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The abundance of Zymoseptoria tritici ascospores and conidia in a field was examined throughout two one-year periods (1998-
1999 and 1999-2000) establishing the relationship between spore release and weather variables. Radiation, temperature, intensity
of rainfall, and relative humidity significantly affected the dispersal of ascospores and pycnidiospores of this pathogen. Spore traps
collected both types of spores, at weekly intervals, at two different stages of the wheat crop (vegetative and wheat stubble stages) and
different distances from the sources. Ascospores were the predominant sources of inoculum in the field.The numbers of ascospores
and pycnidiospores declined with the increase of distance from the sources. The release of pycnidiospores was associated with
the increase in rainfall intensity 7 days before the released event and the increase in radiation 60 days before the same event.
Relative humidity 3 and 15 days before the release event was positively correlated with ascospores release and negatively correlated
with radiation and temperature in all the sampling interval. Also for the first time, a positive correlation between radiation and
pycnidiospores dispersal is reported. Understanding the relationship between environment conditions and spores dispersal event
could improve the control strategies of the disease.

1. Introduction

In the rolling Pampas region of Argentina, conservation
management practices such as zero tillage or reduced tillage
have increased as alternative cropping systems to restore
the soil structure in large areas cultivated with double-crop
sequences or wheat monoculture [1]. In both systems, the
inoculum of necrotrophic fungi usually survives until the
next wheat growth season as potential inoculum of new
pathogen infections.

In Argentina, one of the main foliar fungal diseases
caused by a hemibiotrophic pathogen (a pathogen with an

exceptionally long endophytic period for growth and acquisi-
tion of nutrients [2]) has historically beenZymoseptoria tritici
(Desm.) Quaedvlieg & Crous, a foliar pathogen of wheat,
which causes Septoria Tritici Blotch (STB). This pathogen is
only endemic in the Southeast of Buenos Aires Province. In
other wheat cropping areas, its occurrence depends on the
prevalent environment variables. The STB is an important
wheat disease in the world that causes severe crop damage
and substantial yield losses [3]. These effects are attributable
to repeated cycles of the asexual stage of the fungus, in which
pycnidia give rise to splash-dispersed pycnidiospores which
eventually infect the upper leaves on whose photosynthetic
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activity crop yield is dependent. The movement of this type
of spores was characterized by a vertical direction from the
basal leaves to the highest leaves in the canopy that occurred
during periods of splash rain and a horizontal movement
between leaves close to each other, occurring without high-
energy rainfall. Both mechanisms are most probably critical
to disease progression [4].

The main source or primary inoculum for the infection
of wheat by Z. tritici is the unburied crop residue [5].
Ascospores are produced and released on this substrate [6]
and the fungus may complete several sexual cycles during
the growing season. Pseudothecia mature during winter and
remain viable into early spring. Only 30min of moistening
stubble is necessary for ascospore release and dispersal [7].
Hunter et al. [8] suggested that airborne ascospore plays the
major role in epidemiology during the growing season and,
together with splash dispersal spores, both have implications
for the forecasting of the disease.

Different studies [5, 9] have confirmed that during
spring and the beginning of summer the severity of the
epidemic was conditioned by pycnidiospores produced in
the crop; nevertheless, ascospores were present since the
first basal leaves were infected [9, 10]. Carmona et al.
[11] established that when effective management practices,
including fungicide treatments, are applied under no-till
systems in wheat monoculture, the occurrence of STB is
possible without significant yield losses. The most effective
fungicide applications are those applied between flag leaf
emergence and the beginning of flowering [12]. In the climatic
conditions of the rolling Pampas region ofArgentina, growers
are trained to apply foliar fungicides not preventively but
only when the disease levels reach the threshold of economic
damage [13]. Early monitoring of both types of spores and
their relationship with climatic factors will allow knowing
their dispersal cycle, which could be different between years.
Moderate temperatures with alternating wet and dry periods
were favorable for the production of pycnidiospores and
ascospores [14].

Early spores monitoring of Z. tritici during the cycles
of vegetative growth and stubble stage could be considered
an indicator of risk for the occurrence of new infections.
Hunter et al. [8] suggested that ascospores are dispersed in
air currents rather than by rain splash, having important
implications for risk-based decisions on disease control.

Different studies [5, 15, 16] have confirmed that, during
spring and the beginning of summer, the severity of an
epidemic for this pathogen is conditioned by the num-
ber of pycnidiospores produced in the crop; nevertheless,
ascospores are present from the time that the first basal leaves
are infected [17].

The quantitative relationship between weather variables
and the occurrence of Z. tritici has been reported by several
authors. Pietravalle et al. [18] and Te Beest et al. [19] formu-
lated an alternative model for early-warning of a damaging
epidemic, based on accumulated rain and accumulated min-
imum temperature in the period preceding GS31 (tillering).
In addition, the first authors indicated that the early phases
of the epidemic were driven by temperature, which might
determine the number of disease cycles that occurred in the

followingwinter. Finally, in theUK, by studying a long period
(1844–2003), Shaw et al. [20] confirmed that the diseases
produced by Z. tritici and Parastagonospora nodorum are
greatly influenced by the amount of spring rainfall and the
previous summer temperature (for the period before the start
of the growing season in autumn).

In Argentina, no studies about the release of spores of Z.
tritici in the wheat growing cycle and the effect of weather
variables on those patterns have been carried out.

The objective of this research was to quantify the pres-
ence of Z. tritici ascospores and conidia in a field of the
rolling Pampas region of Argentina and to determine the
relationship between variables like distance from the inocu-
lum source, amount of rainfall, relative air humidity, air
temperature and radiation, and both types of spores during a
two one-year periods (1998-1999 and 1999-2000) in a warmer
and cooler subperiod of a growing season, associating their
release and dispersal.

2. Materials and Methods

2.1. Field Experiment. Field experiments were conducted in
the East of the Pampas region at the Estación Experimental
Julio Hirschhorn, located in Los Hornos (34.59 Lat. S., 57.59
LongW. Greenwich, Buenos Aires Province, Argentina), Fac-
ultad de Ciencias Agrarias y Forestales, UniversidadNacional
de La Plata, Province of Buenos Aires.

The sampling of the spores was carried out from October
1998 to September 1999 and fromOctober 1999 to September
2000 for the presence of wheat cultivars inoculated with the
pathogen. The scores of trapped spores began in October
of each year because the disease began to progress under
favorable environmental conditions with the beginning of
the stem elongation (GS, 37, Zadoks et al. [21]). The soil,
where the cultivars were grown,was a Phaeozem luvicowith a
silt loam texture and slight internal drainage deficiency [22].
In the first period, the crop consisted of 50 national wheat
(TriticumaestivumL.) cultivarswith different susceptibility to
the pathogen.The experiment was prepared as follows: wheat
cultivars were sown on June 24, 1998, with a Deutz seed drill,
at a density of 300 plants/m2. The previous crops before this
experiment were soybean (Glycine max (L.) Merr.) in 1993,
corn (Zea mays L.) in 1994, and wheat from 1995 to 2000.
Wheat was managed under conventional tillage by plowing
twice and harrowing twice to a depth of 0.15m, 9 and 20
days before sowing, respectively.Wheat stubble was removed,
chopped, and uniformly distributed on the soil surface. The
experimental plots were situated in E-SE wind direction in
the field and isolated 300m from all other crops. An overview
of the main dates of the experimental works is shown on
Table 1.

2.2. Inoculation. Two inoculations of thewheat cultivarswere
done to obtain continuous sources of spores because this
region is not endemic for the pathogen. For the inoculation
process, a virulent isolate (FALP 3096; Facultad de Ciencias
Agrarias y Forestales de la Plata, Argentina) of Z. tritici was
used to prepare the inoculum. The isolate was grown on
malt extract agar at 19∘C with 12 h alternating light and dark
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Table 1: An overview of the main dates of the experimental works for 1998-1999 and 1999-2000 periods.

1998-1999 period
Activity Sowing Coleopt. emergency Inoculation Diseases Assessment Harvest
Abbreviations S CE i Boot B Early dough grain ED Ripening R
GS (Zadoks et al. 1974) 0 07 12 49 83 90
Dates 29 June 5 July 12 July 4 October 22 November 12 December

1999-2000 period
Activity Sowing Coleopt. emergency Inoculation Diseases Assessment Harvest
Abbreviations S CE i Boot B Early dough grain ED Ripening R
GS (Zadoks et al. 1974) 0 07 12 49 83 90
Dates 5 July 23 July 10 August 20 October 5 December 20 December
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Figure 1: Spatial diagram of the traps arrangement: 1998-1999 period.

cycles. The inoculum was prepared by aseptically scraping
sporulating colonies with a scalpel and suspending conidia
in deionized water.The conidial suspension was adjusted to 5
× 106 spores/mL−1. The experimental plot was early infected
by means of one inoculation at GS12 (first leaf extended) in
July 1998.

The first symptoms of infection in the field were observed
on the basal leaves on August 3, 1998, and the lesions
were detected on flag leaf (FL) and FL-2 and FL-1 levels

on October 4, 1998. At that moment (GS49), the severity
of the disease ranged from 0.57 to 30.5 of mean pycnidial
coverage percentage among all the cultivars, in coincidence
with the placement of spore traps.The spore trapswere placed
following the diagram in Figure 1. The monitoring of both
types of spores began one week later, in October 1998, and
continued until September 1999 (first period) and then in
the next year, from October 1999 to September 2000 (second
period). The scores of trapped spores began in October of
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Figure 2: Spatial diagram of the traps arrangement: 1999-2000 period.

each year because, under favorable conditions, the disease
progresses from the beginning of the stem elongation (GS37)
[21].

Ascospores were monitored only on Vaseline (AV),
whereas pycnidiospores were monitored on Vaseline (PV)
and rainwater (PRW). Spore traps were monitored once a
week during the two periods.

In the second period, the source of inoculum consisted
of 30 cultivars of national and Mexican germplasms of T.
aestivum and T. durum with different levels of susceptibility,
which were sown in the same experimental plot covered with
the wheat stubble on July 5, 1999. In this period, the spore
traps were placed following the diagram in Figure 2.

2.3. Spore Trapping. For both periods, sixteen spore traps
were located close to and in a line parallel to the wide axis
of the experimental plots. Considering that the predominant
wind direction in the field was E-SE, for the first period, four
traps were located in the center of the plots, four on the left
side and four on the right, at 1mof distance from the source of

spores, orientated in the mentioned direction. Another four
traps were situated at 12m from that source. For the second
period and considering that the difference between the results
of those two distances from the first period was small, new
distances were chosen: 1, 25, and 50m from the source of
spores. The traps, for the second period, were distributed as
follows: five traps at 1m surrounding the area from the source
of inoculum, six traps in E-SE orientation, at 25m from the
source of inoculum, and six more traps covering the N-E and
E-SE directions at 50m.

The spore traps weremade of PVC capsules, following the
instructions of Góral and Arseniuk [23]. Each PVC capsule
(a) was 20 and 24 cm in length in their minor and major
axes and 11 cm in diameter. A rectangular wing (b) of 11 ×
14 cm2 suspended on a wood rod (c) of 32 cm in length with
movement, containing slides (d) covered with Vaseline, was
fixed to the front part of the capsule at 135∘ (Figure 3).

The capsules were fixed 50 cm above the soil surface.
Glass tubes (e) of 3 cm in diameter and 16 cm long were
placed near the capsules to catch rain-splashed spores. Data
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Figure 3: Spore trap made in PVC. References: (a) PVC capsule;
(b) rectangular wing; (c) wood rod; (d) slide covered with Vaseline
fixed at 135∘ to the front part of the capsule; (e) glass tube to collect
rainwater.

on the number of pycnidiospores in rainwater (PRW) and in
Vaseline (PV) and on the number of ascospores in Vaseline
(AV) were recorded.The total sampled area reached 48m2 in
the first period and 150m2 in the second period.

2.4. Microscopic Counts of Spores. The rain-splashed spores
were identified by observation of the rainwater received
in the glass tube and stained with an aniline blue (1/100)
solution under the light microscope at 40x magnification.
Fifty microliters of the stained suspension was poured on a
glass slide and covered by a cover glass that enclosed an area
of 40mm2. Four counts (considering all the area of the cover
glass) of the number of pycnidiospores were done on each
sample per week. When the amount of water exceeded the
volume of the tube, we took the following steps.

The tube for splashed spores had a volume of 65mL
of rainwater. If the rainfall during the day was higher than
30mL (mm3), the rainwater was collected two or three times,
depending on the final volume of the rain. In this case, all
the samples were considered as a single sample. Only the
pycnidiospores with three-seven septa (mostly three) and
with a size of 30–80 × 1.5–2�휇m [24] were considered for
counting.

For PV, the same decision as PRW was taken about the
size range. For AV identification, only two-cell, elliptical,
hyaline spores of 9–16 (18) × 2.5–4.5 �휇m [7–25] were con-
sidered; the viability of the airborne spores was determined
by recording their germination and formation of secondary
conidia directly on Vaseline.

For counts of airborne pycnidiospores and ascospores,
the slide glass covered by PV was stained with three drops
of an aniline blue (1/100) solution and then covered by
a cover glass that enclosed all the area of 119mm2. The
numbers of spores per slide, per week, were scored running
all the cover glass area throughout five zig-zag pathways
under a light microscope at 100x magnification. For the
first period, 608 slides covered with Vaseline were checked
to count pycnidiospores and ascospores; the same number
of slides was checked to count spores in rainwater. For
the second period, 684 slides covered with Vaseline were
checked to count the same kind of spores as in the first
period.

2.5. Meteorological Data. Meteorological data were recorded
at the Meteorological Station situated close to the field
experiments during 1998-1999 and 1999-2000. The weather
variables and the intervals of time were selected from the
results of consistent correlations obtained by other authors
[18, 26, 27]. The following meteorological variables were
considered: precipitation, as accumulated precipitation in
mm of rainwater; the read value of precipitation, as mm/h
(intensity); the mean value of relative humidity, in %; the
mean radiation, in W⋅m−2; and the mean temperature,
in ∘C.

For each sampling data set and in accordance with the
mean value of the spore catches at each distance, the mean
value of each climatic variable and the sum of the data of each
climatic variable at 3, 7, 15, 30, and 60 days before the sampling
day were considered. No weather data were missing.

2.6. Data Analysis. The effects of the spore trapping and
the distances from the inoculum sources were analyzed as
follows. The average number of spores was transformed to
logit.The data were adjusted to a normal distribution and the
residual variance was stabilized. ANOVA with logarithmic
transformation for a factorial experiment with replications
was applied for each period (1998-1999 and 1999-2000). This
transformationwas performed to reduce the effect of extreme
values and to make variances homogeneous. Factors were
weeks and distances. The dispersal of spores throughout the
weeks was described.

The data of the two periods were analyzed by nonpara-
metric (Spearman’s �푟) correlation analysis to confirm the
dynamics of the different types of spores. To establish the rela-
tionship between the weather conditions and the dynamics
of spores, we applied a principal component analysis (PCA)
to the weekly values of the number of spores (PRW, PV,
and AV) collected at 1m distance from the inoculum source
and related them to the following variables: precipitation
(as accumulated rainfall and intensity), relative humidity,
radiation, and temperature 3, 7, 15, 30, and 60 days before the
sampling date.

3. Results

3.1. Field Experiment. For both periods, the level of sus-
ceptibility of the national and international wheat cultivars
sown in the field was high in 44% of them. Disease severity
reached 40–50% for 1998 and 20–45% for 1999, asmean of the
pycnidial coverage percentage on the three upper leaves.

Data of spores quantified in the air and water were
analyzed for each period separately because different dis-
tances from the source of inoculum were analyzed. For both
periods, there were significant differences in the number of
PRW, PV, and AV between weeks, distances (Tables 2 and 3)
(Figures 5 and 6), and distance×weeks interaction.Themean
number of spores sampled during the 1998-1999 period and
at distances of 1m and 12m from the sources of inoculum
was 4.80 and 2.61 for PRW, 10.28 and 7.23 for PV, and 18.88
and 6.17 for AV, respectively, whereas that sampled during the
1999-2000 period and at distances of 1m, 25m, and 50m from
the sources of inoculum was 3.32, 0.50, and 0.20 for PRW,
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Table 2: ANOVA for ascospores on Vaseline (AV), pycnidiospores on Vaseline (PV), and pycnidiospores on rainwater (PRW) sampled at
different distances and weeks during the first period (1998-1999).

Source PRW PV AV
MS DF �푃 value MS DF �푃 value MS DF �푃 value

Distances 14.51 1 0.000∗∗∗ 0.55 1 0.056 8.50 1 0.000∗∗∗

Weeks 6.89 51 0.000∗∗∗ 15.21 51 0.000∗∗∗ 10.39 51 0.000∗∗∗

Distances
×weeks 1.56 51 0.000∗∗∗ 2.75 51 0.000∗∗∗ 1.57 51 0.000∗∗∗

Residual 0.017 49 0.25 49 0.26 49
∗∗∗
𝑃 ≤ 0.05.

Table 3:ANOVAascospores onVaseline (AV), pycnidiospores onVaseline (PV), and pycnidiospores on rainwater (PRW) sampled at different
distances and weeks during the second period (1999-2000).

Source PRW PV AV
MS DF �푃 value MS DF �푃 value MS DF �푃 value

Distances 21.71 1 0.001∗∗∗ 24.15 1 0.001∗∗∗ 61.44 1 0.001∗∗∗

Weeks 8.62 51 0.001∗∗∗ 12.50 51 0.001∗∗∗ 24.24 51 0.001∗∗∗

Distances ×
weeks 1.79 51 0.001∗∗∗ 1.70 51 0.001∗∗∗ 2.46 51 0.001∗∗∗

Residual 0.061 49 0.071 49 0.11 49
∗∗∗Mean significance at 𝑃 ≤ 0.05.

Table 4: Frequency of rain events corresponding to the peak of spores (PRW, PV, and AV) for the first period (1998-1999).

Number of days∗, mm of rainfall∗∗, and relative humidity (RH)∗∗∗ for the peak of each
kind of spores, date: 20 December 1998

0mm∗∗ 0–0.9mm 1–9.9mm ≥10mm total RH (%)∗∗∗

PRW 14∗ 9 4 4 17 84
PV 21 5 2 2 9 73.1
AV 18 6 3 5 14 81.3
∗Values were taken 30 days before the occurrence of the rain event; ∗∗mm of rainfall; ∗∗∗values were taken 3 and 15 days before the occurrence of the release
event.

5.61, 1.69, and 0.94 for PV, and 20.09, 6.10, and 4.0 for AV,
respectively.

3.2.Meteorological Data andTheir Association with Each Kind
of Spores. In Figure 4 are represented the main parameters of
the weather (mean values of rainfall, relative humidity, and
temperature at weekly intervals) for 1998-1999 and 1999-2000
periods. The values of radiation were not considered because
they are discontinued.

During the first period (Figure 5), the pycnidiospores
were always present in both types of samples (RW and V).

The nonparametric (Spearman’s �푟) correlation analysis
showed that the pycnidiospores in rainwater and in Vaseline
correlated positively and significantly at 5% (�푟 = 0.24805).

Regarding the frequency of rain events which occurred
when we recorded the highest peaks of release for each type
of spores (considering 30 days of observation), we recorded 17
events for PRW, 9 for PV, and 14 for AV.We also recorded the
percentage of relative humidity for the same period (Table 4).
In contrast, there was a negative and significant correlation at
5% (�푟 = −0.153313) between AV and PV (Table 5).

Table 5: Correlation analysis (Spearman’s �푟) between PRW, PV, and
AV for the first period (1998-1999).

Variables PRW PV AV
PRW 1.000000 0.248050∗ −0.153313∗

PV 0.248050∗ 1.000000 −0.286511∗

AV −0.153313∗ −0.286511∗ 1.000000
∗Correlations are significant at ∗𝑃 < 0.05.

In the first period, most pycnidiospores in the air were
produced and released between December 13 and December
21 although the first peak occurred between October 25 and
November 22 and the second between March 10 and April 1
(Figure 5). With respect to AV, there were four peaks on July
13 and 27 and on August 24 and 31. PRWwere always present
in variable quantities; however, they were absent between
January 17 and January 31.

In the secondperiod, theweekly release of pycnidiospores
was variable and, in contrast with the first period, it was
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Figure 4: Main parameters of the weather (mean values of rainfall, relative humidity, and temperature at weekly intervals) for (a) 1998-
1999 and (b) 1999-2000 periods. (a) 1998-1999 period = weather variables: rainfall in mm., relative humidity in %, and temperature in ∘C.
(b)1999-2000 period = weather variables: rainfall in mm., relative humidity in %, and temperature in ∘C.

lower in the number of units. However, the ascospores were
the predominant source of inoculum. Figure 6 shows that
there were two peaks of release of PRW on November 12
and November 26; three peaks of release of PV on February
11, May 5, and August 18; and seven peaks of release of AV
on October 21, December 24, February 25, March 10 and 31,
from April 14 to May 12, and on August 31. In relation to
the frequency of rain events and coinciding with the highest
peaks of release for each type of spores, in the second period
and 30 days of observation, we recorded eight events for PRW,
eight for PV, and 19 for AV (Table 6).

The number of PWR and PV correlated positively and
significantly at 5%, with a value of �푟 = 0.109959, whereas

the number of PV and AV also correlated positively and
significantly at 5%, with a value of �푟 = 0.275188 (Table 7).

3.3. PCA Analysis. For the first period, the PCA showed
two gradients formed by the environmental variables: the
main sense from right to left, representing temperatures
and radiation, and the diagonal sense from the right lower
extreme towards the top left, representing rainfall.

By extrapolating the position of spores on these two
gradients, we can see that AV appear to be associated with
low values of temperature and radiation and that PRW and
PV are associated with higher values of temperature and
radiation. With regard to the gradient of precipitation, PV
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Table 6: Frequency of rain events corresponding to the peak of spores (PRW, PV, and AV) for the second period (1999-2000).

Number of days∗, mm of rainfall∗∗, and relative humidity (RH)%∗∗∗ for the peak of each
kind of spores, date: 11 December 1999

0mm∗∗ 0–0.9mm 1–9.9mm ≥10mm total RH%
3 days

RH%
15 days

PRW 23∗ 2 3 3 8 58∗∗∗ 77∗∗∗

PV 23 2 3 3 8 58 77
AV 12 13 3 3 19 83 80
∗Values were taken 30 days before the occurrence of the release event. ∗∗mm of rainfall. ∗∗∗Values were taken 3 and 15 days before the occurrence of the
release event.
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Figure 5: Number of PRW, PV, and AV of Zymoseptoria tritici
during the first period. The wheat crop was harvested on December
20, 1998. References: type of spores: PRW: pycnidiospores in rain
water; PV: pycnidiospores in Vaseline; AV: ascospores in Vaseline.
Growth stages of wheat following Zadoks et al. 1974: S (sowing);
CE (coleoptile emergency); i (inoculation); B (boot); ED (early
dough grain); R (ripening); WUS (wheat unburied stubble); dates
corresponding to each activity and growth stage in the field.

Table 7: Correlation analysis (Spearman’s �푟) between PRW, PV, and
AV for the second period (1999-2000).

Variables PRW PV AV
PRW 1.000000 0.109959∗ −0.078121

PV 0.109959∗ 1.000000 0.275188∗

AV −0.078121 0.275188∗ 1.000000
∗Correlations are significant at 𝑃 < 0.05.

are located towards high values of rainfall and AV and PRW
are located towards intermediate values. The main plane of
analysis represents 53.8% of the total variation (PC1 = 34.49%
and PC2 = 19.32%) (Figure 7).
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Figure 6: Number of PRW, PV, and AV of Zymoseptoria tritici
during the second period. The wheat crop was harvested on
December 18, 1999. References: type of spores: PRW: pycnidiospores
in rain water; PV: pycnidiospores in Vaseline; AV: ascospores in
Vaseline. Growth stages of wheat following Zadoks et al. 1974: S
(sowing); CE (coleoptile emergency); i (inoculation); B (boot); ED
(early dough grain); R (ripening); WUS (wheat unburied stubble);
dates corresponding to each activity and growth stage in the field.

Table 8 shows the correlation matrix with the significant
association between spores and the variables radiation and
temperature.

For the second period, the PCA allowed identifying
three gradients formed by environmental variables. PC1 from
right to left represents temperatures and radiation, whereas
that from left to right (discontinuous arrow) represents
precipitation and relative humidity. In vertical direction, from
the top to the bottom, the amount of precipitation increases
(in mm/h). By extrapolating the position of spores on these
three gradients, we see that PV and AV are associated with
low values of temperature and radiation as well as with
high values of rainfall and relative humidity and that PRW
are mainly associated with high values of precipitation (in
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Figure 7: Correspondence analysis for pycnidiospores and
ascospores of Zymoseptoria tritici in 1998-1999. Association
between PRW, PV, AV, and weather variables as rainfall, relative
humidity, radiation, and temperature (3, 7, 15, 30, and 60 days
before the sampling dates). References: PRW: pycnidiospores
in rainwater; PV: pycnidiospores in Vaseline; AV: ascospores in
Vaseline; numbers from 1 to 5 rainfall (mm) at 3, 7, 15, 30, and 60;
numbers 6 to 10 relative humidity (%) at the same interval; numbers
11 to 15 rain intensity (I.mm/h.) at the same interval; numbers 16
to 20 radiation (W/m2) at the same interval; numbers 21 to 25
temperature (∘C) at the same interval.

mm/h). The main plane of analysis represents 55.85% of the
total variation (PC1 = 42.35% and PC2 = 13.5%) (Figure 8).

Table 9 shows the correlation matrix with the significant
association between spores and the variables precipitation,
radiation, and temperature.

4. Discussion

Weather conditions, including critical variables as precipita-
tion, air temperature, and solar radiation, have been related
to 80% of the variation in agricultural production [28]. In
this sense, the occurrence of plant diseases and the release of
spores and dispersal of pathogens are relevant factors.

In the present study, in two one-year periods, with 52
weekly surveys per year, we analyzed a total of 1292 slides
identifying AV and PV and 1292 slides identifying PRW. The
magnitude of these observations enhances the coincidence of
our results with those obtained by other authors [4, 8, 18, 19,
23, 26, 27, 29, 30].

Trap spores made at home were user in this work. This
spores sampler demonstrated important advantages with
respect to that with a typical watch system (ex: Burkard
spore trap). It is very economical to make (no more than
20 USD for each one), of simple maintenance through the
years, and easy to build with elements of everyday use and
enables designing an experiment withmany repetitions easily
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Figure 8: Correspondence analysis for pycnidiospores and
ascospores in 1999-2000. Association between PRW, PV, AV, and
weather variables as rainfall, relative humidity, radiation, and
temperature (3, 7, 15, 30, and 60 days before the sampling dates).
References: PRW: pycnidiospores in rainwater; PV: pycnidiospores
in Vaseline; AV: ascospores in Vaseline; numbers from 1 to 5 rainfall
(mm) at 3, 7, 15, 30, and 60; numbers 6 to 10 relative humidity (%)
at the same interval; numbers 11 to 15 rain intensity (I.mm/h.) at
the same interval; numbers 16 to 20 radiation (W/m2) at the same
interval; numbers 21 to 25 temperature (∘C) at the same interval.

allowing covering a wide surface area of the field. If all the
parts of the trap are ready, in 8 hours per day, it is possible to
assemble 10 samplers. This system of monitoring guaranteed
to obtain comparable observations with those obtained by
other authors [4, 8, 18, 19, 23, 26, 27, 29, 30] affirming its use
at experimental level.

In this work, we studied the weather variables associated
with release and dispersal of the conidia and ascospores of
the pathogen, both in the air and in the rainwater, under
Buenos Aires province conditions. Both periods studied
were climatically different, presenting extreme conditions
of radiation and precipitation (as intensity) and minimum
differences for temperature and relative humidity. For this
reason, the correlation between weather variables and each
kind of spores was different between years. In the present
work and in accordance with Shaw and Royle [31], Kema et
al. [32], and Hunter et al. [8], the trap dates clearly showed
that ascospores were formed, released, and air-dispersed all
year round for the two periods.

The fact that Z. tritici was not native to the crop and
therefore was necessary to inoculate could explain a slow
growth of ascospores in the air for the first period. This type
of spores was increased in number for February of 1999 and
predominated in abundance on winter of the same year.

Temperature and radiation seem in both periods to have
the same effect on ascospores liberation. In both periods,
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Table 8: Correlation matrix of the number of PRW, PV, and AV and weather variables in the first period (1998-1999).

Mean values of PRW Mean values of PV Mean values of AV
Mean of PRW 1.00 0, 46∗ −0,17
Mean of PV 0.46∗ 1,00 −0,25
Mean of AV −0.17 −0,25 1,00

1 Rain. 3 −0.21 0,09 0,19
2 Rain. 7 0.09 0,28 0,23
3 Rain. 15 0.00 0,23 0,19
4 Rain. 30 0.13 0,15 0,13
5 Rain. 60 0.04 0.09 0.14
6 RH% 3 −0.01 0.04 −0.19
7 RH% 7 0.07 0.17 −0.19
8 RH% 15 0.06 0.12 −0.22
9 RH% 30 0.05 −0.14 −0.21
10 RH% 60 0.17 −0.19 −0.22
11 I.mm/h 3 −0.25 0.07 0.22
12 I.mm/h 7 −0.02 0.24 0.19
13 I.mm/h 15 −0.14 0.25 0.26
14 I.mm/h 30 −0.08 0.10 0.28
15 I.mm/h 60 −0.08 0.08 0.25
16 Rad. 3 0.28 0.51∗ −0.41∗

17 Rad. 7 0.06 0.48∗ −0.24
18 Rad. 15 0.28 0.61∗ −0.46∗

19 Rad. 30 0.28 0.65∗ −0.46∗

20 Rad. 60 0.29∗ 0.36∗ −0.41∗

21 Temp. 3 0.21 0.52∗ −0.38∗

22 Temp. 7 0.14 0.45∗ −0.39∗

23 Temp. 15 0.24 0.54∗ −0.44∗

24 Temp. 30 0.25 0.52∗ −0.39∗

25 Temp. 60 0.19 0.44∗ −0.39∗

∗Correlations are significant at𝑃 < 0.05; Rain.: rainfall; Temp.: temperature; Rad.: radiation; I.mm/h: rain intensity inmm/h; RH%: relative humidity in%; AV:
ascospores in Vaseline; PV: pycnidiospores in Vaseline; PRW: pycnidiospores in rain water; numbers from 1 to 5 rainfall (mm) at 3, 7, 15, 30, and 60; numbers 6
to 10 relative humidity (%) at the same interval; numbers 11 to 15 rain intensity (I.mm/h.) at the same interval; numbers 16 to 20 radiation (W/m2) at the same
interval; numbers 21 to 25 temperature (∘C) at the same interval.

the temperature decreased in autumn under a mean of
15∘C. Added to this, in the second period (1999-2000), the
ascospores release was affected by the increase of the relative
humidity (%) from the beginning of summer to the end of
autumn of 2000, when the crop stubble was in the field and
influenced the beginning of the epidemic [14]. A new and
moderate release was from the end of autumn to final of
winter of the same year.The same result has been observed by
several authors [8, 9, 33, 34]. A negative correlation between
the incidence of STB and the winter temperatures for Sweden
conditions has been reported by Wiik and Ewaldz [35].
These authors affirmed that low temperatures during autumn
and winter might delay the development of the disease by
increased latent period and reduced ascospore production.
The influence of radiation was also considered in the present
study. Ascospore dispersal was associated with a decrease of
radiation 3, 7, 15, 30, and 60 days prior to the date of ascospore
release. In Netherlands, Daamen and Stol [10] reported a
negative relationship between ascospore production and the
sunshine duration in summer.

The presence of ascospores for 1998-1999 increased from
the FL-1 and FL-2 stages till the occurrence of the new sown;
for the second period, ascospores reached the maximum of
release from the emergency of the wheat plants to boot stage
and during the wheat stubble stage to the new sown in 2000.
This type of spores is equally effective in infecting the leaves
[15, 16, 18, 19, 34].

The proportion of pycnidiospores and ascospores in the
air also depends on the infection level of the wheat varieties
present in the field and the temporal dynamics of the diseases
[9, 14, 16]. At the end of 1998 and the beginning of 1999,
ascospores and pseudothecia coming from a large proportion
of susceptible cultivars were an additional source of spores in
the field [3].

The results of our work also highlight the importance
of solar radiation and the intensity of the rain, besides the
temperature and the relative humidity, cited by other authors
[4, 18, 19], in the release and dispersal of pycnidiospores.

The first event of pycnidiospores release occurred during
1998-1999 and was related to an intense rain, lasting as long
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Table 9: Correlation matrix of the number of PRW, PV, and AV and weather variables in the second period (1999-2000).

Mean values of PRW Mean values of PV Mean values of AV
Mean of PRW 1,00 0,05 −0,05
Mean of PV 0,05 1,00 0,69∗

Mean of AV −0,05 0,69∗ 1,00
1 Rain. 3 0,01 −0,15 −0,10
2 Rain. 7 0,17 0,06 0,15
3 Rain. 15 0,05 0,03 0,23
4 T. Rain. 30 −0,06 0,07 0,15
5 T. Rain. 60 −0,04 −0,02 0,03
6 RH% 3 0,02 0,16 0,42∗

7 RH% 7 0,10 0,20 0,32
8 RH% 15 0,12 0,34∗ 0,44∗

9 RH% 30 0,20 0,24 0,32
10 RH% 60 0,29 0,05 0,04
11 I.mm/h 3 0,09 −0,34∗ −0,29
12 I.mm/h 7 0,54∗ −0,12 −0,13
13 I.mm/h 15 0,27 −0,05 0,03
14 I.mm/h 30 0,28 0,09 −0,09
15 I.mm/h 60 −0,06 −0,22 −0,30
16 Rad. 3 0,13 −0,15 −0,45∗

17 Rad. 7 0,15 −0,32 −0,55∗

18 Rad. 15 0,12 −0,27 −0,55∗

19 Rad. 30 0,04 −0,28 −0,53∗

20 Rad. 60 −0,08 0,03 −0,20
21 Temp. 3 −0,15 −0,26 −0,37∗

22 Temp. 7 −0,19 −0,21 −0,38∗

23 Temp. 15 −0,17 −0,12 −0,31
24 Temp. 30 −0,16 −0,04 −0,26
25 Temp. 60 −0,25 −0,03 −0,15
∗Correlations are significant at 𝑃 < 0.05. Rain: rainfall; Temp.: temperature; Rad.: radiation; I.mm/h: rain intensity in mm/h; RH% relative humidity in%; AV:
ascospores in Vaseline; PV: pycnidiospores in Vaseline; PRW: pycnidiospores in rain water; numbers from 1 to 5 rainfall (mm) at 3, 7, 15, 30, and 60; numbers 6
to 10 relative humidity (%) at the same interval; numbers 11 to 15 rain intensity (I.mm/h.) at the same interval; numbers 16 to 20 radiation (W/m2) at the same
interval; numbers 21 to 25 temperature (∘C) at the same interval.

as five hours without interruption (week of December 21 of
1998) (Figure 5). Eyal [36] explained that pycnidiospores are
released from the cirrus after alternate cycles of moisture
and dryness on pycnidia of the infected tissue. In this
experiment, after a dry recovery period following a rain,
a minimum of 7 hours of pycnidia wetting was necessary
to release the spores. Pycnidiospores liberation correlated
differentially for both periods. For 1998-1999, the liberation
was positively associated with radiation and temperature.
From 5 October 1998 to 8 April 1999, the temperature was
predominant with mean values of 15–25∘C. During this
period, the pycnidiospores were abundant from boot to grain
ripening stages of wheat. On the contrary, for 1999-2000,
pycnidiospores positively correlated with relative humidity
where the values in percentagewere 50–80%, fromOctober to
December, and 70–100% in the periodApril-September 2000.
Our results are in agreement with those of Chungu et al. [37]
and Te Beest et al. [19], who demonstrated that long periods
of humidity influence the latent period of spore production
in the pathogen and later spore release.

A positive and significant correlation with rain intensity
(I.mm/h) 7 days before the release event was confirmed
for pycnidiospores collected in rainwater (PRW). More rain
produces spores that move to uninfected plant surfaces in
splash droplets and lead to more production of conidia for
a next infection within a crop [19]. Our observations are in
agreement with field observations of Shaw [38]. This author
expressed that a sudden outbreak of Z. tritici lesions in a
wheat crop was related to a great upward transport of rain
splash 21 days before the emergence of lesions. The author
added that the risk of infection within a crop is partly
determined by the distance to which splash droplets move.
In other words, the rate at which disease spreads out from the
infected plants will be determined by the average horizontal
distance moved by spore-carrying raindrops and the height
above the sources of spores. Also, Rapilly and Jolivet [39]
related the drop size and the rainfall intensity with the height
to which inoculum splash was projected. Brennan et al. [40]
measured the number of splash droplets collected at different
heights and established that the most relevant number of
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raindrops during a rainfall was found at 20 cm horizontally
away from the source of conidia and was associated with a
rainfall rate of 1.0mm/min. Extremely large and nonfrequent
droplets that were found at 50 cm horizontally away were
associated with a rainfall rate of 4.7mm/min but such large
drops cannot be the dominant component of most rain.

During 1999-2000, some picks of rainfall were registered
from 11 February to 21 September of 2000. From tillering
to boot stages, pycnidiospores number increased in constant
way parallel to ascospores doubling the number of effective
infections. In agreement with that found by Lutey and Fezer
[41], pycnidiospores are especially abundantwhen the stubble
is laid on the ground, for example, between March and April
of 2000 for our experimental conditions. In this period,
when the temperature increased above 14∘C and the radiation
was between 4264 and 5840W⋅m−2, the leaf wetness was
reduced (data not shown). Te Beest et al. [19] added that short
periods of leaf wetness are unfavorable for the latent period
of the pathogen, affecting spore production and dispersal.
Our results clearly showed that radiation, temperature, pre-
cipitation (as intensity), and relative humidity significantly
affected the dispersal of ascospores and pycnidiospores of
Z. tritici. In addition, we demonstrated that pycnidiospores
and ascospores were released throughout the year. The
predominance of each type of spore in the air was associated
with the weather variables occurring during each stage of the
wheat crop (vegetative or wheat debris stages). The release
of ascospores was associated with low values of temperature
and radiation, whereas that of pycnidiospores was associated
with high values of both variables.The pycnidiospores caught
in water were mainly associated with a high intensity of
precipitation (mm/h).

Understanding the relationship between environment
conditions and spores dispersal event could improve the
control strategies of the disease.
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