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Abstract

Currently the soybean crop is affected by the white mold (Sclerotinia sclerotiorum). The disease
can reduce the crop yield and quality and decrease the prices of agricultural lands. The aim of the
current research was to assess epidemiology of white mold on soybean crop grown at Arapoti, PR,
Brazil, utilizing data related to agricultural practices and local meteorological factors. The ex-
periment was conducted in a naturally infested area. The soybean crop was sown on October 18th,
2011. The experimental design adopted herein was a randomized block in a factorial combination
with 4 row spacings (0.35, 0.45, 0.60, 0.75 m) and 4 plant populations (150, 200, 250, 300 thou-
sand plants per hectare) and 4 replications. The temporal analysis of the epidemic was evaluated
using mathematical models, such as Logistics, Monomolecular and Gompertz, in order to deter-
mine the best model that described the progress of the disease as a function of local meteorologi-
cal elements. For the incidence data it has been shown that both logistic and monomolecular mod-
els were those that were best fitted to the experimental data. For severity, the best model related
to the experimental data was the logistic one. Either for incidence or for severity, air temperature
was considered to be the environmental factor most affecting the progress of the disease. The va-
riability in the apparent infection rates of white mold on soybean was not affected by different
row spacings and plant populations; therefore, suggesting that macroclimatic variations prevailed
in such a fashion to mitigate the effect of cultural practices adopted in the field.
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1. Introduction

Sclerotinia sclerotiorum (Lib.) de Bary fungus is currently one of the most devastating plant pathogens. This
disease has triggered great economic losses in agriculture and has been identified in each of the five continents.

Losses of yield owing to the disease caused by S. sclerotiorum might reach up to 100% in some cases. In
crops such as soybean, yield can be compromised either by reduction in the size of the seed from the precocious
maturation of infected plants or by the loss of seeds during harvest [1].

It has been estimated that average losses in the yield of soybean crop are to be about 10% to 20% due to the
incidence of S. sclerotiorum. In absolute terms, such losses represent an average of 136 kg-ha *, varying from
83.2 to 229 kg-ha* [2]. In the climatic conditions of Brazil, reductions in soybean yield due to such a disease
vary from 11.5% to 96% [3].

White mold is an endemic disease; however, under certain climatic conditions, endemics of white mold might
trigger epidemics, mainly as a result of the environmental factors related to both macro and microclimatic con-
ditions created by the canopy [4].

The disease promoted by the S. sclerotiorum fungus on soybean crop features a spacial distribution pattern
characterized by a cluster type [5] and its development can occur in an exponential [6] or logistic fashion [4] [7]
as a function of time, which will in turn depend on the pathogen, genotype and environment interactions.

The analysis of disease severity might be carried out by means of the area under the disease progress curve [8],
which is described by growth mathematical models [9]-[11].

Nelson et al. [12] verified that the Weibull model better depicted the progress of white mold on sunflower
crop. On canola crop, the temporal progress of the disease best related to the Gompertz model, showing a coef-
ficient of determination of 0.96 [13]. Harikrishnan & Del Rio [4] determined that the logistic regression model
for forecasting the risk of white mold incidence on common bean in North Dakota, USA, explained 75% of the
incidence of white mold on such a crop.

Crop management, as row spacing and plant population, considerably interfere with the microclimate of the
canopy, affecting crop vulnerability to diseases in production fields. Thus the objective of the current study was
to assess the epidemiology of white mold on soybean crop grown in the municipality of Arapoti, PR, Brazil, as a
function of plant populations, row spacings and local meteorological variables.

2. Material and Methods

The experiment was carried out throughout the summer season of 2011-2012 in a naturally infested area located
at Arapoti, in the region of Campos Gerais in the state of Parana (Alt. 966 m, Lat. 24°16'S and Long. 50°06'W),
Brazil. The soil type of the experimental area is Rhodic eutrophic (Alfisol CECy.1 em = 8.98 cmol-dm>; organic
matterg.1oom = 30.89 g-dm ). The local climate is classified as the Cfb type—humid subtropical climate accord-
ing to Koppen’s classification [14].

Shortly before the installation of the experiment in the field, four distinct points were collected at random
with an area of 0.25 m? at a depth of 0.05 m to determine the amount of sclerotium in the experimental area,
which was equivalent to 31 sclerotium per square meter of land [3].

At the field trial, the soybean cultivar that was chosen was BMX Apolo RR® (indeterminate growth, and ma-
turation stage of 5.5). This type of genotype is susceptible to white mold and it is considered to have a super
precocious cycle. The sowing date was October 18", 2011. Throughout the crop growing season, all the conven-
tional cultural practices were adopted in compliance with the recommendation of experts, except concerning the
application of chemical products to control white mold.

The experimental design adopted was a randomized block distributed in a factorial combination with 4 row
spacings (0.35, 0.45, 0.60, 0.75 m) and 4 plant populations (150, 200, 250, 300 thousand plants per hectare), to-
taling 16 treatments with 4 replications. The experimental units were comprised of twelve rows with a length of
10 m and varying width, with spacing as a consideration.

At the experimental area, an automatic weather station from Campbell Scientific, Inc., was installed in order
to monitor the local meteorological data. The sensors of this weather station were responsible for the measure-
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ment of global solar radiation (Rg), precipitation (P) air temperature (T) and air relative humidity (RH) on a
daily basis. All sensors were connected to a data logger, model CR-1000®, from Campbell Scientific, Inc., that
by means of a PC208W® program for Windows® environment was programmed to perform readings with a
frequency of 60 seconds, and storing averages every 15 minutes.

In order to estimate leaf wetness duration (LWD), a series of data collected by a HMP45C (Temperature and
Relative Humidity Probe) sensor was used. The estimation method to assess LWD considers the number of
hours with a relative humidity above 90% (NHRH > 90%) [15].

The assessments of incidence and severity were performed from the phenological stage R1, culminating with
the beginning of flowering. From the R1 stage, the following dates for the assessments of incidence and severity
were chosen during 2012: January 12" (phenological stage R3), January 25™ (phenological stage R5.1), Febru-
ary 10™ (phenological stage R5.3) and February 24" (phenological stage R5.5). Among the aforementioned
dates only the first one was not utilized for statistical and epidemiological analyses, since there were no infec-
tion symptoms on the assessed plants in the field at that date, furthermore, in the period between R1 and R3 dis-
ease were also not found at the experimental site.

For the assessment of the incidence of disease, the criterion was based on the percentage of infected plants per
plot. In order to quantify the severity of white mold, a diagrammatic scale proposed by Juliatti et al. [16] was
used.

Epidemic temporal analysis of white mold on soybean were performed from the incidence plotting at each
assessment, and accumulated severity data throughout the evaluations as a function of time, constructing then
progress curves of the disease, which were analyzed by the fitting of the experimental data to the following re-
gression models: logistic, monomolecular and Gompertz [11].

The choice for the best model was made on the plotting of the standard residue obtained by the difference
between the observed and predicted disease, taking into consideration the coefficient of determination in con-
junction with the simple linear regression equation, along with the existence or not of standards in the residues
graph versus predicted values of the disease [10] [17] [18]. Moreover, for comparison between observed and
predicted data of the disease the following statistical indices were adopted herein: mean absolute error (MAE)
and root mean square error (RMSE).

A simple linear regression analysis was performed between meteorological variables and white mold progress
rates from the mathematical model that better depicted the progress of the disease. Values of the Pearson corre-
lation coefficient were utilized for identification of that variable which showed a larger variability proportion
with the rate of apparent progress of the disease [19].

3. Results

Throughout the study on the progress of white mold on soybean crop three linearization transformations were
employed, such as logistic, monomolecular and Gompertz. In order to determine the transformation that pro-
vided the best fit to the experimental data the proportion of incidence and severity of observed and estimated
white mold by the logistic, monomolecular and Gompertz were correlated, taking into account different row
spacings and plant populations.

For the incidence data of white mold on soybean crop the models that better corresponded to the experimental
data were the logistic and monomolecular. Out of the 16 different treatments utilized in the current research 11
had the logistic model showing the highest coefficients of determination, whereas in the remaining five treat-
ments, the experimental data correlated to the monomolecular model (Table 1).

According to Harikrishnan & Del Rio [4], Mila et al. [7] and Weiss et al. [20] the progress of the disease
caused by the S. sclerotiorum fungus on soybean crop was better represented by the exponential and logistic
models as a function of time. On the other hand, in the current study we noticed that, taking into consideration
the values of MAE and RMSE, the monomolecular model better depicted the progress of the disease in the field
(Table 2). The mean coefficient of determination obtained by the monomolecular model under the incidence
data of white mold for the different treatments was of 0.64. These differences about the best model to describe
the epidemiology of white mold is conditioned by the susceptibility of the soybean cultivar used and also by the
weather conditions during the growing season.

Table 1 shows the coefficients of determination along with linear (y°) and angular (r) coefficients by means
of the simple linear regression between incidence of the transformed disease and time. Linear coefficient
represents the initial inoculums of the disease, whereas angular coefficient of the regression equation depicts the
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Table 1. Coefficient of determination (R?), linear (y°) and angular (r) coefficients of the simple linear regression equation
obtained between observed and estimated values from the logistic, monomolecular and Gompertz models of incidence and

severity of white mold on soybean crop grown at Arapoti, PR, Brazil, under different row spacings and plant populations.

Incidence Data

0

Severity Data

Treatments Models R? y r Treatments Models R? y r

Logistic 0.068 —2.9964 0.0107 Logistic 0.958 —3.3777 0.1460

T1-1 Monomolecular ~ 0.029  0.0571 0.0005 T1-1 Monomolecular ~ 0.807 -0.1986  0.0500
Gompertz 0.054 —1.0998 0.0032 Gompertz 0.894 14341 0.0857

Logistic 0.983 —3.1151 0.0321 Logistic 0.998 —3.3410 0.1031

T1-2 Monomolecular ~ 1.000  0.0414 0.0022 T1-2 Monomolecular ~ 0.927 -0.0216  0.0180
Gompertz 0.991 -1.1531 0.0110 Gompertz 0.993 -1.2748 0.0470

Logistic 0.988 —2.3983 0.0173 Logistic 0.993 -2.5515 0.1306

T1-3 Monomolecular ~ 0.998  0.0860 0.0018 T1-3 Monomolecular  0.886 —0.1182  0.0540
Gompertz 0.992 -0.9116 0.0069 Gompertz 0.957 -1.1143 0.0843

Logistic 0.689 —2.3889 0.0110 Logistic 0.964 —2.7928 0.1420

T1-4 Monomolecular ~ 0.677  0.0885 0.0010 T1-4 Monomolecular ~ 0.832 -0.1986  0.0611
Gompertz 0.686 —0.9060 0.0042 Gompertz 0.908 —-1.2532 0.0929

Logistic 0.974 —2.1286 0.0217 Logistic 0.983 -—-2.7001 0.1561

T2-1 Monomolecular ~ 0.992  0.1109 0.0031 T2-1 Monomolecular ~ 0.859 -0.2296  0.0745
Gompertz 0.981 —0.8085 0.0095 Gompertz 0935 -1.2387 0.1069

Logistic 0.772 —2.2032 0.0230 Logistic 0916 —2.5468 0.1678

T2-2 Monomolecular  0.762  0.0987 0.0035 T2-2 Monomolecular ~ 0.804 -0.3541  0.0972
Gompertz 0.768 —0.8431 0.0103 Gompertz 0.861 —1.2782 0.1264

Logistic 0.170 —2.0790 0.0064 Logistic 0.866 —3.9542 0.3212

T2-3 Monomolecular ~ 0.133  0.1203 0.0007 T2-3 Monomolecular ~ 0.762 -1.1904  0.2288
Gompertz 0.157 —0.7842 0.0026 Gompertz 0.806 —2.3020 0.2652

Logistic 0.795 —2.5169 0.0139 Logistic 0.998 -—2.5840 0.1608

T2-4 Monomolecular ~ 0.800  0.0781 0.0012 T2-4 Monomolecular ~ 0.902 -0.2006  0.0792
Gompertz 0.797  —0.9527 0.0052 Gompertz 0968 -1.1742 0.1117

Logistic 0.367 —2.2307 —0.0068 Logistic 1.000 -2.5059 0.1103

T3-1 Monomolecular  0.329  0.1017 —0.0006 T3-1 Monomolecular  0.930 -0.0324  0.0372
Gompertz 0.355 -0.8476 —0.0025 Gompertz 0.987 -1.0376 0.0654

Logistic 0412 —2.0472 0.0026 Logistic 0.992 24224 0.1203

T3-2 Monomolecular ~ 0.424  0.1213 0.0003 T3-2 Monomolecular ~ 0.966 —0.0240  0.0445
Gompertz 0416 —0.7742 0.0011 Gompertz 0999 —0.9995 0.0740

Logistic 0.991 —2.5492 0.0124 Logistic 0940 -2.7829 0.1775

T3-3 Monomolecular ~ 0.981  0.0745 0.0011 T3-3 Monomolecular ~ 0.813 -0.3789  0.0984
Gompertz 0.988 —0.9659 0.0046 Gompertz 0.880 -1.3720 0.1303

Logistic 0.942 —2.8397 0.0183 Logistic 0976 -2.6171 0.1527
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Continued

T3-4 Monomolecular 0.914 0.0551 0.0014 T3-4 Monomolecular 0.853 —-0.2268 0.0745
Gompertz 0.934 -1.0660 0.0065 Gompertz 0.926 -1.2112 0.1059

Logistic 0.016 -2.4810 0.0033 Logistic 0.997 -25769 0.1511

T4-1 Monomolecular ~ 0.009 0.0847  0.0002 T4-1 Monomolecular ~ 0.897 -0.1733  0.0705
Gompertz 0.013 -0.9346 0.0012 Gompertz 0.965 -1.1557 0.1025

Logistic 0.935 -2.6920 0.0115 Logistic 0.986 —2.6189 0.1200

T4-2 Monomolecular 0.918 0.0648 0.0009 T4-2 Monomolecular 0.871 -0.0951 0.0446
Gompertz 0.930 -1.0154 0.0041 Gompertz 0.945 -1.1229 0.0740

Logistic 0.934 -3.3008 0.0164 Logistic 0.986 —2.8052 0.1443

T4-3 Monomolecular ~ 0.956 0.0361  0.0007 T4-3 Monomolecular ~ 0.859 -0.1814  0.0605
Gompertz 0.940 -1.2053 0.0050 Gompertz 0.939 -1.2408 0.0931

Logistic 0.339 -3.6685 0.0144 Logistic 0.990 -2.9294 0.2074

T4-4 Monomolecular 0.249  0.0268 0.0004 T4-4 Monomolecular 0.871 -0.4067 0.1172
Gompertz 0.315 -1.3029 0.0039 Gompertz 0.944 -1.4217 0.1528

R2—Coefficient of determination obtained by linear regression between the predicted and observed values of the disease; y°—Linear coefficient (a) of
the linear regression equation, which represents the initial inoculum of the disease; r—Slope (b) of simple linear regression equation, which
represents the infection rate of the disease.

rate of apparent infection of the disease. The mean rate of apparent infection obtained for the different row
spacings and plant populations was of 0.013 unity-day *. Values of rate of apparent infection varied from 0.032
to —0.006 unity-day *. Negative values of rate of apparent infection were attributed to the experimental area
from which the analysis of progress of the disease was made. Analysis of progress of the disease were not al-
ways effectuated in the same plants, which contributes to a fewer number of infected plants throughout the next
evaluations.

Moreover Table 1 illustrates the coefficients of determination, linear and angular coefficients of the simple
linear regression equation obtained between the observed and estimated white mold severity from the logistic,
monomolecular and Gompertz models under different row spacings and plant populations of soybean plants
grown at Arapoti, PR, Brazil.

The logistic model showed the best fit for 15 out of 16 treatments proposed in the field trial, revealing a mean
coefficient of determination corresponding to 0.971 (Table 1). The apparent mean infection rate (unity-day %)
for the disease severity data obtained under the different levels of spacing and plant population was of 0.157 un-
ity-day * (Table 1). Values of apparent infection rate varied from 0.103 to 0.321 unity-day *. The apparent in-
fection rate variation is ascribed to variations in the spacing and plant population treatments.

The choice for the logistic model to most accurately reflect the severity data of white mold on soybean crop
has been confirmed by analyzing the residue graphs obtained by the difference between observed and predicted
disease severity, as well as by means of MAE and RMSE (Table 2).

Table 3 and Table 4 demonstrates the coefficients of Pearson correlation, linear and angular coefficients of
the linear regression equation between the climatic factors and the rate of apparent infection of the disease (in-
cidence) in soybean plants grown under four different row spacings and four plant populations at the municipal-
ity of Arapoti, PR, Brazil.

Mean air temperature showed the highest Pearson coefficients (R) (Table 3), with mean values of 0.64 along
with a low mean standard deviation (0.06) and a low coefficient of variation (10%). There were no effect of
spacings and plant populations over the Pearson coefficients. Local meteorological variables, such as TMin,
TMax and Rg were related to mean values of R corresponding to 0.37, 0.41 and 0.33, respectively.

All Pearson coefficients obtained among the meteorological variables RHMean, RHMin, RHMax, P and
LWD and the apparent infection rate of the white mold incidence data were quite low (0.06, 0.07, 0.20 and 0.08
for RHMean, RHMin, RHMax and LWD, respectively (Table 4).
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Table 2. Mean absolute error (MAE) and root mean square error (RMSE) calculated from the incidence and severity data of
white mold obtained by the logistic, monomolecular and Gompertz models under the different adopted treatments.

Incidence Data Severity Data
Treatments Models EAM RQEM Treatments Models EAM RQEM
Logistic 0.0056 48.67 Logistic —-0.0091 17.16
T1-1 Monomolecular —0.0005  47.33 T1-1 Monomolecular —0.0058 60.58
Gompertz 0.0039 48.05 Gompertz —0.0296 31.18
Logistic 0.0000 4.72 Logistic —-0.0002 3.74
T1-2 Monomolecular 0.0000 0.43 T1-2 Monomolecular —0.0007 22.71
Gompertz 0.0000 3.32 Gompertz —0.0013 6.35
Logistic 0.0000 2.02 Logistic —0.0069 6.36
T1-3 Monomolecular 0.0000 0.85 T1-3 Monomolecular 0.0024 33.59
Gompertz 0.0000 1.62 Gompertz —0.0179 16.16
Logistic 0.0003 8.08 Logistic -0.0170 15.32
T1-4 Monomolecular 0.0000 7.58 T1-4 Monomolecular 0.0006 51.15
Gompertz 0.0002 7.90 Gompertz —0.0333 27.21
Logistic 0.0000 3.62 Logistic —-0.0175 10.87
T2-1 Monomolecular 0.0000 1.93 T2-1 Monomolecular 0.0109 45.88
Gompertz 0.0001 3.00 Gompertz —0.0340 22.48
Logistic 0.0010 12.24 Logistic —-0.0472 26.03
T2-2 Monomolecular —0.0002  14.04 T2-2 Monomolecular 0.0237 68.92
Gompertz 0.0005 12.73 Gompertz —0.0618 37.70
Logistic 0.0011 15.31 Logistic —0.1463 62.34
T2-3 Monomolecular —0.0002  15.12 T2-3 Monomolecular 0.3511 230.98
Gompertz 0.0007 15.23 Gompertz —0.1713 75.48
Logistic 0.0002 7.78 Logistic -0.0070 3.77
T2-4 Monomolecular 0.0000 6.97 T2-4 Monomolecular 0.0163 34.06
Gompertz 0.0001 7.50 Gompertz —-0.0227 14.28
Logistic 0.0004 9.97 Logistic 0.0002 0.28
T3-1 Monomolecular 0.0000 9.76 T3-1 Monomolecular 0.0004 21.27
Gompertz 0.0002 9.89 Gompertz —0.0058 8.11
Logistic 0.0001 3.23 Logistic 0.0065 6.59
T3-2 Monomolecular 0.0000 3.25 T3-2 Monomolecular 0.0024 13.82
Gompertz 0.0000 3.23 Gompertz —0.0019 2.02
Logistic 0.0000 1.26 Logistic —0.0438 23.15
T3-3 Monomolecular 0.0000 1.88 T3-3 Monomolecular 0.0271 69.88
Gompertz 0.0000 1.45 Gompertz —0.0632 36.15
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Continued

Logistic 0.0001 4.93 Logistic —-0.0201 12.72

T3-4 Monomolecular 0.0000 6.30 T3-4 Monomolecular 0.0102 46.99
Gompertz 0.0001 531 Gompertz —0.0353 23.89

Logistic 0.0031 30.57 Logistic -0.0071 4.34

T4-1 Monomolecular —0.0004 30.30 T4-1 Monomolecular 0.0107 33.82
Gompertz 0.0021 30.43 Gompertz —0.0216 14.80

Logistic 0.0000 3.30 Logistic —0.0061 8.78

T4-2 Monomolecular 0.0000 3.85 T4-2 Monomolecular —0.0011 35.51
Gompertz 0.0000 3.46 Gompertz —0.0157 18.22

Logistic 0.0000 5.03 Logistic -0.0118 9.74

T4-3 Monomolecular 0.0000 3.80 T4-3 Monomolecular 0.0030 43.67
Gompertz 0.0000 4.66 Gompertz —-0.0272 2151

Logistic 0.0008 24.74 Logistic -0.0230 9.60

T4-4 Monomolecular 0.0000 23.60 T4-4 Monomolecular 0.0543 53.93
Gompertz 0.0006 24.36 Gompertz —0.0442 21.50

Table 3. Coefficients of correlation (R), linear (a) and angular (b) coefficients of the linear regression equation between the
rate of apparent infection (incidence) of white mold on soybean crop grown under different row spacings and plant popula-
tions and meteorological data collected from the weather station installed in Arapoti, PR, Brazil: mean temperature (TMean),
minimum temperature (TMin), maximum temperature (TMax) (°C) and global solar radiation (Rg) (MJ m -dia 2).

Meteorological Variable
Treatments
TMean TMin TMax Rg

R a b R a b R a b R a b

T1-1 0.6132 -0.6882 0.0365 0.4137 -0.2452 0.0192 0.3534 -0.2662 0.0116 0.3954 0.1216 —0.0037
T1-2 0.7348 -1.1550 0.0601 0.2350 -0.1735 0.0149 0.6354 —0.7182 0.0287 0.1320 0.0886 —0.0017
T1-3 0.6803 —1.4032 0.0738 0.3441 -0.3609 0.0290 0.4853 —0.7010 0.0291 0.2881 0.1805 —0.0049
T1-4 0.6358 —-1.1534 0.0611 0.3939 -0.3735 0.0294 0.3949 -0.4889 0.0210 0.3640 0.1856 —0.0054
T2-1 0.6982 -1.9986 0.1049 0.3181 —-0.4558 0.0371 0.5249 —-1.0612 0.0436 0.2507 0.2295 —0.0059
T2-2 0.7145 -2.0363 0.1065 0.2893 —0.4048 0.0335 0.5660 —1.1477 0.0466 0.2095 0.2052 —0.0049
T2-3 0.5984 -1.3060 0.0695 0.4262 -0.4945 0.0385 0.3290 -0.4762 0.0211 0.4138 0.2442 —0.0075
T2-4 0.6569 —-1.1286 0.0596 0.3726 —0.3307 0.0263 0.4362 -0.5183 0.0219 0.3308 0.1647 —0.0047
T3-1 0.4626 —-0.7209 0.0392 0.4952 -0.4296 0.0326 0.1148 -0.0779 0.0054 0.5400 0.2120 —0.0071
T3-2 0.5650 -1.1879 0.0635 0.4476 -0.5065 0.0391 0.2707 -0.3630 0.0168 0.4518 0.2506 —0.0079
T3-3 0.6527 -1.0570 0.0558 0.3771 -0.3163 0.0251 0.4278 -0.4780 0.0202 0.3377 0.1574 —0.0045
T3-4 0.6936 -0.9962 0.0523 0.3248 -0.2346 0.0190 0.5167 -0.5233 0.0215 0.2592 0.1175 —0.0030
T4-1 0.5668 —0.8494 0.0454 0.4465 -0.3599 0.0278 0.2737 -0.2622 0.0121 0.4499 0.1781 —0.0056
T4-2 0.6488 -0.9073 0.0479 0.3812 -0.2767 0.0219 0.4202 -0.4045 0.0172 0.3440 0.1377 —0.0040
T4-3 0.6787 -0.5991 0.0315 0.3463 -0.1557 0.0125 0.4830 -0.2985 0.0124 0.2906 0.0777 —0.0021
T4-4 0.6538 -0.3910 0.0206 0.3760 -0.1164 0.0092 0.4306 —0.1778 0.0075 0.3356 0.0579 —0.0016
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Table 4. Coefficients of correlation (R), linear (a) and angular (b) coefficients of the linear regression equation between the
rate of apparent infection (incidence) of white mold on soybean crop grown under different row spacings and plant popula-
tions and meteorological data collected from the weather station installed in Arapoti, PR, Brazil: mean relative humidity
(RHMean), minimum relative humidity (RHMin), maximum relative humidity (RHMax) (%), precipitation (P) (mm-day )

and leaf wetness duration (LWD) (h-day Y).

Meteorological Variable

Treatments
RHMean RHMin RHMax P LWD
R a b R a b R a b R a b R a b
T1-1 0.0080 0.0497 0.0000 0.0945 0.0277 0.0004 0.1902 0.2804 —0.0025 0.2521 0.0353 0.0002 0.0231 0.0480 —0.0002
T1-2 0.1597 0.1369 —0.0010 0.1334 0.0909 —0.0007 0.2477 0.4722 —0.0044 0.0509 0.0511 0.0000 0.2012 0.0707 —0.0019
T1-3 0.0751 0.1326 —0.0006 0.0038 0.0824 0.0000 0.2199 0.5729 —-0.0052 0.1690 0.0672 0.0002 0.1021 0.0921 -0.0013
T1-4 0.0285 0.0917 —-0.0002 0.0649 0.0534 0.0004 0.1999 0.4701 —-0.0042 0.2276 0.0579 0.0002 0.0473 0.0789 —0.0005
T2-1 0.0975 0.2024 -0.0012 0.0365 0.1281 —0.0004 0.2295 0.8202 —0.0076 0.1399 0.0939 0.0002 0.1282 0.1289 —0.0022
T2-2 0.1208 0.2198 —0.0014 0.0714 0.1416 —0.0007 0.2381 0.8376 —0.0078 0.1083 0.0936 0.0002 0.1553 0.1289 —0.0027
T2-3 0.0055 0.0872 0.0001 0.1127 0.0473 0.0009 0.1822 0.5274 —0.0046 0.2673 0.0679 0.0003 0.0045 0.0928 —0.0001
T2-4 0.0492 0.0975 —0.0004 0.0344 0.0588 0.0002 0.2090 0.4599 —0.0042 0.2020 0.0554 0.0002 0.0718 0.0758 —0.0008
T3-1 0.0986 0.0136 0.0007 0.2454 —0.0034 0.0014 0.1318 0.2966 —0.0024 0.3668 0.0431 0.0003 0.1043 0.0577 0.0010
T3-2 0.0306 0.0672 0.0003 0.1502 0.0322 0.0011 0.1709 0.4849 —-0.0042 0.2963 0.0639 0.0003 0.0228 0.0864 0.0003
T3-3 0.0449 0.0898 —0.0003 0.0407 0.0538 0.0002 0.2071 0.4306 —0.0039 0.2073 0.0522 0.0002 0.0667 0.0712 —0.0007
T34 0.0913 0.0989 —0.0005 0.0287 0.0626 —0.0001 0.2256 0.4059 —0.0037 0.1472 0.0469 0.0001 0.1214 0.0645 —0.0011
T4-1 0.0293 0.0485 0.0002 0.1483 0.0234 0.0008 0.1715 0.3467 —0.0030 0.2948 0.0456 0.0002 0.0212 0.0617 0.0002
T4-2 0.0410 0.0759 —0.0002 0.0464 0.0452 0.0002 0.2053 0.3695 —0.0033 0.2122 0.0449 0.0002 0.0621 0.0613 —0.0005
T4-3 0.0729 0.0561 —0.0003 0.0013 0.0349 0.0000 0.2181 0.2436 —0.0022 0.1714 0.0287 0.0001 0.0998 0.0394 —0.0005
T4-4 0.0458 0.0333 —0.0001 0.0389 0.0200 0.0001 0.2070 0.1590 —0.0014 0.2060 0.0193 0.0001 0.0679 0.0263 —0.0003

Table 5 and Table 6 point out the Pearson’s coefficients of correlation, linear and angular coefficients of the
linear regression equation between the climatic factors and the rate of apparent infection of the disease (severity)
in plants of soybean under four different row spacings and four plant populations in the municipality of Arapoti,
PR, Brazil.

Mean air temperature affected more significantly the development of the fungus than any other environmental
variables taken into account in this regression analysis study. For severity data TMax showed a high mean value
of R (0.75). As opposed to TMean, TMax, the variables TMin and Rg had a low correlation with severity of
white mold on soybean crop. R coefficients obtained for Tmin and Rg and the apparent infection rate was of
0.11 and 0.08, respectively (Table 5).

Mean values of R obtained among RHMean, RHMin, RHMax, P and LWD and the apparent infection rate
were of 0.21, 0.26, 0.20, 0.08 and 0.27, respectively (Table 6).

4. Discussion

According to Jeger [6], the coefficient of determination linked to the linear regression equation between ob-
served and predicted disease data is not sufficient to determine the model that better fits the experimental data in
production fields. Thus, besides the values of R? a residue graph obtained by the difference between observed
and predicted disease data is necessary in conjunction with data dispersion analysis, expressed by the statistical
parameters MAE and RMSE.

The monomolecular model takes into consideration that the increasing speed of the disease is proportional to the
initial inoculums, which in turn is constituted by sclerotia present in the soil. This particular model also considers
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Table 5. Coefficients of correlation (R), linear (a) and angular (b) coefficients of the linear regression equation between the
rate of apparent infection (severity) of white mold on soybean crop grown under different row spacings and plant populations
and meteorological data collected from the weather station installed in Arapoti, PR, Brazil.

Meteorological Variables
Treatments
TMean TMin TMax Rg
R a b R a b R a b R a b
T1-1 05781 —7.1360 0.3677 0.1725 -1.0407 0.0852 0.6878 —6.2400 0.2418 0.0187 0.2196  0.0019
T1-2 0.5651 —4.1071 0.2121 0.2050 -0.7530 0.0598 0.6659 —3.5549 0.1381 0.0156 0.1766 —0.0009
T1-3 0.6722 —8.9167 0.4592 0.1255 -0.6983 0.0666 0.7370 —7.1619 0.2782 0.0462 0.2158  0.0049
T1-4 0.6566 —8.9468 0.4605 0.1257 -0.7310 0.0685 0.7340 —7.3329 0.2845 0.0509 0.1992  0.0056
T2-1 0.6980 -10.3687 0.5331 0.0892 -0.4560 0.0529 0.7620 —8.2939 0.3216 0.0799 0.1560  0.0095
T2-2 0.7453 -11.7567 0.6039 0.0487 -0.0811 0.0306 0.7904 —9.1260 0.3539 0.1099 0.1023  0.0139
T2-3 0.8626 —16.2946 0.8326 0.1248 1.8727 —0.0936 0.8824 -12.2048 0.4707 0.2573 -0.3433 0.0386
T2-4 0.7254 -11.1332 0.5721 0.0675 -0.2594 0.0414 0.7778 —8.7418 0.3390 0.0955 0.1310 0.0117
T3-1 0.6520 —7.3995 0.3816 0.1555 -0.8031 0.0707 0.7158 -5.9491 0.2315 0.0175 0.2415 0.0016
T3-2 0.6742 —8.5366 0.4399 0.1341 -0.7266 0.0680 0.7322 -6.7876 0.2640 0.0354 0.2353  0.0036
T3-3 0.7322 -11.6387 0.5976 0.0508 -0.1136 0.0322 0.7880 —9.1767 0.3555 0.1124 0.0855  0.0143
T34 0.7035 -10.4105 0.5353 0.0881 -0.4408 0.0521 0.7634 —8.2745 0.3210 0.0792 0.1611  0.0094
T4-1 0.7062 -10.4292 0.5363 0.0878 -0.4346 0.0518 0.7640 -8.2635 0.3206 0.0788 0.1640  0.0093
T4-2 0.6480 —7.8001 0.4020 0.1483 -0.8055 0.0715 0.7193 -6.3444 0.2466 0.0272 0.2300 0.0026
T4-3 0.6589 —9.0797 0.4673 0.1228 -0.7144 0.0677 0.7361 —7.4384 0.2885 0.0537 0.1950  0.0059
T4-4 0.7768 —13.1467 0.6740 0.0015 0.4210 -0.0010 0.8204 -10.1671 0.3934 0.1556 —0.0242 0.0210

that disease incidence on soybean crop will be related to the germination of such resistance structures producing
apothecia, which will release ascospores in the air in such a way as to comprise the main via of infection of the
pathogen. The large variation of R? values might be associated with possible differences in the concentration of
inoculums present in the soil.

A likely explanation for the low values of R? is related to variability of the disease incidence as a function of
different row spacing and plant population treatments (Table 3). In compliance with Harikrishnan & Del Rio [4],
the accuracy of the epidemiological models is reduced by the variation in observed values of incidence obtained
in soybean production fields. The aforementioned authors report that accuracy of different models is high when
the incidence of white mold is above 20% for soybean plants. Low values of R? obtained from epidemiological
analysis might be ascribed to the pathogen behavior and also to morphological aspects of the plants. However,
among the most used models that study the progress of epidemics in plants exponential, monomolecular, logistic
and Gompertz should be taken into account. Such models at first were not developed for phytopathological pur-
poses and turn out to be theoretical models based on premises that do not always reflect nature [10] [17].

By analyzing the severity data the logistic model showed the best fit for 15 out of 16 treatments proposed in
the field trial, revealing a mean coefficient of determination corresponding to 0.971. Such a high accuracy indi-
cates that 97.1% of the severity variations or fluctuations in the progress curves of white mold on soybean crop
might be explained by the logistical model obtained herein. Nevertheless, such a high accuracy for the logistical
model indicates that such a model also has high reliability in predicting white mold on soybean crop grown un-
der different row spacings and plant populations at the site in study, and also influenced by weather conditions.

According to Harikrishnan & Del Rio [21], Mila et al. [7] and Weiss et al. [20] the progress of the disease
caused by the S. sclerotiorum fungus on soybean crop can be better represented by exponential or logistic mod-

els as a function of time.
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Table 6. Coefficients of correlation (R), linear (a) and angular (b) coefficients of the linear regression equation between the
rate of apparent infection (severity) of white mold on soybean crop grown under different row spacings and plant populations
and meteorological data collected from the weather station installed in Arapoti, PR, Brazil.

Meteorological Variables

Treatments
RHMean RHMin RHMax P LWD
R a b R a b R a b R a b R a b
T1-1 0.0973 0.6496 —0.0049 0.1722 0.6261 —0.0072 0.0641 1.0983 —0.0089 0.0070 0.2542 0.0000 0.1636 0.3617 —0.0122
T1-2 0.0695 0.3232 —0.0021 0.1411 0.3362 —0.0035 0.0426 0.4880 —0.0035 0.0392 0.1469 0.0001 0.1353 0.2088 —0.0059
T1-3 0.1810 1.0993 —0.0098 0.2326 0.8509 —0.0104 0.1719 2.7370 —0.0257 0.0495 0.3418 —0.0003 0.2422 0.4819 —0.0193
T1-4 0.1717 1.0753 —0.0096 0.2294 0.8541 —0.0105 0.1554 2.5592 —0.0239 0.0472 0.3378 —0.0003 0.2342 0.4772 —0.0192
T2-1 0.2189 1.4091 —0.0133 0.2690 1.0413 —0.0134 0.2088 3.6381 —0.0350 0.0866 0.4001 —0.0007 0.2795 0.5638 —0.0249
T2-2 0.2727 1.7850 —0.0176 0.3122 1.2363 —0.0165 0.2718 4.9258 —0.0483 0.1301 0.4649 —0.0011 0.3305 0.6534 —0.0313
T2-3 0.4556 3.2321 —0.0349 0.4765 1.9944 —0.0300 0.4613 9.6267 —0.0976 0.3037 0.6678 —0.0029 0.5059 0.9357 —0.0571
T2-4 0.2489 1.6138 —0.0156 0.2926 1.1469 —0.0151 0.2445 4.3463 —0.0423 0.1102 0.4361 —0.0009 0.3078 0.6136 —0.0284
T3-1 0.1505 0.8319 —0.0070 0.2025 0.6730 —0.0077 0.1431 2.0012 —0.0184 0.0188 0.2825 —0.0001 0.2120 0.3983 —0.0145
T3-2 0.1769 1.0397 —0.0092 0.2255 0.8037 —0.0096 0.1720 2.6228 —0.0246 0.0417 0.3293 —0.0003 0.2375 0.4639 —0.0181
T3-3 0.2634 1.7388 —0.0171 0.3082 1.2237 —0.0164 0.2563 4.6908 —0.0459 0.1266 0.4553 —0.0010 0.3224 0.6408 —0.0307
T34 0.2229 1.4269 —0.0135 0.2709 1.0463 —0.0135 0.2151 3.7271 —0.0359 0.0883 0.4036 —0.0007 0.2830 0.5684 —0.0252
T4-1 0.2247 1.4349 —0.0136 0.2717 1.0483 —0.0135 0.2181 3.7689 —0.0363 0.0890 0.4052 —0.0007 0.2846 0.5706 —0.0253
T4-2 0.1526 0.8832 —0.0075 0.2081 0.7180 —0.0084 0.1407 2.0828 —0.0191 0.0250 0.2954 —0.0002 0.2148 0.4171 —0.0156
T4-3 0.1748 1.1015 —0.0099 0.2325 0.8708 —0.0108 0.1585 2.6333 —0.0246 0.0503 0.3430 —0.0004 0.2374 0.4846 —0.0197
T4-4 0.3235 2.1826 —0.0223 0.3605 1.4574 —0.0204 0.3212 6.1512 —0.0611 0.1805 0.5233 —0.0016 0.3800 0.7353 —0.0385

Mila et al. [7], employing the logistic regression model to determine the progress of white mold on soybean,
obtained a coefficient of determination of 0.65, confirming the accuracy and reliability of the outcomes reported
in the current study.

The mean rate of apparent infection for the disease severity data obtained under the different row spacings
and plant populations was of 0.157 unity-day . The values of rate of apparent infection varied from 0.103 to
0.321 unity-day . By analyzing the angular coefficient values of the regression equation, we verified that such
coefficients were related to a standard deviation of 0.051 unity-day * and to a coefficient of variation of 32.54%.
Variations in the rate of apparent infection are associated with variations in row spacing, plant population treat-
ments, and also with the microclimatic conditions associated to them.

The variability in the rates of apparent infection of white mold on soybean crop obtained from both incidence
and severity data as a function of different row spacings and plant populations suggests that microclimatic varia-
tions occur as a result of the cultural practices adopted in this research. Thus, there is a strait relationship be-
tween the microclimatic fluctuations and rates of incidence and severity of the disease in the soybean crop.

Considering the fact that monomolecular and logistic models are those that better fit the incidence and severi-
ty data, respectively, of white mold on soybean crop for most of the cultural practices in Arapoti, PR, Brazil,
such models were utilized to relate the rate of apparent infection of white mold under different environmental
conditions where the experiment was conducted, with the aim of examining the contribution of each meteoro-
logical factor on the progress of the disease in the soybean plants.

The mean air temperature was the weather variable that presented the highest correlation with white mold in-
cidence (Table 5), with mean R = 0.64. Thus, 64% of the progress of the disease suffered the influence of such a
meteorological factor. There were no significant differences in R coefficients as a function of cultural practices.
Moreover, apart from high R coefficients the mean standard deviation (0.06) and the coefficient of variation
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(10%) under field conditions were low.

The highest correlation between soybean white mold and TMean data was related to the effect that such a
meteorological variable has on the carpogenic germination of the sclerotia, a key element for triggering the start
of epidemics of this disease on agricultural crops [22] [23]. Faced with the monitoring of minimum and mean air
temperatures throughout the phenological stage considered to be susceptible to the occurrence of white mold,
such temperatures remained close to 15°C and 20°C, respectively. Temperatures within this range are favorable
to carpogenic germination, production of apothecia and release of ascospores [20] [24] [25].

Local meteorological factors, such as minimum temperature (Tmin), maximum temperature (TMax) and
global solar radiation flux density (Rg) were yoked to an R coefficient of 0.37, 0.41 and 0.33, respectively. Dif-
ferent from TMean, the variables TMin, TMax and Rg showed high values of standard deviation and also of
coefficient of variation (17.42%, 30.79% and 30.02%, respectively). However, just as well TMean, there were
no variations in the R coefficients for TMin, TMax and Rg variables as a function of the different cultural prac-
tices adopted in the current study.

All coefficients of correlation obtained between local meteorological factors, such as RHMean, RHMin,
RHMax, P and LWD, and the rate of apparent infection of white mold determined by incidence on soybean crop
under different row spacings and plant populations were very low (R < 0.20). Air temperature and relative hu-
midity have a direct effect on the development of phytopathosystems. In the current research, air temperature
was the environmental factor that promoted the highest coefficients of correlation whenever data related to white
mold was examined. Nevertheless, the same response was not observed when incidence data estimated by the
monomolecular model was compared to climatic data of relative humidity, precipitation and leaf wetness dura-
tion, resulting in the lowest coefficients of correlation.

The highest R coefficients obtained by comparing the incidence data of white mold to the air temperature re-
gimes might be related to a low diurnal fluctuation of such a meteorological factor, being kept within the favor-
able range to the development of the pathogen throughout the crop growing season, as well as during the phe-
nological stages susceptible to the occurrence of white mold on soybean, which refer to the stages of flowering
and pod formation.

The mean value of daily air temperature throughout the phenological stages susceptible to the occurrence of
the disease was of 20.2°C, while during the first, second, third and fourth assessments their values were respec-
tively 19.7°C, 19.7°C, 20.8°C and 20.3°C. According to Boland & Hall [26] and Pennypacker & Risius [27], the
fungus in question develops better on soybean crop when the mean air temperature is found between the range
of 15°C and 20°C for the region of Ontario, Canada, and between 12°C and 24°C for Pennsylvania, USA.

Air relative humidity comprises one of the most influential environmental factors that favor the occurrence of
diseases in susceptible crops, including white mold. For most of the agricultural crops, there is the need for free
water deposited on the leaves surface or high values of relative humidity in the air so that the infection might be
successful, being therefore such a meteorological factor the key variable for the occurrence of the disease in
production fields [28] [29]. However, outcomes obtained in the current research reveal a low correlation be-
tween the incidence of white mold on soybean crop and the environmental factors, such as relative humidity,
precipitation and leaf wetness duration.

One straightforward explanation that can be given to the low R coefficients associated with a regression anal-
ysis study, looking at incidence data of white mold to relative humidity, precipitation and leaf wetness duration
regimes, is that such independent variables were not limiting the development of S. sclerotiorum fungus at the
site in study.

According to the Képpen climatic classification, the studied site was classified as the type of Cfb—character-
rized therefore as a mesothermal climate, with high humidity and with summers showing mild temperatures [14].
The overall regime of precipitation during the most humid trimester of this region in Brazil (December, January
and February) varies from 500 to 600 mm. Therefore, the rainfall pattern at the region in study throughout the
season in which the host is susceptible to the occurrence of white mold is high and well distributed, always
matching the requirements of the pathogen for the infection.

Air relative humidity and leaf wetness duration on the surface of the plants are meteorological factors that are
intimately related to precipitation regime. Thus, high amounts of rainfall and well distributed during the months
of December, January and February at the studied site increase the rates of atmospheric humidity and enhance
the time during which the leaves of the plants are covered by free water and remain wet in such a fashion as to
favor the occurrence and development of the pathogen on soybean crop.
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Similar results were found by Workneh & Yang [25], by examining the prevalence of rot brought about Scle-
rotinia on soybean crop grown in Central North of the USA as a function of tillage system, climate and latitu-
dinal position. In such a research, the authors did not observe any dependence relationship between the occur-
rence of white mold on soybean crop and the environmental factors, such as precipitation and relative humidity
in those sites where the field trials were conducted. According to the aforementioned scientists, this evidences
that such meteorological factors were not limiting the occurrence of the white mold.

In compliance with our current study, Workneh & Yang [25] reported that annual variations in air temperature
were more important to the occurrence of white mold on soybean crop as opposed to the patterns of atmospheric
humidity and precipitation. It is appropriate to mention that limiting factors to the occurrence of white mold on
soybean crop vary from site to site and year to year as a result of the variations observed in the regime of air
temperature and relative humidity at a given site.

According to Monteiro et al. [30], the differences in the values of air temperature recorded by a weather sta-
tion and at the level of the canopy of a cotton crop are roughly 0.2°C. Considering that the mean air temperature
recorded by an automatic weather station in Arapoti, PR, Brazil, throughout the susceptible phenological stages
to the occurrence of white mold was of 20.2°C, such minor fluctuations of 0.2°C would not alter the develop-
ment of the fungus at the site and crop in consideration.

Coefficients of correlation between rate of apparent infection of white mold on soybean obtained from both
the incidence and severity of the disease and local meteorological factors reveal that mean air temperature af-
fected more significantly the development of the fungus than any other environmental variable taken into ac-
count in a regression study. This might be confirmed by R values of the order of 0.69. For disease severity, be-
sides TMean, TMax showed a high correlation with the development of the disease expressed by mean values of
R corresponding to 0.75. Different from TMean and TMax, the climatic factors Tmin and Rg demonstrated a
low correlation with the severity of white mold on soybean crop with R values of 0.11 and 0.08, respectively.

Correlation coefficients determined between environmental factors and rates of apparent infection, obtained
by means of data of incidence and severity of white mold on soybean crop, does not express the dependence re-
lationship between the treatments considered in the current research and the progress curve of the disease.

Table 6 shows that the coefficients of correlation between RHMean, RHMin, RHMax, P and LWD and rates
of apparent infection obtained from severity of white mold on soybean crop, under different row spacings and
plant populations, were rather low. R mean values obtained for the relationship between the environmental fac-
tors and rates of apparent infection were of 0.21 for RHMean, 0.26 for RHMin, 0.20 for RHMax, 0.08 for P, and
0.27 for LWD.

Coefficients of correlation obtained between the severity data and climatic factors, such as relative humidity,
precipitation and leaf wetness duration, were higher than those calculated from the incidence data. The increase
in R coefficients taking into account severity data, suggests that relative humidity, precipitation and leaf wetness
duration were those variables which substantially influenced the severity of white mold on soybean crop at the
studied site.

For the incidence data relative humidity, precipitation and leaf wetness duration were not limiting to the de-
velopment of S. sclerotiorum at the studied site [29]. Unlike these meteorological variables when correlated to
white mold severity resulted in quite high R when compared to other climatic factors. Air temperature is consi-
dered to be an environmental variable that frequently is related to biological responses and is usually a limiting
factor with a great influence on the epidemiology of a given disease, mainly caused by fungus and bacteria [29].
Moreover, air temperature has a regulator effect, modulating therefore the progress of the diseases [23].

The highest coefficients of correlation obtained from the comparison between severity and air temperatures
(mean and maximum) might be related to a slight variation of such meteorological factors, remaining within the
range favorable to the development of the pathogen throughout the crop season and primarily during the pheno-
logical stages susceptible to the occurrence of white mold on soybean crop, which refer to the flowering and pod
formation [26] [27].

Independently of using incidence or severity data of white mold on soybean crop, regardless of the variations
in row spacing and plant population treatments, the majority of climatic factors were not very high correlated,
with coefficients of correlation very low. A similar outcome was also obtained by Lulu [18], by analyzing leaf
wetness duration on grape crop and its relationship with the occurrence of mildew (Plasmopara viticola). Ac-
cording to the aforementioned author, correlations performed with only one meteorological factor at a time will
lead to very low correlation coefficients, suggesting then that multiple regression studies could provide more sa-
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tisfactory results, due to a likely interaction existing among the conditioning factors of the disease.

In compliance with Fiorine [21], the development of plant diseases should not be conditioned by only one
meteorological variable by itself, but rather by the interaction among different environmental factors plus the
factors and characteristics of the plants, which certainly influence the progress of the disease in production
fields.

5. Conclusions

Among the epidemiological models employed in this research, the monomolecular and logistic regression mod-
els proved to have more accuracy in reporting the incidence and severity of white mold on soybean crop in
Southern Brazil.

Mean air temperature was closely correlated to the incidence of white mold in production fields of soybean,
whereas mean and maximum air temperatures were more consistently correlated to severity of this phytopatho-
system, under the environmental conditions of the current study.

The low coefficients of correlation obtained between relative humidity, precipitation and leaf wetness dura-
tion, and incidence and severity of white mold on soybean crop indicate that such climatic factors did not limit
the development of the pathogen in many regions of Southern Brazil, which has similar climatic conditions of
the location where the experiment was carried out.
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