest’s
economic threshold. In the case of fumagina, the infection percentages exceed 80 % for
plot four, while for plots one, two, and three, the minimum percentage is 65 % and the
maximum is 75 %.
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The correlation analysis of means to determine the possible spatial association of the
phytosanitary problems studied yielded a r value of 0.97 for plot one, 0.80 for plot two,
0.64 for plot three, and 0.57 for plot four (Table 3). The overall value of r for the four
plots was 0.70, implying that there is a strong relationship between both phytosanitary
problems. This coincides with Martinez-Ortega ef al. (2009), who state that values
close to 1 present a strong positive correlation, as well as that mentioned by Gil-Palacio
(2020) and Gonzalez-Vega et al. (2007), who indicate that the presence of Capnodium
spp. is directly caused by C. viridis.

The spatial behavior of pests and diseases suggests that they can be managed, and
therefore this is of great help in the use of control methods directed towards the
centers of aggregation, thus avoiding widespread applications and having significant
economic savings in the application of chemicals or alternative methods, which leads
to a lower local, national, and international environmental impact (Schotzko and
O’keeffe, 1989; Bautista et al., 2013; Rivera-Martinez et al., 2022).

CONCLUSIONS

The phytosanitary problems of green scale caused by the insect (Coccus viridis L.) and
fumagina (Capnodium spp.) mostly presented a spatial distribution that adjusted to
spherical type models, which allows explaining a high degree of spatial dependence
and a spatial behavior with associated and related aggregation centers. The populations
of these problems were discovered to be closely related to one another, indicating that
one is biologically dependent on the other. This will allow producers in this sector to
manage their operations more effectively, potentially reducing chemicals, costs, and
environmental impact in the region.
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