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Abstract

The soybean rust (SBR) epidemics are often triggered by weather conditions, which interfere actively on the
disease progress. Therefore, weather variables can be used to estimate the risk of occurrence and severity of SBR
outbreaks. This research aimed to determine the influence of weather variables on SBR progress in different field
trials in Brazil. Field experiments were conducted during 2014-15 and 2015-16 soybean growing seasons in
Piracicaba (SP), Ponta Grossa (PR), Campo Verde (MT) and Pedra Preta (MT). For all sites and seasons, a
susceptible soybean cultivar was drilled with 0.45 m row spacing and 12 plants per linear meter. No fungicide
sprays were applied to ensure natural disease occurrence. In order to create different environmental conditions,
sequential sowing dates, of roughly 30-day intervals were carried out. In Piracicaba, Ponta Grossa, Campo Verde,
and Pedra Preta the main weather variables influencing SBR were leaf wetness duration - LWD (R = 0.340), air
temperature during LWD (R = 0.313), and cumulative rainfall (R = 0.304). The final severity was assessed only
at Piracicaba and Ponta Grossa, and it was mainly influenced by LWD (R = 0.643). It is possible to conclude that
epidemics of SBR were mainly influenced by leaf wetness duration, accumulated rainfall and air temperature
during the LWD. Therefore, future researches aiming to develop a disease warning system for SBR should
include the cumulative rainfall, LWD and the air temperature during LWD, together or individually, as inputs.

Keywords: Glycine max, Phakopsora pachyrhizi, rainfall, leaf wetness duration
1. Introduction

Many factors contribute to reduce soybean production and among them, diseases are one of the most important
(Strange & Scott, 2005). However, for the establishment of disease, the existence of a susceptible host and
favorable environmental conditions, which characterize the disease triangle, are necessary. Environmental
conditions should be seen as the main triggering factor to promote disease occurrence in conjunction with the
pathogen and host populations (Kranz & Rotem, 2012).

Air temperature, relative humidity, rainfall, leaf wetness duration (LWD), solar radiation, and wind are the main
weather variables that affect the infection process and disease spread in soybean fields (Cao et al., 2014).
Weather regimes characterize the local climate, which can create favorable or unfavorable environmental
conditions for disease occurrence. Furthermore, weather variables are directly linked with fungicide spray
effectiveness, affording a better or lower level of disease control (Stefanello et al., 2016).

It is the fungal pathogen (Phakopsora pachyrhizi Syd. & Syd.) that causes the disease soybean rust (SBR), which
is affected by weather variables and controlled by fungicide spray. SBR is one of the most important diseases of
soybean. This pathogen is an obligate parasitic fungus that infects all plant tissues, especially leaves, causing
premature defoliation, early maturity, and yield reductions up to 90% under favorable conditions and with
inefficient disease management (Yorinori et al., 2005; Hartman et al., 2016).

Air temperature can affect the whole SBR infection cycle by interfering and regulating the pathogen’s metabolic
reactions (Gillespie & Sentelhas, 2008). At an optimum temperature range, metabolic reactions can be
accelerated; as a consequence, a reduction in the infection cycle occurs, increasing the likelihood of disease
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occurrence (Bonde et al., 2013). Under Brazilian weather conditions Alves et al. (2007) evidenced a more
intense SBR infection at an air temperature around 20 °C, culminating in a lower SBR infection when the air
temperature remained below 15 °C or above 28 °C. More recently, Danelli and Reis (2016) determined that air
temperature conditioned SBR growth and development, with the largest number of spores, lesions, uredia, and
uredias per lesion when temperatures were between 22 °C and 25 °C.

SBR occurrence in soybean crops is also influenced by local humidity conditions in light of rainfall, irrigation,
dew and leaf wetness are to be the main source of moisture in soybean fields. Air humidity interferes with the
initial development and establishment of SBR once it affects the pathogen germination and penetration processes
(Alves et al., 2007; Sentelhas et al., 2008; Rowlandson et al., 2014). Moreover, high air humidity makes the host
tissue thin, increasing the host susceptibility to pathogen infection (Gabriel et al., 2018). For fungal pathogens,
such as P. pachyrhizi, the presence of free water on the host tissue is essential for spore longevity and viability,
germination, infection and sporulation (Del Ponte & Esker, 2008).

Leaf wetness duration (LWD) associated with air temperature during LWD events have a direct effect on SBR

occurrence and dissemination, primarily by influencing the rate of infection (fungus germination and penetration)
and sporulation (Igarashi et al., 2014). Hartman et al. (2016) found a positive interaction between LWD and SBR

infection probability, with the highest disease severity occurring during days with 24 hours of LWD. While,

Melching et al. (1989) observed that wet periods exceeding 10 hours for several consecutive days are optimal for

SBR occurrence.

Besides air temperature and LWD, rainfall can also affect SBR occurrence. Rainfall regime is considered to be
an epidemic triggering factor of SBR, by creating a favorable environment for the pathogen (Del Ponte et al.,
2006; Megeto et al., 2014) and unfavorable for fungicide spray application in order to control the SBR
(Stefanello et al., 2016). Influence of rainfall on SBR progress was observed in Brazil, where areas with rainfall
between 250 and 450 mm showed final disease severity over 70%; whereas areas with rainfall lower than 125
mm presented severity below 30% (Del Ponte et al., 2006).

Taking into account the interference of weather variables on SBR disease progress, the current study aimed to
characterize the influence of weather variables (air temperature, relative humidity, rainfall and leaf wetness
duration) on SBR disease progress at four different locations in Brazil: Piracicaba, state of Sdo Paulo; Ponta
Grossa, state of Parana; Campo Verde and Pedra Preta, both in the state of Mato Grosso.

2. Material and Methods

Field experiments were conducted during both 2014-15 and 2015-16 growing seasons. For the first season, field
trials were installed at Piracicaba, state of Sdo Paulo (Lat. 22°42" S, Long. 47°37' W, Alt.: 567 m, climate
classification Cwa); Ponta Grossa, state of Parana (Lat. 25°05" S, Long. 50°09" W, Alt.: 969 m, climate
classification Cfb); and Campo Verde, state of Mato Grosso (Lat. 15°24" S, Long. 55°5' W, Alt.: 689 m, climate
classification Aw). For the second season, in addition to the three field trials described above an additional
experiment was also carried out in Pedra Preta, state of Mato Grosso (Lat. 16°83" S, Long. 54°04’ W, Alt.: 744 m,
climate classification Aw)-Brazil. Koppen's climate classification was based on Alvares et al. (2013).

At Piracicaba and Ponta Grossa throughout the 2014-15 crop growing season, the field trial was conducted with
Brasmax Poténcia RR® cultivar (indeterminate growth, and maturity group 6.7), during 2015-16 crop growing
season the experiments were cultivated with Monsoy 6410 RR® IPRO® (indeterminate growth, and maturity
group 6.4). At Campo Verde and Pedra Preta, a soybean cultivar TMG 132 RR® (determinate growth, and
maturity group of 8.5) was sown for the two crop growing seasons. For all sites and seasons, the soybean crop
was drilled with 0.45 m row spacing and 12 plants per linear meter, totaling 266,666 plants ha™'. In order to
create different environmental conditions sequential sowing dates, of roughly 30-day intervals, were used (Table

1.
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Table 1. Site locations and sowing dates to assess the effect of weather variables on soybean rust progress in
Brazil

Site Sowing dates
L 23/Oct/14 18/Nov/14 12/Dec/14 20/Jan/15 19/Feb/15
Piracicaba
22/Oct/15 19/Nov/15 18/Dec/15 20/Jan/16 -
16/Oct/14 11/Nov/14 18/Dec/14 01/15/15 -
Ponta Grossa
08/Oct/15 21/Nov/15 11/Dec/15 23/Jan/16 -
21/Oct/14 13/Nov/14 12/Dec/14 - -
Campo Verde
23/ Oct /15 07/ Nov/15 09/Dec/15 - -
Pedra Preta 06/Nov/15 03/Dec/15 - - -

Note. In Piracicaba and Ponta Grossa throughout the 2014-15 season the cultivar sown was the Brasmax
Poténcia RR® (indeterminate growth, and maturity group 6.7) while during 2015-16 the Monsoy 6410 RR®
IPRO® (indeterminate growth, and maturity group 6.4) was sown. At Campo Verde and Pedra Preta, a soybean
cultivar TMG 132 RR® (determinate growth, and maturity group of 8.5) was sown for the two growing seasons.

In all field trials, the experimental design adopted was randomized blocks, with four replications and treatments
arranged in a factorial scheme. Treatments were the combination of sowing dates with soybean growing seasons.
For Piracicaba and Ponta Grossa, plots were comprised of five sowing rows, each four meters long. At Campo
Verde and Pedra Preta, plots presented five sowing rows with seven meters length.

Seed treatment was done with 200 mL of fungicide and pesticide (Pyraclostrobin, MetilTiofanato, and Fipronil)
for each 100 kg of seeds. Soybean seeds were inoculated with Bradyrhizobia bacteria (Bradyrhizobium
Japonicum, strains SEMIA 5079 & 5080) with 5 x 10° colony forming unit (CFU) per mL. Inoculation was
performed by mixing seeds with liquid inoculants prior to sowing the seeds. Mineral fertilization was done based
on soil analysis and considering the expected yield. In Piracicaba and Ponta Grossa field trails, the soybean crop
was fertilized with 100 kg of P,Os ha™ and 100 kg of KCI ha™'. In Campo Verde and Pedra Preta, the soybean
fertilization was done with 152 kg ha™' of NPK (12-46-00), plus 7% of sulfate and 150 kg of KCl ha™.

At each experimental site, an automatic weather station was installed close to the crop (from 5 to 15 m) in order
to monitor meteorological variables. Which was equipped with calibrated sensors to measure: air temperature
(Air_T) and relative humidity (RH) (HMP35C probe, Vaisala); rainfall (TR-525M rain gauge, Texas Instruments)
and leaf wetness duration (LWD) (Cylindrical Sensor, Weather Innovations). These sensors were connected to
datalogger (Models CR10X and CR1000, Campbell Scientific, Logan UT), which were programmed to perform
readings every minute and store averages (Air T and RH) or totals (rainfall and LWD) every 15 minutes. All
sensors were previously tested and calibrated under laboratory and field conditions.

To ensure SBR occurrence, susceptible cultivars were sown in all field trials. Furthermore, no fungicide sprays to
control it were applied. As the pathogen is spread all over Brazilian agricultural lands and considering that
weather conditions are constantly favorable, it was not necessary to perform inoculation so that the disease could
naturally occur in the field.

Disease assessments were made in three central rows of each plot. At Piracicaba and Ponta Grossa shortly after
SBR identification, assessments were made every 10 days throughout the entire soybean growing season till the
beginning of maturation. In order to determine SBR severity, soybean plants were divided into three parts based
on plant height: a) lower third, a region close to the soil surface; b) middle third, a central region of the soybean
plant; ¢) upper third, in the higher part of the canopy. For each part four leaflets were randomly selected and
severity assessments were ascribed based on a diagrammatic scale proposed by Godoy et al. (2006). For
canopies with defoliation owing to SBR, the severity level was considered as 100%.

At Campo Verde and Pedra Preta, disease assessments were performed at the R5.5 soybean phenological stage,
which is characterized by pods between 75% and 100% of grain granulation. Moreover, at the end of the soybean
growing season, canopy defoliation caused by SBR was determined. The defoliation assessments were realized
when soybean plants reached the R7 phenological stage (beginning of maturation); therefore, visual evaluations
were made following the defoliation severity scale proposed by Hirano et al. (2010). Based on SBR severity data
collected in Piracicaba and Ponta Grossa, the area under the disease progress curve (AUDPC) was calculated.

To determine the weather influence on SBR epidemics a correlation analysis was performed to identify variables
associated with final disease severity and AUDPC for Piracicaba and Ponta Grossa along with final defoliation
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for Campo Verde and Pedra Preta. Furthermore, the effects of weather conditions on SBR epidemics were
performed comparing severity assessed in R5.5 stage and final severity with the mean air temperature during
LWD (Air LWD), LWD, cumulative Rainfall (C_Rainfall), mean air temperature (Air_T) and rainfall events
(Rainfall E). Correlation analyses were made using disease values with weather conditions measured 30 days
before the severity assessment in soybean fields.

3. Results and Discussion
3.1 Weather Characterization

In Piracicaba, the mean air temperature for each sowing date remained between 22.9 and 24.7 °C, which are
within the optimum range for SBR development, which is considered to be in the range between 20 and 25 °C
(Melching et al., 1989; Alves et al., 2007; Del Ponte & Esker, 2008). However, air temperature above 25 °C
during the two growing seasons was observed (Figure 1). Despite the air temperature being above the upper
favorable threshold for disease occurrence, such condition was not able to reduce SBR final severity, which
reached 94.1% in the first and 89.5% in the second growing season (Table 2). For the fifth sowing date in
2015-16, SBR was not observed, probably due to the occurrence of low temperatures combined with the absence
of moisture, which was caused by the intense drought that occurred in this year.

Del Ponte et al. (2006) also reported evidence that air temperature is not a limiting factor for SBR occurrernce in
Brazil. In contrast, a downside in SBR epidemics due to high air temperature might be related in several studies.
Alves et al. (2007) noted under tropical field conditions that urediniospores from different isolates did not
germinate and appressoria did not grow in environments with air temperatures above 30 °C. In addition, Danelli
and Reis (2016) verified no infection process whenever air temperature reached values higher than 30 °C.
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Figure 1. Weather conditions in Piracicaba, SP, during 2014-15 (A, B and C) and 2015-16 (D, E and F) soybean
crop growing seasons
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Table 2. Final severity and area under the disease progress curve (AUDPC) caused by soybean rust in Piracicaba
and Ponta Grossa throughout the 2014-15 and 2015-16 soybean growing seasons at different sowing dates

Piracicaba—2014-15 Ponta Grossa—2014-15
Sowing date Final Severity (%) AUDPC Sowing date Final Severity (%) AUDPC
23/0ct/2014 922a 2287.5a 16/0ct/2014 66.8 a 1676.8 a
18/Nov/2014 100.0 a 1926.9 ab 11/Nov/2014 18.6b 5555¢
12/Dec/2014 100.0 a 1655.7b 18/Dec/2014 713 a 1073.7b
20/Jan/2015 84.4a 837.1¢ 15/Jan/2015 81.0a 1946.8 a
19/Feb/2015 94.1a 1726.2 b - - -
v 81% 4% <o 145%  142%
Piracicaba—2015-16 Ponta Grossa—2015-16
Sowing date Final Severity (%) AUDPC Sowing date Final Severity (%)  AUDPC
22/0ct/2015 6590 1969.3 a 08/0Oct/2015 73.7 a 5772 a
19/Nov/2015 97.2a 18272 a 21/Nov/2015 164 b 243.9 be
18/Dec/2015 95.1a 11449b 11/Dec/2015 12.1b 101.2¢
20/Jan/2016 100.0 a 780.1 b 23/Jan/2016 11.5b 2773 Db
19/Feb/2016 19¢ 26.1¢ - - -
v 98% 242%  CvV 81% 27%

Note. The data followed by different letters are statistically different by the Tukey’s test (a0 = 0.05).

The high-temperature effects on SBR epidemics were also demonstrated in studies conducted in the Southeastern
USA. Bonde et al. (2012) certified that air temperatures of 29, 33 and 39 °C for one hour per day might reduce
the urediniospore formation by 39, 19 and 0%, respectively, compared to temperatures within an optimum range
of SBR development. Another factor that might interfere with SBR development is the frequency of high
temperatures above 33 °C. At different counties located in southern USA air temperatures above 33 °C decreased
the SBR epidemics. Such effects were prominent whenever three consecutive days with air temperatures of
35 °C were observed, and in this case 50% fewer urediniospore were produced (Bonde et al., 2013).

The favorability to SBR occurrence at Piracicaba can be corroborated by analyses of the air temperature during
LWD (Figure 1). Considering all sowing dates for the 2014-15 growing season, air temperature during LWD
ranged from 18.2 °C to 23.2 °C. Throughout the 2015-16 growing season, air temperature varied from 14.4 °C to
22.2 °C, whereas air temperatures below 15 °C, a lower threshold of optimum range of temperature for SBR
development, were found with the highest frequency during the period following the fifth sowing date.

At Ponta Grossa the air temperature during LWD remained below the optimum range for SBR development most
of the time (Figure 2). Throughout the 2014-15 soybean season air temperature ranged from 14.9 °C to 21.6 °C,
whilst throughout the 2015-16 growing season air temperature during LDW stayed between 17.3 °C and 20.7 °C
(Figure 2). Although air temperatures remained lower than the optimum range, studies have demonstrated that
the infectious process may occur under temperatures varying from 15 to 28 °C (Melching et al., 1989; Del Ponte
et al., 2006).
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Figure 2. Weather conditions in Ponta Grossa, PR, during 2014-15 (A, B and C) and 2015-16 (D, E and F)
soybean crop growing seasons

Although air temperature remained within a favorable range for SBR development in Ponta Grossa, it was noted
that lower air temperatures were measured at this location, a fact that might explain low values of final disease
severity and AUDPC on some sowing dates (Table 2). Despite air temperature being considered a non-limiting
factor for SBR epidemics in Brazil (Del Ponte et al., 2006), the occurrence and establishment of pathogens, e.g.,
P. pachyrhizi, can be significantly conditioned by the thermal regime (Melching et al., 1989; Cao et al., 2014;
Danelli & Reis, 2016).

In Campo Verde, it is possible to see that air temperatures during LWD were favorable to SBR development at
this site (Figure 3), despite the fact that for the majority of the periods in analysis the mean air temperature
remained below 25 °C. Throughout the first growing season, air temperatures outside the SBR favorable range
were not observed, with the mean air temperature throughout the three crop growing seasons corresponding to
23.2 °C, whilst air temperature during LWD remained at 20.8 °C (Figure 3). During the second experimental
year, air temperature during LWD varied from 21.1 °C to 23.1 °C.
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Figure 3. Weather conditions in Campo Verde, MT, during 2014-15 (A, B and C) and 2015-16 (D, E and F)
soybean crop growing seasons

Although air temperature was above 25 °C in some 10-day periods, most of the time this variable remained
within the favorable range for SBR occurrence. The favorable environmental condition for SBR occurrence in
Campo Verde resulted in high intensity of defoliation, of almost 100% in most of the assessments (Table 3).

Table 3. Defoliation caused by soybean rust in Campo Verde and Pedra Preta, MT, throughout the 2014-15 and
2015-16 growing seasons and at different sowing dates

Campo Verde Pedra Preta
2014-15 2015-16 2015-16
Sowing date Defoliation (%) Sowing date Defoliation (%) Sowing date Defoliation (%)
21/0Oct/2014 97.8b 23/Oct/2015 97.8b 06/Nov/2015 99.8 a
13/Nov/2014 100.0 a 07/Nov/2015 100.0 a 03/Dec/2015 99.5a
12/Dec/2014 100.0 a 09/Dec/2015 100.0 a - -
o 03% 03% 04%

Note. The defoliation data followed by different letters are statistically different by the Tukey’s test (o = 0.05).

Throughout most of the 2015-16 growing season, the air temperature at Pedra Preta remained above 25 °C, an
upper optimum air temperature threshold for SBR occurrence. However, mean air temperature during the LWD
was always lower than 25 °C and under the presence of a free water film sitting on the plant surface achieved a
more favorable range for SBR to occur in the field (Figure 4). According to Del Ponte & Esker (2008),
urediniospore germination and subsequent successful infection are possible under free water conditions on the
plant surface. Therefore, considering the presence of such a free water film on the plant surface during the
nocturnal period, air mean temperature during LWD was favorable to both infection and establishment of SBR in
soybean plants, a fact that promoted high defoliation at the end of the soybean cycle in Pedra Preta (Table 3).
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Figure 4. Weather conditions in Pedra Preta, MT, during 2015-16 soybean crop growing season

The influence of night air temperatures on SBR occurrence was demonstrated in Taiwan through the 1980s.
Tschanz et al. (1983) determined that SBR epidemics were correlated with the mean night air temperature,
evidencing that when the temperature was around 14 °C no rust lesions occurred at all and that SBR epidemics
were retarded. In contrast, whenever a high mean night temperature was recorded (= 25°C), high number of rust
lesions were observed in all field trials.

Air humidity is also an important factor in triggering disease occurrence. Water vapor in the environment is
directly related to rainfall, irrigation and dew, which can affect LWD and stimulate an initial development of
disease, particularly concerning both germination and penetration processes (Del Ponte & Esker, 2008; Gleason
et al., 2008; Rowlandson et al., 2014). According to Melching et al. (1989) the optimum range of LWD to assure
SBR infection and spread is between 6 and 12 hours per day. For all stages of the infectious process a LWD
ranging from 10 to 22 hours per day is necessary (Del Ponte et al., 2006; Alves et al., 2007).

By analyzing the LWD regime in Piracicaba it was observed that this weather variable remained within an
optimum range for SBR occurrence throughout the two soybean growing seasons, except for the fifth sowing
date during the 2015-16 season (Figure 1). On the fifth sowing date, a drought occurred in Piracicaba reducing
the LWD values by at least three hours per day. Consequently, on average, LWD during the fifth sowing date was
7.0 h per day as opposed to LWD ranging from 10.1 to 12.1 h per day on the other sowing dates (Figure 1).

Alves et al. (2007), examining SBR intensity in different soybean cultivars under specific air temperature and
LWD regimes, determined a high SBR severity whenever LWD was above a threshold of 12 h day™. On the
other hand, when LWD was of 6 h day” SBR severity was lower. A similar condition was observed during the
last sowing date for the 2015-16 growing season under a mean measured LWD of 7.0 h day™. As a consequence
of a drop in LWD there were reductions in the SBR final severity (1.9%) and AUDPC (26.1) (Table 3).

Yorinori et al. (2005) in Brazil and Paraguay also reported the effects of drought on SBR occurrence throughout
the 2001-02 soybean season. In this particular case, a lower disease intensity in soybean fields in Paraguay was
found compared to disease intensity in Brazil due to drought. In comparison to the lack of an SBR epidemic in
Paraguay throughout the same crop growing season in Brazil, significant yield losses as a function of SBR
occurrence exceeded 60%, reaching values of 75% in soybean fields located at the central-east region of Brazil.

For the remaining sowing date in Piracicaba, the favorable conditions for SBR were evidenced and confirmed by
the final severity data along with the AUDPC, which presented higher values compared to the drought period.
Throughout the 2014-15, final severity remained between 84.3 and 100% and AUDPC ranged from 837.1 to
2287.5. For the 2015-16 growing season, final severity varied from 65.9 to 100% and AUDPC ranged from
780.1 to 1969.3 (Table 2).

Increases in final severity and AUDPC as a function of LWD may be realized because high air humidity regimes
make the host tissue more susceptible to SBR infection, and as a result disease values can rise (Gabriel et al.,
2018). Moreover, for plant diseases caused by a fungus, such as the SBR pathogen, the presence of free water on
the plant surface is strongly related to spore formation, longevity, germination, and sporulation (Del Ponte &
Esker, 2008).
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In Ponta Grossa, opposite patterns of LWD comparing the two soybean growing seasons were noticed.
Throughout the 2014-15, the LWD remained within a favorable range for SBR occurrence, whilst during
2015-16 for all sowing dates the LWD remained below the lowest optimum threshold for SBR occurrence
(Figure 2). Except for the second soybean growing season of 2014-15 in Ponta Grossa, the LWD ranged from 9.8
to 11 h per day and environmental favorability interfered positively in the values of final severity of the disease,
which varied from 66.8% to 81.0%, whereas AUDPC oscillated between 1073.7 and 1946.8 (Table 2). The
opposite outcome was observed on the second sowing date with an SBR final severity equal to 18.6% along with
an AUDPC corresponding to 555.5. Reductions in the disease severity in soybean might be related to depletion
of the availability of free water for the pathogen infection process. A significant reduction in LWD was
evidenced as soybean plants entered into the reproductive phenological stage, considered the most susceptible
phase for disease occurrence (Young et al., 2011; Xavier et al., 2017). During this phenological stage mean LWD
decreased from 13.4 to 9.0 h, reaching an average of 6.5 h during the third 10-day period of January (Figure 2),
making the environment less unfavorable to SBR occurrence.

Similar environmental conditions occurred throughout the 2015-16 season in Ponta Grossa. In general, a mean
LWD below 9.2 h per day was observed in this trial (Figure 2). Thus, the lowest values of final severity and
AUDPC were obtained on the second, third and fourth sowing dates, and this might be associated with the LWD
regime (Table 3). Only on the first sowing date of this crop growing season high values of final severity (73.6%)
and AUDPC (577.2) were observed (Table 2).

Since LWD takes into consideration the presence of free water on the surface of plant tissues under field
conditions, changes in LWD might be brought about mainly by the rainfall regime (Sentelhas et al., 2008). Thus,
in the current study, it was identified that rainfall frequency and volume were very similar for the periods with
low or high LWD in all field trials.

Nevertheless, in the Ponta Grossa 2014-15 soybean growing season regular rainfall regimes were observed
during most of a 10-day period, providing in turn a favorable weather condition for SBR occurrence. At this crop
growing season the lowest final severity and AUDPC were obtained only on the second sowing date (Table 2).
Such a reduction in SBR occurrence might be ascribed to irregular rainfall distribution during the second and
third 10-day period in January, totaling 20 days and comprising two rainfall events recorded at Ponta Grossa
(Figure 2).

Several studies reported that rainfall itself is considered an epidemic triggering factor for SBR occurrence (Del
Ponte et al., 2006; Megeto et al., 2014) since it enhances periods with free water over the plant surfaces. Once
rainfall is strongly related to within-canopy spore dispersal, such a variable has a remarkable influence on the
performance of fungicide sprays applied for SBR control (Stefanello et al., 2016).

The influence of rainfall on disease scrutinized in the current research might be corroborated by using field data
collected from 2015-16 in Ponta Grossa. For this period the highest disease values were recorded throughout the
first soybean crop growing season, coinciding with a period of a heavy and regular frequency of rainfall (Figure
2). From the second sowing date lower disease values were observed, with more than a twofold decrease
compared to the first sowing date (Table 2). Reductions in disease values may be attributed to dry periods during
January, February and March in the Ponta Grossa region (Figure 2).

In Campo Verde regular rainfalls occurred throughout the two soybean growing seasons, making the
environment more favorable to SBR occurrence. At this site for both crop growing seasons, high defoliation
values were assessed, probably resulting from the influence of a high number of rainfall episodes. Such data
shown by season and frequencies over 30 rainfall events per sowing date (Figure 3).

The impact of rainfall on SBR progress was also evaluated in Australia, where Stovold and Smith (1991) verified
that severe SBR epidemics happen only in soybean fields under a high rainfall amount. Levy (2005) draws the
conclusion that at soybean production areas located in Southern Zimbabwe SBR infection is less severe
compared to other agricultural fields in Zimbabwe, due to hot and dry weather in this region.

Effects of uneven rainfall episodes and drought periods can be observed on the fifth sowing date throughout the
2015-16 soybean growing season at Piracicaba. In this particular season, two rainfall events were measured
above 1 mm, totaling 8.6 mm throughout the growing season. The consequence of a dry weather pattern might
be built in the disease measured in the field, whose final severity was 1.9% and AUDPC was 26.1 (Table 2).

Drought periods also had a considerable influence on LWD at Pedra Preta during the first sowing date of the
2015-16 growing season. During this period, it was possible to identify a low LWD corresponding to 3.9 h per

221



jas.ccsenet.org Journal of Agricultural Science Vol. 12, No. 1; 2020

day. LWD reached values close to an optimum range for the SBR occurrence only at the end of the fourth 10-day
period of the growing season, within which a mean value of 9.8 h per day was observed.

At Pedra Preta low values of LWD at the beginning of the growing season were not sufficient to affect the SBR
in soybean production fields (Table 3). During the period with a low LWD, soybean plants were in the vegetative
phase, and at this time soybean plants had a low susceptibility to SBR (Bonde et al., 2013). Thus, throughout the
crop growing season in Pedra Preta neither the weather conditions nor the host characteristics favored the SBR
occurrence in soybean production fields. However, by the time wet environmental conditions prevailed again and
remained in a favorable range for SBR occurrence, soybean plants were at the beginning of flowering stage,
coinciding therefore with a period of a high susceptibility to the SBR infection, and as a result disease progress
turned out to be favored in the field (Table 3) (Young et al., 2011; Xavier et al., 2017).

Throughout the second soybean growing season at Pedra Preta and for all field trials located in Campo Verde,
LWD conditions were favorable for SBR occurrence, especially during the 2015-16 growing season in Campo
Verde, within which the mean LWD varied from 13.1 to 15.4 h per day (Figure 3). The favorable environment at
these sites resulted in high defoliation levels in the crop, always above 97%.

3.2 Relationship Between Weather Variables and Soybean Rust Severity

For Piracicaba, Ponta Grossa, Campo Verde, and Pedra Preta it was possible to observe significant R values for
the correlations with LWD (R = 0.34), Air LWD (R = 0.31), and C_Rainfall (R = 0.30). When the relationships
were performed with final severity, higher R values were obtained for LWD (R = 0.64). For the other weather
variables, similar patterns in relation to severity at R5.5 were obtained, mainly for Air T and Rainfall E (Table
4).

Table 4. Pearson’s correlation coefficient for the relationship between weather variables and soybean rust
severity assessed at R5.5 phenological stage and at the end of the soybean crop cycle

Pearson correlation values

Severity n - - - -

Air T Air LWD LWD C_Rainfall Rainfall E
R5.5 96 -0.05™ 031" 0.34™ 0.30" 0.09™
Final 60 0.26" 039" 0.64"" 0.30" 0.40"

Note. R5.5 soybean phenological stage, which turns out to be characterized by pods between 75% and 100% of
grain granulation; n = number of observations; Air T = mean air temperature (°C); Air LWD = mean air
temperature measured during leaf wetness (°C); LWD = mean leaf wetness duration (hours day™); C_Rainfall =
cumulative rainfall (mm in 30 days); Rainfall E = rainfall events (days with rain in 30 days). ns represents that
Pearson coefficient is not significant; * represents that Pearson coefficient is significant at P < 0.05 and **
represents that Pearson coefficient is significant at P < 0.01.

The effects of moisture in the soybean canopy on SBR occurrence were also determined by several researchers
(Melching et al., 1989; Del Ponte et al., 2006; Megeto et al., 2014; Igarashi et al., 2014; Minchio et al., 2016).
Moisture in the environment is mainly affected by rainfall, which also affects air temperature and LWD. All
these weather variables affect most fungal diseases, including SBR (Rowlandson et al., 2014).

In this study, assessed SBR severities were more influenced by rainfall and LWD, similar to what was obtained
by Del Ponte et al. (2006) when analyzing 34 SBR epidemics all over Brazil. These authors observed that final
SBR severity was mainly correlated to total rainfall (R = 0.95) and number of days with rain > 1 mm (R = 0.93).
On the other hand, air temperature was less correlated to SBR epidemics (R = 0.47). Rainfall increases LWD,
which favors infection and sporulation processes (Del Ponte et al., 2006), also promoting production of spores
and their survival (Del Ponte & Esker, 2008).

Using SBR data collected from different Brazilian regions, Megeto et al. (2014) also identified a positive
correlation between SBR and variables derived from rainfall. More recently, Minchio et al. (2016) obtained a
Pearson coefficient of 0.87 by correlating SBR epidemics in Southern Brazil with accumulated rainfall
throughout the soybean cycle. Also, a positive impact of average weekly rainfall on the maximum SBR
incidence (R = 0.39) and severity (R = 0.38) was observed by Young et al. (2011) when analyzing SBR
epidemics in sentinel plots in Florida, USA.

As mentioned previously, rainfall affects LWD, thus this variable is an important triggering factor for SBR
development (Table 4). Melching et al. (1989) initially mentioned the effects of the LWD on SBR, and observed
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that soybean plants when inoculated with P. pachyrhizi urediniospores presented high SBR intensity under 12 h
per day of wetness for three days (R? = 0.97). Narvaez et al. (2010) also observed the influence of the LWD on
SBR development in soybean plants, verifying that 18 h of LWD increased disease severity and the rate of
disease spread in the upper canopy.

Therefore, disease factors related to environmental moisture, such as rainfall and LWD, are potential variables to
be used as inputs for a disease-warning system to recommend SBR epidemics control in soybean fields in Brazil.
Another weather variable that showed positive influence on SBR severity was the air temperature during the leaf
wetness duration (Air LWD), which is also a promising variable to be incorporated into a disease-warning
system. Mean air temperature (Air_T) showed low correlation with SBR severity, only presenting significant
correlation for final severity (Table 4). Similar results were observed by Del Ponte et al. (2006), which,
according to these authors are associated with the non-limiting mean temperatures for SBR occurrence during
the soybean growing season in the Brazilian producing regions.

4. Conclusions

It was possible to conclude that under favorable weather conditions and without any disease control, soybean
rust presented a high destructive potential reflected in defoliation and final severity close do 100%. Epidemics of
SBR till R5.5 phenological stage were mainly influenced by leaf wetness duration, cumulative rainfall and air
temperature during the leaf wetness duration. When SBR severity at the end of the soybean cycle was considered,
it was conditioned mainly by leaf wetness duration. Therefore, any disease warning system for SBR should
include the variables aforementioned, together or individually, as inputs.
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