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Abstract

This paper aimed to analyze the spatial autocorrelation of soybean yield and its bivariate spatial correlation with
theagrometeorological variables rainfall, mean temperature, and mean global solar radiation in 2014/2015, 2015/2016,
and 2016/2017 crop years in the West of the State of Parand — Brazil. To achieve this objective, techniques of spatial
statistics of areas were used, which, through autocorrelation and spatial correlation indices, sought to identify patterns
of association between soybean yield and agrometeorological variables. This research is justified because in addition
to the soybean crop being the main source of food protein and vegetable oil in the world and the agrometeorological
variables being the factors that most influence it, the western mesoregion of Parand stands out with the highest
production values in the state. Thus, it is important to monitor its development through spatial analysis to obtain
information that will support decision making. The global and local Moran’s indices showed that soybean yield is self-
correlated in the municipalities of Western Parand, identifying clusters to the west and east of the mesoregion. The
significance of the bivariate spatial correlation indices confirmed the influence of the variables rainfall, mean
temperature, and average global solar radiation on soybean yield.

Keywords: Spatial autocorrelation; Spatial correlation; Spatial data analysis.

Resumo

Esta pesquisa teve por objetivo analisar a autocorrelacdo espacial da produtividade da soja e sua correlacdo espacial
bivariada com as varidveis agrometeorolégicas precipitacdo pluvial, temperatura média e radiacdo solar global média
nos anos-safra 2014/2015, 2015/2016 e 2016/2017 na mesorregido Oeste do Parana - Brasil. Para atingir este objetivo,
utilizou-se de técnicas da estatistica espacial de areas, a qual por meio de indices de autocorrelacdo e correlacao
espacial buscaram identificar padrfes de associagdo entre a produtividade da soja e as variaveis agrometeoroldgicas.
Esta pesquisa justifica-se, pois, além da cultura da soja ser a principal fonte de proteina alimentar e 6leo vegetal do
mundo e as variaveis agrometeoroldgicas serem os fatores que mais a influenciam, a mesorregido Oeste do Parana se
destaca com os maiores valores de producdo no estado. Assim, é importante o acompanhamento do seu
desenvolvimento por meio das analises espaciais visando obter informagfes que venham subsidiar
a tomada de decisdo. Os indices I de Moran global e local mostraram que a produtividade da soja estd
autocorrelacionada nos municipios do Oeste do Parand, identificando-se agrupamentos a oeste e leste da mesorregido.
A significancia dos indices de correlagdo espacial bivariada confirmaram a influéncia das varidveis precipitacéo
pluvial, temperatura média e radiagdo solar global média na produtividade da soja.

Palavras-chave: Autocorrelacdo espacial; Correlacdo espacial; Analises Espacial de dados.
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Resumen

Esta investigacion tuvo como objetivo analizar la autocorrelacion espacial del rendimiento de la soya y su correlacién
espacial bivariado con las variables agrometeoroldgicas como lluvia, temperatura media y radiacion solar global
media en las cosechas 2014/2015, 2015/2016 y 2016/2017 en la mesorregion Oeste de Parand — Brasil. Para lograr
este objetivo, se utilizaron técnicas de estadistica espacial de areas que, por medio de los indices de autocorrelacion y
la correlacion espacial, buscando identificar patrones de asociacion entre el rendimiento de la soja y las variables
agrometeorolégicas. Esta investigacion se justifica porque, ademas de que el cultivo de la soya es la principal fuente
de proteina alimentaria y aceite vegetal en el mundo, las variables agrometeorolégicas son los factores que mas
influyen en él. Asi, también se destaca la mesorregion occidental de Parana con los valores mas altos de produccion
en el estado. Por ello, es importante monitorear su desarrollo mediante el analisis espacial para obtener informaciones
que sirvan de apoyo a la toma de decisiones. Los indices de Moran globales y locales mostraron que la productividad
de la soya esta autocorrelacionada en los municipios del oeste de Parana, identificando conglomerados al oeste y al
este de la mesorregién. La importancia de los indices de correlacion espacial bivariados confirmd la influencia de la
lluvia, la temperatura media y la radiacién solar global media en el rendimiento de la soya.

Palabras clave: Autocorrelacion espacial; Correlacion espacial; Analisis espacial de datos.

1. Introduction

Similar to the history of GIS — Geographic information system, spatial statistics emerged independently, scattered
across a diverse set of research domains (Chan-Tack, 2014). Currently, they play a fundamental role in understanding variables
related to the most diverse areas of knowledge, such as public health (Silva et al., 2020), climatology (Barboza et al., 2020),
and aquaculture (Francisco et al., 2020). In the Western Mesoregion of Parand, located in the Southern region of Brazil, there
are works related to precision farming, aimed at understanding the spatial distribution of soybean productivity (Dalposso et al.,
2021; Richetti et al., 2021; Silva et al., 2021). Soybean (Glycine max (L.) Merril) is one of the world's main agricultural crops
(CONAB, 2018). Brazil is the second largest producer of the grain: In the 2016/2017 harvest year, it obtained an average yield
of 3,362 t hal. The second largest Brazilian soybean producer is the state of Parana, which still in the 2016/2017 cycle
achieved an average yield of 3,508 t ha’. In this harvest year, the mesoregion of the West Parana State, which obtained an
average Yyield higher than the national average, with 3,874 t ha! (SEAB, 2018), stood out. This soybean yield potential is
determined by the interaction of soil, plant and atmosphere factors. However, the agrometeorological aspects are the main
limiting effects of maximum production, since they operate at different stages of the soybean production cycle (Araujo et al.,
2011). Cargnelutti Filho et al. (2009) evidence the agrometeorological variables with the greatest influence on agricultural
crops: rainfall, temperature, and solar radiation. Rainfall is responsible for the water replenishment in the soil and used as a
solvent for the insertion of gases, minerals and other solutes to be carried by the plant structure and is also of relevance for the
heat maintenance and distribution (EMBRAPA, 2013b). Temperature, when below the ideal, can directly affect the plant
metabolism and result in reduced growth or induce crop damages. In the context of solar radiation, which, despite being the
main source of energy for the plants development, in a high incidence may have negative effects when simultaneously with
water stress and high temperature (Ferrante & Mariani, 2018). Knowing the behavior of agrometeorological variables in the
soybean crop cycle allows us to understand their influence on crop estimates, and this can be done using areas spatial statistics
techniques. As explained by Araujo et al. (2014), areas spatial statistics techniques aim to describe and analyze the behavior of
phenomena that occur in space to understand the spatial distribution of data, patterns of association, or different spatial
regimes, through aggregated data (polygons) with geographic references (Seffrin, 2017).

Among the spatial statistical analysis, autocorrelation and spatial correlation stand out (Camara et al., 2004). Spatial
autocorrelation and spatial correlation can be measured on a global scale, which allow analyzes of data spatial associations in a
region as a whole and on a local scale allow statistical inference for each location in relation to the average of a previously
defined neighborhood. The most used methods to identify the autocorrelation structure and spatial correlation that best describe
the data are I the Global Moran’s index and the Moran’s Bivariate index, respectively (Simdes et al., 2016). The I Global

Moran’s index is a weighted autocorrelation coefficient that defines if the nearby areas are more similar to that expected by a
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random distribution (Friche et al., 2006; Anselin, 2008; Braga et al., 2016). Seffrin (2017) used the Globall Moran’s Index to
analyze the distribution of maize yield in the state of Parana - Brazil and found in the harvest years 2011/2012, 2012/2013 and
2013/2014 a strong spatial autocorrelation among the municipalities of the state. To Galeano et al. (2019), the 1 Global
Moran’s indices showed that the average coffee yield in the municipalities of the state of Espirito Santo - Brazil are strongly
autocorrelated in the years 2011 to 2016, both on a global and local scale.

The objective of this paper is to analyze the spatial autocorrelation of soybean yield and its bivariate spatial
correlation with the agrometeorological variables rainfall, mean temperature, and mean global solar radiation in the 2014/2015,
2015/2016, and 2016/2017 crop years in the West of the State of Parana — Brazil.

2. Methodology

The study area comprises the mesoregion of the West of the State of Parana (Figure 1), located in the Southern
region of Brazil. The West of Parana is composed of 50 municipalities that total a territorial area of 22,865 km2 and a census
population of 1219.558 inhabitants (IPARDES, 2018). Located in the third Parana state Plateau, altitudes in the Western
mesoregion of Parana range from 200 to 850 m. the predominant pedological units are Red Latosols, Red Nitosol and
Regolithic Neosols. The region has a semideciduous seasonal vegetation, designed by double tropical and subtropical seasons.
The climate is classified according to Koeppen (1948) as a subtropical climate — Cfa, with an average temperature in the
coldest month lower than 18°C, and in the hottest month higher than 22°C. The annual average temperature ranges from 21 to
23°C, being higher at lower altitudes (EMBRAPA, 2013a). The average annual rainfall ranges from 1,600 to 2,000 mm, in a
way that the rainy period is concentrated between December and February, with variations from 400 to 600 mm, and the driest

period from June to August, with levels from 250 to 450 mm (Zando-Janior et al., 2015).

Figure 1 - Western Parand mesoregion study area.
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(1) Anahy, (2) Assis Chateaubriand, (3) Boa Vista da Aparccida, (4) Braganey, (5) Cafclandia, (6) Campo Bonito, (7) Capitio Lednidas
Marques, (8) Cascavel, (9) Catanduvas, (10) Céu Azul, (11) Corbélia, (12) Diamante do Oeste, (13) Diamante do Sul, (14) Entre Rios
do Oeste, (15) Formosa do Oeste, (16) Foz do Iguagu, (17) Guaira, (18) Guaraniagu, (19) Ibema, (20) Iguatu, (21) Iracema do Oeste,
(22) Itaipulndia, (23) Jesuitas, (24) Lindoeste, (25) Marechal Candido Rondon, (26) Maripa, (27) Matelandia, (28) Medianeira, (29)
Mercedes, (30) Missal, (31) Nova Aurora, (32) Nova Santa Rosa, (33) Ouro Verde do Oeste, (34) Palotina, (35) Pato Bragado, (36)
Quatro Pontes, (37) Ramilandia, (38) Santa Helena, (39) Santa Ludia, (40) Santa Tereza do Oeste, (41) Santa Terezinha do Itaipu, (42)
Sio José das Palmeiras, (43) Sio Miguel do Iguacu, (44) Séo Pedro do Iguagu, (45) Serranépolis do Iguagu, (46) Terra Roxa, (47)
Toledo, (48) Trés Barras do Parana, (49) Tupissi, (30) Vera Cruz do Oeste.

Source: Authors (2022).

The acquisition of soybean yield variable occurred through the Department of Rural Economy (DERAL) databases
and the Board of Agriculture and Supply (SEAB). The soybean (t) and area (ha) production data were obtained for the 50
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municipalities that comprise the Western mesoregion of Parana. Thus, by dividing soybean (t) production by area (ha),
soybean yield (t ha) was obtained for the 2014/2015, 2015/2016 and 2016/2017 harvests.

Agrometeorological variables were obtained from the ECMWF (European Centre for Medium-Range Weather
Forecasts) model available on the Joint Research Center — JRC portal (Ecmwf, 2018). The ten-year climatic data are provided
with global coverage and resized in a spatial resolution of longitude and latitude degrees, in a grid of 0.25 degrees
(approximately 25 x 25 km) in raster format. The agrometeorological variables include rainfall (mm), mean temperature (°C)
and average global solar radiation (kJ m2) for 2014, 2015, 2016 and 2017.

For the selection of agrometeorological data, due to the same being in decline, the soybean harvest period was
determined from October 1% of the initial year beginning to March 1% of the final year. Thus, for the variable rainfall, the sum
of the data was obtained in the period in question, while for the variables mean temperature and average global solar radiation,
the arithmetic mean was calculated for the period adopted.

Due to the agrometeorological data (rasters) covering South America, and the soybean yield data (table) at
municipal level for Parang, there is a need to standardize the data scale.

For this, the software QGIS 3.4 (Qgis Development Team, 2018) was used to structure the data. A shapefile was
created that joins the data of the boundaries of the municipalities of the Wester Parana State (vector), obtained from IBGE
(2016), together with the information soybean yield (table) by municipality.

The agrometeorological data, raster format, were submitted to a process of clipping at the Western mesoregion
boundary, and then were transformed to shapefile data by means of the raster vectoring process.

With the data cut off at the Western level of Parana and vectorized, the PostgreSQL extension was used to elaborate
a Structured Query Language — SQL, which resulted in the selection of agrometeorological data (polygons) that intersect the
municipalities boundary of the study, in order to make the sum of the polygons for the variable rainfall and arithmetic mean for
the variables mean temperature and average global solar radiation. Thus, agrometeorological information was obtained for
each municipality in the harvest years.

The data spatial exploratory analysis was performed in the R Project (R Core Team, 2014) and QGIS 3.4 (Cutts & Graser,
2018) software, in order to describe descriptive statistics and distributions of agrometeorological and soybean yield variables,
as well as illustration in graphs and maps.

The spatial autocorrelation levels among the data from areas of the municipalities of Western Parand State were

estimated by I the Global Moran’s Index (equation 1) and Local Indicators of Spatial Association Index (LISA) (equation 2)
(Anselin et al., 2008), performed using the OpenGeoda 1.12 software (Anselin et al., 2018).

CXER wi(z — D) - 3)

EF:]_{EI: - z—.]:

. (1)

where, 1 is the number of observations (n polygons); wj; represents the elements of the spatial proximity matrix W; z; is the

value of the attribute considered in the area i, Zis the average value of the attribute in the study region. In this case, the

correlation is computed for the first-order neighbors in space, as established by the weights w;;

X -p =k
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where [ , refers to the element local index 1i; %; is the value of the attribute observed in the area i; % is the value of the
attribute observed in the area j; X it is the average of observations among the regions; w;; the average value of deviations of the

neighboring elements of i; and o7 the distribution variance of the values of deviations.

I The Global Moran’s statistics applied as a measure of spatial dependence makes it possible to perform the
hypothesis test, that is, to infer the existence or not of spatial autocorrelation. Spatial independence, called null hypothesis, is
given when its value is zero. However, positive values express direct correlation and negative values an inverse correlation
(Braga et al., 2016).

In the present study, the finding of positive spatial autocorrelation is interpreted as a similarity among the
municipalities (polygons); therefore, municipalities that present high/low soybean yield tend to be neighbors of municipalities
that also have high/low yield. On the other hand, the presence of negative autocorrelation points to a dissimilarity among the
municipalities, in a way that the municipalities that reveal a high/low soybean yield may be surrounded by municipalities with
low/high yield.

The identification of local spatial association patterns calculated by LISA index (I;) follows the criteria that each
municipality must have a LISA indicator and the sum of the indicators of all municipalities must match the global index
(Anselin, 1995). LISA index allows to point out the significant spatial clusters of similar values around the municipality, in
which positive values denote I; the presence of spatial clusters with similar values, being high or low. For negative values of [;,
it is interpreted that spatial groupings have different values between the regions and their neighbors (Santos et al., 2016).

The spatial correlation among soybean yield, rainfall, mean temperature and average global solar radiation variables

is analyzed using the Moran’s Bivariate index Lg (equation 3). It provided a spatial correlation index between two

georeferenced variables, where each was obtained in n the municipalities (Almeida, 2012).

izt Djma 1 2wy
IKF = (3)
Spv/ 55 5

being that I, it indicates the variable bivariate index  in relation to ¥; n it is the number of observations (polygons);

zi = (x — X)and u; = (¥; — ¥) are the values observed centered on the means of the variables x ; and ¥ wy; represents the

Ii”:i'::l?i_!l’:': ir.‘:i':xi_z:':
ul

m element of the spatial proximity matrix W; 55 = and 57 = represent the respective variances x and

¥ (Anselin, 2003).
For the calculation of I the Global Moran’s index, LISA index I; and Moran’s bivariate index Ly , it is necessary to

establish the spatial proximity matrix (W) beforehand, to represent a measure of proximity among the municipalities
(polygons) (Leite, 2016). Thus, the W matrix was calculated from three criteria of contiguity (queen), Euclidean distance and
closest neighbors.

The contiguity criterion is given in accordance with the concept that two places are neighbors when they share a
common physical border. Among the most widely used conventions, Queen stands out, in which all the units that divide any
kind of border with the unit in question are considered neighbors (Vidigal et al., 2018). The Euclidean distance considers the
distances among the centroids (geometric center) of the areas, weighted in relation to the Euclidean distance (d), i.e.,

Wi =

; = djj, so that the distance is established by the researcher (Campos & Chagas, 2017). The closest neighbor criterion makes

a comparison of the average distance among the closest neighbors with a set of points with a defined pattern (Santos et al.,
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2016). To complement the spatial relationships analysis of agrometeorological variables and soybean yield, moran’s map and

lisa map were elaborated, which allow the indices interpretation using georeferenced illustrations.

3. Results and Discussion

The Western Parana State mesoregion stands out for presenting one of the highest soybean yields in the state
(SEAB, 2017). Table 1 presents the descriptive statistics for the study variables: Soybean yield (Prod), rainfall (Prec), mean
global solar radiation (RAdM) and mean temperature (TempM).

In the 2014/2015 harvest year, the average soybean yield in the Western Parana State cities was 3.42 t ha’, in
agrometeorological conditions of 3.030 mm of rainfall, 222,556 kJ m2 of global solar radiation incidence at an average
temperature of 24.64 °C. In the southern region of Brazil, climatic conditions were adequate for soybean development,
however, in the western region of Parana, irregular precipitation had an impact on the crop (CONAB, 2015a). The highest
values of standard deviation and variance are seen in the variables Prec. (1,183.43 mm) and RadM (1,778.87 kJ m3): This

variation is explained by the occurrence of discrepant precipitation in the municipality of Cascavel (6,197 mm).

Table 1- Descriptive statistics of the variables in study in the 2014/2015 crop year.

Statistics Prod Prec RadM TempM
Minimum 2.231 1,013 219,925 22.92
1%t Quartile 3.131 2,335 221,194 24.11
Median 3.421 2,870 222,012 24.66
Mean 3.418 3,030 222,556 24.64
3 Quartile 3.744 3,530 223,575 25.32
Maximum 4.14 6,197 227,136 26.01
Standard deviation 0.427 1,183.43 1,778.87 0.833
CV(%) 12.48 39.06 0.799 3.38

Prod: soybean yield (t ha't); TempM: average temperature (°C); RadM: average global solar radiation (kJ
m2); Prec: rainfall (mm); CV: coefficient of variation. Source: Authors (2022).

In the 2015/2016 harvest year (Table 2), it was observed that the average soybean yield (3.43 t ha') and the average
temperature (24.24 °C) were similar to the previous harvest. However, there was a higher rainfall, with an average of 6,493
mm, which resulted in excess humidity, and a lower incidence of average solar radiation of 186.152 kJ m2, which reduced the
luminosity. These climatic adversities are explained by the presence of the phenomenon “EL Nifio”, which caused the main

factors of yield reduction in view of the estimated one for this harvest year (SEAB, 2016).

Table 2 - Descriptive statistics of the variables in study in the 2015/2016 crop year.

Statistics Prod Prec RadM TempM
Minimum 2.900 2,958 182,286 22.63
1t Quartile 3.310 4,860 185,141 23.69
Median 3.410 6,464 186,530 24.27
Mean 3.434 6,493 186,152 24.24
31 Quartile 3.594 7,634 187,651 24.86
Maximum 4.165 13,078 189,765 25.56
Standard deviation 0.235 2,432.65 1,999.62 0.809
CV(%) 6.85 37.47 1.07 3.34

Prod: soybean yield (t ha'*); TempM: average temperature (°C); RadM: average global solar radiation (kJ m);
Prec: rainfall (mm); CV: coefficient of variation. Source: Authors (2022).
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In 2016/2017, the soybean yield showed the highest average among the studied harvests, 3.87 t ha* (Table 3), and
this harvest year obtained values that exceeded the last record yield in Paran4, 3.42 t ha in 2011 (SEAB, 2017).

Table 3 - Descriptive statistics of the variables in study in the 2016/2017 crop year.

Statistics Prod Prec RadM TempM
Minimum 3.000 1,558 217,602 22.16
1%t Quartile 3.625 2,689 219,993 23.23
Median 3.958 3,406 222,145 23.88
Mean 3.874 3,421 222,747 23.84
3 Quartile 4.175 4,020 225,821 24.52
Maximum 4,515 6,575 228,828 25.27
Standard deviation 0.369 1,256.19 3,275.27 0.883
CV(%) 9.54 36.72 1.47 3.70

Prod: soybean yield (t ha'); TempM: average temperature (°C); RadM: average global solar radiation (kJ m2);
Prec: rainfall (mm); CV: coefficient of variation. Source: Authors (2022).

This year-harvest’s voluminous and quality yield had virtually perfect agrometeorological conditions for the crop
development, with regular rains that totaled an average of 3,421 mm of precipitation, average temperature of 23.84 °C, and
222,747 kJ m2 of global solar radiation, which resulted in greater luminosity in the soybean development period, which
benefited production. Figure 2 illustrates the spatial distribution of soybean yield (t ha) in the municipalities of Western
Parana State. It is observed that the highest soybean yield class, 4,060 — 4,516 t ha, occurred in 42% of the municipalities in
the 2016/2017 harvest year, while in the 2014/2015 and 2015/2016 harvest years, it occurred in 6% and 2% of the
municipalities, respectively. However, most municipalities in 2014/2015 (46%) and in 2015/2016 (78%) maintained yield
between 3.146 — 3.602 t hal. It was in 2014/2015, in the city of Missal, that the lowest soybean yield was found among the
harvest years under study, with a yield between 2,231 — 2,688 t ha™'.

Figure 2 - Spatial distribution of soybean yield (t hal) in the municipalities of Western Parana in the 2014/2015, 2015/2016
and 2016/2017 harvest years.
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Figure 3 shows the spatialization of the agrometeorological variable mean temperature in the three-year-harvest
period. It is noted that the highest temperatures (25.36 — 26.15 °C) are at the west of the Western Parana State mesoregion, and
the lowest temperatures (22.15 — 22.95 °C) are at the east. Regarding the soybean yield spatial distribution, the highest yields
were observed, where the temperature ranged from 22.15 to 24.55 °C.

In the 2014/2015 harvest year, the highest temperatures occurred in the study region, which resulted in lower
soybean yield. The high temperatures in this harvest year reflect the occurrence of high temperatures in the Pacific Ocean,
close to the Equator (Conab, 2015b), causing most of the country to have temperatures above normal (Conab, 2014). On the
contrary the 2016/2017 harvest year had milder temperatures and higher soybean yield. However, a small temperature
variability between 22.15 — 26.15 °C is observed in the study area and also within the ideal range from 20 to 30 °C for soybean

development, as stated by Embrapa, (2013b).

Figure 3 - Spatial distribution of average temperature (°C) in the municipalities of Western Parana in the 2014/2015,
2015/2016 and 2016/2017 harvest years.
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Source: Authors (2022).

Figure 4 shows the rainfall spatial analysis. It is observed that this agrometeorological variable has a greater spatial
variability of distribution in the municipalities of Western Parana State. This spatial variability is explained by occurrences of

convectional rainfalls (or “summer rains”), that is, high rainfall volume in small areas. An example in this scenario of
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convectional rainfalls occurred in the 2015/2016 harvest, in which the municipality of Cascavel accumulated between 10,666 —
13,078 mm of rainfall; however, the neighboring municipalities Lindoeste, Campo Bonito and Ibema indicated a rainfall of
1,013 — 3,426 mm.

In 2014/2015 and 2016/2017 harvest years, the occurrence of rainfalls was between 1,013 and 8,252 mm. An
analysis of the rainfall distribution with the soybean yield distribution shows that the highest yields occurred in municipalities
with rainfall between 1,013 — 5,839 mm; however, the form of irregular or regular occurrences of these rainfalls should be
considered. The highest amount of rain observed in the 2015/2016 harvest year was an event perceived throughout Brazil.
Excess water at critical moments in the development of soybeans in this crop year harmed Brazilian production, generating
losses and causing a significant number of requests for agricultural insurance (3756) when compared to requests in crop years
2014/2015 (282) and 2016/2017 (260) (Embrapa, 2019).

Figure 4 - Figure Spatial distribution of rainfall in the municipalities of Western Parand in the 2014/2015, 2015/2016 and
2016/2017 harvest years.
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Source: Authors (2022).

The spatial distribution of the average global solar radiation is shown in Figure 5 and it is observed that the average
global solar radiation is the variable that demonstrates the least spatial variability. The 2015/2016 harvest is highlighted,
because it indicates the lowest incidence of global solar radiation, between 182,286 — 191,595 KJ m2 in all the municipalities
in the mesoregion. Contrarily, in 2014/2015, the highest incidences that exceeded 219,523 KJ m occurred in the

municipalities of Western Parana State.
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For the spatial autocorrelation analysis through the calculation of I the global and local Moran’s Index, the previous
creation of spatial proximity matrices (W) is necessary, which dictate the neighborhood rules for polygons, that is, for each
municipality of the Western Paran state mesoregion. Thus, in the OpenGeoda software, W proximity matrices were created in
the following criteria: contiguity (queen), distance between centroids and closest neighbors.

In the queen contiguity convention, polygons that divide any type of boundary are neighbors; thus, the value of 1 is
assigned to neighboring polygons and the value of 0 for non-boundary-sharing polygons.

The W matrix in the criterion of distance among the centroids weights the boundaries in relation to the Euclidean
distance among the centroids of the polygons (municipalities) under study, that is, the one that obtains the minimum distance
established in the calculation is considered a neighbor. In the matrix elaborated, the software resulted in the minimum distance
found that ensures to each place at least one neighbor was 23 km. Therefore, municipalities with a distance of less than 23 km

are classified as neighbors, in contrast, municipalities that exceed this distance are not considered neighbors.

Figure 5 - Spatial distribution of average solar radiation (kJ m%2) in the municipalities of Western Parana in the 2014/2015,
2015/2016 and 2016/2017 harvest years
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The closest neighbor criterion elaborates a W matrix to ensure that all the polygons obtain the same number of
neighbors. In the study, it was considered that all the municipalities have as neighbors the four closest borders.
Table 4 shows the spatial autocorrelation values by I the Global Moran’s index and the respective significance levels
of the variables soybean yield (Prod), mean temperature (TempM), average global solar radiation (RadM) and rainfall (Prec).
The variables were analyzed according to the criteria contiguity (queen), distance among centroids and closest neighbors.
The descriptive levels (p-value) from tests with 9,999 random permutations presented in brackets are less than 0.1%,
which allows to affirm that the variables, except for the variable rainfall (Prec), have significant spatial autocorrelation at 1%
probability level. Similar spatial autocorrelation values are observed among the three neighborhood criteria. The criterion
distance among the centroids that indicated the highest self-occurrence values for the variables in all years/harvest is
highlighted, on the contrary, from the closest neighboring criterion, which presented the lowest values.
Soybean yield has a higher spatial autocorrelation in the 2014/2015 harvest year, both in the contiguity criterion
(queen) and in the distance criteria among centroids and the closest neighbor, being that in the distance criterion among the
centroids it reached the value I = 0.6873. The years 2015/2016 showed the lowest self-correlation values, with the closest
neighbors criterion with the value I = 0.243. However, all the years/harvest presented a moderate spatial autocorrelation
index, which allows to conclude that the municipalities of Western Parana state are surrounded by municipalities with similar
soybean yield. Grzegozewski (2017) also detected [ a positive autocorrelation (I > 0.73), significant at the 5% probability level,

in the soybean yield distribution in the 399 municipalities of the state of Parana in 2011/2012, that is, it was noted that there are

municipalities with high or low soybean yield surrounded by municipalities in the same scenario.

Table 4 - Global Moran | index for the soybean yield and agrometeorological variables.

Contiguity
(queen)

Variables 2014/ 2015/ 2016/ 2014/ 2015/ 2016/ 2014/ 2015/ 2016/
2015 2016 2017 2015 2016 2017 2015 2016 2017

Prod 06363  0.292 05956 0.6875 0.3632 0.6569 0.624 0.2437 0.5669
(0.001)  (0.001)  (0.001) (0.001) (0.003) (0.001) (0.001) (0.005) (0.001)
** **k ** ** ** ** ** ** **

Distance between centroids Nearest neighbor

TempM 0857  0.8423  0.8469 0.8904 0.8662 0.869 0.8105 0.7776  0.785
(0.001)  (0.001)  (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
** **k ** ** ** ** ** ** **

RadM 07001  0.7453  0.8659 0.7833 0.8991 009327 0.7042 0.8471 0.8875
(0.001)  (0.001)  (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
** **k ** ** ** ** ** ** **

Prec -0.0371  -0.0603 -0.1162 01123 0.1109 0.0468  0.04  0.0061 -0.0442
(0.414)  (0.325)  (0.152) (0.183) (0.172) (0.327) (0.265) (0.385) (0.396)
NS NS NS NS NS NS NS NS NS

Prod: soybean yield (t ha'?); TempM: average temperature (°C); RadM: average global solar
radiation (kJ m2); Prec: rainfall (mm); Corresponding p-values in parentheses; **
Statistically significant at 0.01 probability. Source: Authors (2022).

Lopes et al. (2017) state that, as a result of the strong spatial correlation of soybean yield, there is an increase in
susceptibility to the contagious effect of natural phenomena, such as frost, pests, droughts, among other circumstances
resulting in the drop in production and vyield. The highest spatial autocorrelation values are presented by the

agrometeorological variables mean global solar radiation {1 = 0.93277, followed by the mean temperature (I = 0.8904}, The
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indices of these variables indicate the lowest spatial variability, i.e., they are more homogeneous distributed among the
municipalities of the study, which is an expected characteristic of these variables, due to the fact that nearby regions
demonstrate similar agrometeorological characteristics. Rainfall indicated the lowest spatial autocorrelation values. This occurs
due to greater spatial variability in the occurrence of rainfalls. Araujo et al. (2014) also obtained the lowest values of spatial
autocorrelation in rainfall for the municipalities of Western Parana in the 2005/2006, 2006/2007 and 2007/2008 harvest years.

Still in rainfall, negative indices were found in the contiguous neighborhood (queen) criterion, the presence of
negative autocorrelation indicates a dissimilarity, that is, municipalities of the Western Parana state with low values are close
to municipalities with high values, or vice-versa. In this case, the weighted average is higher for neighbors than the value
measured at the local itself. These occurrences of rainfalls are triggered by isolated events in the municipalities.

Due to the large number of areas in the Western Parana State, 50 municipalities, the Local Indicators of Spatial
Association Index (LISA) was calculated, which allows a better groupings analysis, where the queen's contiguity was used as
the neighborhood criterion. The groupings of the study region are shown in Figure 6.

In the 2014/2015 harvest, a high soybean yield cluster was observed at a level of 1% significance, composed of 11
municipalities. In 2015/2016, only Trés Barras do Parand municipality presented high yield and is also surrounded by

& 99

municipalities with high yield, as a result of the intense irregular rainfall resulting from the “El Nifio” phenomenon that
reduced soybean yield in this harvest. In the 2016/2017 harvest, climate conditions were favorable for soybean development,
such as regular rainfall and greater indecency of luminosity; consequently, high yield returned in a larger number of
municipalities. In 2015/2016 there was an expressive increase in municipalities with non-significant soybean yield (45
municipalities), and low yield is seen in the municipalities Marechal Candido Rondon, Missal and Nova Santa Rosa. However,
in 2016/2017 there were 10 municipalities with low yield. Still in Figure 6, dissimilarities clusters are observed, that is,
municipalities with low soybean yield with high soybeans yield neighbors (low — high), and vice-versa (high — low).

In the 2014/2015 harvest, Assis Chateaubriand is a municipality with low soybean yield, but with high yield
neighbors, which also occurs with Cascavel in the 2015/2016 harvest. It is noteworthy that these municipalities accumulated
the most voluminous occurrences of rainfall in the region. However, in the 2014/2015 harvest, the city of Diamante d’Oeste
indicated a high soybean yield and is surrounded by neighbors with low yield, the same fact that occurs in Matelandia in the

2016/2017 harvest.
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Figure 6 — LISA cluster map for soybean yield.

54.0°W 53.0°W 00w 53.0°W

201412015 2015/2016

Sl
Sol'FL

S.0'52
Sul'ST

2016/2017 Legend

50T

[ Mot significant
I High - High
I | ow - Low
™ Low- High
[ High- Low

S5

N

w3
30 0 30 km d

e e ]

54.0°W 53.0°W

Source: Authors (2022).

The LISA cluster map for agrometeorological variables in each harvest year are shown in Figure 7. The
municipalities of Western Parana show that for the average temperature (TempM) and average global solar radiation (RadM)
there are clusters of similarities, High-High concentrates in the Eastern region and Low-Low clusters in the western region of
the territory under study. It is observed that the rainfall distribution (Prec) is the one that has the greatest variability and the
highest number of municipalities that are not significant at the 5% probability level.

The analysis of I Local Moran’s index (LISA) allowed to conclude that the agrometeorological variables mean
temperature, average global solar radiation and rainfall have little variation between the 2014/2015, 2015/2016 and 2016/2017

harvests in the municipalities of Western Parana state.
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Figure 7 - LISA cluster map for the agrometereological variables.
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The spatial correlations between the agrometeorological variables and soybean yield were obtained by I the Moran’s
Bivariate index and their values are shown in Table 5. The variables Prod and TempM and the variables Prod and RadM
indicated a negative spatial correlation, i.e. inversely proportional, and significant at a level of 1% of significance in all the
harvest years under analysis, this leads to the conclusion that high temperature and solar radiation values indicate low soybean
yield. However, the variable Prec presented a positive spatial correlation compared to Prod in the three years, a fact that
reflects a directly proportional relationship, and therefore, low rainfall occurrences cause low soybean yield.

Despite the low correlation, the values between Prod and Prec were significant at 1 and 5% probability levels. The
highest spatial correlation indices are between the variables TempM and RadM, expected values, since the temperature tends to

be higher as the solar radiation increases.
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The correlation of the variables TempM and RadM with Prec indicated negative and significant values in the three
harvests, allowing to conclude that high rainfalls occurrences reflect in low temperatures and solar radiation. All the indices

were significant, which confirms the influence of the agrometeorological variables chosen in soybean yield.

Table 5 - Bivariate Global Moran I index for the soybean yield and agrometeorological variables

Prod TempM RadM
Variables 2014 2015 2016 2014 2015 2016 2014 2015 2016
/2015 /2016 12017 /2015 /2016 12017 /2015 /2016 /2017

TempM  -0.4787 -0.2742 -0.4759
(0.001) (0.001) (0.001)
*% ** **

RadM  -0.4956 -0.1758 -0.5605 0.6401  0.614  0.7688
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

** *%* *%* *%* *%* *%*
Prec 02693 0.1336 0.174 -0.2698 -0.2164 -0.1622 -0.2996 -0.1974 -0.2022
(0.001) (0.037) (0.012) (0.001) (0.004) (0.014) (0.001) (0.005) (0.005)
** * * *%* *%* * *%* *%* **

Prod: soybean yield (t ha™'); TempM: average temperature (°C); RadM: average global solar radiation (kJ m2); Prec:
rainfall (mm); Corresponding p-values in parentheses; ** Statistically significant at 0.01 probability; *Statistically significant at
0.05 probability. Source: Authors (2022).

The relationship between the agrometeorological variables of the study and the soybean yield in the municipalities

of Western Parand state were also analyzed in local coverage through the BILISA cluster map (Figure 8).
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Figure 8 — BILISA cluster map of soybean yield compared to the agrometerological variables.
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The relationship between soybean yield and mean temperature (Figure 8a) shows a greater number of municipalities
with dissimilar correlation, i.e., when a high/low soybean yield was obtained, low/high mean temperature occurred.

A similar behavior was observed in the 2015/2016 and 2016/2017 harvests, where most of the municipalities
indicated a correlation of dissimilarity. Similarly, to the average temperature variable, the average global solar radiation
indicated in greater quantity municipalities with a dissimilar correlation with soybean yield and little variation among the
harvests (Figures 8d, 8e and 8f). Rainfall showed few municipalities with significant correlations with soybean yield (Figures
89, 8h and 8i).

4. Conclusion

A cluster of municipalities with low productivity was identified in the west and a cluster with high productivity was
identified in the east of the monitored region. The results allowed us to conclude that soybean yield is self-correlated in the
cities of West Parana state, globally and locally. When soybean yield was correlated with agrometeorological variables, a
negative correlation was observed with mean temperature and mean global solar radiation, and a positive correlation was

observed with rainfall. The significance of the indices confirmed the influence of agrometeorological variables on soybean
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yield. Thus, it is evident that the analysis of agrometeorological information using methods of spatial statistics of areas can
facilitate strategic decisions aimed at increasing and sustaining agricultural production.
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