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ABSTRACT
Longitudinal mixed linear models are important because they analyze measurements at repeated 
frequencies in the average evolution over time. The objective of this this work is to evaluate spatially 
through longitudinal mixed models, the gross value of agricultural production, considering a historical 
series, having as explanatory variables the quantity of poultries produced per head, quantity of pigs 
produced per head, quantity of cattle produced per head and milk production in thousand liters produced 
by municipalities for the years 2018, 2019 and 2020 in the state of Paraná-Brazil. The results showed 
that there is a relation between the variable of interest the gross value of agricultural production and the 
explanatory variables quantities of poultries produced per head, amount of pigs and amount of cattle 
produced per head in the municipalities that make up the state of Paraná studied in this paper, and, it is 
possible to identify mesoregions with the variables that explain the gross value of agricultural production 
distinct for the model. In the analysis of variance with the models, the variable milk production was not 
significant to explain the gross value of agricultural production in each year, significant at the level of 
5% of probabilities. The longitudinal mixed linear model provided necessary information on the relation 
associated with the weights that each agricultural variable provided in the gross value of agricultural 
production that was analyzed in the economic scenario of the state of Paraná-Brazil. 
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RESUMO
Os modelos lineares mistos longitudinais são importantes por analisarem medições em frequências 
repetidas na evolução média no tempo. O objetivo deste trabalho é avaliar espacialmente, por 
meio do modelo linear misto longitudinal, o valor bruto da produção agropecuária, considerando 
uma série histórica, tendo como variáveis explicativas, quantidade de aves produzidas por cabeça, 
quantidade de suínos produzida por cabeça, quantidade de bovinos produzida per capita e produção 
de leite em mil litros, produzidos por municípios para os anos de 2018, 2019 e 2020, no estado 
do Paraná-Brasil. Os resultados mostraram que há um relacionamento entre a variável de interesse 
valor bruto da produção agropecuária, e as variáveis explicativas quantidades de aves produzidas por 
cabeça, quantidade de suínos e quantidade de bovino nos municípios do estado do Paraná estudados 
neste trabalho, sendo possível identificar mesorregiões com as variáveis que explicam o valor bruto 
da produção agropecuária distintos para o modelo. Na análise de variância com os modelos, a variável 
produção de leite não foi significativa para explicar o valor bruto da produção agropecuária em cada 
ano ao nível de 5% de probabilidade, já as demais variáveis foram significativas. O modelo linear misto 
longitudinal forneceu informações necessárias sobre o relacionamento associado aos pesos que cada 
variável agropecuária forneceu no valor bruto da produção agropecuária que foi analisado no cenário 
econômico do estado do Paraná-Brasil. 

Palavras-chave: Cadeia produtiva. Desenvolvimento Regional. Máxima Verossimilhança Restrita.
                             Mesorregiões.

INTRODUCTION 

Technological advances which embrace studies that focus on agriculture and livestock are of 

necessary importance to explain different scenarios, within the scope of regional, economic and agro-

industrial development. Longitudinal mixed linear models are advanced statistical techniques that 

seek alternative responses for contribute to the regional development of the area under study and 

other regional and national areas. The state of Paraná has its main economic activity in the agricultural 

and livestock sector, based on large-scale production that is integrated into the complex and the 

agro-industrial production chain, which jointly aim at sustainable food production in a resilient way, 

respecting the environment and biodiversity (Cima et al., 2022).

The food supply associated with the increase in the growth of the global human population 

requires the adoption of economic, social, political and environmental sustainability principles, thus 

the agricultural sector plays a very important role in globalized food security, this principle extends 

production and consumption models that are associated with the optimization of productive resources, 

https://www.google.com/search?sca_esv=256fb5663bb66023&sxsrf=ACQVn0_T1p074c7u2shTqZ7zligXBkRKSQ:1707136704103&q=that+or+which&spell=1&sa=X&ved=2ahUKEwim1dLmm5SEAxW9ppUCHZ4SBwsQkeECKAB6BAgFEAI
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humanitarian protocols and green economy concepts related to the natural protection of the environment 

(Kalinowska et al., 2022).

 Currently there are studies that focus on the agro-industrial production chain and regional, rural, 

local and sustainable development in Paraná, associated with initiatives, programs of agro-industrial 

development and governance structure like a contracts for instance (Kuhn; Rocha Jr; Staduto, 2005). 

 The differentiated view of the present work is the use of the statistical model called a longitudinal 

mixed linear model that is aimed at a more detailed investigation of possible events that may occur in 

different agricultural scenarios, considering a historical series of original data, it aims to verify several 

behaviors of subgroups that share common profiles with each other. Global agricultural and food 

production has increased significantly in the last century, stimulated by the globalized economic scenario 

and characterized by population growth, cultural aspects, technological changes and production practices. 

There is a relevant concern about ecologically correct and safe production that adopts principles of 

environmental sustainability (Hemathilake; Gunathilake, 2022). 

The increasing supply of agricultural production in Paraná has presented the need to better 

understand its variability in relation to the value of agricultural production (VBP) that is expressed in reais, 

which represents an estimate of the income generation of rural areas, becoming a relevant variable for 

monitoring the sector performance as a whole (Alves, 2022). 

Recently agricultural production has grown at significant annual rates. The locational indicators 

of economic growth reported lack clarity regarding the information they seek to explain, thus observing 

the need for greater knowledge in certain regions of the state of Paraná-Brazil (Alves et al., 2020). There 

is an increasing number of public policies and government programs (Federal and State) that value space 

and state initiatives (regions), because it is in these places that economic growth and development are 

triggered (Lima, 2020). In this sense of analysis, the agro-industrial system deserves to be better evaluated 

because it represents a major factor in local and regional development. The state of Paraná-Brazil is 

considered promising in agricultural production and that incentives to the agro-industry system should be 

through mechanisms that aim to optimize productive resources.

 In most computer programs, this type of data is analyzed using linear models of mixed effects, 

which considers the estimate of an average population trajectory, parameterized in terms of fixed effects 
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and the variation of single trajectories (individual) around this average (Herle, et al., 2020).  This fixed 

effect is captured by variations and covariances of random effects specific to the study object. Currently, 

the focus of modeling such data is more focused on a more accurate investigation, which aims to verify 

if there are several typical trajectories throughout the analysis process, leading to the characterization of 

subgroups of individuals that share a common profile among themselves (Herle, et al., 2020).

Recent data studies with spatial dependence were published to show the spatial behavior of possible 

profiles of agricultural production (gross value of agricultural production, poultries, pigs, cattle and milk), 

in this sense the longitudinal mixed linear models constitute an important technique to analyze this type 

of data set, since this family of models makes assumptions not only about the distribution of waste, but 

also about the distribution of random effects (Schielzeth et al., 2020). Longitudinal studies with dependent 

structure have become central in a wide variety of research areas, which have led different researchers 

to be interested in the better understanding of the logic that involves the layout of the longitudinal study, 

for it is the only design of study that allows to relate certain measures at the beginning of the study and to 

changes in the condition of individuals over time (Wu, 2010). Models for such longitudinal analysis were 

discussed by Wu (2010). A modeling tactic is based on time series, as this series is considered agricultural 

production in a certain period of time (Verbeke; Molenberghs, 2005; Molenaar, 2017; Asparouhov et 

al., 2018; Ariyo et al., 2020). This form of modeling is centered on longitudinal data analysis in which 

observations are performed considering the time series. Such analyzes are based on model dynamics in 

which the current results are regressed in previous results (Millar, 2018; Asparouhov; Muthén, 2019).

 It should be noted that studies involving longitudinal analyzes in general present great potential 

for explanation of the phenomena analyzed (Verbeke; Molenberghs, 2005), report that this planning is 

a particular case of verification of repeated measures, because this is characterized by the observation 

of two or more measures in each individual, however what distinguishes the longitudinal structure 

within the repeated measures is the form of association between occasions and individuals. Given the 

importance of the effects that agricultural production causes to leverage regional economic development, 

strategic decision-making actions are necessary in order to promote well-being, agri-food supply and the 

strengthening of productive chains (Lima, 2020). Thus, the objective of this this work is to evaluate spatially 

through longitudinal mixed models, the gross value of agricultural production, considering a historical 
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series, having as explanatory variables the quantity of poultries produced per head, quantity of pigs 

produced per head, quantity of cattle produced per head and milk production in thousand liters 

produced by municipalities for the years 2018, 2019 and 2020 in the state of Paraná-Brazil. 

REGIONAL DEVELOPMENT AND THE AGRICULTURAL SECTOR

 Regional development management is necessary because it promotes public policies in favor 

of the agricultural sector in municipalities and regions that have a vocation for this type of economic 

activity (Rizardi, 2022).

Efficient public and private management stands out for regional development, in addition to 

contributing to the agribusiness sector, it aims at humanized work, the well-being and quality of life of 

rural producers, suppliers and consumers, as well as all agents who they are part of the supply chain 

and agroindustrialization (Silva, 2015).

Guarnieri et al. (2022) reports that regional, economic and social development is associated 

with the number of industrial organizations and private companies that operate in the industrial and 

agro-industrial sector, which makes this sector attractive for public policies, aiming at the regional 

development of regions, favored by innovations technological.

Therefore, regional development promotes initiatives that generate economic competitiveness 

between regions, favoring the creation of jobs, improving the income and quality of life of populations 

and leveraging economies (Monteiro-Neto, 2023).

MATERIAL AND METHODS

The theoretical foundation and conceptual aspects of longitudinal linear mixed models are 

explored in several papers (Verbeke; Molenberghs, 1997; Werbeke; Molenbergers, 2005; Wu, 2010). 

They are very relevant models in diagnostics and statistical applications in the areas of economics, 

agriculture, among others, which favor the understanding of many events that occur in nature. 

The longitudinal mixed linear model according to Pusponegoro et al. (2017) provides flexible 

analysis on longitudinal data that are correlated and also allows researchers the possibility of modeling 

the covariance structures that portray their random effects.
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Spatial studies require the use of data obtained from georeferenced matrices. Figure 1 shows 

the location map of the study area with the 399 municipalities of the state of Paraná-Brazil associated 

with their ten mesoregions. Spatial data were used on the gross value of agricultural production (VBP) 

[R$], quantity of poultries (QTAVES) number of cattle (QTBOV), quantity of pigs (QTSUI) with units in 

quantity/head and milk production (PROLE) [in thousand liters] of the years 2018, 2019 and 2020, 

obtained from the  Instituto Paranaense de Desenvolvimento Econômico e Social (IPARDES, 2022). The 

time span from 2018 to 2020 was worked on, available by municipality and presenting georeferenced 

characteristics for the state of Paraná, which comprises 399 municipalities.

Figure 1 | Study Area Location Map

Source: Adapted from IBGE (2023)

 The response vector corresponding to the observations obtained under  different conditions 

(years) for  the i-th umpteenth (  research units (municipalities) and  for the 

umpteenth subpopulations ( obtained by considering spatial dependence through 

the univariate Geary site index ( ).  The longitudinal data structure is given by the vector 

according to Equation 1:

,                                                                                                       (1)

where:  are the years used in the study;  are each municipalities in the Paraná state;  are the 

number of the municipalities in each subpopulation , where  are the subpopulations groups from the 
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univariate Geary site index.

The set of all observations corresponding to the  observations can be represented by 

Equation 2:

                                                                                                    (2)

where:  is the vector of the observations of the dependent variable VBP, where  is the 

vector obtained from the matrix columns stacking .

The spatial dependence structure obtained by the local Geary index, which varies from 0 to 2 

according to Almeida (2012) being defined by Equation 3:

 , i=1,... g,                                                                              (3)

for i=1,…,g, being  the square of the difference between the pairs of values of the 

variable under study (Almeida, 2012). 

The longitudinal mixed linear model (Wu, 2010) is presented by Equation 4:

= ,                                                                                                                  (4)

for , being  a vector of unknown parameters of fixed order 

effects (p + 1) x 1; , is a vector of random effects with spatial dependence, of order  

q x1, being  with  the covariance matrix of random effects; : is a matrix of the 

fixed effect, of order  , containing the covariables of the individual ; : it is an array, of 

order   (  it is often a submatrix of ); , are random errors, of order   

of intra-individual measurements, being ), with   the   covariance matrix of 

individual measurements.  The estimated value of the response variable ( ) is obtained from the Equation 

5 considering the fixed effects β, and the random effects . The parameters of the longitudinal 

mixed linear model are estimated using the restricted maximum likelihood function (REML) (Verbeke; 

Molenberghs, 2005). It is necessary to understand the assumptions of the model in order to understand 

its behavior throughout the analysis.

In the linear random effects model, the regression coefficients  are called random effects and 

the set of variances and covariances D. Each individual measurement differs from the total average of 

the individuals by a certain amount that is defined by random error. These errors are independent and 

are used to determine the variance components. Covariance is determined by the errors observed in 
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estimating the intra-individual mean and presents the characteristic of dependence.

The random effects in the intercept represent the natural heterogeneity between individuals. 

Some of the data variability may also be caused by unmeasured differences at the level of covariates, 

between individuals and within individuals. When this happens, it is necessary to include another level of 

nesting in the model or, in other words, include random effects on another covariate (Fausto et al., 2008). 

The covariates included in vector  are time-dependent and are also part of vector X. Therefore, QTAVES, 

QTSUI, QTBOV and PROLE are covariates that depend on time and, therefore, must be included in models 

with random intercept and fixed effects for covariates.

 Schuielzeth et al. (2020) report that the assumptions of the generalized linear mixed model for 

longitudinal data are that the explanatory variables are linearly related to the response. Errors must assume 

constant variance. Errors must be independent and normally distributed. The residues must be plotted in 

relation to the explanatory variable that will indicate if the skewed model has been adjusted, also plot 

the residues against the adjusted values will indicate if there is variance of non-constant error, that is, if 

the variance increases with the mean where the waste spreads as the adjusted value increases. For the 

authors Schuielzeth et al. (2020) the restrictions of the model may be related to bimodal distributions 

where the presence of up and down shifted means may occur in or  units, these changes may arise 

if there is a missing fixed effect influence on the model (Schuielzeth et al., 2020). 

For this work, the objective of using the longitudinal mixed linear model was to describe the 

longitudinal behavior of the gross value of agricultural production and also to predict the profile of the 

quantity of poultry, pigs, cattle and milk produced.

In this work, the model of the gross value of the average agricultural production (Equation 5) was 

estimated, with the following parameters that consider the years 2018, 2019 and 2020.

                                      

where, , ,  and : are the estimated parameters of fixed effects; VBP: gross value of 

agricultural production; QTAVES: quantity of poultries; QTBOV: amount of cattle; QTSUI: quantity of pigs; 

and PROLE: milk production. A stepwise selection procedure was applied in the Equation model (5), to 

choose the explanatory variables in order to identify the most appropriate model to explain the variability 
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in VBP. The data of the variables: gross value of agricultural production, quantity of poultries, quantity 

of cattle, quantity of pigs and milk production, were processed, following the transformation of Box-Cox 

(Box-Cox, 1964), as presented in Equation 6:

                                                                                                                          (6)

where, : is the parameter that defines the transformation of the data;  corresponds to the 

original data of the; : corresponds to processed data. In the models estimated for the random effect, 

variations in the interception of the models were considered, and the factor used for the estimation was 

in the mesoregions of the state of Paraná-Brazil. The parameters of the models were estimated with the 

use of the restricted maximum likelihood function, which allows to obtain estimates of variance of the 

model and also corrects possible biases that can occur when using the maximum likelihood. To obtain 

the longitudinal mixed models, the R (R development core team, 2023) software was used with the lmer 

function of the lme4 package as presented by Verbeke and Molenberghs (2005).

RESULTS AND DISCUSSIONS

 The results found in this work contribute to the regional development of the municipalities of 

Western Paraná, the study showed the behavior of the gross value of agricultural production throughout 

the analyzed period, which allowed this economic indicator of high relevance in the agribusiness sector the 

possibility of identification of important characteristics associated with poultry, pig and cattle production, 

which serves as privileged information for the assessment of managers and entities that represent the 

agro-industrial development of the area under study.

Table 1 presents the descriptive statistics of the variables: Gross value of agricultural production 

(VBP), quantity of poultries (QTAVES), quantity of pigs (QTSUI), quantity of cattle (QTBOV) and milk 

production (PROLE) for the years 2018, 2019 and 2020. It can be observed that the lowest standard 

deviations occurred in the QTSUI variable, followed by the PROLE variable for the years 2018, 2019 and 

2020. The variables VBP18, VBP19 and VBP20 presented normality 5% of likelihood with the Kolmogorov–

Smirnov test, disregarding the disparate points. This scenario of regional agricultural development is 

corroborated by the results of research by Krelling et al. (2023).
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Table 1 | Descriptive analysis of the data of VBP, QTAVES, QTSUI, QTBOV and PROLE for the years 

2018, 2019 and 2020.

Variable n Min Q1 Q2 Mean Q3 Max SD

VBP18* 399 14.426 18.440 18.949 18.916 19.461 21.518 0.818

QTAVES18 399 6.273 11.479 12.857 12.559 13.924 16.627 1.906

QTSUI18 399 2.944 6.875 7.772 8.025 8.961 13.973 1.700

QTBOV18 399 3.761 8.752 9.607 9.473 10.379 12.017 1.252

PROLE18 399 2.639 7.039 8.426 8.231 9.509 12.586 1.646

VBP19* 399 14.397 18.493 19.000 18.991 19.521 21.713 0.830

QTAVES19 399 6.295 11.434 12.853 12.568 13.934 16.647 1.898

QTSUI19 399 2.398 6.791 7.741 7.975 8.891 13.975 1.707

QTBOV19 399 3.091 8.700 9.577 9.430 10.358 11.967 1.265

PROLE19 399 2.565 7.004 8.423 8.202 9.411 12.543 1.669

VBP20* 399 14.559 18.769 19.254 19.255 19.795 21.973 0.847

QTAVES20 399 6.282 11.542 12.887 12.608 13.981 16.649 1.864

QTSUI20 399 1.386 6.685 7.673 7.911 8.912 13.976 1.786

QTBOV20 399 3.296 8.663 9.537 9.379 10.271 11.886 1.269

PROLE20 399 1.386 7.070 8.410 8.210 9.518 12.805 1.728

Note: N: number of municipalities, Min: minimum value, Q1: first quartile, Q2: second quartile, Med: Mean, Q3: third 
quartile, Max: maximum value, SD: standard deviation, * significance at 5% of likelihood level.

Source: Own calculations

Figure 2 shows the boxplot chart of the variables under study. The VBP dependent variables are 

originally obtained in reais, the variable PROLE in a unit of 1,000 liters and the other independent variables 

in unit of quantity/head. Symmetry is observed in the data distributions, and the presence of disparate 

points in the charts can also be observed as VBP for the years 2018, 2019 and 2020, and these points can be 

explained by the fact that we use in the research all the municipalities of the state of Paraná-Brazil. Some 

municipalities are considered the main producers of the state and others that have little representation in 

the production chain, which reflects in Figure 2 as the outliers below the lower limit and above the upper 

limit of the charts. Research such as Vieira et al. (2021) presents a similar discussion which is related with 

regional and agricultural development.
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Figure 2 | Boxplot of the variables: Gross value of agricultural production (VBP), quantity of poultries 

(QTAVES), quantity of pigs (QTSUI), quantity of cattle (QTBOV) and milk production (PROLE) for the 

years 2018, 2019 and 2020.

Source: Own research

In figures (3A) to (3L) regression lines are showed considering the mesoregions (MR) of Paraná are 

denoted as 1: Paraná state Northwest , 2: Paraná state Western Center, 3: Paraná state North Central, 4: 

Paraná state North Pioneer, 5: Paraná state Eastern Center, 6: Paraná state West , 7: Paraná state South-West 

, 8: Paraná state South Center, 9: Paraná state South-East, 10: Metropolitan of Curitiba. The mesoregions 

of Paraná are used as a factor for the generation of longitudinal mixed models, so that Figures (3A) to 

(3L) indicate the relationship between each dependent variable and each independent variable before 

generating the mixed models. It can be observed in these Figures for the years 2018, 2019 and 2020 that 

the intercepts of the models are different in each mesoregion, which indicates the pertinence of using 

mesoregions as a factor to obtain the random effects of interception of the spatial longitudinal mixed 

models in this study.
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Figure 3 | Linear response profile in each mesoregion (MR) of the state of Paraná.                 

(A) (B)

(C) (D)

(E) (F)
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(G) (H)

(I) (J)

(K) (L)

Source: Own research
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The response profiles in the ten mesoregions (MR) of the state of Paraná for the variables under 

study are presented in Figures 3A to 3L. The relational behavior between the independent variables and 

the dependent variable is called the response profile (Kim, et al., 2003; Narvand et al., 2013). The analysis 

of the response profiles allows to identify a linear relationship between the dependent variable VBP and 

the independent variables QTAVES, QTSUI, QTBOV and PROLE in the mesoregions. The profiles indicate 

different interception parameters for the models in the mesoregions, thus an average parameter can be 

used (Bates et al., 2015). Although, in some mesoregions, differences in model angulation parameters are 

noticed, it is evident in Figures 3A to 3L that the intercept is the parameter with more distinction in the 

profiles. The Geary index, calculated from the Equation 3 is shown in Figure 4. The formed groupings are 

used to capture the random effects of the variables in the longitudinal mixed model under study. 

Figure 4 | Geary index for the municipalities of the state of Paraná.

Source: Own research

Figure 4 shows that a grouping of five classes of the univariate local Geary index ( ) was performed. 

The high-high category represents municipalities that have high value in the VBP and are surrounded by 

municipalities that also have values, which can be considered high in the VBP variable, being observed in 

municipalities such as Toledo, Tibagi, Castro and others, are part of the West and Center-West mesoregion. 

In the case of low-low class are municipalities that have low values of the variable of interest surrounded by 

neighbors that also present low values, and in this situation we observe municipalities such as Guarapuava, 

Irati and Campo Largo, belonging to the Central-South, Southeast and Metropolitan mesoregions 
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of Curitiba respectively. In the other positive class, they are municipalities that have high values 

surrounded with municipalities that correspond to a positive correlation, as in the municipality of 

Pitanga, which is part of the Center-South mesoregion.

In the economic development context sustainable, the spatial behavior observed suggests an 

expressive spatial variability in all municipalities of the state of Paraná, and it is related to the fact that 

many municipalities associated with their mesoregions, have high agricultural production and others 

do not follow this productive dynamic. Thus, the variability identified in the univariate Geary local index 

is consistent, since it adequately reflects the behavior observed in the agricultural activity of the state 

of Paraná-Brazil. In the research by Kalinowska et al. (2022) spatial aspects of agricultural development 

associated with sustainability are discussed and which also corroborate the results obtained in this work.

Table 2 presents the estimated parameters for the complete longitudinal mixed model that 

considers the years 2018, 2019 and 2020. In the estimation of the parameters, mesoregions were 

assigned as a random effect factor, which allows for each mesoregion an intercept for the model, and the 

interception parameter of the obtained model is determined by the mean of mesoregion parameters.  The 

model estimated is specified in Equation 7.

            (7)

To select the significant explanatory variables of the Equation model (7), the stepwise process 

was performed using the step function of the lmer Test package of the R (R Development Core Team, 

2023) software. The stepwise process data are presented in Table 2. It is observed in this table that the 

explanatory variables QTAVES, QTSUI and QTBOV were significant at the level of 5% likelihood. In the 

stepwise process the variable PROLE was not significant, being eliminated from the final model.

Table 2 | Stepwise selection process statistics

Variable E Gl SQ RSS AIC F-value P-value
PROLE 1 1 0.229 338.06 -1505.4 0.8072 0.3691NS

QTAVES 0 1 66.435 404.5 -1292.7 234.4456 0.0000*

QTSUI 0 1 147.154 485.21 -1074.9 519.2986 0.0000 *

QTBOV 0 1 16.3 354.36 -1451.1 57.5203 0.0000*

Note: E: Variable deleted, 1 for deleted and 0 for variable maintained in the model; Gal: degree of freedom; SQ: Sum 
of squares: RSS: Residual Sum Square; AIC: Akaike Information Criterion; F-value: F-statistic value; P-value: significance 
level; NS: not significant at 5% significance level; * significance at 5% likelihood level.

Source: Own calculations
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Thus, the final model estimated using the stepwise criterion is presented in Equation 8: 

              (8)

The Equation model (6) has  and . In Figure 5, for the estimated 

model without the variable PROLE, the theoretical quantile versus sample quantile chart is presented 

for the residues and bands with 95% confidence, considering the data of the years 2018, 2019 and 

2020. It is possible to observe that there is an indication of normality for the residues of this model, 

so that it satisfies the assumption of normality. 

The presence of residue values outside the confidence bands both below and above can be 

attributed to the fact that the study was conducted with the variables in the 399 municipalities of 

the entire state of Paraná-Brazil, and considering that there are in this set municipalities with high 

agricultural activity, that reflect in high values of VBP. These municipalities are represented in Figure 

5 by the points with higher values outside the upper limits of the confidence bands. Municipalities 

with small agricultural activity are represented by points below the lower limits of the confidence 

bands. Thus, through the diagnosis used in the residues, there is no evidence to rule out the 

assumption of normality of the residues in the models obtained.

Figure 5 | Q-qqplot chart  for the residues of the longitudinal mixed linear model with the variable 

PROLE eliminated for the years 2018, 2019 and 2020.

Source: Own calculations
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In the model, it was possible to identify that QTAVES, QTBOV and QTSUI were important in 

predicting the gross value of agricultural production, since they were significant in the linear mixed 

longitudinal model selected to explain VBP in the years under study. Thus, the methodology used 

was adequate to identify spatial patterns and trends and comes against the need to explore the 

relations between agricultural activities and their impacts in the economic area.

In this study it was possible to identify a linear relationship of VBP with QTAVES, QTSUI and 

QTBOV with the use of mixed models. The evidence of the economic importance of these variables 

can be observed in the scientific literature that addresses the production in a joint way with the 

agricultural assets (Steinmets et al., 2021). 

In this study, the economic importance of the number of bovine animals was evidenced, since 

the variable QTBOV presented statistical significance to explain the VBP. These results corroborate 

with several studies on cattle production systems and their impact on the estimation of economic 

values (Gathura et al., 2020; Alejandro et al., 2020). Similarly, the variable number of pigs presented 

statistical significance to explain the gross value of agricultural production (BVC), and although the pigs 

breeding may imply a certain cost of production and environmental cost, it is a relevant agricultural 

asset in the Brazilian productive system (Ali et al., 2018; Lima et al., 2021; Rocha et al., 2022).

The variable QTAVES in this study was also significant to explain the VBP being a result 

that agrees with Da Silva et al. (2020) on the importance of this variable in the economic context. 

The relevance of pig and poultry production can also be observed through systems that guide its 

integration and management (Dal Moro et al., 2021). 

Milk production, the PROLE variable was not significant to explain VBP in Paraná for the 

years under study. This fact may be related to the family development and punctual way of dairy 

production in the regions that make up the state of Paraná-Brazil (Dorregão et al., 2020; Eurich et 

al., 2022), although family agriculture is relevant, with more than 50% of the gross domestic product 

(GDP) of production in the pig, poultry and milk chains (Eurich et al., 2022), the aggregate value 

associated with milk tends not to reach the market levels of the other assets evaluated in this study, 

thus, it is not significant to explain the VBP.
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Agricultural activity is an important economic component for the generation of employment 

and income at regional, national and world level and contributes to the development of the State of 

the Countries (Esteves et al., 2016; Amaral et al., 2020; Cima et al., 2021). The mixed models used 

in this work allowed to measure the contribution of agricultural variables in the VBP of the state of 

Paraná, being possible to guide actions to increase these variables in order to strengthen the VBP, as 

well as contribute to public and private initiatives that make up the economic system. 

CONCLUSION   

 The results presented are of regional and global economic representativeness, representing 

the profile of the longitudinal spatial behavior of agricultural variables. Thus, they highlight the 

importance of food security, as well as obtaining it in a sustainable way, thus contributing to social 

and environmental well-being.

The analysis with the longitudinal mixed model allowed to evaluate the behavior of the 

response variable, and it was the gross value of agricultural production (VBP) over time and allowed 

to identify important characteristics that allowed to follow its evolution over the period analyzed.

 The variables QTAVES, QTSUI and QTBOV were significant to explain the variability in the 

VBP variable in the years 2018, 2019 and 2020. The values estimates for VBP can be performed 

with longitudinal mixed model with independent variables such as QTAVES, QTSUI and QTBOV, thus 

becoming a differential of possible analysis diagnoses in the agricultural sector, favoring the rural 

manager in his or her decision making.

Thus, it seeks to indicate recommendations to public policy managers, agribusiness 

entrepreneurs and local, regional, national and world development agents with a view to increasing 

the gross value of agricultural production, through actions in their respective sectors that propel the 

different segments that make up the economic system as a whole.

 The variable PROLE was not significant to explain VBP in the years 2018, 2019 and 2020, 

and the longitudinal mixed linear model without the milk production variable was selected by the 

selection criteria used, as the best model to explain VBP in the years studied.
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 The random effect of the estimated longitudinal mixed models was obtained considering 

the variation of intercepts in the mesoregions, since the linear models suggest distinct intercepts 

between the mesoregions. 

 In the results found in the present work, it was evident the importance and contribution of 

the longitudinal mixed linear model for the analysis in the agricultural sector, thus contributing to 

scientific research, the economic sector and the agro-industrial sector.

The study showed that the results found do not limit the subject and that new scientific 

work is necessary to understand the universe that involves special analysis of agricultural data. 

Therefore, research in this field benefits regional, economic and social development, contributing 

to the economic understanding of municipalities, promoting practical and applied knowledge in the 

scientific community and in the agribusiness sector.

In view of this study, new works are suggested that focus on the spatial analysis of agricultural 

data considering other variables of interest such as agricultural GDP using quantitative methods 

of spatial econometrics. The results of these researches are relevant in regional, national and 

international development scenarios.

In this sense, the research showed that the magnitude of the information obtained can be explored 

in decision-making by presenting precise diagnoses of the possible scenarios that can be analyzed, 

providing the diversity of economic analysis in the comprehensive universe that is agribusiness. 
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