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RESUMO 

 

O Brasil é o maior produtor e exportador mundial de café (Coffea spp.). Minas Gerais 

é o principal estado produtor e a produção de café arábica representa mais de 70% da produção 

estadual. A produção cafeeira pode ser prejudicada por meio de perdas devido à diversos 

fatores, mas o principal é a presença de doenças. Sendo a ferrugem do cafeeiro (Hemileia 

vastatrix) a principal doença geradora de perdas na produção tanto em café arábica, quanto em 

conilon. O progresso da doença deve ser acompanhado para a escolha do manejo e melhor 

época de aplicação de fungicidas. Um dos métodos utilizados para avaliar de forma prática a 

quantificação de doenças no campo é o uso de escalas diagramáticas. Com isso, o primeiro 

experimento teve o objetivo de desenvolver uma nova escala diagramática para café arábica 

com fotografias coloridas e sete níveis de doença, baseado em outras três escalas existentes. 

Primeiramente, confeccionou-se a nova escala diagramática, a partir de 221 folhas coletadas de 

forma casualizada e posteriormente foi obtida a distribuição de frequência da doença. 

Posteriormente foi realizada três avaliações com 10 avaliadores diferentes para a validação da 

nova escala e comparação com as escalas diagramáticas existentes. A validação foi realizada 

por meio de regressão linear e análise de correlação concordante de Lin, realizadas no software 

R. Os avaliadores utilizando a escala proposta aumentaram a acurácia, precisão e 

reprodutibilidade das avaliações e reduziram a distribuição dos resíduos. O objetivo do segundo 

experimento foi de avaliar a taxa de progresso da ferrugem no café arábica com diferentes 

fungicidas e suas misturas. Os dados analisados foram obtidos entre 2014 a 2021, obtidos a 

partir de 23 experimentos de lavouras de café arábica, cultivar Catuaí Vermelho IAC 99, 

suscetível à ferrugem. As avaliações foram realizadas em lavouras com idade entre cinco e oito 

anos, espaçamento de 3,8 x 0,6m entre plantas e conduzidos segundo as recomendações 

técnicas para a cultura. O delineamento experimental foi em blocos casualizados, com quatro 

repetições e a parcela experimental composta por 10 plantas. Foi avaliada a incidência de 

ferrugem, a taxa de progresso da doença, linearização dos dados e ajustados modelos lineares 

e não lineares para todos os dados de tratamento obtidos, utilizando o software R. O melhor 

modelo ajustado foi escolhido a partir dos critérios de maior coeficiente de determinação (R2) 

e menor Critério de Informação de Akaike (AIC). O modelo integral não linear exponencial foi 

o de melhor ajustou para descrever a taxa de progresso da ferrugem em função do tempo. 

 

Palavras-chave: Coffea arabica L. Controle químico. Escala Diagramática. Fungicidas. 

Hemileia vastatrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ABSTRACT 

 

Brazil is the world's largest producer and exporter of coffee (Coffeea sp.). Minas 

Gerais is the central producing state and Arabica coffee production represents more than 70% 

of the state production. Coffee production can be harmed through losses due to several factors, 

but the main one is the presence of diseases. Coffee rust (Hemileia vastatrix) is the main disease 

causing production losses in both arabica and conilon coffee. The progress of the disease must 

be monitored to choose the best management and time of fungicides application. One of the 

methods used to practically evaluate the quantification of diseases in the field is the use of 

diagrammatic scales. Thus, the first experiment aimed to develop a new diagrammatic scale for 

arabica coffee with color photographs and seven disease levels, based on three other existing 

scales. First, a new diagrammatic scale was created, from 221 leaves collected at random and 

later the distribution of the frequency of the disease was obtained. Subsequently, three 

evaluations were performed with 10 different evaluators for the validation of the new scale and 

comparison with the existing diagrammatic scales. Validation was performed using linear 

regression and Lin concordant correlation analysis performed in the R software. The evaluators 

using the proposed scale improved the accuracy, precision and reproducibility of the 

evaluations and reduced the residues distribution. The aim of the second experiment was to 

evaluate the progress rate of rust in arabica coffee with different fungicides and fungicide 

mixtures. The analyzed data were obtained between 2014 and 2021, from 23 experiments of 

Arabica coffee crops, cultivar Catuaí Vermelho IAC 99, susceptible to coffee leaf rust. The 

evaluations were carried out in crops aged between five and eight years, with a spacing of 3.8 

x 0.6 m between plants and carried out according to the technical recommendations for the 

culture. The experimental design was in randomized blocks, with four replications and the 

experimental plot consisted of 10 plants. Rust incidence, disease progress rate and linearization 

rate data were obtained, then linear and nonlinear rate models were fitted for all treatment data 

obtained using R software. The best adjusted model was chosen from the criteria of highest 

coefficient of determination (R2) and lowest Information Criterion of Akaike (AIC). The 

exponential nonlinear integral model was the best fit to describe the rate progress of rust as a 

function of time.  

 

Keywords: Coffea arabica L. Chemical control. Diagrammatic Scale. Fungicides. Hemileia 

vastatrix. 
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PRIMEIRA PARTE 

 

1  INTRODUCTION 

 

Coffee is one of the most common beverage in the world and its consumption has been 

growing over the years. Last years, global consumption increased by 1.5 million bags (60kg) 

due to higher European, American and Brazilian consumption. Brazil is the world's largest 

producer, followed by Vietnam, Colombia and Indonesia (USDA Foreign Agricultural Service, 

2021). The total Brazilian estimated production for 2022 of processed coffee is over 55 million 

bags. Nowadays arabica coffee represents 69.57% of Brazil's estimated production. The state 

of Minas Gerais is the largest producer of coffee beans in the country and represents 70% of 

the arabica coffee planted area in Brazil (CONAB, 2022). 

Coffea arabica is the Coffea species with the most planted areas and the highest 

production in the world (USDA Foreign Agricultural Service, 2021). Coffee production and 

quality of the beverage can be reduced by adverse situations such as problems in soil nutrition, 

bad weather, problems in crop management and diseases. The main disease in this crop is coffee 

leaf rust (CLR). CLR is caused by the fungus Hemileia vastatrix Berkeley & Broome that 

promotes premature defoliation, reduction of the photosynthetic area of the plant with 

subsequent death of plagiotropic branches in coffee trees (Pozza, 2021). Based on previous 

research, loss in arabica plantations has reduced global coffee production: by up to 20-25% 

(McCook, 2006), reach to 35% (Talhinhas et al., 2017) and up to 50% (Pozza et al., 2010). 

However, based on estimated mathematical modeling, loss ranges can reach 55.8% to 99.8% in 

CLR production (Colares, 2018). 

The study of the temporal progress of the CLR helps to regulate the application time 

and choose the best management with isolated fungicides or with a combination of different 

products. This represents the best control of an epidemic in the best management way by 

optimizing the application of inputs, such as fungicides and fertilizers, and reducing costs 

(Custódio et al., 2011; Pozza, 2021; Pozza & Alves, 2008). Usually CLR progress are expressed 

by plotting the proportion of the disease as a function of time (Bergamin Filho, 2018; Jeger & 

Viljanen-Rollinson, 2001). The disease progress curve of CLR was described by Kushalappa 

& Chaves (1980), Kushalappa & Martins (1980),  Kushalappa et al. (1983) e Pinto et al. (2002), 

the first signs of the disease appeared from December to January. The increase in the rate of 

disease progression occurred in March and April, assuming an exponential growth. The most 

intense signs of the disease occurred from June to July, due to the harvest in cold weather and 
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low humidity. As a consequence of the period of greater sporulation of the pathogen, a drastic 

fall of the leaves can occur, generating a severe reduction of the plant canopy. 

The management of CLR are controlled by fungicides is carried out based on 

predefined dates (Pozza, 2021; Pozza et al., 2010) or based on monitoring for decision making 

(Belan et al., 2014). The second way is more suitable and reduces costs with unnecessary 

applications (Bergamin Filho, 2018; Jeger & Viljanen-Rollinson, 2001).  Thus, to identify and 

evaluate the efficiency of fungicides, the best spraying times, the resistance of cultivars and 

management techniques, it is necessary to quantify the disease, by its incidence and/or severity. 

A good way to quantify disease in the field is using a diagrammatic scale as a standardized tool 

to assess the severity of CLR (Berger, 1980; Del Ponte et al., 2017). There are currently three 

scales to quantify CLR in Arabica coffee (Capucho et al., 2011; Custódio et al., 2011; A. C. 

Kushalappa & Chaves, 1980). However, these scales do not follow the current trend of using 

true-color photographs or stylized representations to assist assessors in quantifying the disease 

(Del Ponte et al., 2017).  

Based on this, the first experiment aimed to evaluate and compare the rate progress of 

Arabica coffee rust in different experiments and years, comparing the fungicides positioning 

used with a different mode of action isolated and in combination mode of action regarding a 

effectiveness management for CLR. In this context, comparing the fungicides positioning used 

as mode of action, isolated and/or in combination regarding a effectiveness management for 

CLR using the epidemiology models. The second experiment aimed to develop a new 

diagrammatic scale for Arabica coffee with color photographs and seven disease levels, based 

on three other existing scales. 

 

2  LITERATURE REVIEW 

 

2.1 Coffee  

 

Coffee is an Angiosperm (Dicotyledons) belonging to the Rubiaceae family. The 

Coffea genus includes 124 species (Davis et al., 2011). On the worldwide market, the main 

species of this genus are Coffea arabica L. and Coffea canephora Pierre ex A.Froehner. The 

origin and diversification of the genus occurred in the African continent. The coffee tree is 

restricted to tropical areas and preferably in humid locations (Ferreira et al., 2019). Therefore, 

Brazil, Vietnam, and Colombia were the main coffee producers and exporters from 2016 to 

2020 (USDA, 2020). Brazil is the largest world producer, in 2020 its estimated production was 
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63.08 million bags (CONAB, 2020; USDA, 2020). Arabica coffee represents 77% of total 

production with 48.77 million bags. The main Arabica coffee producing states are Minas 

Gerais, São Paulo and Espírito Santo and they represent 92.85% of Arabica production. Minas 

Gerais alone represented 70% of Arabica production in 2020 with 34.34 million bags (CONAB, 

2020). 

Based on the coffee economic importance described above, it is important to 

appreciate the coffee production and productivity, and beverage quality. However, some factors 

hinder the good development of the plant, such as phytopathogens. The main coffee disease in 

Brazil and in the world is rust (Pozza, 2021). 

 

2.2 Coffee leaf rust  

 

Coffee leaf rust (CLR) was first recorded in 1861 in East Africa, but the first epidemic 

occurred in 1869 in Sri Lanka (formerly Ceylon), causing high social and economic losses 

(Talhinhas et al., 2017). The disease was first reported in 1970 in Brazil, southern Bahia state, 

and after four months it had already spread to almost all states. CLR occurs in most coffee-

growing areas of the world, promoting defoliation of plants, and based on mathematical 

modeling the estimated loss in production by CLR ranges from 55.8% to 99.8% (Colares, 

2018). 

Coffee rust caused by the fungus Hemileia vastatrix Berkeley & Broome is the most 

important disease limiting coffee production (Waller et al., 2007). Symptomatology of CLR is 

the first yellow pale spots on the abaxial side of coffee leaves. After that, they develop into a 

yellow-orange lesion with a mass of spores. Where there is a spore mass, the adaxial side 

becomes chlorotic. With the progress of the disease, the area may become necrotic and induce 

premature leaf fall (Pozza et al., 2010; Talhinhas et al., 2017). In addition to defoliation of 

plants, the pathogen reduces the amount of product, the size of the grain and generates less plant 

longevity (Pozza, 2021). 

 

2.3 Coffee rust progress rate  

 

The environment can affect the plant-pathogen interaction, as it can influence the 

growth and susceptibility of the host plant and the dissemination, multiplication, survival, and 

activities of the pathogen. Thus, climate change can alter the occurrence and severity of plant 

diseases (Ghini et al., 2011). The main weather variables for the progress of fungal diseases in 
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coffee are temperature and humidity (Pozza & Alves, 2008). Favorable conditions for the 

occurrence and progression of CLR are: absence of light; high fruit load; high plant density; 

unbalanced nutrition; shading; and, climatic conditions with temperature between 21-25˚C, 

high relative humidity and the duration of the leaf wetness period (Pozza et al., 2010; Pozza & 

Alves, 2008). 

The rate was described by Van der Plank (1963) naming it the Apparent Infection Rate. 

The disease progress rate was calculated by the proportion of the disease that increased in a 

given period (Van der Plank, 1963). The rate of disease progress expresses the speed of the 

epidemic and is influenced by host susceptibility, pathogen virulence, and favorable 

environmental conditions. The use of fungicide also interferes with the progress of the disease. 

For these, the rate is an important parameter to compare epidemics in different climatic weather 

conditions (Ghini et al., 2011; Van der Plank, 1963). Disease progress curve another way to 

represent an epidemic and is usually expressed by plotting the proportion of the disease as a 

function of time. The main parameters in the disease progress curve are initial inoculum (y0), 

disease progress rate (r), shape and area of disease progress curve, the earliest date that disease 

is observed (t0), maximum severity (ymax), and final disease severity (yfinal) (Bergamin Filho, 

2018; Jeger & Viljanen-Rollinson, 2001). 

The first symptoms of CLR occur between December-January, the disease progression 

increases from March-April getting exponential rate progress growth. The maximum disease 

intensity occurs in June-July (Pinto et al., 2002). Therefore, it is necessary to observe the 

evolution of the disease to choose the best management and control (Pozza et al., 2010). The 

management of CLR in Arabica is done mainly with the integration of several measures. 

Genetic control and chemical control are used. Genetic control can use resistant or tolerant 

varieties resistance  (McCook & Vandermeer, 2015). The resistances are divided into horizontal 

resistance which is more durable (slow-rust) than vertical resistance (hypersensitivity response 

by fleck lesion) (Silva et al., 2008). However, chemical control is the most usual, using 

protective and systemic fungicides, they are applied according to the need and the risk scenario. 

In this context, the rate measures the speed of the disease and is an important parameter for 

comparing epidemics (Ghini et al., 2011). The management of fungicides is carried out based 

on predefined dates (Pozza, 2021) or based on CLR monitoring for decision making (Belan et 

al., 2014).  
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2.4 Diagrammatic scale 

 

As CLR is a leaf disease, the most appropriate way to quantify rust is due to the 

severity of the disease. Severity is the percentage or the proportion of area with disease 

symptoms (Amorim & Bergamin Filho, 2018). The quantification of the disease depends on 

standardized tools to assess the severity of CLR. A tool to be used must provide reliable results, 

easy to apply, and represent a wide range of disease development. Diagrammatic scales meet 

the requirements listed above (Berger, 1980) and are widely used for disease quantification 

(Del Ponte et al., 2017). 

The assessment can classify the amount of disease qualitatively or quantitatively (Del 

Ponte et al., 2017). Qualitative assessment (nominal scales) is more subjective and not 

reproducible because it is divided by brief descriptions such as no disease, low, moderate, and 

high severity of the disease, or symbols. On the other hand, qualitative ordinal scales are clearer 

than nominal scales, because they have discrete descriptions of symptoms. The ordinal 

qualitative scale is used to compare diseases with symptoms that are difficult to quantify, 

however you cannot use the midpoints or means of those scales. Aiming a greater evaluation 

efficiency and reproducibility there are the quantitative ordinal scales. They are clear with a 

specific range of severity. For these, you can use the mean and mid-point conversion (Bock et 

al., 2020).  

Diagrammatic scale or Standard area diagram (SAD) is a tool for estimating the 

severity of plant diseases, based on visual estimation (Del Ponte et al., 2017). The tool is made 

with illustrated representations of a series of plants or parts of plants showing the symptoms of 

the disease at different levels of severity (Amorim & Bergamin Filho, 2018). Previously the 

black-and-white drawings are the most typical diagrams. However, nowadays there is a trend 

to use real colors photographs or stylized representations to help assessors in the disease 

quantification (Del Ponte et al., 2017). SAD helps a lot in the experimental and field areas for 

quantification and management of diseases quickly and practically (Amorim & Bergamin Filho, 

2018; Del Ponte et al., 2017). This tool is widely used in plant pathology for evaluating disease 

in different crops, organs, and pathogens (Belan et al., 2014; Capucho et al., 2011; Custódio et 

al., 2011; de Paula et al., 2016; Figueira et al., 2014; Freitas et al., 2015; Sussel et al., 2009). 

In addition to building a SAD, after 1990 also need to validate the scale. There are two 

statistical models for use to validate, the coefficients of linear regression and Lin’s concordance 

correlation coefficient. Most articles use Linear regression (83.33%), just a few studies use both 

metrics, and nowadays there is a trend increasing the use of Lin’s coefficient (Del Ponte et al., 
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2017). Linear regression compares the values of actual severity (independent variable) and 

estimated severity (dependent variable) of the disease. Although widely used, linear regression 

is not the most suitable method for this type of analysis, as it generates erroneous conclusions. 

Lin's method is the most suitable, as it combines measures of accuracy and precision in the 

same parameter and avoids erroneous conclusions that can be obtained in linear regression 

(Bock et al., 2010). 

 
Figure 1 Diagrammatic scale to assess the severity of coffee leaf rust (Hemileia vastatrix) on 

coffee leaves. (A) The diagrammatic scale of Kushalappa & Chaves (1980), (B) diagrammatic 

scale of Cunha et al. (2001), (C) diagrammatic scale of Capucho et al. (2011) and (D) proposed 

diagrammatic scale. 

 

For CLR there are three previous diagrammatic scales (Capucho et al., 2011; Cunha 

et al., 2001; A. C. Kushalappa & Chaves, 1980), but just Capucho et al. (2011) used Lin`s 

concordance. However, they use percentage colored drawings, without levels and use the same 

SAD to C. arabica and C. canephora. Showing the importance to make a new CLR scale, with 

both statistical methods, levels, and reals photographs.  
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ABSTRACT 14 

Coffee leaf rust (CLR) is the most important disease in coffee and is caused by Hemileia vastatrix. The use of a 15 

diagrammatic scale helps people more effectively evaluate rust severity and improves disease measurement by 16 

evaluators. Our goal was to develop a new scale with colored pictures and seven disease levels (0; 0.1–1.0; 1.1–17 

2.0; 2.1–5.0; 5.1–10.0; 10.1–25.0; >25.0%) and then compare the severity results of CLR on arabica coffee leaves 18 

with those based on three other scales. Three evaluations were performed by ten different evaluators. The first 19 

assessment was performed without a scale. On the same day, raters performed four assessments with each of the 20 

four diagrammatic scales. The third evaluation was performed at seven-day intervals. We analyzed the statistics 21 

with linear regression and Lin’s concordance correlation. The evaluators using the proposed scale improved the 22 

precision, accuracy and reproducibility of the evaluations and reduced residual distribution when compared to the 23 

evaluators who did not use the proposed diagrammatic scale or who used the other scales. Overall, the proposed 24 

diagrammatic scale is a tool that can assist users in producing a disease estimate close to the real value of CLR on 25 

arabica coffee leaves. 26 

 27 
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1 Introduction   31 

 32 

  Brazil is the leading country in terms of coffee production and one of the largest coffee-33 

exporting countries worldwide, followed by Vietnam, Indonesia and Colombia (Abreu, 2000; FAO, 2020). In 34 

2020, the total Brazilian production of arabica (Coffea arabica) and conilon (Coffea canephora) coffee was 61.62 35 

million bags and arabica coffee constitutes 77% of the national production (CONAB, 2020). However, the 36 

production and quality of coffee beans are strongly influenced by the occurrence of phytopathogens. Leaf diseases 37 

are caused by many pathogens, and most of them are difficult to control in tropical regions (Ghini et al., 2011). 38 

Coffee leaf rust (CLR), caused by the obligate fungal parasite Hemileia vastatrix Berkeley & Broome, is 39 

the most important coffee disease in much of the world (Waller et al., 2007). During years with high incidence, 40 

CLR can reduce global coffee production by 20–25%, causing losses of 1–2 billion dollars annually (McCook, 41 

2006). The first symptoms of CLR are characterized by yellow spots on the abaxial side of leaves. The symptoms 42 

develop to signs into large orange-yellow spore masses, leading to premature leaf drop. On the adaxial leaf side, 43 

areas with spores become chlorotic (Pozza et al., 2010; Talhinhas et al., 2017). 44 

Despite the threat of diseases, most of the area cultivated with C. arabica is planted with susceptible 45 

cultivars (Porto et al., 2019). To assess the best methods of management, use of resistant cultivars and application 46 

of fungicides, it is necessary to quantify the symptoms of diseases. These quantifications require standardized tools 47 

to assess CLR severity. These tools should be simple and quick to use in different conditions in addition to being 48 

accurate, precise and reproducible (Berger, 1980). Diagrammatic scales are useful to accurately and reliably 49 

measure disease severity by assessors (Martins et al., 2004). These tools involve sets of plant illustrations or plant 50 

parts with symptoms representing a range of disease severities (Campbell & Madden, 1990). 51 

For CLR in C. arabica leaves, diagrammatic scales have been developed. Kushalappa & Chaves (1980) 52 

and Capucho et al. ( 2011) developed a unique scale for both arabica and conilon coffee species. The first was 53 

obtained in black and white drawings and the second in colored drawings. These scales have been applied to assess 54 

disease severity both in nurseries and in the field. Cunha et al. (2001) made a scale for CLF in arabica with colored 55 

photographs. Nowadays there is a trend to use real high-resolution images to help assessors in disease 56 

quantification (Belan et al., 2020; Del Ponte et al., 2017; Franceschi et al., 2020). First, the upper and lower limits 57 

of the disease found in the field and the control level for coffee rust were considered. The symptoms and signs of 58 

the disease and vertical and horizontal resistance were also considered. The scale should be as close as possible to 59 

those symptoms observed in coffee leaves at various disease levels. The limits of visual acuity were considered 60 
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by employing the Weber–Fechner stimulus law, as described in previous studies on scale assessment (Angelotti et 61 

al., 2008; Belan et al., 2014; Belasque Júnior et al., 2005; Custódio et al., 2011; Salgado et al., 2009; Sussel et al., 62 

2009).  63 

Based on these scales, improvements have been made  a new scale for arabica coffee with higher 64 

resolution color photographs of diseased leaves and shorter intervals were created based on the frequency 65 

distribution of the collected leaves. With these improvements, we reduced systematic errors and increased 66 

accuracy, precision and reproducibility. We show improvements via the new scale compared to the existing scales. 67 

This study aims to develop a new improved CLR scale by comparing its parameters with those of scales already 68 

used. Furthermore, we validate our new scale to achieve better CLR severity assessments. 69 

 70 

2 Material and methods 71 

2.1 Developing the diagrammatic scale 72 

 73 

For scale development, 221 leaves were collected randomly from coffee trees on different dates. The 74 

samples were collected in the same month in different plants, with symptoms and signs of the disease present at 75 

several different severity levels. The leaves were naturally infected by Hemileia vastatrix in two experimental 76 

fields (21°13'45.394"S, 44°57'51.005"W and 21°13'35.998"S, 44°58'15.254"W) with different cultivars of C. 77 

arabica at the Federal University of Lavras. The collected leaves were scanned with a desktop scanner with 300 78 

DPI (dots per inch) resolution on a white background. The real severity or the percentage of symptomatic leaf area 79 

was determined using Assess® v. 2.0 software (American Phytopathological Society, St. Paul, MN, USA). For this 80 

quantification, only the yellowish-orange sporulation area was considered. 81 

Based on the minimum and maximum levels of severity found, the data frequency distribution was 82 

determined. Afterward, to define whether the scale intervals are logarithmic or have other distributions, all the 83 

maximum numbers of leaves in a given frequency range were subjected to linear, nonlinear, exponential, 84 

logarithmic and Gompertz adjustment models (Belan et al., 2014; Campbell & Madden, 1990). 85 

Seven interval diagrammatic scales were created based on the Weber–Fechner visual acuity law (Horsfall 86 

& Barratt, 1945; Nutter & Schultz, 1995). The Weber–Fechner law says that the response to any stimulus is 87 

proportional to the logarithm of the stimulus intensity (Horsfall & Barratt, 1945). The minimum and maximum 88 

levels of disease severity on the new scale were then established for a model adjusted according to the frequency 89 

range and the percentage of disease to be controlled. After establishing severity percentages represented in the 90 
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scale, real images of leaves with and without spores were used for the CLR scale development. Healthy leaves and 91 

fleck lesions a hypersensibility reaction response originating from vertical resistance were included as a zero level 92 

(Silva et al., 2008). 93 

 94 

2.2 Validation and comparison of the diagrammatic scales 95 

 96 

For validation and comparison of the scales, 50 images of coffee leave corresponding to all the scale 97 

levels were used. These images were placed on individual slides in random order for display in Microsoft® 98 

PowerPoint® 2010 (Microsoft Corporation, Redmond, WA, USA). Ten evaluators with no experience in CLR 99 

quantification assessed the images at three different moments. For the first evaluation, all the evaluators estimated 100 

the CLR severity without the aid of any scale. Next, on the same day as the first evaluation, the evaluators assessed 101 

the same images but with the aid of all the scales. The evaluators used all the old scales and the new scale to 102 

perform the assessments and estimate the values with the different scales. Seven days later, a second evaluation 103 

with all the scales was done to verify the repeatability of the estimates, with the same evaluators and the same 104 

images of leaves (but in a different order). To validate and compare the scales, the repeatability, reproducibility, 105 

accuracy and precision were evaluated. The parameter used in the Kushalappa & Chaves (1980) and Capucho et 106 

al. ( 2011) scales was the percentage of area covered by lesions, whereas the scale developed by Cunha et al. 107 

(2001) and our proposed scale ranks by discrete values from 1 to 5 and 0 to 6, respectively. These values were 108 

subsequently converted to the percentage of the diseased area. 109 

 110 

2.3 Validation by linear regression 111 

 112 

Scale reproducibility was analyzed using the coefficient of determination and values from linear 113 

regressions between the estimated severities of the different evaluators in pairs (Campbell & Madden, 1990; Kranz, 114 

1988; Nutter & Schultz, 1995; Nutter Jr et al., 1993). This was done with the new proposed scale and those 115 

developed by Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho et al. (2011). 116 

To determine the accuracy and precision of each evaluator, simple linear regression was used, with the 117 

true severity obtained as an independent variable and the estimated severity according to the evaluator, using scales 118 

as the dependent variables. The accuracy of the estimation of each evaluator, as well as the group of evaluators, 119 

was determined by a t-test applied to the intercept of linear regressions (β0) to verify the hypothesis Ho: β0 = 0 120 
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and to the slope of the line (β1) to test the hypothesis Ho: β1 = 1 at 5% probability level (P = 0.05). Intercept 121 

values significantly different from 0 (zero) indicate overestimation (> 0) or underestimation (<0) of the actual 122 

severity at low levels. On the other hand,  slope that deviates significantly from 1 indicates a systematic 123 

overestimation (>1) or a systematic underestimation (<1) of actual severity at all levels of the disease (Nutter & 124 

Schultz, 1995). 125 

The repeatability of the estimation by the same evaluator was determined using the same parameters 126 

obtained from regression, in which the first assessment was compared to the second. The precision of estimation 127 

was determined via the regression determination coefficient (R2), the absolute error variance and the estimated 128 

repeatability determined by regression analysis of the second evaluation in comparison to the first evaluation of 129 

the same sample (Nutter Jr et al., 1993). Statistical analysis was performed using R-3.4.0 software (R Core Team 130 

2013), and the other calculations were performed in Microsoft® Excel® 2000. 131 

 132 

2.4 Validation by Lin's concordance correlation 133 

 134 

In addition to linear regression between the real and estimated disease severity, Lin's concordance 135 

correlation (LCC) analysis was used to determine the accuracy, precision and bias (Lin, 1989). This correlation 136 

combines accuracy and precision measurements to assess the level of the pairs of observations (intercept = 0 and 137 

slope = 1) and combines measures of bias and precision to assess fits to the line of concordance (45° = perfect 138 

concordance). The bias correction factor (Cb) is calculated from location bias and scale bias, derived from the 139 

means and standard deviations of x and y, respectively. Location bias estimates the change in the adjusted line in 140 

the regression regarding the concordant line by measuring the difference in height between the two lines (0 = 141 

perfect match between x and y). The bias scale shows the difference between the actual and estimated values, and 142 

the calculation is performed according to the difference between the slope of the adjusted line in the regression 143 

with the concordant line (1 = perfect match between x and y). The evaluators’ precision was calculated via Pearson 144 

correlation. The confidence intervals (CIs) were estimated to verify the difference (P < 0.05) in the assessments 145 

between the evaluator groups with and without the scale. Statistical analyses were performed using R-3.4.0 146 

software using the epi.ccc function of the epiR package (Stevenson, 2013), and the ICC was calculated using the 147 

icc function of the irrR package (Gamer et al., 2019). 148 

 149 

3 Results 150 
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3.1 Development of the diagrammatic scale 151 

 152 

The minimum and maximum values of CLR severity found were 0.01% and 36.83%, respectively. 153 

However, among the entire sample, 90% of the leaves presented a severity of less than 10% (Table 1). 154 

 155 

Table 1. Frequency distribution at unit intervals of coffee leaf rust (Hemileia vastatrix) severity values (%) on 156 

coffee leaves (Coffea arabica) 157 

Interval severity 

(%) 
Frequency 

Cumulative 

percentage (%) 

Cumulative 

frequency 

Cumulative 

percentage (%) 

0–1 58 26.2 58 26.2 

1–2 45 20.4 103 46.6 

2–3 24 10.9 127 57.4 

3–4 21 9.5 148 66.9 

4–5 17 7.7 165 74.6 

5–6 10 4.5 175 79.1 

6–7 5 2.3 180 81.4 

7–8 9 4.1 189 85.5 

8–9 10 4.5 199 90.0 

9–10 3 1.4 202 91.4 

10–11 3 1.4 205 92.7 

11–12 3 1.4 208 94.1 

12–13 1 0.5 209 94.5 

13–14 2 0.9 211 95.4 

14–15 1 0.5 212 95.9 

15–16 2 0.9 214 96.8 

16–17 0 0.0 214 96.8 

17–18 1 0.5 215 97.2 

18–19 2 0.9 217 98.1 

19–20 0 0.0 217 98.1 

20–21 1 0.5 218 98.6 

21–22 0 0.0 218 98.6 

22–23 1 0.5 219 99.1 

23–24 0 0.0 219 99.1 

24–25 0 0.0 219 99.1 
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25–26 0 0.0 219 99.1 

26–27 1 0.5 220 99.5 

27–28 0 0.0 220 99.5 

28–29 0 0.0 220 99.5 

29–30 0 0.0 220 99.5 

30–31 0 0.0 220 99.5 

31–32 0 0.0 220 99.5 

32–33 0 0.0 220 99.5 

33–34 0 0.0 220 99.5 

34–35 0 0.0 220 99.5 

35–36 0 0.0 220 99.5 

36–37 1 0.5 221 100.0 

 158 

The best model adjusted for the frequency values of the severity intervals was the exponential model. The 159 

exponential model showed the highest R2 value, the best parameters of the equations in the t test (β0 and β1), a 160 

relatively small mean squared error and significance of the parameters in the t test (Table 2). This model best fits 161 

the actual or observed data (Figure 1; Table 2). 162 

 163 

Table 2. Parameters of linear and nonlinear models for the severity frequency of CLR at different severity intervals 164 

Model MSE R2 β0 β1 

Exponential 3.404 0.979 79.874* 0.326* 

Logistic 14.346 0.912 751.500ns 0.015* 

Gompertz 3.729 0.977 95.000* 0.106* 

Linear 94.178 0.424 20.396* -0.759* 

MSE - mean squared error; R2 - coefficient of determination; β0 - intercept; β1 - slope of the line; ns the null 165 
hypothesis (β0 = 0 and β1 = 1) was accepted in the t-test (P = 0.05); * the null hypothesis was rejected in the t-test 166 
(P = 0.05). 167 
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Figure 1 Residual distribution of an exponential model for frequency of coffee leaf rust for different severity 168 
intervals. 169 

 170 

The scale was developed to include seven levels (Figure 2). These levels were distributed in intervals of 0 171 

to >25.0% of the diseased leaf area (DLA). The Weber–Fechner law was used to represent relatively high 172 

frequency intervals (Table 1). The upper limit based on the frequency was 36.83%; however, for better 173 

visualization of level 6 on the new scale, we specifically collected more leaves from coffee farms with high 174 

severity. These leaves were collected from a highly susceptible cultivar used in breeding programs and are not 175 

representative of plants on yields. Thus, the upper limit of severity represented in the scale was 53.9% because we 176 

did not find leaves with a disease severity greater than this value. 177 

 178 
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Figure 2 Diagrammatic scale to assess the severity of coffee leaf rust (Hemileia vastatrix) on coffee (Coffea 179 
arabica) leaves. 180 
 181 

3.2 Scale validation by linear regression 182 

 183 

Considering the joint analysis of the regression coefficients, greater accuracy and precision were obtained 184 

with the scales than without them and were higher with the use of the proposed scale (Table 3; Figure 3). The 185 

disease severity overestimation by all the evaluators occurred without the use of scales at all evaluations. The 186 

accuracy of the disease severity observed in the first assessment of all evaluators, without the use of the scale, at 187 
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the intercept (β0) and the angular coefficient (β1) of the linear regression line was different from 0 (zero) and 1 188 

(one), respectively (Table 3). 189 

Figure 3 Residual distribution (estimated severity – actual severity) of coffee leaf rust (Hemileia vastatrix) 190 

estimation on coffee tree (Coffea arabica) leaves, carried out without the use of a diagrammatic scale and with the 191 

aid of a diagrammatic scale for two evaluations: (A) scale of Kushalappa & Chaves (1980), (B) scale of Cunha et 192 

al. (2001), (C) scale of Capucho et al. (2011), and (D) proposed scale. The points represent 50 estimations by each 193 

evaluator. 194 

 195 

Table 3. Intercept (β0), the slope of the line (β1) and coefficient of determination (R2) of linear regression equations 196 

relating visual estimates of the severity of coffee leaf rust (Hemileia vastatrix) on coffee leaves (Coffea arabica), 197 

conducted by evaluators with and without the diagrammatic scales: the (A) Kushalappa & Chaves (1980), (B) 198 

Cunha et al. (2001), (C) Capucho et al. (2011) and (D) proposed scales, with real severity values determined 199 

electronically. 200 
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A – Kushalappa & Chaves Scale (1980) 

 Without scale With scale 

   1st evaluation 2nd evaluation 

Evaluators β0 β1 R²* β0 β1 R²* β0 β1 R²* 

A 12.4731* 1.3846* 0.6864 5.4675* 0.8370* 0.7861 5.0732* 0.8025* 0.7899 

B 3.2081* 1.2372* 0.8050 3.6138* 0.8764* 0.7809 4.2958* 0.9329* 0.7500 

C 7.0894* 0.9916* 0.6296 8.7757* 0.9206* 0.6467 11.2376* 0.9425* 0.6303 

D 8.2400* 1.2062* 0.7654 6.1921* 0.8865* 0.8217 5.8427* 0.8926* 0.7006 

E 7.8318* 0.8458* 0.6647 10.2092* 0.7697* 0.5747 11.1387* 0.9769* 0.5885 

F 2.6671* 0.8896* 0.7811 1.5831* 0.6878* 0.8626 2.8567* 0.7330* 0.6362 

G 9.2458* 1.4484* 0.6756 8.0222* 0.7392* 0.6841 6.4570* 0.6318* 0.7023 

H 6.5790* 1.1530* 0.6898 4.1722* 0.7187* 0.8171 3.6432* 0.7248* 0.8678 

I 4.7579* 1.1744* 0.8213 4.3887* 0.8672* 0.8356 5.0787* 0.9276* 0.8079 

J 12.7970* 0.8908* 0.4662 7.5735* 0.6618* 0.6590 5.5946* 0.7530* 0.6029 

B - Cunha et al. Scale (2001)        

 Without scale With scale 

   1st evaluation 2nd evaluation 

Evaluators β0 β1 R²* β0 β1 R²* β0 β1 R²* 

A 12.4731* 1.3846* 0.6864 2.7855* 0.4759* 0.7049 5.7189* 0.4778* 0.6064 

B 3.2081* 1.2372* 0.8050 4.1462* 0.4881* 0.5960 3.5763* 0.5144* 0.7223 

C 7.0894* 0.9916* 0.6296 4.9877* 0.5042* 0.6690 6.3852* 0.4947* 0.5583 

D 8.2400* 1.2062* 0.7654 3.5532* 0.4791* 0.685 7.4419* 0.4932* 0.5084 

E 7.8318* 0.8458* 0.6647 5.1915* 0.4495* 0.5773 3.4831* 0.3722* 0.7379 

F 2.6671* 0.8896* 0.7811 2.5236* 0.5305* 0.7221 2.5960* 0.5005* 0.6873 

G 9.2458* 1.4484* 0.6756 5.5593* 0.3899* 0.4819 8.9928* 0.4616* 0.4774 

H 6.5790* 1.1530* 0.6898 3.6998* 0.4292* 0.6755 2.9556* 0.3513* 0.6452 

I 4.7579* 1.1744* 0.8213 4.3651* 0.5280* 0.6636 4.9841* 0.5091* 0.6608 

J 12.7970* 0.8908* 0.4662 5.0591* 0.3919* 0.5597 4.4223* 0.4304* 0.6796 

C - Capucho et al. Scale (2011)       

 Without scale With scale 

   1st evaluation 2nd evaluation 

Evaluators β0 β1 R²* β0 β1 R²* β0 β1 R²* 

A 12.4731* 1.3846* 0.6864 4.8653* 1.0945* 0.8784 3.8710* 1.0790* 0.8856 

B 3.2081* 1.2372* 0.8050 3.6629* 1.4204* 0.8551 3.8918* 1.5574* 0.8267 

C 7.0894* 0.9916* 0.6296 5.7872* 1.2373* 0.8578 5.8001* 1.2259* 0.8053 
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D 8.2400* 1.2062* 0.7654 8.3029* 0.9616* 0.6788 6.6822* 1.0382* 0.7951 

E 7.8318* 0.8458* 0.6647 10.146* 1.5690* 0.6858 8.3376* 1.4556* 0.777 

F 2.6671* 0.8896* 0.7811  -0.1864ns 1.2859* 0.9558  -0.3271ns 1.2440* 0.9563 

G 9.2458* 1.4484* 0.6756 9.3664* 1.1185* 0.6522 7.7267* 0.8970* 0.7274 

H 6.5790* 1.1530* 0.6898 2.8383* 0.7701* 0.8372 3.0959* 0.6319* 0.8738 

I 4.7579* 1.1744* 0.8213 5.3733* 1.2464* 0.8215 4.8281* 0.6847* 0.8288 

J 12.7970* 0.8908* 0.4662 4.5945* 0.7899* 0.7000 6.6051* 1.2376* 0.5400 

D - Proposed Scale         

 Without scale With scale 

   1st evaluation 2nd evaluation 

Evaluators β0 β1 R²* β0 β1 R²* β0 β1 R²* 

A 12.4731* 1.3846* 0.6864 0.3669ns 0.3604* 0.9179 1.7294* 0.4674* 0.7842 

B 3.2081* 1.2372* 0.8050 0.7350ns 0.3658* 0.792 1.1264* 0.3447* 0.8299 

C 7.0894* 0.9916* 0.6296 1.4733* 0.3772* 0.6308 0.9748* 0.4767* 0.8484 

D 8.2400* 1.2062* 0.7654 0.3819* 0.3728* 0.9491 1.5991* 0.4709* 0.8179 

E 7.8318* 0.8458* 0.6647 5.1915* 0.4495* 0.5773 3.4831* 0.3722* 0.7324 

F 2.6671* 0.8896* 0.7811 -0.0316ns 0.4169* 0.9124 0.00006ns 0.4483* 0.8941 

G 9.2458* 1.4484* 0.6756 1.6735* 0.3517* 0.6468 2.2298* 0.5218* 0.7473 

H 6.5790* 1.1530* 0.6898 0.0476ns 0.2820* 0.7995 0.1841ns 0.2859* 0.8669 

I 4.7579* 1.1744* 0.8213 0.4421ns 0.4621* 0.9051 0.4917* 0.3741* 0.9431 

J 12.7970* 0.8908* 0.4662 1.1088* 0.3056* 0.7783 1.3240* 0.3799* 0.7714 

R2 - coefficient of determination; β0 - intercept; β1 - slope of the line; ns the null hypothesis (β0 = 0 and β1 = 1) 201 
was accepted in the t-test (P = 0.05); * the null hypothesis was rejected in the t-test (P = 0.05). 202 

 203 

The accuracy increased only in the Capucho et al. (2011) and proposed scale for some evaluators with an 204 

intercept equal to 0 (zero) for some evaluators, however, the slope of the regression line was not equal to 1 (one). 205 

With the scale of Capucho et al. (2011), the intercept was equal to 0 (zero) in both evaluations for one evaluator. 206 

For the proposed scale, five evaluators had an intercept equal to 0 (zero) in at least one evaluation. Based on these 207 

results, the evaluators were more accurate using the proposed scale. However, observing the angular coefficient 208 

occurred a systematic underestimation with the use of the proposed scale. 209 

The evaluators presented a relative precision, regardless of the use of the scale. In the first evaluation with 210 

the scales of Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho et al. (2011), the precision of 50, 20 211 

and 80% of the evaluators, respectively, was greater than that without scales. However, the assessments of 90% 212 

of the evaluators who had the help of the proposed scale yielded a coefficient of determination higher than that of 213 
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the evaluations without scales, which means that, compared with the other scales, this scale provided a more 214 

precise estimation of disease severity. Thereby, with the use of the proposed scale in the second evaluation, all the 215 

evaluators’ assessments yielded an R2 value (0.73–0.94, mean 0.82) greater than that of the initial evaluations 216 

without the scale (0.47–0.82, mean 0.70), so the evaluations with scales were more precise. The R2 value in the 217 

second evaluation of others scales was: 0.58–0.84, mean 0.71, of Kushalappa & Chaves (1980) scale; 0.48–0.70, 218 

mean 0.63, of Cunha et al. (2001) scale; and, 0.62–0.96, mean 0.80, Capucho et al. (2011). The average value for 219 

the first evaluation was 0.62, without scale. The second and third evaluation was: 0.73, of Kushalappa & Chaves 220 

(1980); 0.63, of Cunha et al. (2001); 0.80, of Capucho et al. (2011); and, 0.81 for proposed scale. The higher 221 

precision was obtained in the proposed scale. 222 

Additionally, there was a reduction in the absolute error when the proposed scale was used, with smaller 223 

residuals (Figure 3). The minimum and maximum values observed for the residuals of all the evaluators not using 224 

the scale were -34.66 and 47.71, respectively. However, when the proposed scale was used, the averages between 225 

the two evaluations with the same scale were reduced to -25.99 and 21.88. For the scales of Kushalappa & Chaves 226 

(1980), Cunha et al. (2001) and Capucho et al. (2011), the minimum and maximum values observed for the residues 227 

were -19.84 and 38.29, -31.45 and 18.90, and -41.42 and 67.00, respectively. Considering this, the error of the 228 

proposed scale is smaller than that of the scales of Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho 229 

et al. (2011). 230 

When using Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho et al. (2011) and the proposed 231 

scale, the evaluators presented good repeatability around 80% in their estimation of CLR severity on C. arabica 232 

leaves; the average variation associated with the first assessment compared to the second assessment was 79, 81, 233 

85 and 80%, respectively (Table 4). 234 

 235 

Table 4. Intercept (β0), angular coefficient of the straight line (β1) and coefficient of determination (R2) of the 236 

equations of simple regression line relating the second to the first estimation of coffee leaf rust (Hemileia vastatrix) 237 

in coffee tree leaves (Coffea arabica) by the same evaluator, with the aid of the diagrammatic scales of Kushalappa 238 

& Chaves (1980), Cunha et al. (2001), Capucho et al. (2011) and proposed scale.. 239 

 

Kushalappa & 

Chaves Scale 
Cunha Scale Capucho Scale Proposed Scale 

Evaluators β0 β1* R² β0 β1* R² β0 β1* R² β0 β1* R² 

1 1.38ns 0.94* 0.80 1.12ns 0.81* 0.76 1.68ns 0.96* 0.88 0.34ns 0.66* 0.84 



 

 
 

36 

2 0.85ns 0.83* 0.81 0.73ns 0.95* 0.83 1.38ns 0.84* 0.86 0.19ns 0.90* 0.68 

3 0.69ns 0.90* 0.86 -0.29ns 0.90* 0.93 1.28ns 0.92* 0.89 0.74ns 0.78* 0.73 

4 2.44* 0.84* 0.89 1.04ns 0.74* 0.77 2.48ns 0.90* 0.81 0.14ns 0.65* 0.79 

5 1.90* 0.76* 0.92 1.38ns 1.45* 0.71 1.54ns 1.07* 0.87 0.40ns 0.91* 0.76 

6 2.30ns 0.55* 0.45 0.45ns 0.96* 0.85 0.17ns 1.03* 1.00 0.33ns 0.83* 0.81 

7 2.11ns 1.03* 0.75 0.64ns 0.73* 0.76 1.61ns 1.12* 0.72 0.44ns 0.63* 0.76 

8 1.30ns 0.91* 0.80 1.27ns 1.02* 0.72 0.82ns 1.21* 0.93 0.26ns 0.97* 0.89 

9 0.51ns 0.87* 0.88 0.61ns 1.02* 0.96 1.35ns 1.62* 0.78 -0.06ns 1.21* 0.91 

10 4.24ns 0.74* 0.78 1.12ns 0.90* 0.81 2.96* 0.48* 0.73 0.49ns 0.70* 0.77 

Average 0.79 0.81 0.85 0.80 

R2 - coefficient of determination; β0 - intercept; β1 - slope of the line; ns the null hypothesis (β0 = 0 and β1 = 1) 240 
was accepted in the t-test (P = 0.05); * the null hypothesis was rejected in the t-test (P = 0.05). 241 

 242 

Reproducibility is an indicator for evaluating the efficiency of diagrammatic scales in addition to accuracy 243 

and precision. Without the use of the diagrammatic scale, the R² value of the regressions of the estimates among 244 

the pairs of evaluators varied from 0.55 to 0.81, with a mean percentage of 69.85% (Table 5). When the 245 

diagrammatic scales of Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho et al. (2011) and the 246 

proposed scale were used, the R2 values varied in the second evaluation from 0.60 to 0.85, 0.49 to 0.73, 0.63 to 247 

0.92 and 0.60 to 0.93, respectively. The average percentages were 72.72, 63.09, 79.69% and 80.72%, respectively. 248 

 249 

Table 5. Coefficient of determination (R2 values) of the linear regression equation for pairs of evaluators without 250 

and with the aid of diagrammatic scales of (A) Kushalappa & Chaves (1980), (B) Cunha et al. (2001), (C) Capucho 251 

et al. (2011) and (D) the proposed scale of visual estimates of coffee leaf rust (Hemileia vastatrix) by 10 evaluators. 252 

Without scale                 

Evaluators B C D E F G H I J                   

A 0.75 0.66 0.73 0.68 0.73 0.68 0.69 0.75 0.58                   
B 

 
0.72 0.79 0.73 0.79 0.74 0.75 0.81 0.64                   

C     0.70 0.70 0.71 0.65 0.66 0.73 0.55                   
D 

   0.72 0.77 0.72 0.73 0.79 0.62                   

E         0.72 0.67 0.68 0.74 0.57                   
F 

     0.73 0.74 0.80 0.62                   

G             0.68 0.75 0.57                   
H 

       0.76 0.58                   

I                 0.64                   
A – Scale of Kushalappa (1980) 

  1st evaluation 2nd evaluation 
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Evaluators B C D E F G H I J B C D E F G H I J 

A 0.78 0.72 0.80 0.68 0.82 0.74 0.80 0.81 0.72 0.77 0.71 0.75 0.69 0.71 0.75 0.83 0.80 0.70 

B 
 

0.71 0.80 0.68 0.82 0.73 0.80 0.81 0.72  0.69 0.73 0.67 0.69 0.73 0.81 0.78 0.68 

C     0.73 0.61 0.75 0.67 0.73 0.74 0.65     0.67 0.61 0.63 0.67 0.75 0.72 0.62 

D 
   0.70 0.84 0.75 0.82 0.83 0.74    0.64 0.67 0.70 0.78 0.75 0.65 

E         0.72 0.63 0.70 0.71 0.62         0.61 0.65 0.73 0.70 0.60 

F 
     0.77 0.84 0.85 0.76      0.67 0.75 0.72 0.62 

G             0.75 0.76 0.67             0.79 0.76 0.65 

H 
       0.83 0.74        0.84 0.74 

I                 0.75                 0.71 

B - Scale of Cunha et al. (2001) 

  1st evaluation 2nd evaluation             
Evaluators B C D E F G H I J B C D E F G H I J 

A 0.65 0.69 0.69 0.64 0.71 0.59 0.69 0.68 0.63 0.66 0.58 0.56 0.67 0.65 0.54 0.63 0.63 0.64 

B 
 

0.63 0.64 0.59 0.66 0.54 0.64 0.63 0.58  0.64 0.62 0.73 0.70 0.60 0.68 0.69 0.70 

C     0.68 0.62 0.70 0.58 0.67 0.67 0.61     0.53 0.65 0.62 0.52 0.60 0.61 0.62 

D 
   0.63 0.70 0.58 0.68 0.67 0.62    0.62 0.60 0.49 0.58 0.58 0.59 

E         0.65 0.53 0.63 0.62 0.57         0.71 0.61 0.69 0.70 0.71 

F 
     0.60 0.70 0.69 0.64      0.58 0.67 0.67 0.68 

G             0.58 0.57 0.52             0.56 0.57 0.58 

H 
       0.67 0.62        0.65 0.66 

I                 0.61                 0.67 

C – Scale of Capucho et al. (2011) 
              

  1st evaluation 2nd evaluation             
Evaluators B C D E F G H I J B C D E F G H I J 

A 0.87 0.87 0.78 0.78 0.92 0.77 0.86 0.85 0.79 0.86 0.85 0.84 0.83 0.92 0.81 0.88 0.86 0.71 

B 
 

0.86 0.77 0.77 0.91 0.75 0.85 0.84 0.78  0.82 0.81 0.80 0.89 0.78 0.85 0.83 0.68 

C     0.77 0.77 0.91 0.76 0.85 0.84 0.78     0.80 0.79 0.88 0.77 0.84 0.82 0.67 

D 
   0.68 0.82 0.67 0.76 0.75 0.69    0.79 0.88 0.76 0.83 0.81 0.67 

E         0.82 0.67 0.76 0.75 0.69         0.87 0.75 0.83 0.80 0.66 

F 
     0.80 0.90 0.89 0.83      0.84 0.92 0.89 0.75 

G             0.74 0.74 0.68             0.80 0.78 0.63 

H 
       0.83 0.77        0.85 0.71 

I                 0.76                 0.68 

D – Proposed scale 

  1st evaluation 2nd evaluation             
Evaluators B C D E F G H I J B C D E F G H I J 

A 0.85 0.77 0.93 0.75 0.92 0.78 0.86 0.91 0.85 0.81 0.82 0.80 0.76 0.84 0.77 0.83 0.86 0.78 

B 
 

0.71 0.87 0.68 0.85 0.72 0.80 0.85 0.79  0.84 0.82 0.78 0.86 0.79 0.85 0.89 0.80 

C     0.79 0.60 0.77 0.64 0.72 0.77 0.70     0.83 0.79 0.87 0.80 0.86 0.90 0.81 

D 
   0.76 0.93 0.80 0.87 0.93 0.86    0.78 0.86 0.78 0.84 0.88 0.79 

E         0.74 0.61 0.69 0.74 0.68         0.81 0.74 0.80 0.84 0.75 

F 
     0.78 0.86 0.91 0.85      0.82 0.88 0.92 0.83 
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G             0.72 0.78 0.71             0.81 0.85 0.76 

H 
       0.85 0.79        0.91 0.82 

I                 0.84                 0.86 

R2 - coefficient of determination; β0 - intercept; β1 - slope of the line; ns the null hypothesis (β0 = 0 and β1 = 1) 253 
was accepted in the t-test (P = 0.05); * the null hypothesis was rejected in the t-test (P = 0.05). 254 

 255 

3.3 Validation by Lin's concordance correlation 256 

 257 

The second statistical method used to evaluate the scales studied and to validate the proposed diagrammatic 258 

scale was Lin's concordance correlation. The coefficient of correlation (LCC) and agreement between the actual 259 

and observed values indicates higher efficiency of quantification with the Capucho et al. (2011) scale compared 260 

to no scale (Table 6). The evaluators showed a tendency to overestimate the disease without the use of the scale 261 

(location shift = 0.55) and with the scales of Kushalappa & Chaves (1980) and Capucho et al. (2011). The best 262 

estimate was the location shift of 0.03 obtained from the scale of Cunha et al. (2001). Nonetheless, when the 263 

proposed scale was used, there was a tendency to underestimate the disease (-0.48), but the confidence interval for 264 

the proposed scale for location shift was not significantly different (Figure 4; Table 6). The value of the bias 265 

correction factor (Cb) without the scale was 0.83, and with the Kushalappa & Chaves (1980), Cunha et al. (2001) 266 

and Capucho et al. (2011) and proposed scales, the values were 0.94, 0.88, 0.89 and 0.67, respectively. For all 267 

scales except for the proposed scale, there was an increase in the deviation correction factor. The best correction 268 

factor was obtained using the Kushalappa & Chaves (1980). Pearson correlation coefficients (r values) were 269 

calculated to determine the precision of the evaluations. The highest value (r = 0.88) was obtained using the 270 

proposed scale for quantification of disease severity and consequently less absolute error of the disease estimates 271 

(Figure 5; Table 6). Without the scale and with the other scales resulted in a less precision disease quantification 272 

(r = 0.81). Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho et al. (2011) found r values of 0.82, 273 

0.77 and 0.84, respectively. These coefficients pointed to an increase in the precision of the evaluators with the 274 

use of the scale as a basis for measuring the severity values. According to the significance range, the assessments 275 

without and with the diagrammatic scale for evaluating CLR were significantly different (P = 0.05), except for the 276 

location shift of the proposed scale. 277 



 

 
 

39 

Figure 4 Relationship between true and estimated coffee leaf rust (Hemileia vastatrix), carried out: (A) without 278 

the use of a diagrammatic scale; (B) with the diagrammatic scales of Kushalappa & Chaves (1980); (C) with the 279 

diagrammatic scales of Cunha et al. (2001); with the diagrammatic scales of Capucho et al. (2011); and, (D) with 280 

the proposed diagrammatic scale. The points represent 100 estimations by each evaluator. 281 
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Figure 5 Residual of Lin’s statistical method (A) with the aid of the diagrammatic scale of Kushalappa & 282 

Chaves (1980), (B) the diagrammatic scale of Cunha et al. (2001), (C) the diagrammatic scale of Capucho et 283 

al. (2011) and (D) the proposed diagrammatic scale. The points represent 100 estimations by each 284 

evaluator. 285 

 286 

Table 6. Comparison of the results of visual estimates of CLR performed by 10 evaluators with and without the 287 

aid of the diagrammatic scales of (A) Kushalappa (1980), (B) Cunha et al. (2001), (C) Capucho et al. (2011) and 288 

(D) the proposed scale according to Lin’s statistics 289 

 290 

A – Scale of Kushalappa (1980) 

Lin’s statistics Without scale With scale 95% CIf 

Concordance coefficient a 0.67 0.77 0.689; 0.787 

Scale shift b 1.39 1.00 0.179; 4.488 

Location shift c 0.55 0.35 0.347; 0.552 
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Bias correction d 0.83 0.94 0.832; 0.881 

Correlation coefficient e 0.81 0.82 0.817; 0.865 

B - Scale of Cunha et al. (2001) 

Lin’s statistics Without scale With scale 95% CIf 

Concordance coefficient a 0.67 0.68 0.647; 0.725 

Scale shift b 1.39 0.60 0.787; 1.163 

Location shift c 0.55 0.03 0.146; 0.429 

Bias correction d 0.83 0.88 0.812; 0.881 

Correlation coefficient e 0.81 0.77 0.784; 0.835 

C – Scale of Capucho et al. (2011) 

Lin’s statistics Without scale With scale 95% CIf 

Concordance coefficient a 0.67 0.75 0.608; 0.780 

Scale shift b 1.39 1.34 1.210; 1.440 

Location shift c 0.55 0.42 0.390; 0.580 

Bias correction d 0.83 0.89 0.810; 0.890 

Correlation coefficient e 0.81 0.84 0.830; 0.880 

D – Proposed scale 

Lin’s statistics Without scale With scale 95% CIf 

Concordance coefficient a 0.67 0.60 0.596; 0.691 

Scale shift b 1.39 0.44 0.650; 1.094 

Location shift c 0.55 -0.48 -0.220; 0.276 

Bias correction d 0.83 0.67 0.688; 0.800 

Correlation coefficient e 0.81 0.88 0.841; 0.893 

a Lin’s concordance coefficient combining the precision and accuracy to measure the agreement with the true 291 
values. 292 
b Scale shift coefficient relative to the perfect match (1 = perfect match between x and y). 293 
c Location shift coefficient relative to the perfect match (0 = perfect match between x and y). 294 
d Bias correction factor (Cb) measures how much the best-fit line deviates from 45°. No deviation from the 45° line 295 
occurs when Cb = 1. Cb is a measure of accuracy calculated from scale shift and location shift coefficients. 296 
e Pearson’s correlation coefficient (r) measures the precision. 297 
f Confidence intervals based on t tests (P = 0.05). The bold numbers indicate significant differences. 298 
 299 

 300 

4 Discussion 301 

 302 

Our diagrammatic scale should follow the Weber–Fechner Law (logarithmic increments); however, it does 303 

not necessarily use the same intervals chosen by Horsfall & Barratt (1945) due to the individual characteristics of 304 

each disease (Campbell & Madden, 1990). To construct the scale, instead of using black-and-white or even colored 305 
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engravings or drawings, digital images were used in which the sporulation area was measured through electronic 306 

systems for more than 200 leaves. Consequently, it was possible to develop a diagrammatic scale representing 307 

authentic symptoms and signs. For the evaluators to better visualize the actual percentage of leaf area injured in 308 

the range with the highest frequency of severity. Regardless of the disease, if the low levels of the scale represented 309 

increased ranges of severity, most of the sampled leaves would be concentrated in the first two or three levels of 310 

the scale. Thus, in the percentage range of severity with higher frequencies, more levels were added when the new 311 

scale was made to improve the visualization and identification of the severity level of the CLR with the scale. 312 

Intermediate scale levels were determined based on the frequency of severity combined with the 313 

exponential increase in severity. They were obtained based on the fit of the regression model according to the 314 

number of leaves sampled. Where the exponential increase is the severity level is one of the scales characteristics 315 

responsible for the easy interpolation in the estimates of disease severity. These increments seek to follow the 316 

principles of the Horsfall and Barratt scale (Horsfall & Barratt, 1945), which is based on the Weber–Fechner Law 317 

(Campbell & Madden, 1990). The symmetry of the 50% severity intervals was not adopted because the maximum 318 

severity value observed in the field was 36.83%. Each pathosystem has its own features (Belan et al., 2014; Belan 319 

et al., 2020), and the absence of leaves with a severity greater than this percentage is an important characteristic 320 

of CLR for arabica and conilon coffee. The visible area with sporulation corresponds to one of the signs of the 321 

disease, which is visible, not characterizing the colonized area. The colonized area is larger, as it includes the 322 

growth of the fungus in the intra- and intercellular parts of the leaf tissue, not being allowed to be seen by the 323 

naked eye. In terms of disease progression, the leaves fall off the branches, resulting in early defoliation and 324 

justifying the absence of larger areas of pathogen sporulation on the leaves. 325 

The diagrammatic scale developed by Kushalappa & Chaves (1980) shows 1, 3, 5 and 7% of the diseased 326 

leaf area of drawings as colors of yellow and green, showing areas with sporulation and areas that are 327 

asymptomatic. Capucho et al. (2011) adopted the same idea and used drawings that show the percentage of 328 

diseased leaf area, although they have values of 2.5, 5, 10, 20, 40 and 80%. Cunha et al. (2001) developed their 329 

scale, likes the scale proposed in this study, to include discrete values converted to the percentage for the different 330 

intervals levels. These scales follow the principles of the Horsfall and Barratt scale, in which severity values of 0–331 

3, 3–6, 6–12, 12–25 and 25–50% are used. This type of scale provides better distinctions to assess disease severity. 332 

Cunha et al. (2001) used real images, but due to the lack of high-resolution image technology at the time, the 333 

quality of the images was not able to reflect as in the proposed scale accurately. In this case, the use of a scale such 334 

as the one proposed in this study, with intervals including the smaller severity levels, contributes to providing an 335 
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improved tool to be able to distinguish resistance levels in cultivars. In addition, the proposed scale contains an 336 

image of a coffee leaf with a fleck lesion, facilitating the assessment of resistant plants by breeders. For researchers 337 

and plant pathologists who study plant resistance, fungicide efficacy, and biocontrol agents, among other 338 

management techniques, it is important to select plants or treatments with relatively low severity. Generally, these 339 

scientists define the range or the maximum level of disease or symptoms that is considered to represent a resistant 340 

cultivar or effective disease control using fungicides. Precision and accuracy are essential for the early symptoms 341 

of infection, as severity is the most appropriate way to quantify rust (Amorim & Bergamin Filho, 2018). Our scale 342 

represents a wide range of disease development stages. Providing reliable and easy-to-apply results. It can help 343 

evaluators in the quantification and management of the disease in experimental and field areas in a quick and 344 

practical way. 345 

According to Amorim & Bergamin Filho (2018), an evaluator's ability to quantify disease severity depends 346 

on, among other factors, the training, experience, and individual perception of each evaluator. To reduce the 347 

subjectivity of assessors the scale should be used for training, aiming to improve the accuracy of the evaluations 348 

(de Paula et al., 2016). Overestimation of CLR severity by evaluators without using the scale is a consequence of 349 

the visual stimuli caused by the chlorotic halo of lesions that already existed or of those that have not yet sporulated. 350 

In this study, only the mass of yellow-orange spores was considered. In most studies involving the validation of a 351 

diagrammatic scale, there is a tendency for evaluators to overestimate disease, mainly in phytopathological studies 352 

(Andrade et al., 2019; Capucho et al., 2011; Custódio et al., 2011; de Paula et al., 2016; Menge et al., 2013; Perina 353 

et al., 2019). In some cases, like in our study, underestimation of disease severity levels has also occurred (Gomes 354 

et al., 2004; Michereff et al., 2000). 355 

Analysis of the coefficients of the linear regression equation revealed that the ratings were more accurate 356 

and precise with the use of the proposed scale. The precision refers to the repeatability of the severity values of 357 

the sample, with the least possible variation between them. On the other hand, evaluator accuracy describes the 358 

minimum deviation pattern between the estimated value and the actual severity (Vale et al., 2004). In this study, 359 

the value of the repeatability coefficient was close to that found in other studies the same crop with other diseases. 360 

Custódio et al. (2011) obtained coefficient values to determine a repeatability of 90% for brown eye spots in coffee 361 

leaves, and Belan et al. (2014) found a mean determination coefficient for repeatability of 83.2% for a 362 

diagrammatic scale of bacterial blight. De Paula et al. (2016) obtained percentages of 96% and 97% of brown 363 

eyespot on red and yellow cherry fruits, respectively. Belan et al. (2020) obtained a mean percentage of 87% for 364 
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CLR in conilon. The values of the second evaluation of the evaluators using scales were similar to those of the 365 

first evaluation, indicating that the severity estimates were close to the ideal severity. 366 

Absolute errors using the proposed scale are smaller than that using existing scales (Figure 3). This 367 

reduction can be explained by the distribution of the scale comprising seven severity levels, leading to greater 368 

accuracy of the evaluators and smaller error. The seven levels of the proposed scale distributed in the  0–25% 369 

severity range allowed the evaluators to have a greater accuracy. Despite the larger errors for real values of severity 370 

greater than 25%, these represented only 10% of the leaves sampled from field crops and nurseries of coffee 371 

seedlings. 372 

The reproducibility of severity assessments without the use of the diagrammatic scale and with the scales 373 

developed by the Kushalappa & Chaves (1980), Cunha et al. (2001) and Capucho et al. (2011) (diagrammatic 374 

scales) was lower than that of the proposed scale (Table 5). Therefore, the reproducibility of the evaluations using 375 

the proposed scale varying between 60 and 93% was considered good, according to the criteria in the literature 376 

(Angelotti et al., 2008; Pereira et al., 2021; Salgado et al., 2009; Sussel et al., 2009). 377 

Lin’s concordance and the correlation coefficient have been effective and recommended for assessing the 378 

accuracy and precision of scales (Bock et al., 2010; Lin, 1989) and for assessing common scab disease of potato 379 

tubers (Andrade et al., 2019). In this paper, the use of the linear regression method showed a better efficacy of the 380 

scale analysis than did the use of Lin’s statistics, because the use of Lin’s statistic was not conclusive for determine 381 

the best scale. 382 

 383 

5 Conclusion 384 

The diagrammatic scale proposed to assess the severity of coffee leaf rust in arabica coffee provides an 385 

improvement in terms of precision, accuracy and reproducibility in severity estimation. 386 

 387 
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ABSTRACT 

Brazil is the world's largest producer and world exporter of coffee. Coffee production 

can be harmed through losses due to several factors, but the main one is the presence of diseases. 

Coffee rust (Hemileia vastatrix Berkeley & Broome) is the main disease causing production 

losses in both arabica and conilon coffee. The progress of the disease must be monitored to 

obtain the best management of fungicides. The aim of this work was to evaluate the progress 

rate of rust in arabica coffee with different fungicides and fungicide mixtures. The analyzed 

data were carried out between 2014 and 2021, obtained from 23 experiments of Arabica coffee 

crops, cultivar Catuaí Vermelho IAC 99, susceptible to coffee leaf rust. The evaluations were 

carried out in crops aged between five and eight years, with a spacing of 3.8 x 0.6 m between 

plants and carried out according to the technical recommendations for the culture. The 

experimental design was in randomized blocks, with four replications and the experimental plot 

consisted of 10 plants. Rust incidence, disease progress rate and linearization rate data were 

obtained, then linear and nonlinear rate models were fitted for all treatment data obtained using 

R software. The best adjusted model was chosen from the criteria of highest coefficient of 

determination (R2) and lowest Information Criterion of Akaike (AIC). The exponential 

nonlinear integral model was the best fit to describe the rate progress of rust as a function of 

time.  

 

Keywords: Coffea arabica L. Chemical control. Fungicides. Hemileia vastatrix.  
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1 Introduction 

 

Coffee is the most drink beverage in the world. Brazil is the largest producer and 

exporter of this grain, and the third-largest consumer in worldwide (USDA Foreign Agricultural 

Service, 2021). The estimated production of processed coffee in Brazil for 2022 is more than 

55 million bags of 60 kg (CONAB, 2022). Coffea arabica L. or Arabica coffee represents 

69.57% of Brazilian production. Currently, Minas Gerais state produce 70% of the arabica 

coffee cropped and is the largest producer of coffee beans in Brazil (CONAB, 2022). Based on 

this, losses in the production and quality of the beverage cause damage to producers and the 

coffee market (Pozza et al., 2010). The main factors that are resulting of losses are abiotic 

factors relation of the environmental conditions, soil nutrition, and management of pests and 

plant diseases (Pozza, 2021).  

Coffee leaf rust (CLR) caused by the biotrophic fungus Hemileia vastatrix Berkeley 

& Broome, is the major disease in Arabica coffee. CLR damage in coffee trees are beginning 

with premature defoliation, and reduction of the photosynthetic area with subsequent death of 

plagiotropic branches (Pozza, 2021). Losses described by CLR in research are up to 20-25% 

(McCook, 2006), up to 35% (Talhinhas et al., 2017), up to 50% (Pozza et al., 2010), and the 

loss ranges can reach 55.8% to 99.8%, based on estimation by mathematical modeling (Colares, 

2018). Regarding of disease management some tools are used in context of tropical agriculture 

as optimizing the application of inputs. The specific timing of sprayed of fungicides and 

fertilizers; choosing the best active principles of chemical fungicide/biological fungicide 

management, either alone or with a combination and consequently reduced the cost of 

production (Custódio et al., 2011; Pozza, 2021; Pozza & Alves, 2008). 

Improvements in crop management are made to reduce losses and, consequently, 

reduce the coffee leaf rust progress rate (Talamini et al., 2003) . The disease progress rate was 
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calculated by the proportion of the disease that increased in a given period (Van der Plank, 

1963). The reduction of the rate integrates the host, pathogen, and effect on the environment 

conditions during the epidemic. In this context, the rate measures the speed of the disease and 

is an important parameter for comparing epidemics (Ghini et al., 2011). Thus, the objective of 

this study was to evaluate and compare the rate progress of Arabica coffee rust in different 

experiments and years. In this context, comparing the fungicides positioning used with a 

different mode of action isolated and in combination mode of action regarding a effectiveness 

management for CLR.  

 

2 Material and methods  

2.1 Description of the study area 

 

The data of the CLR incidence were analyzed in 23 experiments in seven consecutive 

crop seasons (2014/2015, 2015/2016, 2016/2017, 2017/2018, 2018/2019, 2019/2020, 

2020/2021) and evaluated monthly between December to May. The experiments was located 

in the municipality of Lavras - MG, in two different locations: the experimental area of the 

Federal University of Lavras (21º 13' 40''S, 44º 57' 42''W, 970 m altitude), and in the Limeira 

Farm (21º 22' 63''S, 44º 96' 06''W, 948 m altitude). The cultivar seedling were Catuaí red group 

of Coffea arabica, susceptible to Coffea Rust. The assessments were carried out in crops aged 

between five and eight years, with a spacing of 3.8 x 0.6 m between plants, and carried out 

according to the technical recommendations for the culture (Allen, R. G., Pereira, L. S., Raes, 

D., & Smith, 1998). The management of weeds and pests was carried out according to the 

control level. Soil fertility and crop nutrition management were performed based on the results 

of soil chemical analysis (Alvarez et al., 1999; Alvarez & Ribeiro, 1999). 
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2.2 Experimental design 

 

The experimental design was in randomized blocks, with four replications, and the 

number of treatments varied according to the experiment, ranging from 5 to 15 treatments. The 

experimental plot had ten plants, with the six central, aiming to remove all drift and border 

effects in the evaluations for obtain different levels of rust incidence. 

The treatments used in the experiments were the absolute control or check and 

different chemical and biological fungicides formulation. The fungicides were used alone or in 

association with other fungicides, and in some experiments, different concentrations were used. 

To establish the different levels of disease intensity (Table 1). The sprayed volume used was 

400 L/ha and spraying using a motorized backpack sprayer.   
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Table 1 - Fungicides were used alone or in association with other fungicides and different concentrations in seven consecutive seasons, 2014/2015, 

2015/2016, 2016/2017, 2017/2018, 2018/2019, 2019/2020, and, 2020/2021. 

Active principle Chemical group Action mode Formulation Dosage 

Azoxystrobin + Benzovindiflupyr Strobilurin + Carboxamide Mesostemic Protector  + Contact WG 0,4 Kg ha-1 

Azoxystrobin + Mancozeb Strobilurin + Dithiocarbamate Mesostemic Protector  + Contact WG 0,1 kg ha-1 

Boscalid Anilide Systemic WG 0,15 kg ha-1 

Boscalid + Pyraclostrobin Anilide + Strobilurin 
Systemic +  

Mesostemic Protector 
WG + EC 0,15 hg ha-1 + 0,6 L ha-1 

Kasugamycin Antibiotic Systemic SC 2,00 - 3,00 L/ha 

Cyproconazole Triazole Systemic WG 0,5 - 0,7 kg ha-1 

Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic +  

Mesostemic Protector 
SC 0,5 L ha-1 

Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic +  

Mesostemic Protector  + Contact 
WG 1,5 - 3,0 kg ha-1 

Cyproconazole + Azoxystrobin + Copper 

hydroxide 
Triazole + Strobilurin+ Inorganic 

Systemic + Mesostemic 

Protector  + Contact 
SC + WG 0,5 L ha-1 + 1,7 kg ha-1 

Cyproconazole + Difenoconazole Triazole Systemic SC 0,3 L ha-1 

Cyproconazole + Picoxystrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
SC 0,5 L ha-1 

Cyproconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
SC 0,4 L ha-1 

Difenoconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
SC 0,3 - 0,4 L ha-1 

Difenoconazole + Pydiflumetofen Triazole + Carboxamide Systemic SC 0,5 - 0,7 kg ha-1 

Epoxiconazole + Kresoxim-methyl Triazole + Strobilurin Systemic+ Mesostemic Protector SC 0,6 L ha-1 

Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
SE 1,5 L ha-1 
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Epoxiconazole + Pyraclostrobin + Copper 

hydroxide 
Triazole + Strobilurin+ Inorganic 

Systemic + Mesostemic 

Protector  + Contact 
SE + WG 1,5 L ha-1 + 1,7 kg ha-1 

Flutriafol Triazole Systemic SC 2,0 L ha-1 

Flutriafol Triazole Systemic SC 2,0 - 3,0 L ha-1 

Flutriafol Triazole Systemic SC 1,5 L ha-1 

Flutriafol + Azoxystrobin + Iprodione 
Dicarboximide + Triazole + 

Strobilurin 

Systemic + Mesostemic 

Protector  + Contact 
SC 1,0 L ha-1 + 0,8 L ha-1 

Flutriafol + Thiophanate-methyl + 

Iprodione 

Dicarboximide + Triazole + 

Benzimidazole 
Systemics + Contact SC 1,0 L ha-1 + 1,0 L ha-1 

Fluxapyroxad + Copper oxychloride 
Pyrazole-4-carboxamide + 

Inorganic 
Systemics + Contact SC 0,8 - 1,2 L ha-1 

Copper hydroxide Inorganic Contact SC 2,0-3,0 L ha-1 

Copper hydroxide Inorganic Contact WG 1,7 - 2,25 kg ha-1 

Iprodione Dicarboximide Contact SC 1,0 L ha-1 

Mancozeb Dithiocarbamate Contact WP 4,0 kg ha-1 

Pyraclostrobin Strobilurin Mesostemic Protector EC 0,6 - 0,8 L ha-1 

Tebuconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
SC 0,75 L ha-1 

Tebuconazole + Azoxystrobin + Mancozeb 
Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesostemic 

Protector  + Contact 
WG + EC 1,5 kg ha-1 + 1,0 L ha-1 

Tebuconazole + Metominostrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
EC 1,2 - 1,5 L ha-1 

Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesostemic 

Protector 
SC 0,75 L ha-1 

Legend: 

EC: Emulsifiable Concentrate; SC: Suspension Concentrate; SE: Suspo-Emulsion; WG:  Water dispersible Granule; WP: Wettable 

Powders 
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Supplementary Table 1 - Fungicides were used alone or in association with other fungicides and different concentrations in seven consecutive 

seasons, 2014/2015, 2015/2016, 2016/2017, 2017/2018, 2018/2019, 2019/2020, and, 2020/2021. 

Year Beginning End Experiment Treatment Active principle Chemical Group Mode of action Group1 

2014 16/12/2014 08/07/2015 1 1 na na na na 

2014 16/12/2014 08/07/2015 1 2 
Epoxiconazole + Pyraclostrobin + 

Mancozeb + Copper hydroxide 

Triazole + Strobilurin + 

Dithiocarbamate + Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2014 16/12/2014 08/07/2015 1 3 Azoxystrobin + Copper hydroxide Strobilurin + Inorganic 
Mesosystemic Protector + 

Contact 
c 

2014 16/12/2014 08/07/2015 1 4 
Azoxystrobin + Mancozeb + 

Copper hydroxide 

Strobilurin + 

Dithiocarbamate + Inorganic 

Mesosystemic Protector + 

Contact 
c 

2014 16/12/2014 08/07/2015 1 5 
Epoxiconazole + Pyraclostrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2014 16/12/2014 08/07/2015 1 6 Azoxystrobin + Mancozeb 
Strobilurin + 

Dithiocarbamate 

Mesosystemic Protector + 

Contact 
c 

2014 16/12/2014 08/07/2015 1 7 Mancozeb Dithiocarbamate Contact a 

2014 16/12/2014 08/07/2015 1 8 
Epoxiconazole + Pyraclostrobin + 

Copper hydroxide 

Triazole + Strobilurin+ 

Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 09/12/2015 24/05/2016 2 1 na na na na 

2015 09/12/2015 24/05/2016 2 2 
Epoxiconazole + Pyraclostrobin + 

Mancozeb + Copper hydroxide 

Triazole + Strobilurin + 

Dithiocarbamate + Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 09/12/2015 24/05/2016 2 3 Azoxystrobin + Copper hydroxide Strobilurin + Inorganic 
Mesosystemic Protector + 

Contact 
c 

2015 09/12/2015 24/05/2016 2 4 
Azoxystrobin + Mancozeb + 

Copper hydroxide 

Strobilurin + 

Dithiocarbamate + Inorganic 

Mesosystemic Protector + 

Contact 
c 

2015 09/12/2015 24/05/2016 2 5 
Epoxiconazole + Pyraclostrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 09/12/2015 24/05/2016 2 6 Azoxystrobin + Mancozeb 
Strobilurin + 

Dithiocarbamate 

Mesosystemic Protector + 

Contact 
c 

2015 09/12/2015 24/05/2016 2 7 Mancozeb Dithiocarbamate Contact a 

2015 09/12/2015 24/05/2016 2 8 
Epoxiconazole + Pyraclostrobin + 

Copper hydroxide 

Triazole + Strobilurin+ 

Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 3 1 na na na na 

2015 16/12/2015 25/05/2016 3 2 Flutriafol Triazole Systemic d 

2015 16/12/2015 25/05/2016 3 3 Cyproconazole Triazole Systemic d 

2015 16/12/2015 25/05/2016 3 4 Triadimenol Triazole Systemic d 
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2015 16/12/2015 25/05/2016 3 5 Flutriafol Triazole Systemic d 

2015 16/12/2015 25/05/2016 4 1 na na na na 

2015 16/12/2015 25/05/2016 4 2 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 4 3 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 4 4 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 4 5 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 4 6 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 4 7 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2015 16/12/2015 25/05/2016 4 8 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2015 16/12/2015 25/05/2016 4 9 
Epoxiconazole + Kresoxim-

methyl 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2016 29/10/2016 14/03/2017 5 1 Iprodione Dicarboximide Contact a 

2016 29/10/2016 14/03/2017 5 2 Iprodione Dicarboximide Contact a 

2016 29/10/2016 14/03/2017 5 3 
Flutriafol + Azoxystrobin + 

Iprodione 

Triazole + Strobilurin + 

Dicarboximide 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 29/10/2016 14/03/2017 5 4 
Flutriafol + Thiophanate-methyl + 

Iprodione 
Triazole + Dicarboximide Systemic + Contact e 

2016 29/10/2016 14/03/2017 5 5 
Flutriafol + Thiophanate-methyl + 

Azoxystrobin + Iprodione 

Triazole + Strobilurin + 

Dicarboximide 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 29/10/2016 14/03/2017 5 6 Boscalid Anilide Systemic d 

2016 29/10/2016 14/03/2017 5 7 Boscalid + Pyraclostrobin Anilide + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 29/10/2016 14/03/2017 5 8 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 29/10/2016 14/03/2017 5 9 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 29/10/2016 14/03/2017 5 10 na na na na 

2016 29/10/2016 14/03/2017 6 1 Iprodione Dicarboximide Contact a 
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2016 29/10/2016 14/03/2017 6 2 Iprodione Dicarboximide Contact a 

2016 29/10/2016 14/03/2017 6 3 
Flutriafol + Azoxystrobin + 

Iprodione 

Triazole + Strobilurin + 

Dicarboximide 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 29/10/2016 14/03/2017 6 4 
Flutriafol + Thiophanate-methyl + 

Iprodione 
Triazole + Dicarboximide Systemic + Contact e 

2016 29/10/2016 14/03/2017 6 5 
Flutriafol + Thiophanate-methyl + 

Azoxystrobin + Iprodione 

Triazole + Strobilurin + 

Dicarboximide 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 29/10/2016 14/03/2017 6 6 Boscalid Anilide Systemic d 

2016 29/10/2016 14/03/2017 6 7 Boscalid + Pyraclostrobin Anilide + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 29/10/2016 14/03/2017 6 8 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 29/10/2016 14/03/2017 6 9 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 29/10/2016 14/03/2017 6 10 na na na na 

2016 01/11/2016 15/03/2017 7 1 na na na na 

2016 01/11/2016 15/03/2017 7 2 
Cyproconazole + Difenoconazole 

+ Azoxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2016 01/11/2016 15/03/2017 7 3 
Cyproconazole + Difenoconazole 

+ Azoxystrobin + Picoxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2016 01/11/2016 15/03/2017 7 4 
Cyproconazole + Tebuconazole + 

Trifloxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2016 01/11/2016 15/03/2017 7 5 

Epoxiconazole + Tebuconazole + 

Azoxystrobin + Kresoxim-methyl 

+ Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 01/11/2016 15/03/2017 7 6 
Epoxiconazole + Boscalid + 

Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 8 1 na na na na 

2016 17/12/2016 17/05/2017 8 2 
Cyproconazole + Tebuconazole + 

Azoxystrobin + Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 3 
Cyproconazole + Tebuconazole + 

Azoxystrobin + Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 4 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 5 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 
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2016 17/12/2016 17/05/2017 8 6 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 8 7 
Cyproconazole + Epoxiconazole + 

Pyraclostrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 8 8 Cyproconazole + Picoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 8 9 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 10 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 11 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 12 
Cyproconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 8 13 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 8 14 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 8 15 Cyproconazole + Picoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 9 1 na na na na 

2016 17/12/2016 17/05/2017 9 2 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 9 3 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 9 4 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2016 17/12/2016 17/05/2017 9 5 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2016 17/12/2016 17/05/2017 9 6 
Epoxiconazole + Kresoxim-

methyl 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2017 01/10/2017 25/05/2018 10 1 na na na na 

2017 01/10/2017 25/05/2018 10 2 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2017 01/10/2017 25/05/2018 10 3 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 
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2017 01/10/2017 25/05/2018 10 4 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2017 01/10/2017 25/05/2018 10 5 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2017 01/10/2017 25/05/2018 10 6 Boscalid Anilide Systemic d 

2017 01/10/2017 25/05/2018 10 7 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2017 18/10/2017 09/05/2018 11 1 na na na na 

2017 18/10/2017 09/05/2018 11 2 
Cyproconazole + Tebuconazole + 

Azoxystrobin + Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2017 18/10/2017 09/05/2018 11 3 
Cyproconazole + Tebuconazole + 

Azoxystrobin + Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2017 18/10/2017 09/05/2018 11 4 
Cyproconazole + Tebuconazole + 

Azoxystrobin + Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2017 18/10/2017 09/05/2018 11 5 
Epoxiconazole + Tebuconazole + 

Boscalid + Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2017 18/10/2017 09/05/2018 11 6 

Epoxiconazole + Tebuconazole + 

Kresoxim-methyl + 

Trifloxystrobin 

Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2017 15/11/2017 24/04/2018 12 1 na na na na 

2017 15/11/2017 24/04/2018 12 2 Flutriafol Triazole Systemic d 

2017 15/11/2017 24/04/2018 12 3 Flutriafol Triazole Systemic d 

2017 15/11/2017 24/04/2018 12 4 Cyproconazole Triazole Systemic d 

2017 15/11/2017 24/04/2018 12 5 Triadimenol Triazole Systemic d 

2017 15/11/2017 24/04/2018 12 6 Flutriafol Triazole Systemic d 

2018 16/12/2018 15/05/2019 13 1 
Cyproconazole + Epoxiconazole + 

Picoxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 16/12/2018 15/05/2019 13 2 
Cyproconazole + Epoxiconazole + 

Boscalid + Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 16/12/2018 15/05/2019 13 3 
Cyproconazole + Epoxiconazole + 

Boscalid + Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 16/12/2018 15/05/2019 13 4 
Cyproconazole + Epoxiconazole + 

Boscalid + Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 16/12/2018 15/05/2019 13 5 
Cyproconazole + Epoxiconazole + 

Boscalid + Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 
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2018 16/12/2018 15/05/2019 13 6 
Cyproconazole + Epoxiconazole + 

Boscalid + Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 1 na na na na 

2018 27/11/2018 15/05/2019 14 2 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 3 
Cyproconazole + Triadimenol + 

Trifloxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 4 
Tebuconazole + Flutriafol + 

Metominostrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 5 Flutriafol + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 6 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 7 Tebuconazole + Metominostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 27/11/2018 15/05/2019 14 8 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 06/11/2018 20/04/2019 15 1 na na na na 

2018 06/11/2018 20/04/2019 15 2 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 06/11/2018 20/04/2019 15 3 
Epoxiconazole + Pyraclostrobin + 

Copper hydroxide 

Triazole + Strobilurin+ 

Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2018 06/11/2018 20/04/2019 15 4 
Epoxiconazole + Pyraclostrobin + 

Copper hydroxide 

Triazole + Strobilurin+ 

Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2018 06/11/2018 20/04/2019 15 5 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 06/11/2018 20/04/2019 15 6 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 06/11/2018 20/04/2019 15 7 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 06/11/2018 20/04/2019 15 8 Epoxiconazole + Pyraclostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2018 19/09/2018 15/04/2019 16 1 na na na na 

2018 19/09/2018 15/04/2019 16 2 
Epoxiconazole + Boscalid + 

Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 19/09/2018 15/04/2019 16 3 
Epoxiconazole + Boscalid + 

Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 
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2018 19/09/2018 15/04/2019 16 4 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2018 19/09/2018 15/04/2019 16 5 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2018 03/10/2018 20/05/2019 17 1 na na na na 

2018 03/10/2018 20/05/2019 17 2 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2018 03/10/2018 20/05/2019 17 3 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2018 03/10/2018 20/05/2019 17 4 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2018 03/10/2018 20/05/2019 17 5 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2018 03/10/2018 20/05/2019 17 6 
Epoxiconazole + Boscalid + 

Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2018 03/10/2018 20/05/2019 17 7 
Cyproconazole + Difenoconazole 

+ Azoxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2019 04/10/2019 29/05/2020 18 1 na na na na 

2019 04/10/2019 29/05/2020 18 2 
Epoxiconazole + Boscalid + 

Pyraclostrobin 

Triazole + Anilide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2019 04/10/2019 29/05/2020 18 3 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2019 04/10/2019 29/05/2020 18 4 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2019 04/10/2019 29/05/2020 18 5 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2019 04/10/2019 29/05/2020 18 6 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2019 04/10/2019 29/05/2020 18 7 
Epoxiconazole + Boscalid + 

Pyraclostrobin + Bacillus subtilis 

Triazole + Anilide + 

Strobilurin + Bacillus 

Systemic + Mesosystemic 

Protector + Biologic 
g 

2019 07/10/2019 29/05/2020 19 1 na na na na 

2019 07/10/2019 29/05/2020 19 2 Difenoconazole + Pydiflumetofen Triazole + Carboxamide Systemic d 

2019 07/10/2019 29/05/2020 19 3 Difenoconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2019 07/10/2019 29/05/2020 19 4 Boscalid Anilide Systemic d 
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2019 07/10/2019 29/05/2020 19 5 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2019 07/10/2019 29/05/2020 19 6 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2019 02/10/2019 29/05/2020 20 1 na na na na 

2019 02/10/2019 29/05/2020 20 2 Boscalid Anilide Systemic d 

2019 02/10/2019 29/05/2020 20 3 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2019 02/10/2019 29/05/2020 20 4 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2019 02/10/2019 29/05/2020 20 5 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2019 02/10/2019 29/05/2020 20 6 Kasugamycin Antibiotic Systemic d 

2019 02/10/2019 29/05/2020 20 7 Kasugamycin Antibiotic Systemic d 

2019 02/10/2019 29/05/2020 20 8 
Tebuconazole + Azoxystrobin + 

Mancozeb 

Triazole + Strobilurin + 

Dithiocarbamate 

Systemic + Mesosystemic 

Protector + Contact 
h 

2020 05/11/2020 26/06/2021 21 1 na na na na 

2020 05/11/2020 26/06/2021 21 2 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 05/11/2020 26/06/2021 21 3 Difenoconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 05/11/2020 26/06/2021 21 4 Boscalid Anilide Systemic d 

2020 05/11/2020 26/06/2021 21 5 Boscalid + Pyraclostrobin Anilide + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 05/11/2020 26/06/2021 21 6 
Fluxapyroxad + Copper 

oxychloride 
Carboxamide + Inorganic Systemic + Contact e 

2020 05/11/2020 26/06/2021 21 7 
Boscalid + Pyraclostrobin + 

Fluxapyroxad + Copper hydroxide 

Anilide + Carboxamide + 

Strobilurin + Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2020 05/11/2020 26/06/2021 21 8 
Boscalid + Pyraclostrobin + 

Fluxapyroxad + Copper hydroxide 

Anilide + Carboxamide + 

Strobilurin + Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2020 04/11/2020 01/06/2021 22 1 na na na na 

2020 04/11/2020 01/06/2021 22 2 Tebuconazole + Metominostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 04/11/2020 01/06/2021 22 3 Tebuconazole + Metominostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 
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2020 04/11/2020 01/06/2021 22 4 Tebuconazole + Metominostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 04/11/2020 01/06/2021 22 5 Tebuconazole + Metominostrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 04/11/2020 01/06/2021 22 6 Tebuconazole + Trifloxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 07/12/2020 20/07/2021 23 1 na na na na 

2020 07/12/2020 20/07/2021 23 2 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 07/12/2020 20/07/2021 23 3 
Cyproconazole + Azoxystrobin + 

Copper hydroxide 

Triazole + Strobilurin+ 

Inorganic 

Systemic + Mesosystemic 

Protector + Contact 
h 

2020 07/12/2020 20/07/2021 23 4 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 07/12/2020 20/07/2021 23 5 Cyproconazole + Azoxystrobin Triazole + Strobilurin 
Systemic + Mesosystemic 

Protector 
f 

2020 07/12/2020 20/07/2021 23 6 
Cyproconazole + 

Benzovindiflupyr + Azoxystrobin 

Triazole + Carboxamide + 

Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

2020 07/12/2020 20/07/2021 23 7 
Cyproconazole + Difenoconazole 

+ Azoxystrobin 
Triazole + Strobilurin 

Systemic + Mesosystemic 

Protector 
f 

Legend: 1 Treatments classified by the mode of action; na: not applicable, because is the control treatment.
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2.3 Disease incidence assessment 

 

The coffee rust incidence was assessment monthly, with differences between the 

experiments, from December to May. The point of evaluated the disease progress is when 

beginning of symptoms in December until the final of the exponential growth of the disease, 

between March and April (Pinto et al., 2002). Coffee leaves assessments were made in a 

randomly by a non-destructive method. Each plant was evaluated in the middle third, in six 

plagiotropic branches, with three branches on each side of the planting line (Barbosa Junior et 

al., 2019). In each branch, the third or fourth pairs were evaluated and 12 leaves per plant were 

sampled, a total of 72 leaves in six plants per plot. The incidence of coffee rust was obtained 

with the equation to determine the percentage of the number of leaves with lesions or signals 

related to the total number evaluated (Campbell & Madden, 1990). 

 
I(%) = (

 NLL

NTL
) ∗ 100 

(1) 

 where: 

 I (%) = Coffee rust incidence; 

 NLL =  Number of lesioned leaves; 

 NTL = Number of total leaves sampled on the coffee tree. 

 

2.4 Evaluation of the progressive disease rate 

 

The disease proportion increased in a given period calculated the disease progress rate. 

Initially, we calculated the rust progress of absolute rate for each check treatment per 

experiment per year to obtain the disease progress rate per year from December to May. Second, 

was calculate the average absolute rate between December to May by year. Third, was 

calculated the absolute rate with the progress of Coffee rust for all studied treatments grouped 
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by the mode of action (Table 1). The average was obtained for the eight treatment groups based 

on the mode of action for all treatments and experiments in different year crops. Obtained 

between the years 2014 to 2021 in the range from December to May. After we calculated the 

partial rate monthly for the eight groups from December to May individually and plotted graphs 

using Microsoft® Excel® 2022 software. The rate was described by Van der Plank (1963) 

naming it the Apparent Infection Rate was: 

 
r = (

I𝑓 − I𝑖

T𝑓 − T𝑖
) 

(2) 

 where: 

 r = Disease progress rate; 

 I𝑓 =  Incidence final; 

I𝑖 =  Incidence initial; 

T𝑓 =  Time final; 

T𝑖 =  Time initial. 

 

2.5 Comparison of the disease progress rate  

 

The comparison analysis of the disease progress rate was made by analysis of variance 

(ANOVA). The assumptions of the ANOVA were verified by normality tests of Shapiro-Wilk 

and homogeneity of Bartlett. Significant variables in the F test of ANOVA were submitted to 

the test of means between the treatments and compared by Scott-Knott clustering and Tukey 

test (p0.5). The statistical analyses were performed with the statistical software “R” version 

4.0.4 (R Core Team, 2021) using the packages: ExpDes.pt, factoextra, and readxl. Comparisons 

were made by Coffee rust absolute rate for each check treatment per experiment per year from 

December to May between the years 2015 to 2021. Comparison analysis by the average 
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absolute rate between December to May by year for the check treatment. In the sequence, we 

made a comparison with all check treatments of all experiments together between the years 

2014 to 2021 in the range from December to May. After we compare the absolute rate with the 

progress of coffee rust for all studied treatments grouped by the eight groups of the mode of 

action. Comparing the groups with all treatments and experiments obtained between the years 

2014 to 2021 in the range from December to May. Subsequently, we compare the annual rate 

calculated and linearized by the nonlinear exponential model for the check treatment between 

the years 2014 to 2021 in the range from December to May. 

 

2.6 Fitting models and estimating equation parameters 

 

Model fitting for incidence over time was obtained by linear and non-linear models 

widely used to express disease progress (Campbell & Madden, 1990). Exponential, 

monomolecular, logistic, and Gompertz non-linear regression models were adjusted, in addition 

to the linear regression model: 

𝑦
𝑖

= 𝑦
0

+ 𝑟𝑡𝑖 (Linear) (3) 

𝑦
𝑖

= 𝑦
0

𝑒𝑟𝑡𝑖 (Exponential) (4) 

𝑦
𝑖

= 1 − (1 − 𝑦
0
)𝑒−𝑟𝑡𝑖 (Monomolecular) (5) 

𝑦
𝑖

=  
1

1 + 𝑒
(−

𝑙𝑛𝑦0
1−𝑦0

+𝑟𝑡𝑖)

 
(Logistic) (6) 

𝑦
𝑖

= 𝑒(𝑙𝑛𝑦0𝑒
(−𝑟𝑡𝑖)

) (Gompertz) (7) 

 where: 

 yi  = disease quantity in ti time; 

 y0 = initial inoculum quantity; 
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 ri  = disease progress rate; 

 ti  = time.  

 

After the model adjustment, the Akaike Information Criterion (AIC) was used to assess 

the quality of the adjustments and identify the best fitted model. The calculation of this distance 

can be estimated by the following equation: 

 𝐴𝐼𝐶 =  −2 ln(𝐿(𝜃)) + 2𝑝 (7) 

where: 

L(Ɵ) = Estimate of the maximum likelihood function; 

p = Number of parameters of the evaluated model.  

 

 

2.7 Fitting models statistical analysis 

 

The statistical analysis for incidence was submitted to the Shapiro-Wilk (normality) 

and Breush–Pagan (homoscedasticity) test to evaluate the assumptions of the analysis of 

variance (p>0.05), including the normal distribution of residuals. After that, regression analyzes 

were performed to adjust of linear and non-linear models mentioned above. The t-test of 

parameters at 0.05% significance was performed for the coefficients of the adjusted models. 

The adjusted model of equation was chosen and calculated from the model based on the 

significance of the parameters of the regression equation (p < 0.05) in the t-test. Selecting by 

the criteria of the highest coefficient of determination (R2) and adjusted R2, and lowest values 

of the Akaike information criterion (AIC), errors mean of errors, standard deviation, and mean 

squared deviation. The statistical analyses were performed with the statistical software “R” 
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version 4.0.4 (R Core Team, 2021) using the packages: AICcmodavg, car, dplyr, lmtest, nlme, 

and readxl. 

 

3 Results 

 

The coffee rust progress rate or apparent infection rate in the studied plantations from 

2015 to 2021 varies mainly between crop years. We found a significant difference (p  0.05) 

between check treatments of experiments in the crop year 2015/16 and also in 2016/17 (Table 

2. Based on Tukey's test for both years, we obtained two connected groups and there is an 

interconnection between groups when analyzing the mean letters obtained. Normality and 

homogeneity were obtained in the analysis within the harvest years, except for the normality 

test for the 2015/16 harvest. 

 

Table 2 – Coffee rust progress rate (r) for the check treatment or check in different 

experiments from December to May per crop year between the years 2015 to 2021. 

 

Harvest Significance Normality Homogeneity Tukey 

2015/16 ** 0.02606901 0.848125 Groups      Treatments     Means 
    

a        control exp 3     0.01139323     
ab       control exp 2    -0.00508282     
   b       control exp 4    -0.02817085 

2016/17 * 0.3543469 0.3886959 Groups Treatments       Means 
    

a        control exp 6     0.07416397     
a        control exp 7     0.07385361     
ab       control exp 5     0.06009615     
ab       control exp 8     0.05034722     

     b       control exp 9     0.02083333 

2017/18 n/s 0.7168007 0.2876047 

2018/19 n/s 0.1477072 0.2218226 

2019/20 n/s 0.7189388 0.5329599 

2020/21 n/s 0.6561784 0.4882649 

Legend: Total control experiments in the different year crop: 2015/16 (3); 2016/17 (5); 

2017/18 (3); 2018/19 (5); 2019/20 (3); and, 2020/2021 (3); **: 0,01 significance in the F-test 
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(p  0.01); *: 0,05 significance in the F-test (p  0.05); n/s: not significative in the F-test (p > 

0.05). 

 

 

Comparing all check or control treatments for the years 2014 to 2021 in the same 

statistical analysis, there was a significant difference in the F-test (p  0.001), and the data were 

normal and homogeneous (Table 3). A reduction in the amount of the disease was observed, 

through negative values of the rate, probably there was leaf fall caused by coffee rust. The data 

were studied over seven years, but based on the mean test, they were divided into four distinct 

groups. Therefore, there is no clear grouping for experiments in the same year crop.  

 

Table 3 – Analysis of the annual rate of progress check treatments of coffee rust in different 

experiments for different crop years. Obtained between the years 2014 to 2021 in the 

range from December to May. 

 

Average of experiment Scott-Knott 

Significance Normality Homogeneity Groups      Treatments               Means 

*** 0.2786718 0.07793543 a         Control exp 1        0.100557547    
a         Control exp 12      0.076978512    
a         Control exp 6        0.074163967    
a         Control exp 7        0.073853613    
a         Control exp 5        0.060096150    
 b        Control exp 8        0.050347222    
 b        Control exp 23      0.044753086    
 b        Control exp 10      0.039950283    
 b        Control exp 18      0.031757622    
 b        Control exp 11      0.031043042    
 b        Control exp 21      0.030120482    
 b        Control exp 19      0.023809524    
  c       Control exp 9        0.020833332    
  c       Control exp 20      0.015782828    
  c       Control exp 22      0.014204545    
  c       Control exp 3        0.011393232    
  c       Control exp 15      0.010822511    
  c       Control exp 2       -0.005082825    
   d      Control exp 17     -0.015964240    
   d      Control exp 13     -0.021825397    
   d      Control exp 4       -0.028170850    
   d      Control exp 14     -0.033460130 
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   d      Control exp16     -0.060703186 

Legend: Experiments in the different year crop: 2014/ 2015 (Control exp2); 2015/16 (Control 

exp3, Control exp4, Control exp5); 2016/17 (Control exp7, Control exp8, Control exp9, Control 

exp13, Control exp14); 2017/18 (Control exp15, Control exp16, Control exp18); 2018/19 

(Control exp21, Control exp22, Control exp23, Control exp24, Control exp25); 2019/20 

(Control exp27, Control exp28, Control exp29); and, 2020/201 (Control exp31, Control exp36, 

Control exp37);  

***: 0,001 significance in the F-test (p  0.001). 

 

 

The biennial nature of coffee influences its production and the number of plant 

diseases. In seven years, the coffee biennial character was almost always reflected in the 

presence of rust (Table 4). Therefore we can see a significant difference in F-test (p  0.001) 

between the rate by the years. From 2014/15 to 2015/16, 2015/16 to 2016/17, 2017/18 to 

2018/19, and 2018/19 to 2019/20 harvests, the biennial rates are clear and with different letters 

by the average in a Scott-Knott test. However, in the average test, 2016/17 to 2017/18 and 

2019/20 to 2020/21 harvests obtained the same means and were in the same group. In the 2020 

crop, the rust came late, being found from April 2021. In 2017, we observed a drop in incidence 

between April and May, probably caused by the fall of leaves with rust. 

 

Table 4 – Analysis of the average rate progress of the average check treatments of the coffee 

leaf rust in different experiments for different crop years. Obtained between the years 

2014 to 2021 in the range from December to May. 

 

Average year crop Scott-Knott 

Significance Normality Homogeneity Groups Treatments Means 

*** 0.5481582 0.5522452 a T2014 0.1005575 
   b T2016 0.05585886 
   b T2017 0.04932395 
   c T2020 0.0296927 
   c T2019 0.02378332 
   d T2015 -0.007286814 
   d T2018 -0.02422609 

Legend: Number of experiments in the different year crop: 2014/ 2015 (1); 2015/16 (3); 

2016/17 (5); 2017/18 (3); 2018/19 (5); 2019/20 (3); and, 2020/201 (3); ***: 0,001 significance 

in the F-test (p  0.001). 
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Disease progress data for all treatments studied grouped by mode of action based on 

the mean rate obtained for each of the eight groups obtained showed a significant difference. 

Although the grouping by mode of action obtained eight groups but based on the mean test we 

obtained five groups only (Table 5).  There are three groups of the mode of action higher or in 

the same group by the mean test of the Check treatment mean. The highest rate was obtained 

in the Contact or Protective group or pr (b), using only the Dicarboximide or Dithiocarbamate 

chemical group. Observing the average monthly rate analyzed according to the mode of action 

of the fungicides, we can observe the crescent growth rate of the contact group during the 

assessment period (Figure 1). The second mean test grouping stays the Systemic + Contact 

treatment (e). In the third mean test group, there are two modes of action groups. Were in the 

same group the check (a) and the Mesostemic Protector + Contact treatments (c) and we can 

observe the high rate of variation during the months.  The fourth mean test group is the last 

group with a minimal positive rate and is composed of Systemic (d) and Systemic + Mesostemic 

Protector + Contact (h). The monthly evolution rate for the Systemic group shows a variation 

with a negative peak in February and a positive peak in March. Therefore, the Systemic + 

Mesostemic Protector + Contact group takes a constant rate of progress (Figure1). The last 

group by the average test is composed of two types of treatments Systemic + Mesostemic 

Protector (f) and Systemic + Mesostemic Protector + Biological (g). The mean obtained was 

the lowest, but it obtained a negative rate for both modes of action present in this group (Table 

5, Figure 1).   
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Table 5 – Analysis of the progress rate of coffee rust for all studied treatments grouped by the mode of action. The average of the treatments is based on 

the mode of action for all experiments in different crop years. Obtained between the years 2014 to 2021 in the range from December to May. 

Average mode of 

action 

Scott-Knott Type of grouping by the mode of action  

Significance Groups Treatments Means Mode of action Chemical Group 

*** a b  0.07465179  Contact Dicarboximide; Dithiocarbamate 

Normality  b  e  0.04611748  Systemic + Contact Triazole + Dicarboximide; Carboxamide + Inorganic 

0.01307157 c c  0.03275063  Mesostemic Protector + 

Contact 

Strobilurin + Dithiocarbamate + Inorganic; 

Homogeneity c  a   0.03192141  Check - 

0.1092241 d d  0.01843385  Systemic Triazole; Anilide; Triazole + Carboxamide; Antibiotic 

 
d h  0.01195129  Systemic + Mesostemic 

Protector + Contact 

Triazole + Strobilurin + Dithiocarbamate + Inorganic; 

Triazole + Strobilurin + Dithiocarbamate; 

Triazole + Strobilurin + Inorganic; 

Triazole + Strobilurin + Dicarboximide; 

Triazole + Strobilurin + Inorganic; 

Anilide + Carboxamide + Strobilurin + Inorganic 
 

e f  -0.00837845  Systemic + Mesostemic 

Protector 

Triazole + Strobilurin; 

Anilide + Strobilurin; 

Triazole + Anilide + Strobilurin; 

Triazole + Pyrazole carboxamide + Strobilurin 
 

e g  -0.01608944 Systemic + Mesostemic 

Protector + Biologic 

Triazole + Anilide + Strobilurin + Bacillus 
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Legend: Treatments classified by the mode of action; ***: 0,001 significance in the F-test (p  0.001). 
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Figure 1 – Average monthly rate analyzed according to the mode of action of fungicides of 

coffee rust progress for all studied treatments grouped by the mode of action for all 

experiments in different crop years by months. Obtained between the years 2014 to 

2021 in the range of the monthly analysis from December to May. 

 

Data fit was obtained by having the best epidemiological model for the average rate of 

rust progression for all years using linear and non-linear models. Based on the parameters 

obtained between the analyzed models, the best fit model obtained was the non-linear 

Exponential model (Table 6). This model was chosen because it has  a combination of low AIC 

value, the high R2 value, the best parameters of the equations in the t-test (β0 and β1), a 

relatively small mean square error, and the significance of the parameters in the t-test. 

Comparing linear, nonlinear, exponential, logarithmic, and Gompertz adjustment models 

(Table 6, Figure 2). To obtain the annual epidemiological analysis of rust, we linearized the rate 

values by the Exponential model (Table 7), based on the analysis made in Table 6. We compare 

the annual rate calculated by all experiments per year and linearized it by the nonlinear 

exponential model for the check treatment of coffee rust in different experiments. During the 

years 2014 to 2021, in the range from December to May all the linearized data stay in the same 
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mean based on Scott-Knott mean test (Table 7). Comparing the mean obtained in Table 7 and 

the mean obtained in Table 6 by the Exponential model we can use these rates obtained by the 

average of the linearized data. 

Table 6 – Linear and nonlinear model (Exponential, Monomolecular, Logistic, Gompertz) fit 

for check treatment of coffee rust obtained between the years 2015 to 2021 in the 

range from December to May. 

 

Model MSR AIC R2 r y0 Normality Homogeneity 

Linear 221,121 11,54332 0,9168976 0,02659* 3,67500** 0,40990 0,91330 

Exponential 19,96616 14,19707 0,8587089 0,004369* 3,988219** 0,8822 0,5507 

Monomolecular 19,64485 14,64311 0,8455253 -0,00521* 4,054331** 0,943 0,4726 

Logistic 18,39481 16,23933 0,7874292 -0,00083n/s 4,29148** 0,9902 0,3028 

Gompertz 19,15477 15,29479 0,8240208 -0,00239* 4,14851** 0,9838 0,3845 

Legend: ***: 0,001 significance in the t-test (p  0.001); **: 0,01 significance in the t-test (p  

0.01); *: 0,05 significance in the t-test (p   0.05); n/s: not significative in the t-test (p > 0.05); 

AIC: Akaike Information Criterion; 

MSR: Mean Square Residual. 

 

 
 

Figure 2 – Nonlinear Exponential model fit for check treatment of coffee rust obtained between 

the years 2015 to 2021 in the range from December to May. The parameters of the 

equation were significant at 0,05 significance in the t-test (p   0.05). 
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Table 7 – Comparison analysis of the annual rate calculated by all experiments per year and 

linearized by the nonlinear exponential model for the check treatment of coffee rust 

in different experiments for different crop years. Obtained between the years 2014 to 

2021 in the range from December to May. 

 

Average of experiment Scott-Knott 

Significance Normality Homogeneity Groups Treatments Means 

*** 2,20E-06 3,86E-08 a 5 10,6082 
   b 2 8,1375 
   c 1 6,6146 
   d 3 4,8021 
   e 4 3,9022 
   f 7 1,6984 
   f 6 1,2731 
   f 13 0,5161 
   f 14 0,4224 
   f 11 0,1747 
   f 10 0,1351 
   f 8 0,0947 
   f 9 0,0932 
   f 12 0,0695 

Legend: Number of experiments in the different year crop: 2014/ 2015 (1); 2015/16 (3); 

2016/17 (5); 2017/18 (3); 2018/19 (5); 2019/20 (3); and, 2020/201 (3);  

Treatments represents the mean by the mean rate and are divided for calculated mean and 

linearized rate: 2014/15 (1- calculated, 8- linearized), 2015/16 (2- calculated, 9- linearized), 

2016/17 (3- calculated, 10- linearized), 2017/18 (4- calculated, 11- linearized), 2018/19 (5- 

calculated, 12- linearized), 2019/20 (6- calculated, 13- linearized), and, 2020/21 (7- calculated, 

14- linearized); 

***: 0,001 significance in the F-test (p  0.001). 

 

 

4 Discussion 

 

The rate of disease progress expresses the speed of the epidemic and its influenced by 

host susceptibility, pathogen virulence, and favorable environmental conditions. The fungicides 

also interferes with the disease progress. For these, the rate is an important parameter to 

compare epidemics in different climatic weather conditions (Campbell & Madden, 1990; Van 

der Plank, 1963).  
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The progress rate of coffee rust changed between years. There was no significant 

difference in the rate within the same season. Although the 2015/16 and 2016/17 harvests had 

a significant difference, the groups between them were interconnected. The difference obtained 

between witnesses from experiments in the same year may have been caused by adverse factors 

such as irregular distribution of rust in the field, differences between evaluators, different 

productivity between areas, leaf fall, varied soil fertility, and also other possible diseases and 

pests (Pozza, 2021). Rust attack causes the plant to produce more ethylene than normal, being 

responsible for the early fall of the leaves (VALENCIA, 1970). 

The check grouping of all experiments was more comprehensive than the number of 

years. Evidencing the normality and homogeneity of the data. Although both positive and 

negative rates were observed. The presence of negative rates is unexpected according to the 

progress of the disease demonstrated by Pinto et al. (2002) between December to May. 

Symptomatology can explain the rate decrease by the biologic nature of leaf rust causing 

premature leaf fall (Pozza et al., 2010; Talhinhas et al., 2017). 

In relation the average check treatments of the CLR per year for 2014 to 2021 we 

observe an almost always the reflection of coffee biennial production in the progress rate. The 

rates ranged from 0.1000 to -0.0242. Negative rate values were observed in the 2015/16 and 

2018/19 harvests. Observing the rates obtained in the harvests from 1972/73 to 1977/78 in the 

municipalities of Alfenas, Jacutinga and Ponte Nova, in Minas Gerais, there were only positive 

rates (Chalfoun, 1980). In the work carried out by PIPAEMG (1973), nowadays called 

EPAMIG (Empresa de Pesquisa Agropecuária de Minas Gerais). Also in the 1972/73 harvest 

in six more cities in addition to those analyzed in the work by Chalfoun (1980), negative rates 

were observed in three cities. Between October and December, the highest rates of infection 

were observed, followed by a decrease in the disease. 
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In the literature, there are few studies on the rate of progress of coffee diseases. In our 

study, we observed that the lowest rate values were obtained in treatments with the presence of 

different modes of action. We found better disease control in the Systemic + Mesostemic and 

Systemic + Mesostemic + Biological Protector. The mixture of Mesostemic fungicides with 

triazoles or carboxamides or both characterize strobymix (Pozza, 2021; Pozza et al., 2010, 

2021). Followed by Systemic and Systemic + Mesostemic Protector + Contact treatments. 

When we relate our data with those presented in studies that show the disease evolution curve, 

we observe that the best management occurs with the use of products with combined modes of 

action (Belan et al., 2014; Pozza, 2021; Talhinhas et al., 2017). 

The model used for adjustment was the non-linear exponential model. This criterion 

is a measure of proximity between the ideal (perfect) model and the candidate model and is 

based on the Kullback-Leibler distance or information minimization. In which the lowest AIC 

value is considered the closest to the ideal and the best-fitted model (Akaike, 1974). The non-

linear exponential model for was adjusted between the rates obtained from December-May. It 

is in agreement with the rate obtained by Pinto et al. (2002) between the months of March-

April.  

 

5 Conclusion 

 

The rate of disease progression varied both between experiments and years for the 

control treatments. The variation was approximately 0.101 to -0.061 between the evaluated 

treatments and 0.1005575 to -0.02422609 for the evaluated years. The lowest rates obtained 

were with negative values. The best fitted epidemiological model was the non-linear 

Exponential model. 
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Based on the rate progress of Arabica coffee rust the best effectiveness management 

based on mode of action was with combination of Systemic and Mesostemic and Systemic, 

Mesostemic and Biological Protector. 
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