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Abstract: Rust is one of the main diseases affecting wheat crops in Spain, causing significant yield and
quality losses. Research on its identification and quantification in the air is a worldwide priority due to
the importance of this crop as a source of food and feed. The objective of this study is to determine the
temporal variation of airborne spores of Puccinia and their relationship with meteorological variables
and the phenological development of a wheat crop in Northwestern Spain during two growing
seasons. The study was conducted in A Limia, Ourense, located in Northwestern Spain, during the
wheat growing seasons of 2021 and 2022. The Lanzoni VPPS 2010 spore trap was used to collect
airborne spores, which were identified using optical microscopy. The wheat growing season was less
than 95 days during both years, and wheat rust spores were detected during all phenological stages
of the crop. Concentrations were higher than 100 spores/m3 from the booting stage to senescence,
mainly in 2021. Statistical analyses showed that temperature was the meteorological variable that
most influenced Puccinia concentrations in the air in both years. The modification of a prediction
model proposed by other authors for wheat rust, which takes into account mean temperature
(10–25 ◦C), dew point temperature (<5 ◦C), and nighttime temperature (10–20 ◦C), allowed us to
tentatively predict the increase in Puccinia concentrations in the year 2022 when these conditions
occurred for four or five consecutive days. This research is the first in Spain to report the presence of
rust-causing Puccinia spores in the air during all phenological stages of the wheat crop and provides
useful information for designing management strategies, considering temperature values.

Keywords: aerobiology; airborne spores; wheat; phenology; meteorology

1. Introduction

Wheat is a staple food in all regions of the world. In most countries, common wheat
(Triticum aestivum L.) is predominantly cultivated, with a lower production rate of durum
wheat (T. turgidum L. ssp. durum (Desf.) Husn.) [1]. According to the records of the Food
and Agriculture Organization of the United Nations (FAO), in the year 2021, Spain’s wheat
production amounted to 8,564,630 tons, and it imported 4,017,657.85 tons to cover national
demand [2]. Bread is one of the main foods produced with this cereal in the country, and
Spanish households spend 4.41% of their total expenditure on food and beverages for
home on the purchase of this product. Each Spanish individual consumes an average of
30.07 kilos of bread per year [3].

Fungi are responsible for the most common wheat infections, both in the field and
during post-harvest storage. Several species of Puccinia infect wheat crops worldwide
and are considered a serious threat to its stable supply [4]. P. is a biotrophic pathogen
belonging to the family Pucciniaceae, order Pucciniales, class Pucciniomycetes, and division
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Basidiomycota. P. striiformis Westend. f. sp. tritici Erikss. (Pst) causes stripe rust, P. triticina
Erikss. (Pt) causes leaf rust, and P. graminis Pers. f. sp. tritici Erikss. & Henning (Pgt) causes
stem rust [5]. Generally, the disease occurs in the northern and southern areas of temperate
regions. The leaf rust pathogen, which is the most common and widely distributed wheat
rust, primarily attacks the leaf blades, although it can also infect the leaf sheath and glumes
in highly susceptible cultivars [6]. Pst causes yellow streaks between leaf veins in adult
plants, but urediniospores form clusters during the seedling stage of infection [7]. Pgt
mainly infects stems and leaf sheaths but occasionally affects leaf blades and glumes [8].
These plant pathogens have complex (macrocyclic) life cycles, involving five types of spores:
urediniospores, teliospores, basidiospores, pycniospores, and aeciospores, and they are
heteroecious, requiring alternative hosts to complete their life cycles [9]. Each rust species
has specific environmental requirements, such as the presence of a film of water on the leaf
surface from intermittent rainfall or heavy dew, as well as temperatures conducive to the
germination and growth of the pathogen [10].

The phytopathogenic potential of these rust fungi may be associated with the produc-
tion of a large number of spores, as well as their inter and intracontinental dissemination
by wind [7]. In this regard, aerobiological studies can determine the temporal variation of
spores and contribute to understanding the disease epidemiology and its control. Previous
studies on the detection of P. conducted in the air of wheat-growing areas utilized volu-
metric collectors and non-viable identification methodologies [5,11–13]. By combining the
aerobiological study of rust incidence and severity data with meteorological data, models
for rust forecasting have been developed in Canada, the United States, Mexico, Argentina,
India, Ethiopia, and Morocco [10,13–17]. Phenological studies should also be considered
to define regularities in the crop’s growth in relation to its environment and enable the
application of disease control measures at the appropriate time [18].

In Spain, stripe rust caused high yield losses in wheat production in 1958, 1978,
and 2012, while leaf rust, despite being the most common, rarely causes major problems.
Stem rust has not been detected since the early 1970s, although it could be present at low
frequencies, making its detection difficult [9]. In recent years, infections with leaf and
stem rust in previously resistant varieties [19,20] have been observed in wheat fields in
the Andalusian region. There are no records of aeromycological studies in Spanish wheat
fields for the identification and quantification of P. spores in different growing seasons.
Most of the studies are oriented to its identification in the infected plant organs [1,21]. Our
study is intended to demonstrate that rust-causing P. spores are present in the air during
the different phenological phases of wheat cultivation in Northwestern Spain and that
their concentrations are affected by meteorological variations. Therefore, the objective
of this study was to determine the temporal variation of airborne spores of P. and their
relationship with meteorological variables and the phenological development of a wheat
crop in Northwestern Spain during two growing seasons.

2. Materials and Methods

The sampling site was a wheat (Triticum aestivum) plantation of the Galician au-
tochthonous variety Caaveiro, located in A Limia, Ourense, Galicia, in Northwestern Spain
(Figure 1). The study was conducted during two growing seasons (May–August 2021 and
May–August 2022). Daily values of meteorological variables were recorded throughout the
crop cycle using a portable weather station (µMETOS CLIMA) located in the study area at
a height of 1.50 m. The recorded meteorological variables included maximum, minimum,
and average temperatures (◦C), dew point (◦C), relative humidity (%), rainfall (mm), wind
speed (km/h), sunshine hours (h), and leaf moisture (h).
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Figure 1. Sampling location area A Limia, Ourense, Spain. 

The concentration of airborne P. spores was monitored using a Lanzoni VPPS 2010 
trap, positioned 1.50 m above ground level. The Lanzoni spore trap sampled the air con-
tinuously throughout the observation periods. The device was calibrated to collect 10 L of 
air per minute, and the spores impacted onto a Melinex tape coated with a 2% silicone 
solution. For the collection and processing of aerobiological samples, the methodology 
proposed by Galán et al. [22] was employed. The spores were counted along two longitu-
dinal sections of a microscopic slide with a 400X magnification. Each P. spore correspond-
ing to the morphology of the rust-causing species (Pst, Pt, and Pgt) was counted as a unit. 
Urediniospores displaying germinating pores, equinulation, hyaline outer walls, round to 
obovoid shapes, and sizes ranging from 26 µm to 30 µm × 18 µm to 32 µm, with colors 
ranging from yellow to orange, reddish to brown, and brown to black, were quantified as 
P. (Figure S1) [5]. The results were expressed as the number of spores per cubic meter of 
air [23]. 
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Spearman’s rank correlation was used to determine the strength of the relationship 
between daily airborne spore concentrations up to three days prior and the corresponding 
day’s meteorological variables. Significance was calculated for * p < 0.05, using Statistica 
version 8.0 software (Statistica, Tulsa, OK, USA). Additionally, principal component anal-
ysis (PCA) was performed to evaluate the overall meteorological influence of all variables 
on P. concentrations. The IBM SPSS Statistics 24 package was used for the statistical anal-
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To establish a warning for the occurrence of the disease, the model developed by 
Rodríguez-Moreno et al. [10] was tested with modifications. The model proposes that a 
warning of occurrence (1) or non-occurrence (0) of the disease can be given depending on 
the fulfillment of specific meteorological conditions: five consecutive days with an average 
temperature between 10 and 25 °C, nighttime temperature (from 20:00 to 7:00) between 10 
and 20 °C, and a dew point temperature greater than or equal to 5 °C. Additionally, the 
model by Rodríguez-Moreno et al. [10] was adapted to our study area by adjusting the 
nighttime temperature schedule to be from 23:00 to 7:00, as dusk during the study period 
occurred at approximately that time. 

  

Figure 1. Sampling location area A Limia, Ourense, Spain.

The concentration of airborne P. spores was monitored using a Lanzoni VPPS 2010 trap,
positioned 1.50 m above ground level. The Lanzoni spore trap sampled the air continuously
throughout the observation periods. The device was calibrated to collect 10 L of air per
minute, and the spores impacted onto a Melinex tape coated with a 2% silicone solution.
For the collection and processing of aerobiological samples, the methodology proposed
by Galán et al. [22] was employed. The spores were counted along two longitudinal
sections of a microscopic slide with a 400× magnification. Each P. spore corresponding
to the morphology of the rust-causing species (Pst, Pt, and Pgt) was counted as a unit.
Urediniospores displaying germinating pores, equinulation, hyaline outer walls, round to
obovoid shapes, and sizes ranging from 26 µm to 30 µm × 18 µm to 32 µm, with colors
ranging from yellow to orange, reddish to brown, and brown to black, were quantified as
P. (Figure S1) [5]. The results were expressed as the number of spores per cubic meter of
air [23].

The BBCH scale, developed by Meier et al. [24], was used for the phenological study.
This scale defines nine main growth stages (S) for cereals: S0: germination; S1: leaf develop-
ment; S2: tillering; S3: stem elongation; S4: booting; S5: inflorescence emergence, heading;
S6: flowering; S7: development of fruit; S8: ripening; and S9: senescence.

Spearman’s rank correlation was used to determine the strength of the relationship
between daily airborne spore concentrations up to three days prior and the corresponding
day’s meteorological variables. Significance was calculated for * p < 0.05, using Statistica
version 8.0 software (Statistica, Tulsa, OK, USA). Additionally, principal component analysis
(PCA) was performed to evaluate the overall meteorological influence of all variables on
P. concentrations. The IBM SPSS Statistics 24 package was used for the statistical analysis.

To establish a warning for the occurrence of the disease, the model developed by
Rodríguez-Moreno et al. [10] was tested with modifications. The model proposes that a
warning of occurrence (1) or non-occurrence (0) of the disease can be given depending on
the fulfillment of specific meteorological conditions: five consecutive days with an average
temperature between 10 and 25 ◦C, nighttime temperature (from 20:00 to 7:00) between 10
and 20 ◦C, and a dew point temperature greater than or equal to 5 ◦C. Additionally, the
model by Rodríguez-Moreno et al. [10] was adapted to our study area by adjusting the
nighttime temperature schedule to be from 23:00 to 7:00, as dusk during the study period
occurred at approximately that time.

3. Results

The wheat vegetative cycle lasted 94 days in 2021 and 89 days in 2022. In 2021, S0
and S1 were identified in May with durations of seven and eight days, respectively. S2
extended from the end of May to the beginning of June, lasting 13 days. S3, S4, and S5
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were detected in June, each with a duration of seven days. In July, S6 and S7 developed,
lasting 13 and 14 days, respectively. S8 had the same duration as S7 and lasted from the
end of July until August 10. The final stage, S9, lasted only four days in August. The most
extended phenological stages in terms of time were S7 and S8. In 2022, S0 lasted seven days
in May, and S1 developed from the end of May until the first day of June. S2, S3, and S4
were identified during the month of June lasting fourteen, seven, and six days, respectively.
S5 lasted seven days, from the end of June to the beginning of July. S6 also lasted for the
same duration in July. S7 was detected for 14 days in July, S8 lasted 7 days from the end of
July to the beginning of August, and S9 lasted 13 days in the first 2 weeks of August. Stages
S2 and S7 showed the longest durations (Figure 2). Crop management practices consisted
of land preparation (plowing and fertilizing); planting; weed, disease, and pest control;
and finally, harvesting. Herbicides and insecticides targeting slugs were applied on 13 June
2021 and 14 June 2022. Fungicides were applied on 26 June 2021 and 27 June 2022.

Agriculture 2023, 13, 1637 4 of 12 
 

 

3. Results 
The wheat vegetative cycle lasted 94 days in 2021 and 89 days in 2022. In 2021, S0 and 

S1 were identified in May with durations of seven and eight days, respectively. S2 ex-
tended from the end of May to the beginning of June, lasting 13 days. S3, S4, and S5 were 
detected in June, each with a duration of seven days. In July, S6 and S7 developed, lasting 
13 and 14 days, respectively. S8 had the same duration as S7 and lasted from the end of 
July until August 10. The final stage, S9, lasted only four days in August. The most ex-
tended phenological stages in terms of time were S7 and S8. In 2022, S0 lasted seven days 
in May, and S1 developed from the end of May until the first day of June. S2, S3, and S4 
were identified during the month of June lasting fourteen, seven, and six days, respec-
tively. S5 lasted seven days, from the end of June to the beginning of July. S6 also lasted 
for the same duration in July. S7 was detected for 14 days in July, S8 lasted 7 days from 
the end of July to the beginning of August, and S9 lasted 13 days in the first 2 weeks of 
August. Stages S2 and S7 showed the longest durations (Figure 2). Crop management 
practices consisted of land preparation (plowing and fertilizing); planting; weed, disease, 
and pest control; and finally, harvesting. Herbicides and insecticides targeting slugs were 
applied on 13 June 2021 and 14 June 2022. Fungicides were applied on 26 June 2021 and 
27 June 2022. 

 
Figure 2. Dynamics of Puccinia concentrations (grey area) during 2021 (A) and 2022 (B) and daily 
meteorological parameters (maximum temperature shown in lines and precipitation shown in bars). 
In the upper part, the duration of the main phenological stages is depicted (S0: germination; S1: leaf 
development (main stem); S2: tillering; S3: stem elongation; S4: booting; S5: inflorescence emer-
gence, heading; S6: flowering anthesis; S7: development of fruit; S8: ripening of fruits and seeds; S9: 
senescence). 

Figure 2. Dynamics of Puccinia concentrations (grey area) during 2021 (A) and 2022 (B) and daily
meteorological parameters (maximum temperature shown in lines and precipitation shown in bars).
In the upper part, the duration of the main phenological stages is depicted (S0: germination; S1: leaf
development (main stem); S2: tillering; S3: stem elongation; S4: booting; S5: inflorescence emer-
gence, heading; S6: flowering anthesis; S7: development of fruit; S8: ripening of fruits and seeds;
S9: senescence).

P. concentrations were highest in 2021 at most phenological stages, particularly from
S6 to S8 (Figure 2, Table 1). In both studied seasons, the highest total concentrations were
detected during the month of July. In 2021, the peak value was observed at the fruit
development stage (S7) on July 23 (1980 spores/m3), and in 2022, at the ripening of fruits
and seeds stage (S8) on July 31 (150 spores/m3). The lowest concentrations were detected
at the germination stage (S0) in 2021 (57 spores/m3) and at the germination (S0) and leaf
development stage (S1) in 2022 (37 spores/m3).
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Table 1. Total Puccinia concentrations at each phenological stage, maximum daily value (spores/m3),
and date of maximum value during the wheat growing season in 2021 and 2022.

S0 S1 S2 S3 S4 S5 S6 S7 S8 S9

2021
Total 57 95 243 93 151 290 3990 8114 1834 197
Peak 20 23 92 45 46 75 1461 1980 573 90

Peak date 15 May 23 May 31 May 11 Jun 22 Jun 26 Jun 12 Jul 23 Jul 29 Jul 11 Aug

2022
Total 37 40 37 74 148 296 592 406 461 339
Peak 18 8 39 42 39 95 57 52 150 63

Peak date 21 May 29 May 12 Jun 18 Jun 24 Jun 5 Jul 10 Jul 19 Jul 31 Jul 9 Aug

During the 2021 wheat growing season, the maximum temperature ranged from
18.21 to 32.30 ◦C, the minimum temperature from 4.18 to 11.04 ◦C, and the average tem-
perature from 12.40 to 21.38 ◦C. Dew point values ranged from 7.71 to 14.67 ◦C, relative
humidity ranged from 69.75 to 89.71%, and rainfall had a maximum accumulation of
38.10 mm in S4. Wind speed ranged from 6.25 to 11.07 km/h, sunshine hours ranged from
4.49 to 10.73 h, and leaf moisture ranged from 2.78 to 10.87 h. During the year 2022, the
minimum and maximum values of the maximum and minimum temperatures were higher
than in 2021. The maximum temperature ranged from 19.92 to 34.63 ◦C, the minimum tem-
perature ranged from 6.42 to 12.34 ◦C, and the average temperature ranged from 13.23 to
23.64 ◦C. Likewise, the minimum (9.42 ◦C) and maximum (14.94 ◦C) dew point values were
higher in 2022 compared to 2021. The extreme values of relative humidity (63.29–84.43%),
cumulative rainfall (0–27.90 mm), and leaf moisture (2.04 and 8.17 h) were lower in 2022.
Wind speed ranged between 7.44 and 8.99 km/h, and sunshine hours fluctuated between
5.36 and 10.53 h (Table 2).

Table 2. Main meteorological parameters—daily mean values of maximum, minimum, and average
temperatures (Max T, Min T, Avg T ◦C), dew point (◦C), relative humidity (RH%), accumulated
rain (mm), wind speed (m/s), sun hours (h), and leaf moisture (h) during the phenological stages
(S0: germination; S1: leaf development; S2: tillering; S3: stem elongation; S4: booting; S5: inflores-
cence emergence, heading; S6: flowering; S7: development of fruit; S8: ripening; S9: senescence).

S0 S1 S2 S3 S4 S5 S6 S7 S8 S9

2021

Max T 18.21 19.53 24.52 29.47 18.53 23.30 23.58 27.96 24.79 32.30
Min T 5.99 4.18 6.78 11.04 9.86 7.83 9.13 10.41 8.75 9.43
Avg T 12.40 12.44 16.06 19.39 13.47 15.89 16.42 19.29 16.75 21.38

Dew Point 9.33 7.71 11.16 14.67 11.64 11.27 12.21 13.41 12.15 14.00
RH 84.14 76.38 76.54 78.71 89.71 77.57 79.23 74.57 77.93 69.75

Rain 9.60 4.40 2.10 33.60 38.10 0.00 0.60 0.00 6.90 0.00
Wind Speed 10.73 8.31 8.09 7.84 11.07 7.64 8.89 7.52 8.16 6.25
Sun Hours 5.51 8.01 9.26 8.37 4.49 8.73 7.12 8.29 7.71 10.73

Leaf Moisture 3.34 2.78 7.07 10.87 9.54 5.01 6.64 7.99 8.11 10.00

2022

Max T 22.41 25.83 26.67 23.24 19.92 24.80 34.63 32.64 32.44 31.67
Min T 7.90 8.31 10.94 11.20 6.42 9.21 11.33 11.83 11.16 12.34
Avg T 15.44 17.46 18.38 16.71 13.23 16.76 23.64 22.29 22.33 21.52

Dew Point 11.43 11.50 14.44 13.39 9.42 12.41 13.83 14.35 13.89 14.94
RH 80.43 73.57 82.07 84.43 81.00 79.57 63.29 68.29 66.00 72.23

Rain 14.50 3.90 27.90 25.70 7.50 18.00 0.00 3.10 0.00 3.40
Wind Speed 8.99 7.44 7.71 8.83 8.92 8.50 7.56 8.99 8.84 8.61
Sun Hours 5.69 7.37 6.95 5.36 6.45 6.76 10.53 9.49 10.07 8.88

Leaf Moisture 5.53 6.87 8.17 6.33 5.28 6.17 4.97 2.04 2.63 2.05

The influence of the main meteorological variables up to three days before on the
presence of P. in the air at each stage was also statistically evaluated by means of a Spearman
correlation test (Table S1). During the year 2021, P. spores showed a significant and positive
correlation with the average temperature and dew point on the same day and in the three
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preceding days, with the maximum temperature on the same day and the two preceding
days, and with the minimum temperature on the same day and three days before. A
negative correlation with the same level of significance was detected between P. spores
and the rainfall of the same day and during the three preceding days. In the year 2022,
the analysis showed a significant and positive degree of association between P. spores and
the maximum and average temperature, sunshine hours on the same day and one and
two days before, the minimum temperature and dew point on the same day and one day
before, and with the wind speed on the same day. In contrast, negative correlations were
registered with the relative humidity and rainfall on the same day and one and two days
before, as well as with the leaf moisture on the same day and one day before.

When the correlations by stage were assessed during the year 2021, we observed that
during the S0 stage, P. concentrations were positively correlated with wind speed three days
earlier. In S2, there was a positive correlation with leaf moisture one and two days earlier.
In S4, the spore concentrations were negatively correlated with the minimum temperature
two days earlier, dew point two and three days earlier, and rainfall one day earlier. In
S5, there was a positive correlation with the maximum temperature two days before as
well as and with the dew point and leaf moisture one day before. However, at this same
stage, there was a negative correlation with the minimum temperature three days before,
relative humidity two days before, and wind speed two days before. In S6, all significant
correlations of spores with meteorological variables (minimum and average temperature of
the previous day, dew point and hours of sunshine of the day before, and leaf moisture of
three days before) were negative. In S7, there was only a negative correlation with relative
humidity. During S8, a positive correlation with the maximum and average temperatures
two days before, and the dew point two and three days before, was detected (Table S1).

The correlations by stage during the year 2022 showed a significant positive degree
of association during S0 between P. spore concentrations and the maximum temperature
of the previous day, average temperature, and sunshine hours two days earlier. Negative
values were observed for relative humidity and rainfall one day earlier. In S1, spore values
were positively correlated with the maximum temperature of two days before, average
temperature on the same day, and leaf moisture of two days before, whereas they were
negatively correlated with the dew point and relative humidity of the previous day. The
highest number of significant correlations was detected in S2, where P. spore concentrations
showed a positive degree of association with the maximum and average temperatures and
dew point on the same day and one to three days before, minimum temperature up to
two days before, and hours of sunshine on the same day and three days before. Negative
correlations were found with relative humidity on the same day, rainfall on the same
day and up to three days before, and leaf moisture on the same day and up to two days
before. In S3, a positive correlation was observed with the minimum temperature, dew
point, and wind speed one day before. The airborne spore concentrations were negatively
correlated with rainfall one day before. In S4, a negative correlation was detected with
the minimum temperature two days before, while a positive correlation was found with
hours of sunshine two days before. In S8, there was only a negative correlation with the
minimum temperature three days before, and a positive correlation with wind speed two
days before. The same correlation for wind speed two days before was detected in S9, as
well as the average temperature (Table S1).

A principal component analysis was performed to better understand the combined
influence of all meteorological variables with P. airborne spores (Figure 3). Three principal
components (PCs) were extracted in 2021 and 2022, as they had eigenvalues greater than or
equal to 1.0, accounting for approximately 79% of the variability in the original data. Gen-
erally, the three 2021 PCs were correlated as follows: component 1 (maximum and average
temperature, relative humidity, wind speed, and sunshine hours), component 2 (P. spores,
minimum temperature, and dew point), and component 3 (rainfall and leaf moisture).
Overall, in 2022, the three PCs correlated as follows: component 1 (P. spores, maximum and
average temperature, relative humidity, rainfall, and sun hours), component 2 (minimum
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temperature and dew point), and component 3 (wind speed and leaf moisture). The PCA
reaffirmed that minimum, maximum, or average temperatures were the variables that
positively modulated spore concentrations in both years. Similar to the total correlations,
in 2021, the presence of spores was positively influenced by the maximum and average
temperatures and dew point. In 2022, spore concentrations were positively correlated with
maximum and average temperatures and sunshine hours, but negatively influenced by
rainfall and relative humidity. The combination of increased sunshine hours and reduced
relative humidity in 2022 led to a decrease in P. concentrations.
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Finally, the model developed by Rodriguez-Moreno et al. [10] for predicting leaf rust
and yellow rust in wheat was applied, considering the values of average temperature,
dew point, and nighttime temperature in two different time intervals: 20:00–7:00 and
23:00–7:00 (Table S2). The results indicate that this model could have provided a warning
of P. disease occurrence in wheat from July 2 to 7, in 2022. This timeframe aligns with
phenological stages S5 and S6, during which P. concentrations in the air began to rise above
200 spores/m3. However, this model did not account for the increase in P. concentrations
observed in 2021.

4. Discussion

Rust commonly affects wheat-growing regions in various geographical
locations [5,12,14,25]. Under favorable conditions for disease development, rust can cause
significant yield and quality losses [26]. The virulence profiles of the main rust-causing
species, namely P. striiformis f. sp. tritici, P. triticina, and P. graminis f. sp. tritici, are
studied to minimize the threat posed by these continuously evolving pathogens [8,27,28].
Although aeromycological studies for the identification and quantification of P. are limited
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and nonexistent in Spain, they could contribute to the early prevention of diseases caused
by these airborne pathogens, reducing their frequency and severity. Rust spores are aerody-
namically ultralight and produced in unquantified quantities; they can be spread by wind
and convection currents, assuring long-distance dissemination. Additionally, these spores
are pigmented and possess thick walls that protect them from UV radiation, allowing them
to remain viable during transport over long distances [29]. Quantifying airborne inoculum
or estimating it through a predictive model based on meteorological conditions can be
useful in avoiding the overestimation of disease risk and ensuring the timely application of
fungicides at the correct time [12].

In our study, a non-viable volumetric sampler was utilized to collect fungal propagules,
similar to other research conducted on wheat crops in different regions [12,14,30]. Research
focused on identifying and quantifying airborne wheat pathogens is a global priority due
to the significance of this crop as a source of food and feed [5]. The collection orifice of the
Lanzoni VPPS 2010 sampler was positioned 1.75 m above the soil surface, which is suitable
for sampling pathogens that may affect the flag and penultimate leaves and the bud. The
fungal identification of the obtained samples using this sampler was performed through
direct microscopy, employing morphological criteria that do not allow for distinguishing
between the three rust-causing species in wheat. Araujo et al. [5] employed this identifica-
tion methodology, which requires relatively low technological capabilities, and stated that
although it is less sensitive compared to molecular techniques, it is suitable for detecting
airborne P.

P. concentrations in the cultivation area were detected during all phenological phases
in both 2021 and 2022, with concentrations exceeding 100 spores/m3 from the boot to
the senescence phase (June to August). These concentrations surpass the threshold level
of urediniospores required for the development of yellow rust, the most common rust
in Spain, under controlled environments and under field conditions [31]. In Lethbridge,
Canada, P. spores were also detected throughout the growing season in 2015 and 2016,
with peaks mainly in June, July, and August [13]. In the Walloon region, Belgium, Pt was
identified in the air from S3 onwards, after the flag leaf of wheat had fully emerged in April,
May, or June, during the years 2009–2012 [12]. In Gangu, Northwestern China, the highest
Pst concentrations were detected from lateral shoot formation to fruit development [32].
Similarly, in the same country, Hu et al. [33] recently reported the presence of Pst from
March to December, with peak concentrations in May and June, over the course of three
years of monitoring. Therefore, in order to determine the appropriate timing for fungicide
application, it is necessary to establish the temporal variation of the pathogen in the
cultivation area over multiple years, which, based on the obtained results in our study area,
tentatively ranges from S4 to S8.

On the other hand, weather conditions could have influenced the presence of P.
throughout the growing season. Temperature plays a vital role in the interaction system
between host plants and pathogens and represents one of the risks to the long-term sus-
tainability of agriculture [25]. Pst, Pt, and Pgt require temperatures between 10 and 25 ◦C
to complete their life cycle and infect wheat plants [9]. In our study, higher temperatures
were recorded during the month of July in 2022, which could impact fungal development.
Thus, increasing global temperatures could constrain the development and survival of P.
in certain wheat-producing regions. In this context, Camacho et al. [29] state that there
is evidence that the rise in mean annual temperature has led to a reduction in both the
frequency and severity of epidemics caused by this phytopathogen.

The optimal temperature for infection and development of stripe rust is 10 ◦C, while
for leaf rust, it is 20 ◦C, and for stem rust, it is 25 ◦C [9]. In the case of Pt, which causes leaf
rust, leaf moisture is also necessary for infection to occur [34]. We observed higher average
temperature values in 2021. In this regard, the correlation analysis of P. concentrations with
meteorological variables revealed that the temperature of the same day and preceding days,
as well as the dew point, were the variables that positively influenced spore concentrations
in both years. In 2021, these variables were also found to have an impact on the presence
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of this phytopathogen when considering the analysis of all meteorological variables on
its concentrations, whereas in 2022, only temperature showed a significant correlation.
Duvivier et al. [12] demonstrated through multiple regression analysis that low winter
temperatures positively influence the spore density of P. triticina between the onset of stem
elongation and the flag leaf stage at the S3 stage. Similarly, Newlands [13] suggests that Pst
becomes dormant for longer periods as nighttime temperatures become colder, because
colder temperatures favor the germination of urediniospores. However, at the booting
stage in both years of sampling, P. concentrations were negatively correlated with the
minimum temperature two days earlier.

Alternatively, rainfall was negatively correlated with the presence of P. in both years,
2021 and 2022, which could be attributed to the washout effect of the atmosphere. The
relationship between rain and rust spore dispersal is quite complex [35]. Field and in vitro
experiments have shown that rainy periods promote the release of spores from infected
plants, but also decrease the concentrations of spores in the air that can be deposited on
susceptible plants [36]. Moreover, if rainfall events are extensive or heavy, they can reduce
the number of spores deposited on the leaves, thereby limiting the progression of the
disease [37].

The correlation between P. concentrations and wind speed was positive in most of
the phenological stages where it was detected, as well as in 2022 with total concentrations.
Similar results have been obtained by other researchers, who point out that this correlation
varies depending on wind direction [29]. The influence of this meteorological variable may
favor the dispersion of fungal propagules over long distances, and spores from other regions
may be detected. Hovmøller et al. [38] reported that P. striiformis f.sp. tritici, the cause of
wheat stripe rust, migrates frequently between the United Kingdom, Germany, France,
and Denmark. Additionally, they demonstrated through a phylogeographic analysis the
existence of a single clonal population of this species in the four countries, separated by a
distance of up to 1700 km.

The analysis of the combined effect of all meteorological variables on P. concentrations
enabled us to ascertain that in the year 2022, hours of sunshine and relative humidity
also played a significant role in its detection. An increase in sunshine hours leads to
higher temperatures, which are suboptimal for P. development. On the other hand, relative
humidity is known to be the primary factor influencing the development of leaf rust in
wheat [39]. High humidity is optimal for stripe rust infection [40], while lower humidity
promotes the spread of stem rust, which could have been predominant in 2021 and explains
the negative association with humidity [41].

Based on these factors, it can be inferred that temperature was the primary factor
influencing the dynamics of P. during both study periods, as has been demonstrated in
other research studies in the northern hemisphere [11–13].

The severity of rust epidemics depends on the timing of infection by the primary
inoculum, plant resistance, and the climatic conditions [13]. Various disease models with
different levels of complexity and data requirements have been developed worldwide to
predict rust progression in wheat [10,13–17]. These models are site-specific, due to the
climatic variability that affects spore dispersal and deposition. Data from multiple years
are necessary to develop a predictive model, and this study serves as an initial contribution
to future rust forecasts in the studied region. We attempted to fit the model of Rodriguez-
Moreno et al. [10]. For this purpose, we modified the range of nighttime temperature hours
from 20:00–7:00 to 23:00–7:00, based on the climatic conditions of the study area during
this period when it gets dark later. The fit showed that average temperatures between
10 and 25 ◦C, dew point temperatures above 5 ◦C, and nighttime temperatures between
10 and 20 ◦C for five consecutive days could predict an increase in P. concentrations in
2022, indicating an increased probability of wheat rust occurrence and the optimal time
for fungicide application. In 2021, this model could not predict disease occurrence when
considering average temperature, dew point, and nighttime conditions for five consecutive
days. However, if the alert is given when these conditions exist for four consecutive days,
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the disease is predicted, as it coincides with phenological stages S6 and S7, where the
highest concentrations of P. were detected in the air. Therefore, we propose that for our
study area, this model could be applied by considering the average temperature, dew point,
and nighttime values proposed by Rodriguez-Moreno et al. [10] for four or five consecutive
days. This approach could improve the timeliness and efficiency of fungicide applications,
minimizing economic costs, environmental impact, and yield losses in the growing area.

5. Conclusions

Spore concentrations were highest in 2021 and were primarily influenced by the
recorded temperature values. Further monitoring of this cultivation area is necessary to
enhance our understanding of P. aerobiology and to establish more effective practices for
fungicide use, which can reduce production costs and protect the environment. Tentatively,
a rust alert system could be applied in this cultivation area, considering the modifications
we have made to the model proposed by Rodriguez-Moreno et al. [10].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture13081637/s1, Figure S1: Photomicrographs
of Puccinia uredinospores quantified in some of the aerobiological samples collected with the Lanzoni
VPPS 2010 sampler during the study period in the wheat crop of A Limia, Ourense, Spain. 400× mag-
nification. Table S1. Spearman’s correlation between Puccinia concentration and weather parameters,
maximum, minimum and average temperatures (Max T, Min T, Avg T ◦C), dew point (◦C), relative
humidity (RH%), accumulated rain (mm), wind speed (m/s), sun hours (h), and leaf moisture (h);
during the same day and the 1, 2, and 3 previous days in each phenological stage (S0: germination;
S1: leaf development (main stem); S2: tillering; S3: stem elongation; S4: booting; S5: inflorescence
emergence, heading; S6: flowering anthesis; S7: development of fruit; S8: ripening of fruits and seeds;
S9: senescence). Significance level in bold type (p < 0.05). Table S2. Consecutive days in which the
meteorological conditions of the Rodriguez-Moreno et al. [10] model is met during our study period.
* Nocturnal temperature of the Rodriguez-Moreno et al. [10] model.
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