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ABSTRACT: The survey information from growing regions, the interaction with the vegetation 

index and climatic variables is of great importance in the search for soybean productivity increase. 

Paraná is the second largest soybean producer in Brazil and presents great spatial variability, both in 

periods of the crop cycle as in soil and climate. The objective of this study was to analyze the 

spatial correlation of soybean productivity, the enhanced vegetation index (EVI) and 

agrometeorological variables (water balance, global radiation and average temperature) in the state 

of Paraná, on a decendial scale, using the Moran global autocorrelation index between the 

2010/2011 and 2012/2013 crop years. Similarity was found in the average productivities in 

2010/2011 and 2012/2013. In 2011/2012 the state average was 2.38 t ha-1 lower in 10.19% 

compared to the national average, caused by the water deficit in flowering and grain filling phases. 

As a consequence, spatial autocorrelation indicated a higher similarity in productivity among 

municipalities with a Moran index of 0.735. The use of vegetation indices and agrometeorological 

variables allowed the identification of different sowing periods between regions and great climatic 

variability, influencing the soybean productivity. 
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INTRODUCTION 

Soybean cultivation is of great importance in the world agriculture, according to FAOSTAT 

(2015) the production in 2010, 2011, 2012, 2013 and 2014 were respectively 265; 261; 241; 277 

and 306 million tons worldwide. In Brazil, soybean is the most important of all commodities 

produced and plays a key role in the country’s economy, besides being the world’s second largest 

producer of soybeans. However, according to CONAB (2014) in the 2011/2012 crop year, drought 

in the Brazilian producing regions has reduced production. With favorable climatic conditions, in 

the crop year of 2012/2013, 29.43% of all soybeans produced in the world were produced in Brazil, 

and the state of Paraná being the second largest producer of this commodity in the country. 

To estimate the production it is necessary to know the cultivated areas with the species of 

interest and its productivity in different regions (ASSAD et al., 2007). The crops productivity can 

also be estimated from agrometeorological models (FONTANA et al., 2001). Among the 

agrometeorological factors, water availability, photoperiod and temperature are the factors that most 

affect soybean productivity (FARIAS et al., 2007). Thus, the effects of water deficit depend on its 

intensity, duration, time of occurrence and interaction with other determining components of the 

final productivity (FONTANA et al., 2001). 

It is also worth noting the importance of knowing the climate of the growing region and the 

sowing season (JOHANN et al., 2016), because soybean cultivation, when subjected to high solar 

radiation intensities, can lead to luminous saturation, reducing the efficiency in the use of radiation 

(CASAROLI et al., 2007). Soybean cultivation is best suited to regions where temperatures range 

from 20°C to 30°C (FARIAS et al., 2007), and is ideal for sowing around 25°C for rapid and 
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uniform emergence. On the other hand, temperatures above 40ºC are harmful to the crop, with 

adverse effects on the growth rate, flowering, and decrease the pod retention capacity. Thus, the 

growth, development and productivity of an agricultural crop are affected by climatic variability 

(VIRGENS FILHO et al., 2013). 

The interaction among the plant, the environment and the management defines the 

productivity, thus, obtaining high productivity is only possible when environmental conditions are 

favorable throughout the crop cycle (GILIOLI et al., 1995). Another factor that influences the crop 

productivity is the different cultivars used, which vary from region to region. 

The spatial statistics of areas (SSA) is one of the ways to evaluate this variability, since it 

allows comprehending and understanding the spatial distribution of the data. Studies in this area are 

becoming more common (DALPOSSO et al., 2013, PRUDENTE et al., 2014) due to the availability 

of geographic information systems (GIS), that allows us to present a map of the spatial patterns of 

the desired variables (CÂMARA et al., 2002), using global indicators that measure the correlation 

of the variable in time or space (ARAÚJO et al., 2013), such as the Moran Global Index (BAILEY 

& GATRELL, 1995). 

Thus, the aim of this study was to analyze the spatial correlation of soybean productivity, the 

enhanced vegetation index (EVI) and the meteorological variables represented by water balance 

(Cw), global radiation (Gr) and average temperature (Te) in decendial scale, for the 2010/2011 to 

2012/2013 crop years in the state of Paraná. 

 

MATERIAL AND METHODS 

Study area 

The study area comprises the state of Paraná, with 399 municipalities, divided according to 

IBGE ten mesoregions (Figure 1) (Northwest, West, Southwest, Center-West, Center-South, 

Center-East, Southeast, Curitiba Region, North-Central and North-Pioneer). 

 

 

FIGURE 1. Delimitation of the study area in mesoregions. 
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Data acquisition 

Average soybean yield data 

Data from the average yield (t ha-1) of Parana municipalities for the crop years studied were 

obtained from the Paraná Secretariat of Agriculture and Supply (SEAB). For the 2010/2011, 

2011/2012 and 2012/2013 crop years, respectively, 37, 38 and 31 municipalities did not contain 

information on average yield. The national productivity averages were obtained from the Brazilian 

Institute of Geography and Statistics (IBGE). 

Vegetation index data derived from the MODIS sensor 

Many studies related to agricultural crop monitoring have used images of the Improved 

Vegetation Index (EVI) (HUETE et al., 1997; JOHANN et al., 2012, SOUZA et al., 2015) since it 

has the advantage of being less susceptible to saturation and more sensitive to the structure 

variation, canopy architecture and plant physiognomy (HUETE et al., 2002). In this study, EVI 

images of the MOD13Q1.5 product of the Moderate Resolution Imaging Spectroradiometer 

(MODIS) sensor were obtained on board the Terra satellite of the "Tile" h13v11, which has a 

spatial resolution of 250 m and a temporal resolution of 16 days of the database products of the 

Brazilian Agricultural Research Corporation (ESQUERDO et al., 2010). The images period for 

each crop year was from August 13 to April 23 of the following year, which is considered the 

period in which soybean is grown in the state (JOHANN et al., 2012; JOHANN et al., 2016). 

The mapping of soybean cultivated areas in Paraná for the 2010/2011 and 2011/2012 crop 

years was obtained from SOUZA et al. (2015) and for the crop year 2012/2013 from 

GRZEGOZEWSKI et al. (2016). From these mappings, the average EVI values of the soybean-

mapped pixels of the entire time series of images (JOHANN et al., 2013) were extracted for each 

municipality, by means of automated routines developed in interactive data language (IDL) 

(ESQUERDO et al., 2011). 

Rescheduling of EVI vegetation index data for decendial scale 

As the original EVI vegetation index data (16 day temporal resolution) had a different scale 

from the agrometeorological (decendial) data, the EVI time series data from each municipality were 

rescheduled to the decendial scale (Table 1), following the procedure Proposed by JOHANN 

(2012). 

 

TABLE 1.  Rescheduling EVI data method (16 days) to the decendial scale. 

Decendial Dates of EVI images and / or EVI mean value DOY 

August 2nd  August 13th 225 

 August 3rd   August 29th 241 

September 1st Mean = (August 29th  and September 14th) - 

September 2nd  September 14th 257 

 September 3rd  September 30th 273 

October 1st Mean = ( September 30th and October 16th) - 

October 2nd October 16th 289 

   
April 3rd  April 23rd 113 

Source: Adapted from JOHANN (2012).  Note: DOY: Day of the year.  

     
Agrometeorological data 

The agrometeorological data used are in a spatial resolution of longitude and latitude degree, 

pre-processed and transformed into 0.25 degree grids (± 25 x 25 km) and made available free of 

charge on the Joint Research Center website (JRC) ( ECMWF, 2012) in shape format (Figure 2-a). 

The variables obtained in the decendial scale were: climatological water balance (Cw) (mm) 

determined by the difference between precipitation and evapotranspiration, global radiation (Gr) 
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{MJ m-2 day-1} and mean air temperature (Te) {ºC} from September to April of each crop year. It 

was necessary to adapt the agrometeorological data of the 303 virtual stations (Figure 2-a) to the 

spatial scale of 399 municipalities. For each decendial and for each municipality a value was 

determined, which corresponds to the mean values of the virtual stations of each agrometeorological 

variable contained in and around the polygon, as exemplified in Figure 2-b for a municipality. 

 

 

FIGURE 2. Representation of the regular network of the 303 virtual stations of the European Center 

for Medium-Range Weather Forecasts (ECMWF) (a) and virtual stations used to obtain 

the municipal average of each agrometeorological variable (b). 

 

Spatial autocorrelation analysis 

The spatial proximity matrix W is used to represent how the neighborhood influences each 

observation, expressing the spatial structure of the data. According to ANSELIN et al. (2007), 

 is a square matrix with  elements, where each element  represents a measure 

of spatial proximity between populations (counties)  and  , which can be calculated from 

criteria. The contiguity criterion (tower, queen, and bishop) specifies that , if shares a 

common side with , otherwise ; for   (ANSELIN et al., 2007). In the 

present study, the Queen contiguity criterion was adopted, which characterizes a municipality   

as a neighbor of a municipality    if    has a border or common node with , that is, 

considering the whole neighborhood. 

To estimate how much the observed value of an attribute in a region is dependent on the 

values of this same variable, in the neighboring locations, the Moran Index 
MG

(I ) (MORAN, 1950) 

was determined (Equation 1), which ranges from -1 (perfect negative autocorrelation), 0 (absence of 

autocorrelation) and +1 (perfect positive autocorrelation).  

        

  

 

n n

ij i j
i=1 j=1

MG n n n 2

ij i
i=1 j=1 i=1

w x - x x - x
n
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w x - x



 
                                                                                      (1) 
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where,  

n: sample size;  

ix and jx : value of the considered attribute in area i and j (i, j = 1, ..., n); 

x : mean value of the attribute in the study region, 

ijw : elements of the normalized matrix of spatial proximity. 

 

RESULTS AND DISCUSSIONS 

Analysis of soybean municipal average yield and variables under study 

According to FERREIRA et al. (2007), the long-term variations in crop yields are caused by 

factors related to new management techniques, new varieties and quality improvement and 

efficiency of agricultural inputs. On the other hand, short-term changes in productivity, that is, from 

one crop year to the next, are mainly due to climate change. 

As the second largest soybean producer in the country, the state of Paraná had in 2014/2015 

crop year, a cultivated area of approximately 5.24 million hectares, production of approximately 

17.23 million tons and average productivity of 3.29 T ha-1 (IBGE, 2015). Analyzing the 2010/2011 

crop year (Figure 3-a), some municipalities located in the Northwest and Southeast regions obtained 

yields lower than 2.60 t ha-1. In 2011/2012 (Figure 3-b), it was found that the average municipal 

productivity of soybean was lower than 3.20 t ha-1 in practically the whole state, except part of the 

Eastern Center region. It is noteworthy that, in large producing regions such as the West, Southwest 

and Center West of Paraná, the highest productivity was 2.60 t ha-1. 

 

   

FIGURE 3. Spatial maps of soybean yield (t ha-1) for the 2010/2011 (a), 2011/2012 (b) and     

2012/2013 (c) crop years. Source: SEAB (2015). 

 

In the crop year 2012/2013 (Figure 3-c), productivity in regions with higher yields 

approached historical averages. However, in the Northwest region, the municipal average 

productivity was found in the lowest class from 0.58 to 2.60 t ha-1, as in the previous crop year. 

FARIAS et al. (2007) classified soybean sowing times in relation to water risk in Paraná and found 
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that the Northwest region is characterized as an area unfavorable to soybean cultivation, with a high 

risk of drought occurrence during the most critical phenological phases (flowering and Fruiting) of 

the development of the crop. This explains the results obtained for the North-west mesoregion of 

the last two crop years, indicating a lower productive potential in relation to other mesoregions of 

the State. 

Among the harvested years, soybean mean yields different to 5% significance were observed 

(Table 2). However, the crop year of 2011/2012 had a decrease in average productivity of 

approximately 1.00 t ha-1 in relation to the other crop years studied, due to climatic adversities, 

according to FERREIRA et al. (2007). In the comparison between state and national average yields, 

there was also a statistically significant difference at 5% probability, with state averages at 7.14% 

and 9.52% higher for the 2010/2011 and 2012/2013, respectively, and 7.54% lower than the 

national average for 2011/2012. 

 

TABLE 2. Descriptive statistics for soybean yield (t ha-1) in three crop years studied. 

Statistics 2010/2011 2011/2012 2012/2013 Three crop years 

Minimum value * 2.45 0.58 1.50 0.58 

1st Quartile *  3.20 1.98 3.10 2.60 

Mediana* 3.35 2.45 3.30 3.20 

3rd Quartile *  3.50 2.90 3.48 3.42 

Maximum value * 4.00 3.72 4.00 4.00 

State Average * 3.36 a A 2.45 b A 3.22 c A  

National average **             3.12    B          2.65    B          2.94    B  

Average Difference          7.14%        -7.54%       9.52%  
* Official Data (SEAB, 2015) **(IBGE, 2015). Different capital letters indicate significant mean differences between State and 

National productivity; lowercase letters indicates significant average differences between crop years. (t-Student Test, 5% 

significance).  

 

Comparing the global radiation (Gr) (Figure 4-c) and mean air temperature (Te) (Figure 4-d) 

during the soybean development period in the State during the three crop years, in was visualized in 

mean, similarities. However, due to the water balance (Cw) (Figure 4-b), there is a water deficit in 

throughout the state, practically every crop development period in the 2011/2012 crop year, which 

justifies the crop low productivity. According to GILIOLI et al. (1995), the interaction between the 

plant, the environment and the management defines the productivity, thus, obtaining high 

productivity is only possible when environmental conditions are favorable throughout the crop 

cycle, which did not occur in this crop year. It is also observed that the EVI vegetation index 

(Figure 4-a), for the 2011/2012 crop year, was on average, for the whole State, lower since the first 

decendial of December, when compared to other crop years , indicating that lower EVI values 

indicate lower crop productivity. 
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FIGURE 4. Average state decendial by crop year of enhanced vegetation index (EVI) (a) and 

agrometeorological variables; water balance [Cw] (b), global radiation [Gr] (c) and 

average temperature [Te] (d). 

 

The spatial analysis of the EVI of the three crop years in the state (Figure 5) shows that 

between the 1st decendial of September and the 1st decendial of November, the vegetation index 

was low, of a maximum of 0.377 (municipalities in blue and yellow in Figure 5), indicating that 

these municipalities were with cultural remains of winter crops, exposed soil or early development 

of soybean crop. After this period, the EVI values increased up to 0.881 (municipalities in green 

and red in Figure 5) indicating maximum vegetative and reproductive development (flowering and 

grain filling) of soybean until practically the 3rd decendial of February, when decreasing EVI can 

infer that the culture was in stage of senescence/maturation (SAKAMOTO et al., 2005; 

SAKAMOTO et al., 2010). However, there is a great variability of EVI among the municipalities, 

both in the same crop year and among crop years, justified in terms of agroclimatic variations, 

cultivars of different development cycles (DIAS et al., 2009), and different sowing times (JOHANN 

et al., 2016). 
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FIGURE 5. Spatial maps of the variables of enhanced vegetation index (EVI) and water balance 

(Cw) for each studied decendial and crop years 2010/2011, 2011/2012 and 2012/2013. 

 

These variations have direct effects on plant development and final yield. For the harvested 

years studied, in the West region the sowings were anticipated compared to the other regions 

(Figure 5). This is mainly due to the juxtaposition of the development of phenological stages of 

soybean in the presence of favorable climatic environment. As a consequence, this region was also 

the first to harvest by the EVI decendials (Figure 5), a region with great productive potential (Figure 

3). 
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In general, for the 2010/2011 crop year, there was a water deficit (municipalities in blue and 

yellow in Figure 5), since the values of the water balance (Cw) were negative, indicating that the 

evapotranspiration was higher than the precipitation, for most of the municipalities, until the 2nd 

decendial of November (exception for the 3rd decendial of September). After this period, water 

availability did not affect crop development and productivity, as shown in Figure 3-a and Table 2. 

As for the crop year 2011/2012, early sowings were identified in relation to other crop years 

since the 2nd decendial of November (Figure 5); municipalities in the Western region of Paraná 

were already with high EVI values (0.496 to 0.881). However, unlike 2010/2011, the positive Cw 

(Figure 5), which indicates more precipitation than evapotranspiration, only occurred until the 2nd 

decendial of November. 

After this period, until the first decendial of January (Figure 5), Cw values were negative 

(water deficiency) for most of the municipalities of the state, a period that coincides with the 

reproductive development phase until practically the crop harvest  what justifies the low average 

state productivity (Figure 3-b) of 2.45 t ha-1 (Table 2). 

BETTOLLI et al. (2003) pointed out that, in Argentina, soybean yield is a function of 

precipitation in the months of November and December and the maximum temperature in January. 

Thus, good climatic conditions at this time, that is, water availability that is determined mainly by 

the association between positive water balance and ideal temperatures are a good indicator of high 

productivity. 

The soil temperature range suitable for sowing varies from 20°C to 30°C (FARIAS et al., 

2007), and should be avoided if it is below 20°C as it compromise germination and plant 

emergence. Thus, for 2010/2011 (Figure 6), sowing could be carried out from the 1st decendial of 

September. However, in this period in the state of Paraná, there is a measure that prohibits the 

planting or maintenance of live soybean plants between May 15 and September 15 (ADAPAR, 

2015). This measure is called a sanitary emptiness, which aims to avoid or delay the appearance of 

the fungus that causes Asian rust, a disease that attacks the crop, causes economic losses and losses 

in productivity. 

For 2011/2012, the high radiation (Gr) caused evapotranspiration increase, that is, the water 

evaporated from the soil and transpired by the plants in the growth phase was not uniformly. 

According to FARIAS et al. (2011), the Gr is the triggering factor of photosynthesis, in which 

atmospheric CO2, with the participation of water is transformed into carbohydrates. These 

carbohydrates are used for the growth and maintenance of the crop; however, at this plant phase, the 

droughts occurred, damaging the final productivity in practically the whole state. 

 Spatial correlation analysis 

By analyzing the spatial data, the hypothesis was confirmed that the productivity spatial 

distribution is not random, so, there is a positive correlation in the data (Table 3). This means that in 

terms of global scale, the Moran index (
MG

I ) indicates that in Paraná there are municipalities with 

high or low productivity surrounded by municipalities with the same situation. 

 

TABLE 3. Moran index (
MG

I ) for soybean yield in the three-year harvest. 

Index 2010/2011 2011/2012 2012/2013 

MG
I  0.552* 0.735* 0.627* 

* Significant indexes at 0.05 level of probability. 

 

The highest spatial autocorrelation index ( MGI = 0.735) found for the 2011/2012 crop year 

indicates that there was more similarity of productivity among the municipalities in this crop year, 

when compared to the other years studied, justified by the drought that occurred in all Regions that 

caused the average productivity to be low (Table 2 and Figure 3).  
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FIGURE 6.  Spatial maps of solar radiation (Gr) and mean air temperature (Te) for each studied 

decendials and crop years 2010/2011, 2011/2012 and 2012/2013. 

 

Here the purpose was to estimate the magnitude of the spatial autocorrelation among the 

municipalities during the cycle, and to perform a general analysis of the Moran global spatial 

autocorrelation index. By the analysis for the EVI variable (2010/2011) in each decendial studied 

(Figure 7-a), it is observed that the values of the spatial autocorrelation for the decendial in 

September were considered the highest compared to other periods. That is, most of Paraná’s 

municipalities in this period had similar vegetation indexes, so, with exposed soil, according to 
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JOHANN et al. (2016). As the soybean crop was sown (Figures 4 and 5) in October and November 

(FIGUEIREDO et al., 2016), the spatial autocorrelation among municipalities has decreased (Figure 

7-a), indicating that the vegetation indices in this period are heterogeneous in the state, that is, they 

varied among regions. 

 

 

FIGURE 7. Moran spatial autocorrelation of the variables: enhanced vegetation index  EVI (a), 

water balance [Cw] (b), global radiation [Gr] (c) and average temperature [Te] (d) for 

each decendial in the state of Paraná. 
 

In the 2011/2012 crop year, the EVI spatial autocorrelation index was higher (Figure 7-a), 

which indicates greater similarity of EVI throughout the State. This occurred, according to 

CARVALHO et al. (2008), because the vegetation indexes are proportional to the photosynthetic 

activity, presenting higher values when this activity is higher and there is greener biomass. Even if 

there were early harvests in some municipalities, the rapid implantation of other crops (corn second 

harvest), in soybean sequence, it kept the Moran indices high, and therefore similar in the State. In 

the three decendials of December and 1st of January, there was some anomaly in relation to other 

crop years studied. The Moran indexes found during this period decreased, showing that the 

vegetation indexes were affected and, therefore, considered heterogeneous among the municipalities 

in this development phase of the soybean crop. Under this focus, it is appropriate to say that 

productivity is affected by the agrometeorological variables in this period and in several regions. 

From January onwards the EVI indices for the three years harvests were similar, indicating 

spatial homogeneity among Paraná’s municipalities. For the 2010/2011 crop year, in January, 

smaller values of the spatial autocorrelation index were found when compared to 2011/2012 and 

2012/2013. This is justified by the spatial variability in the sowing in the state municipalities. Thus, 

areas with early sowing had their harvest anticipated, which led to the occurrence of dissimilar 

autocorrelation. 

Correlations were high throughout the phenological cycle of the soybean crop when the 

agrometeorological variables were analyzed, that is, did not change much compared to the 

municipalities. However, to determine the losses causes in soybean yield, it is essential to know the 

behavior of the agrometeorological variables. Among these variables knowledge of Cw is essential 

throughout the crop cycle. Analyzing the Cw spatial autocorrelation for the study period (Figure 7-

b), it can be seen that for the three harvest years the values of the spatial autocorrelation index were 
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high and similar, according to the number of decendials. This demonstrates that if the Cw was 

positive (i.e. with water available for the plant) in a municipality, its neighbors also had this 

characteristic, as well as in the state. In contrast, in another period within the cycle, municipalities 

with negative Cw (i.e., water deficit for the plant) had as neighboring municipalities also with a 

negative water balance. 

CONFALONE & NAVARRO-DUJMOVICH (1999) reported that the solar radiation (Gr) 

remains relatively constant in the different phenological stages of the soybean crop, growing in 

optimal conditions when it has non-limiting water conditions. The global autocorrelation indices 

( MGI ) for this variable (Figure 7-c) were high, indicating homogeneity between regions. However, 

for the crop year 2011/2012 in which there was a water deficit (Figure 5) over a long period of the 

soybean cycle, the efficiency of the use of solar radiation was reduced. This efficiency, according to 

CASAROLI et al. (2007), can lead to light saturation when the culture is subjected to high 

intensities of absorbed solar radiation. 

The spatial autocorrelation for the average temperature (Figure 7-d) during the soybean cycle 

was high in the state, indicating similarity among the municipalities, so, low spatial variability. 

According to MELLO et al. (2008), increases in air temperature may cause increase in surface 

evaporation, causing changes in the Cw and thus affecting the crop. 

Also, the lack of precipitation can cause high temperatures for several days, especially in the 

hottest months (December and January), that according to SILVA et al. (2009) can affect the 

growth and development of plants, reducing photosynthesis, respiration and dry matter production. 

  

CONCLUSIONS 

 The study showed differences between the harvested years studied for soybean yield:  

 These differences were influenced by climatic factors during critical phases of the crop cycle. 

Among the climatic factors, the lack of precipitation caused by the negative water balance, 

together with the high global radiation, evapotranspiration and temperatures in the sowing 

and crop development phases affected the final productivity. 

 By the EVI vegetation index, it was identified soybean sowing variability in the regions of the 

state, however, its intra-annual variation depends on adequate water conditions for the 

producer to start planting. 

  By the analysis of spatial autocorrelation, greater similarities were identified in the crop year 

2011/2012 with lower yields that is, due to the drought observed by the water balance, the 

spatial autocorrelation index was similar in Paraná’s municipalities due to the lower 

variability of the soybean yields. 
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