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Abstract

Glomerella leaf spot (GLS) of apple is caused by three different Colleto-
trichum species complexes. This study evaluated the dispersal of Colle-
totrichum spores related to GLS temporal progress and defoliation.
Spores were monitored by air and water runoff in different plant heights,
and the temporal progress of GLS and defoliation were assessed. Spores
of the pathogen were first cached in the lower part of the tree closer to the
ground, confirming the importance of dead leaves on the ground as main

source of primary inoculum. In plots with high primary inoculum, the
disease increases exponentially during favorable weather conditions.
The highest initial inoculum was found in the lower part of the tree,
but the highest rate of the disease progress in the upper.
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epidemiology, fruit, fungi, tree fruits

Glomerella leaf spot (GLS) in apple is an important disease in the

United States, Brazil, and China (Leite et al. 1988; Taylor 1971;

Wang et al. 2012). The species reported as causal agents in South

America (Brazil and Uruguay) belong to the complexes Colletotri-

chum gloeosporioides, Colletotrichum acutatum, and Colletotri-

chum boninense (Moreira et al. 2019; Velho et al. 2015). The

Colletotrichum species complex distribution in Brazil varies among

apple-producing states; for example, for Santa Catarina State,

the main complex is C. gloeosporioides, and for Paraná State, it is

C. acutatum (Moreira et al. 2019). GLS occurs in all production re-

gions in Brazil, causing severe damage to the cultivar Gala and its

clones, which correspond to 60% of the commercial production area

(Petri et al. 2011).

Spraying with fungicides from the methyl benzimidazole carba-

mates and dithiocarbamates groups is the most used method to con-

trol GLS in Brazil (Katsurayama and Boneti 2009). However, these

fungicides lose much of their efficiency under high inoculum pres-

sure. In warmer regions, such as in Paraná State, fungicide applica-

tions are performed at 5- to 10-day intervals or repeated when

cumulative rainfall reaches 25 mm, which results in a high number

of fungicide applications (Becker et al. 2000). In some regions with

less favorable climate to GLS development, chemical control is

based on weather monitoring (Becker et al. 2004), and intervals are

extended. Even with intense use of fungicides, the disease may begin

in late spring, with severe symptoms development in the summer

when frequent rains and high temperatures favor the disease

(Hamada et al. 2012). During harvest, which occurs in January and

February in southern Brazil, the application of fungicides is avoided

because of the preharvest interval, thus increasing the risk of new

infections.

Symptoms of GLSmainly occur on leaves, although they may also

appear on fruit. On leaves, symptoms appear as purple-red spots

2 days after infection, and after 7 to 10 days, severe defoliation

may occur (Leite et al. 1988; Moreira and May DeMio 2015), reduc-

ing productivity in the subsequent seasons. Considering the short in-

cubation period of GLS and rapid advance of the disease, it is

essential to understand the disease epidemiology to establish ade-

quate management. Strategies for integrated management of diseases

are recommended by the researchers in Santa Catarina State, and they

included monitoring the meteorological variables to pinpoint the in-

fection process and spore dispersal (Becker et al. 2004). However, in

Paraná State, where GLS is more severe owing to the high pressure of

inoculum, these strategies are not efficient to achieve the control

of GLS.

Spore dispersal in Colletotrichum spp. usually occurs by rain

splash and travels short distances as already reported in coffee

(Mouen Bedimo et al. 2007), strawberry (Freeman et al. 2002;

Madden et al. 1996), and yam (Penet et al. 2014). However, in some

pathosystems, the dispersion of Colletotrichum spp. may also occur

by the action of other agents, such as insects and air currents (Silva-

Junior et al. 2014).

GLS has been present in Paraná State since 1988, but some basic

information regarding its epidemiology to minimize its yield-

reducing effects is still lacking. There is limited information available

on GLS temporal progress and no information about the relationship

between the inoculum dispersal, primary inoculum, and disease

within the apple canopy. In this study, we assessed the dispersal of

Colletotrichum spp. spores by runoff and air at different heights of

the plant and the temporal progress of GLS in the leaves of shoots

at different plant heights, exploring its relation to defoliation and dis-

persal patterns.

Materials and Methods
Description of study plots, population isolates, and

meteorological conditions. The tests were carried out during the

2009/2010, 2010/2011, and 2011/2012 growing seasons. Three

plots were evaluated: two being in the same commercial orchards

with use of fungicides (A1 and A2) and an experimental one with-

out use of fungicides (A3). The trees in plots A1 and A2 were

13-year-old cultivar Imperial Gala grafted on rootstock M9 with

a central leader system. The spacing in A2 was 4.0 × 0.75 m. In

A1, spacing was 3.3 × 1 m; however, there were double rows with

2.2 m between them. In A3, plants were 7-year-old Gala grafted on

rootstock M9 with a central leader system, and spacing was

2.5 × 1.0 m.

The plots were located in themetropolitan region of Curitiba, Paraná

State at the same altitude (~930 m in relation to sea level) and under

the same type of climate. The A1 and A2 were located in the same
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Fig. 1. A, Colletotrichum spp. conidia concentration obtained from water runoff on the plant surface at 0.3 and 1.0 m. B, The number of conidia of Colletotrichum spp. collected on
each evaluation day with wind traps positioned at 0.3, 1.0, and 2.5 m from the ground. C, Precipitation (millimeters), average RH, and average temperature. Weekly data for the
2009/2010 and 2010/2011 seasons were collected in a commercial orchard in the municipality of Campo Largo, Paraná (A1).
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Fig. 2. A, Colletotrichum spp. conidia concentration obtained from water runoff on the plant surface at 0.3 and 1.0 m. B, The number of conidia of Colletotrichum spp. collected on
each evaluation day with wind traps positioned at 0.3, 1.0, and 2.5 m from the ground. C, Precipitation (millimeters), average RH, and average temperature. Weekly data for the
2010/2011 and 2011/2012 seasons were collected in a commercial orchard in the municipality of Campo Largo, Paraná (A2).
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Fig. 3. A, Colletotrichum spp. conidia concentration obtained from water runoff on the plant surface at 0.3 and 1.0 m. B, The number of conidia of Colletotrichum spp. collected on
each evaluation day with wind traps positioned at 0.3, 1.0, and 2.5 m from the ground. C, Precipitation (millimeters), average RH, and average temperature. Weekly data for the
2010/2011 and 2011/2012 seasons were collected in a commercial orchard in the municipality of Pinhais, Paraná (A3).
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orchard in themunicipality Campo Largo (25°25¢20² S, 49°32¢36²W),

and A3 was located in the municipality of Pinhais (25°23¢16² S,

49°07¢56² W). The plots A1 and A2 are 40 km from plot A3 in a

straight line. In the 2009/2010 season, the areas A1 (fungicide

sprayed) and A3 (no fungicide) were chosen to compare the disper-

sion of spores in areas with and without fungicide. In the 2010/2011

season, A2 (fungicide sprayed) was included (the same property as

A1) mainly because of the high inoculum present in A1. In the

2011/2012 season, only A2 was evaluated, because A1 (fungicide

sprayed) and A3 (no fungicide) were eradicated because of the high

severity of the disease.

The pathogen population (n = 47 isolates) was previously charac-

terized (Moreira et al. 2019), and the predominant species was Col-

letotrichum nymphaeae (81%); Colletotrichum fructicola (seven

isolates), Colletotrichum paranaense (one isolate), and Colletotri-

chum limetticola (one isolate) were also detected.

Fungicide applications were carried out in A1 and A2 according to

the recommended spray calendar in the region following the stan-

dards of integrated apple production in Brazil (NTEPI 2006).

Data of temperature and RH were obtained from the meteorolog-

ical stations of the SIMEPAR Technological Institute. For A1 and

A2, data were collected at meteorological station number

25.264.916 located in Curitiba at an altitude of 935 m and a distance

of 31 km from the study orchards. For A3, data were collected at me-

teorological station number 25.254.905 located in Pinhais at an alti-

tude of 930 m and a distance of 21 km from the study orchard.

Precipitation was quantified daily in the orchards by the use of a plu-

viometer (JProlab).

The number of favorable days (FDs) for the occurrence of GLS

was calculated according to the method proposed by Katsurayama

et al. (2000) in apple, which considers an FD to be one with a leaf

wetness period (LWP) >10 h and a temperature >15°C. The

LWP during the vegetative period of the plants in the evaluated

seasons was estimated using the number of hours with an RH > 87%

(SIMEPAR), which is based on the fact that the presence of

liquid water on the surface is generally related to high values of

RH (Gleason et al. 1994).

Spore dispersal from the trunk of the tree. Eppendorf tubes

(1.5-ml volume) were fixed to the trunk of the tree at 0.3 and

1.0 m from the ground with their lids open for the collection of runoff

water. The contact area between the Eppendorf tube and the trunk of

the tree corresponded to ~0.5 cm, and there were no situations where

we observed that liquid overflowed. The tubes were collected weekly

in the 2009/2010 and 2010/2011 growing seasons and biweekly in

the 2011/2012 season.

The number of spores was quantified according to the methodol-

ogy described by Estrada et al. (1996); samples were centrifuged at

3,000 rpm for 5 min, and the supernatant was discarded. The formed

pellet was resuspended in 100ml of distilled water, and the spore con-

centration was determined using a hemocytometer. Five replicates

(each tree constituted one replicate) were evaluated in each sampled

plot. Each randomized sampled tree distance from each other was 7

to 10 m.

Spore dispersion from the air. The test for air dispersal of spores

was carried out uninterrupted throughout the specific growing sea-

sons. Monitoring of the spore density was carried out with the instal-

lation of one slide trap per replicate at two different tree heights: 0.3

and 1.0 m from the ground. Five replicates per height (each tree con-

stituted one replicate) were evaluated in each sampled plot.

The traps consisted of microscopic slides (26 × 76 mm) containing

Vaseline on their surface, which were placed under a plastic cover

(similar to a small umbrella) to prevent rain or even excessive dew

from removing the collected spores. The trap slides were suspended

vertically from the tree branch with a string to enable the slide to

move according to air flow, simulating a leaf.

In addition, one wind-catcher spore trap was installed in each eval-

uated plot. They were made of Vaseline-coated microscope glass

slides placed vertically inside an open cylinder that moved with the

wind direction, and they were placed at a height of 2.5 m from the

ground. For each slide (and the other slides discussed above), an area

of 25 mm2 was scanned with a microscope (100×; Olympus; model

CX40), and the total number of Colletotrichum spores was counted.

In the first two seasons (2009/2010 and 2010/2011), the slides were

changed weekly, and in the 2011/2012 season, they were changed

every 2 weeks.

Data analysis. The area under the progress curve (AUPC) for

spore density of Colletotrichum spp. was calculated separately for

spores collected by air and water runoff. The values were expressed

in a relative way: that is, they were expressed as AUPC divided by

the number of days during each evaluation period of the plots. The ex-

periment followed the completely randomized design, and the number

and concentration of spores captured at different heights within the

same plot were compared as well as the number and concentration

of spores captured at the same height in different plots to confirm dif-

ferences of primary inoculum among plots (A1, A2, and A3).

The data, when necessary, were transformed according to the

Box–Cox method (Box and Cox 1964) to meet the assumptions of

analysis of variance analysis and subjected to a means separation test

(Scott–Knott, a = 0.05). The analyses were performed using soft-

ware R (R Core Team 2016).

Temporal progression of GLS in the leaves of shoots at differ-

ent plant heights. To verify the temporal progression of the disease,

plants were analyzed in plots A1 and A2 during consecutive seasons.

In the 2010/2011 season, plots A1 and A2 were evaluated; in the

2011/2012 season, only A2 was evaluated. We did not assess disease

in A3; the plants were weak, and the leaves fell down early in the sea-

son, even with low GLS severities.

In the 2010/2011 and 2011/2012 seasons, five plants were sam-

pled in each of the two plots (A1 and A2), avoiding pollinating

plants. In each plant, three shoots (one shoot per height) containing

10 leaves located at three heights on the plant were evaluated. Low

shoots were those located in the lower third of the plant ~0.3 m from

the ground, and the medium shoots were those located in the middle

third of the plant ~1.0 m from the ground; the upper shoots were

those located in the upper third of the plant ~1.8 m from the ground.

The shoots at each height were chosen at random from the plant

canopy, but they were always new shoots that had developed from

that season, with leaves of similar ages. An interval of 10 leaves

was marked with indicator tape at both ends of the shoot so that no

shoots emerging after the beginning of the evaluations were consid-

ered. The evaluation of the leaves was always performed from the

base to the apex of the shoot.

The GLS incidence, severity, and number of leaves were evaluated

weekly until all of the leaves had fallen from the shoot. For incidence,

Table 1.Area under the curve progress formed by the density of the conidia of
Colletotrichum spp. collected in the air and superficial water runoff with dif-
ferent traps models positioned at different heights from the ground during the
2009/2010, 2010/2011, and 2011/2012 seasons in apple orchards with (A1
and A2) and without (A3) chemical fungicide treatment

Trap design

Height of the

trap from the

ground, m

Area under the curve progressx

A1 A2 A3

Eppendorf (water
runoff)

0.30 0.158 aA 0.124 aA 0.213 aA

Eppendorf (water
runoff)

1.00 0.123 aA 0.062 bB 0.222 aA

Slide trap 0.30 10.258 aAy 1.894 aB 11.072 aA

Slide trap 1.00 7.658 bA 1.126 bB 6.208 bA

Wind trap 2.50 4.403z 1.254 5.390

x The values for the evaluation time (simple daily average) are as follows. The
periods of evaluation for the wind trap in A1, A3, and A3 were 686, 742, and
756 days, respectively, and the periods of evaluation for dissemination by
water runoff in A1, A2, and A3 were 602, 742, and 707 days, respectively.

yAverages followed by the same lowercase letter in the column and the same
capital letter in the row do not differ significantly based on the Scott–Knott
test (a = 0.05). Italic letters compare the Eppendorf trap, and bold letters
compare the slide trap. Original data are without transformation. Compari-
sons between the values were observed in the same trap design.

z Not considered in the means separation test, because there were no repeti-
tions of these traps at this point in the same plot.
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the percentage of leaves with any symptoms of the diseasewas calculated

in relation to the total number of leaves. For the severity assessments, a

diagrammatic scale developed by Kowata et al. (2010) was used to deter-

mine the percentage of injured leaf area of each leaf on the shoot.

Data analysis. Progress curves with disease incidence and

severity data were plotted using the cumulative values of these vari-

ables over time to observe the behavior of the epidemic. The inci-

dence was plotted to inform when the disease reached 100% of the

leaves and severity was plotted to compare the disease amount

caused by eachColletotrichum species. To plot the graphs, the cumu-

lative incidence and severity progress curves were adjusted for defo-

liation (i.e., disease of a leaf that abscised was carried along until the

end of the season to calculate average disease at each subsequent as-

sessment date). The data of the average number of the monitored

leaves per plot and per season were also plotted over time to indicate

leaf abscission over the evaluation period.

A correlation analysis (R) was performed between the number of

days that each leaf remained on the plant and severity immediately

before the abscission, and the correlation was considered positive

at P < 0.05.

From the severity data, the relative area under the disease progress

curve (AUDPC) was calculated for each height per day. In this way,

the AUDPC was calculated individually for each leaf of each shoot,

and the resulting value was divided by the number of days that the

leaf remained on the plant. The resulting values were summed, and

the total was divided by the number of leaves evaluated. The

AUDPC values at each height of the plant were submitted to an anal-

ysis of variance, taking into account the assumptions of normality

and homogeneity, according to the Box–Cox method (Box and

Cox 1964).

The severity data were fitted to the exponential model in the

parameterization

Y = y0:e
− rt

where Y is the disease severity, y0 is the initial inoculum-related pa-

rameter, r is the disease progression rate, and t is the time in days after

the first evaluation. The values of the parameter estimates were com-

pared using Student’s t test (P < 0.05). The analyses were performed

using the software R (R Core Team 2016).

Fig. 4. Percentages of cumulative severity (d) and cumulative incidence (:) of Glomerella leaf spot and number of apple leaves (■) monitored at 1.8 (upper), 1.0 (middle), and
0.3 m (lower) from the ground. Data are the average of 50 leaves per height. A, Data from the 2010/2011 season in A1. B, Data from the 2010/2011 season in A2. C, Data from
the 2011/2012 season in A2. Plots A1 and A2 are commercial orchards in the municipality of Campo Largo and plot A3 is an experimental orchard in the municipality of Pinhais,
Paraná, Brazil. The beginning of evaluation was 1 November 2010 in the 2010/2011 season in A1 and A2 and 14 November 2011 in the 2011/2012 season in A2.
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Results
The rains were distributed more uniformly over time in A3 com-

pared with A1 (Figs. 1, 2, and 3), and they were more frequent in

the vegetative period than in the period of dormancy of the plants

(Figs. 1C and 3C). In A2, the volumes of precipitation in 2010,

2011, and 2012 (January to April) were 1,581, 1,280, and 831 mm,

respectively (Fig. 2C). The average RH of the air during the period

evaluated was >80%.

Spore dispersal from trunk of the tree. In the 2009/2010 season

in A1 and A3, spore detection occurred before November 2009 and

lasted until early April 2010 (Figs. 1A and 3A). In the 2010/2011 sea-

son in A1 and A2, detection of spores began in October and lasted

until the beginning of April (Figs. 1A and 2A). In A3 in the 2010/

2011 season, spore detection began in November and lasted until

the beginning of May (Fig. 3A).

The AUPC generated from the number of spores captured in the

water runoff on the trunk of the plant did not differ between the

heights and between the plots, except for in A2, which differed from

the others at the height of 1.0 m (Table 1). In A2, the concentration

of conidia captured at different heights was significantly different,

and it was higher at the lower height (0.3 m) (Table 1).

Spore dispersion from the air. The presence of spores in the air at

most of the evaluated plots was observed from the beginning of Oc-

tober and November, although in A2 and season 2011/2012, spores

were observed at the end of June (beginning of winter). The spores

were observed constantly until April, with occasional appearances

after this time, which was the end of the vegetative phase (Figs.

1B, 2B, and 3B).

The AUPC of the number of spores showed that the traps closest to

the ground in all plots always had significantly higher spore numbers

than those of the traps located at higher positions. In general, the traps

closest to the ground (0.3-m height) captured more conidia than those

located at 1.0 and 2.5 m in the 3 years evaluated (Table 1). The

highest numbers of spores were observed in the months of January

and February in all years assessed, regardless of the phytosanitary

treatment carried out (Figs. 1B, 2B, and 3B).

In A1, the presence of peaks in the numbers of spores captured was

observed and may have been a result of fungicide treatments as well

as a smaller number of conidia within the same season compared with

A3 (Fig. 3B). However, in comparing the AUPC for spore disper-

sion, A1 did not result in significant differences from A3 for either

height (0.3 or 1.0 m) (Table 1).

A1, with a lower number of fungicide sprays (14) than A2 (22),

had a higher number of conidia compared with A2 (Figs. 1B and

2B), which resulted in a lower AUPC in A2 at both heights (Table 1).

Temporal progression of GLS in leaves at different

tree heights. In the 2010/2011 and 2011/2012 seasons for A1, the

first symptoms of GLS were observed at the beginning of November

and reached 50% incidence between mid-January (beginning of har-

vest) and mid-February (end of harvest). In the 2010/2011 season for

A2, the symptoms started in November, and the disease reached 50%

incidence in the middle of March (Fig. 4).

From harvest, an exponential increase in disease severity occurred,

which caused the leaves to fall with varying levels of severity depending

on the position of the shoots on the plant, season, and plot (Fig. 4).

The AUDPC of GLS severity did not differ in the different posi-

tions of the shoots on the plants in both A1 and A2. In both seasons

and plots, there was a positive correlation (P < 0.05) between the se-

verity of the disease and the longevity of the leaves on the plant for

the different positions of shoots on the plant (Table 2).

The severity data on the different plots, seasons, and heights of the

plant were adjusted to the exponential model, with R2 varying from

69 to 97% (Table 3). In the comparison of the parameter estimates,

the initial inoculum (y0) did not differ between the different plant

heights in plot A1 in the 2010/2011 season. In A2 in the 2010/2011

and 2011/2012 seasons, y0 differed between the upper and lower

thirds of the plant. The disease progress rates (r) in the medium

and lower shoots were lower (ranging from 0.02 to 0.05) and dif-

fered significantly from those of the upper shoots (ranging from

0.04 to 0.12) (Table 3).

Discussion
The dispersal of Colletotrichum species is driven mainly by wa-

ter splash, because the sticky spores need water to be released. After

that, wind can help to move them farther as reported in strawberry

by Ntahimpera et al. (1999). In this study, a larger amount of spores

was detected in slide traps located 30 cm from the ground. This is

probably associated with a larger amount of initial inoculum

Table 2. Relative area under the disease progress curve (AUDPC) for
Glomerella leaf spot (GLS), the number of days for the beginning of leaf fall
(DBF), the number of days for total defoliation (DTD), the mean severity im-
mediately before leaf fall (SBF), and the value of the correlation (R2) between
the DTD and the SBFs

Season, plot, and

AUDPCt Shoot positionu

Variables

R2v,wDBFt,v DTDt,v SBFt

2010/2011

A1

1.05 ax Upper 70 112 13.72 0.644y

0.68 a Middle 63 133 9.08 0.277y

0.61 a Lower 49 147 5.64 0.537y

A2

0.72 a Upper 63 189 7.02 0.665y

0.73 a Middle 63 210 9.24 0.490y

0.87 a Lower 98 217 9.38 0.562y

2011/2012z

A2

1.01 a Upper 84 182 6.20 0.325y

1.10 a Middle 28 168 5.74 0.589y

0.82 a Lower 28 182 5.46 0.584y

s Evaluation of GLS in two plots (A1 and A2) in the 2010/2011 season and
one plot (A2) in the 2011/2012 season in leaves located in upper (1.8 m),
middle (1.0 m), and lower (0.3 m) shoots in the municipality of Campo
Largo, Paraná, Brazil.

t Mean of 50 leaves per position per divided into five shoots, with one shoot
per plant.

u Upper: ~1.8 m; middle: ~1.0 m; lower: ~0.3 m.
v Counted from 11 January 2010 in A1 and A2 in 2010/2011 and from 14
November 2011 in A2 in 2011/2012.

w Calculated from the individual data of each of the 50 leaves per position
per plot.

x Means followed by the same letter in a column do not differ.
y Significant at P < 0.05.
z A1 was not evaluated in the 2011/2012 season, because it was eradicated in
July 2011.

Table 3. A comparison of the epidemiological parameters with the Glomerella
leaf spot severity data for different plots and seasons in the municipality of
Campo Largo, Paraná, Brazil

Season, plot, and

shoot positiony

Parameters

R2y0
z rz

2010/2011

A1

Upper 0.001 ns 0.12 a 0.95

Middle 0.02 0.05 b 0.70

Lower 0.04 0.05 b 0.95

A2

Upper 0.01 b 0.04 a 0.97

Middle 0.08 ab 0.02 b 0.89

Lower 0.11 a 0.03 b 0.93

2011/2012

A2

Upper 0.001 c 0.05 a 0.97

Middle 0.18 b 0.03 b 0.95

Lower 0.24 a 0.02 b 0.69

yUpper: ~1.8 m; middle: ~1.0 m; lower: ~0.3 m.
z Means followed by the same letter in a column do not differ significantly
based on the Student’s t test at P > 0.05. r = rate; y0 = initial inoculum.
ns = not significant.
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capable of reaching the lower canopy positions compared to the

middle and upper positions. Corroborating this finding, Hamada

and May De Mio (2017) detected the occurrence of inoculum com-

ing from fallen leaves on the ground, and Valdebenito-Sanhueza

et al. (2002) observed that the first infections of GLS generally occur in

the low and inner parts of the plants.

Although collecting runoff water for spores may not represent the re-

al situation of pathogen dissemination in the field, the observation of

spores in Eppendorf traps located 1.0 m above the ground compared

with those located at 0.3 m demonstrates that the pathogen may also

be present in the shoots and dormant buds as previously reported for

different species of the genus Colletotrichum (Børve and Stensvand

2007; Crusius et al. 2002; Kang et al. 2009). In the same orchard of this

study, Hamada and May De Mio (2017) confirmed pathogenic Colle-

totrichum species surviving in shoots and dormant buds.

The highest amounts of conidia were observed in traps located in

the canopy of the plants, but spores were also detected at 2.5 m. In

general, the spores are affected by rainfall that promoted their re-

lease and movement (Meyer et al. 2008). The intensity of precipi-

tation can influence the kinetic energy of the droplets, which may

act positively or negatively on spore dispersion (Madden et al.

1996), and it determines the distance traveled in relation to the

source of inoculum.

Species of the genus Colletotrichum that are observed in subtropical

regions present greater production, dissemination, and liberation of

spores during the rainy seasons of the year (Freeman 2008; Mouen

Bedimo et al. 2010). The main Colletotrichum species present in the

study orchard belong to the C. acutatum complex and were pathogenic

to apple leaves and fruit (Moreira et al. 2019). Weather during the trials

in this study was generally favorable to the development of the epi-

demic, especially the amount of rain and the high RH, which was

reflected in the amount of captured spores. The higher number of

spores captured in the 2009/2010 season coincided with the highest

volume of accumulated precipitation observed in this season, which

caused an increase in the LWP and consequently, increased the number

of favorable days for the occurrence of the GLS symptoms. A lower

number of spores captured in A2 may be related to the number of fun-

gicide sprays. In A2, 22 sprays were performed, whereas in A1, there

were 14 sprays, and in A3, there were 0 sprays. In addition, during the

time when the GLS epidemic occurred in the field, precipitation was

lower in A2 when compared with the amount of precipitation in A1

and A3, which may also have contributed to a lower spore catch.

The beginning of the onset of symptoms during the month of No-

vember coincided with the beginning of the release of spores in the

air. The values of y0 in A1 did not differ between tree heights, but

for A2 in both seasons, the y0 was higher in the lower shoots, which

may be additional evidence corroborating the observations that the

conidia dispersal and this y0 are influenced by spores produced on

fallen leaves on the ground. Although the disease affected the plant

from initiation of fruiting (November), increase in severity was ob-

served from January and February, and it was associated with the

maintenance of weather conditions favorable for the development

of the GLS and the reduction in the number of sprays during harvest

because of the preharvest interval.

The AUDPC did not differ between the heights, plots, and sea-

sons, but the GLS rate (r) in the upper thirds of the trees was signif-

icantly higher. This fact may be related to that observed by Batzer

et al. (2008) and Sentelhas et al. (2005); these studies reported a

prolonged leaf wetness in the upper part of the plant in different

crops, including apples. The GLS rate (r) is an important parameter

to be evaluated in this pathosystem, because the increase in symp-

toms is mainly owing to the secondary cycles of the pathogen in the

host and not only to the initial inoculum in polycyclic diseases

(Madden et al. 2007).

Incidence of GLS can promote early defoliation in apple trees

(Leite et al. 1988). A positive correlation was observed in this study

between the longevity of the leaves on the plant and the severity im-

mediately before the fall for all heights and plots, but we cannot

state that the early defoliation was just because of the GLS symp-

toms, because we did not compare with the defoliation in orchards

where the GLS did not occur. Defoliation may also be related to

other factors, such as stress and nutrition, and must be further

investigated.

A higher initial inoculum and a greater number of spores collected

on the slide traps located in the lower part of the plants may be related

to the survival of the inoculum in fallen leaves on the ground; this

type of survival should be investigated in future research. Primary in-

fections quickly generate symptoms on the lower leaves, and the

GLS progress increases exponentially by the rapid production of sec-

ondary inoculum under favorable conditions. The secondary inocu-

lum is reflected in a high rate of the disease in the upper part of the

plant, where the weather conditions are more favorable and where

the fungicides sprays could fail.

In view of the results, it would be interesting to change the man-

agement strategy for better control of the initial inoculum, avoiding

the survival of the pathogen in the leaves fallen to the ground. Other

studies should investigate sprays directed to the plant base, appropri-

ate plant density in the orchard, and the intensification of pruning for

greater aeration within the canopy. Additionally, alternative controls,

such as biological control, are recommended during the harvest pe-

riod when no fungicide can be applied.

In our experience, forecast systems based on the monitoring of envi-

ronmental conditions in the study regionwould not be adequate to reduce

disease during growing season owing to the short incubation period of

the disease and the rapid development of symptoms (Moreira et al.

2019). However, monitoring spores in the air to recommend fungi-

cide application and research on the influence of the type of inocu-

lum (ascospores or conidia) should be considered in future studies.
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