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Abstract: Potato early blight caused by Alternaria solani generates significant economic losses in
crops worldwide. Forecasting the risk of infection on crops is indispensable for the management
of the fungal disease, ensuring maximum economic benefit but with minimal environmental
impact. This work aimed to calculate the interrupted wet periods (IWP) according to the climate
conditions of A Limia (Northwest of Spain) to optimize the prediction against early blight in potatoes.
The study was performed during nine crop cycles. The relative hourly humidity and Alternaria
concentration in the crop environment were taken into account. Alternaria levels were monitored by
aerobiological techniques using a LANZONI VPPS-2000 volumetric trap. The relationships between
weather conditions and airborne Alternaria concentration were statistically analyzed using Spearman
correlations. To establish the effectiveness of wetness periods, the first important Alternaria peak was
taken into account in each crop cycle (with a concentration greater than 70 spores/m3). Considering
the six interrupted wet periods of the system, it was possible to predict the first peak of Alternaria
several days in advance (between 6 and 38 days), except in 2007 and 2018. Automated systems to
predict the initiation of early blight in potato crop, such as interrupted wet periods, could be an
effective basis for developing decision support systems. The incorporation of aerobiological data for
the calculation of interrupted wet periods improved the results of this system.

Keywords: Solanum tuberosum L.; early blight; aerobiological data; wetness periods; relative humidity;
disease control

1. Introduction

Potato crops are affected by numerous pests and diseases, of which early blight is one of major and
destructive diseases of Solanum tuberosum L. in the world [1–3]. Early blight caused by Alternaria solani
(Ellis and Martin) Jones and Grant, develops necrotic lesions on leaves, stems, fruits, and tubers [4,5].
Wind, water, and insects are the key factors for the dispersal of conidia, and they penetrate directly or
through stomata of plants [6]. The symptoms can be observed at any stage of the plant’s development,
but the greatest intensity is usually observed on senescence plants [7,8]. Premature defoliation of the
leaves of potato plants caused by early blight limits the yield of the field crop and causes important
economic losses [5,9–12]. Moreover, the tuber size is greatly reduced because the leaf defoliation
restricts photosynthetic activity [13,14], with yield losses higher than 20% [6,9]. During storage early
blight is also responsible for economic losses. On potato tubers, early blight results in darker surface
lesions, which are usually slightly sunken; and internally, the tissue shows a brown to black corky [15].

The severity of the infection of early blight is variable each year, depending on specific climatic
conditions throughout the growing season and plant characteristics [8]. Early blight is widespread in
most areas where potatoes or tomatoes are grown but is particularly prevalent in tropical and temperate
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zones [9]. Actually, the solution is routine application of fungicides, regardless of the disease severity
or how favorable the environment is for early blight outbreak, which results in excessive fungicide
applications [16]. This practice increases the cost of potato production and has a negative impact on
the environment. Concerns about the environment, health risk, cost, and resistance development
associated with excessive use of fungicides make the regulation of fungicide application necessary.
For a more sustainable agriculture, improvement of the methods to control diseases is a real need.
Farmers demand tools to make adequate decisions about the management of their crops. One of the
ways to regulate the application of fungicides is to use forecasting models or rules to suggest the
optimal time when fungicide is actually needed and apply them accordingly [17,18].

Crop disease infection models are useful as producer advice systems. These systems
provide information on the probability of actual occurrence of the disease, periods of infection,
and recommendations at the time of application of fungicides. The development of these models to
use as early assessments of disease severity can potentially assist potato growers in making economic
decisions such as the optimal time to apply fungicides [19]. However, these decision support systems
need to be validated considering the particular conditions of the geographical area where potatoes are
cultivated [18].

Interrupted wet periods (IWP) are used to optimize the application of fungicides against early
blight in potato [13,18,20,21]. IWP considers the alternation of the relative humidity occurring during
the night and day. However, wetness periods long enough for infection and disease development are
not always continuous under field conditions. The interruption of wetness periods occurs in cases
of nocturnal wetting and diurnal drying cycles and intermittent rain showers [22]. This situation
occurs with frequency, and consequently, alternating wet and dry periods before host infection favors
the germination of fungal spores [8,21,22]. This fact was reported in fungal diseases caused in the
leaves and fruits of multiple fruit trees or cereals [22–26]. In the case of conidia of A. solani and other
Alternaria species, despite a lack of prolonged humidity, several short and wet periods (usually at
night) interrupted by dry intervals during the day favor the sporulation [4,20,21,23,27]. Therefore,
the wetness period (using the air relative humidity) is employed in disease warning systems as a
critical determinant of infection risk [22].

Decision support systems only take into account meteorological records, to establish periods of
risk of infection but not the presence of inoculum in the environment. However, perspectives for model
improvement have been taken into account for plant, pathogen, and environment [12]. The search for
the best development of the crop guaranteeing the highest quality and the maximum yield of the tubers
is a task that every year worries the producers of the potato sector. Hence, the objective of the present
work was to calculate the IWP system to a Spanish geographical area of greater potato production
(A Limia). For this, the climatic conditions and the levels of Alternaria in the crop environment were
monitored by aerobiological methods during nine potato growth cycles. The conditions given during
the first phenological stages of crop development are crucial for a good fit of the models. In this sense,
this period was analyzed in greater detail.

2. Material and Methods

2.1. Period and Study Area

The study was carried out during nine crop cycles (2007, 2008, 2009, 2010, 2014, 2015, 2016, 2017,
and 2018) in potato field located in A Limia (Galicia, Northwest Spain) (Figure 1). Sowing date was
between the end of April (2017, 2015, and 2009), during May (2018, 2014, 2010, and 2007) and the start
of June (2016 and 2008).
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Figure 1. Location of the study area. 
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principle of impact was placed 1.5 m above ground in the potato crop. Inside the central body of the 
sampler a drum was placed, provided with a Melinex tape covered with an adhesive substance, 
which trapped spores in air. The continuous movement of this drum was produced by displacement 
of 2 mm/h, obtaining the registration of particles hourly. Following the counting method proposed 
by the Spanish Network of Aerobiology (R.E.A.) [28] the concentration of Alternaria was expressed in 
spores/m3. 

2.3. Weather Monitoring 

The meteorological parameters (temperature and relative humidity) were recorded by using a 
portable weather station ONSET HOBO Pro Series H08-032-08 placed in the study field positioned at 
a 1.5 m height. The records were extracted every hour. The rain data were obtained from the National 
Weather Service website [29].  

2.4. Interrupted Wet Period (IWP)  

IWP by crop cycle were calculated. IWP was characterized by relative humidity of 95% for at 
least 6 h at night and <80% during the day [20]. These requirements of relative humidity were 
calculated since sowing date in each crop cycle. Leaf wetness showed similar trends to relative 
humidity, but was not used in the calculation of IWPs. When a day is preceded by 6 IWP days, the 
fungicide treatment is recommended, regardless of the inoculum present in the crop environment 
[20]. 

2.5. Statistical Analysis 

Analysis of variance (ANOVA) was performed using the Bonferroni test (p < 0.05) to compare 
the means of the data. The correlation coefficients between mean daily Alternaria concentrations and 
meteorological parameter values were calculated using Spearman’s correlation test for the statistical 
significance of p < 0.01 and p < 0.05. Values were computed by the IBM SPSS Statistics 22 program for 
the statistical treatments. 
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Figure 1. Location of the study area.

2.2. Aerobiological Sampling

An aerobiological sampler Lanzoni VPPS 2000 (Lanzoni S.r.l., Bologna, Italia) based on the
principle of impact was placed 1.5 m above ground in the potato crop. Inside the central body of
the sampler a drum was placed, provided with a Melinex tape covered with an adhesive substance,
which trapped spores in air. The continuous movement of this drum was produced by displacement
of 2 mm/h, obtaining the registration of particles hourly. Following the counting method proposed
by the Spanish Network of Aerobiology (R.E.A.) [28] the concentration of Alternaria was expressed
in spores/m3.

2.3. Weather Monitoring

The meteorological parameters (temperature and relative humidity) were recorded by using a
portable weather station ONSET HOBO Pro Series H08-032-08 placed in the study field positioned at a
1.5 m height. The records were extracted every hour. The rain data were obtained from the National
Weather Service website [29].

2.4. Interrupted Wet Period (IWP)

IWP by crop cycle were calculated. IWP was characterized by relative humidity of 95% for at least
6 h at night and <80% during the day [20]. These requirements of relative humidity were calculated
since sowing date in each crop cycle. Leaf wetness showed similar trends to relative humidity, but was
not used in the calculation of IWPs. When a day is preceded by 6 IWP days, the fungicide treatment is
recommended, regardless of the inoculum present in the crop environment [20].

2.5. Statistical Analysis

Analysis of variance (ANOVA) was performed using the Bonferroni test (p < 0.05) to compare
the means of the data. The correlation coefficients between mean daily Alternaria concentrations and
meteorological parameter values were calculated using Spearman’s correlation test for the statistical
significance of p < 0.01 and p < 0.05. Values were computed by the IBM SPSS Statistics 22 program for
the statistical treatments.
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3. Results

3.1. Weather Conditions

The meteorology recorded in the nine crop cycles showed an irregular pattern, both in temperature
and relative humidity. The fluctuations of the weather data of each year are shown in Figure 2.
The mean temperature ranged from 14.6 ◦C in 2007 to 18.7 ◦C in 2016. The year 2007 was the coldest,
with the mean temperature significantly lower than other years, while that the mean temperature of
2016 was significantly higher than in the years 2007, 2008, 2009, 2014, and 2017 (p < 0.05). Therefore,
the years 2016, 2010, 2015, and 2018 had significantly higher mean temperatures (p < 0.05), with a mean
value above 16.5 ◦C.

The mean minimum temperature of nine years of study oscillated between 7.8 ◦C (2007) and
11.4 ◦C (2018). The years 2007, 2009, 2014, and 2015 had a lower average minimum temperature (below
8.5 ◦C), while the mean maximum values recorded in 2010 and 2016 were the highest (with mean values
of 43.4 ◦C and 42.0 ◦C, respectively). Thermal oscillation during the growing season was frequent in
the studied area, with a thermal amplitude higher than 13 ◦C. The cycles of 2016 and 2010 presented
the higher oscillation in the temperature, with mean values of 21.8 ◦C and 19.9 ◦C, respectively.

Mean relative humidity varied between 70.8% in 2017 and 78.9% in 2008. There are several
significant differences between the average humidity of the nine years. However, it should be noted
that the 2017 year cycle presented the significantly lowest mean value with respect to 2008, 2009, 2014,
and 2018 (p < 0.05). On the contrary, 2008 had the significantly highest mean value with respect to
2007, 2010, 2016, and 2017 (p < 0.05).

Rain was sporadic during the potato growing season. The crop cycles of higher accumulated rain
were 2007, 2017, and 2018, with values of 229.8 mm, 323.6 mm, and 340.2 mm, respectively (coinciding
with the higher mean values). While, the years 2010 and 2014 accumulated lower rain, with values of
55.2 mm, and 86.1 mm, respectively. Frequent stormy rains occurred in the initial stage of crop growth,
mainly in 2007, 2008, 2015, and 2016.

3.2. Alternaria Levels in the Environment of Potato Crop

Alternaria spores were present throughout the entire cycle of potato growth. The years with the
higher concentration of spores were 2017 and 2018, with 12,155 spores and 10,454 spores, respectively
(Table 1). The lower total Alternaria spore concentration was found in 2015 (with 3651 spores), and 2008
(with 3813 spores). The mean Alternaria levels were significantly different between years (p < 0.05).
The cycles of 2010 and 2017 had the higher mean values (83 and 69 spores/m3). On contrary, the lower
mean values of Alternaria were in 2015 and 2007, with values lower than 20 spores/m3. The years with
higher dispersion in the data were 2009, 2010, and 2017, with maximum values above 500 spores/m3

(Figure 3). These years coincided with the higher mean concentration of the complete cycle.
Regarding the first important peak (considered as a critical day for a possible infection of the

disease in the field), the date was between 20 and 55 days after the date of planting, concretely, during
the month of June, except in the year 2017, in which the first peak in mid-May was recorded. Therefore,
high Alternaria levels during the emergency phase of plants were found in all years, with concentrations
greater than 70 spores/m3. These Alternaria levels are considered alarming due to the possible risk of
infection of potato plants referred to as the first peak (Table 1). Moreover, in previous days to first peak,
Alternaria conidia was found in the environment of crop, with a daily mean concentration between 9
and 68 spores/m3 in 2009 and 2016, respectively. In the years 2008 and 2016, the first peak had a higher
concentration, recorded as the higher mean temperature before days (16.3 ◦C in 2008 and 17.1 ◦C in
2016) and mean maximum temperatures higher than 24 ◦C. In addition, a high relative humidity in the
previous days (with mean value above 78%) was recorded.
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Figure 2. Daily data of the meteorological conditions recorded by potato growing season. Each subfigure (a, b, c, d, e, f, g, h, and i) includes the mean, minimum 
and maximum temperature, mean relative humidity and accumulated rain recorded in each crop cycle studied. 
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Figure 2. Daily data of the meteorological conditions recorded by potato growing season. Each subfigure (a–i) includes the mean, minimum and maximum
temperature, mean relative humidity and accumulated rain recorded in each crop cycle studied.
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Table 1. Airborne Alternaria spores in the environment crop by year. Values of the first and maximum peak of Alternaria with the corresponding date and number of
days from sowing. Average values of the environmental conditions given up to the first peak of Alternaria considered.

Year 2007 2008 2009 2010 2014 2015 2016 2017 2018

Total cycle
Total Alternaria 4279 3813 8153 6849 6290 3651 6143 12155 10454

Mean concentration 43 a 45 a 90 bd 97 bcd 74 ab 42 a 65 abc 115 de 89 bde

First peak
Date 05 Jun 26 Jun 05 Jun 24 Jun 22 Jun 15 Jun 23 Jun 16 May 06 Jun

Alternaria (spores/m3) 71 195 94 173 77 88 79 98 78
Days 35 20 39 43 53 55 22 25 23

Mean Alternaria (spores/m3) * 11 61 9 22 29 15 68 17 30
Minimum temperature (◦C) * 6.5 8.2 5.7 8.2 7.0 7.0 9.5 5.1 7.7

Mean temperature (◦C) * 12.2 16.3 14.3 15.7 14.9 15.3 17.1 12.5 13.6
Maximum temperature (◦C) * 18.0 24.6 22.8 24.6 23.4 24.8 25.6 22.2 19.5

Mean thermal amplitude (◦C) * 11.5 16.3 17.2 16.3 16.4 17.9 16.1 17.1 11.8
Mean relative humidity (%) * 78.5 84.2 75.9 76.0 70.6 76.0 78.6 72.1 80.9

Rain (mm) * 2.9 1.0 2.3 1.3 0.8 1.8 1.3 2.9 2.8

Maximum peak
Date 09 Aug 09 Sep 05 Aug 08 Jul 11 Aug 06 Aug 22 Aug 17 Jun 15 Sep

Alternaria (spores/m3) 218 255 588 567 470 203 294 534 359
Days 100 75 100 57 103 107 82 57 126

Different letter shows significant differences in mean values (p < 0.05). * Mean data until the first peak of Alternaria considered.
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Figure 3. Plot of Alternaria concentration by year recorded during the period of potato crop.

The maximum concentrations were found near to senescence, between August and September
(about 75 and 125 days after sowing), except in 2010 and 2017 which counted in July and June,
respectively (57 days after sowing). The highest values of maximum peaks were found in the cycles of
2009, 2010, and 2017, with values above 500 spores/m3.

The relationships between the daily Alternaria concentration and the meteorological factors (mean,
maximum, and minimum temperatures; mean relative humidity; and rain) were analyzed by Spearman
correlation analysis. The aerial Alternaria concentrations and meteorological conditions were recorded
during the same day and with the previous days considered (Table 2). The presence of conidia of
Alternaria in environment during previous days was influenced positively by the concentration of
the day (p < 0.01). The correlation coefficients showed a strong relation of the minimum, mean, and
maximum temperature with Alternaria concentration. The temperature (both of the same day and
previous days) was positively correlated with the levels of conidia with positive coefficients (p < 0.01).
However, the relative humidity only was positively correlated with Alternaria the 3 and 4 days prior
(p < 0.05). No significant correlation was found between the concentration of Alternaria and rain.

Table 2. Number of days and date with interrupted wet periods (IWP) considering the first peak
Alternaria and the days with 6 IWP by crop cycle.

2007 2008 2009 2010 2014 2015 2016 2017 2018

Considering the first peak of
Alternaria

Date of first peak 05 Jun 26 Jun 05 Jun 24 Jun 22 Jun 15 Jun 23 Jun 16 May 06 Jun
IWP previous to first peak

(number of days) − 7 19 8 21 10 11 14 3

Considering 6 IWP
Date − 20 Jun 17 May 14 Jun 29 May 09 May 18 Jun 06 May 12 Jun

6 IWP previous to first peak
(number of days) − 6 20 11 25 38 6 11 0

3.3. Alternaria Forecast Using Interrupted Wet Periods (IWP)

Taking into account the concentration of Alternaria in air by aerobiological sampling and the main
meteorological parameters recorded in the studied plot, the IWPs were calculated. One IWP was
characterized by a relative humidity of 95% for at least 6 h at night and a value of less than 80% during
the day. The years with the highest accumulated IWPs were 2008, 2009, 2014, 2015, and 2016 (Figure 4).
However, IWP days were reached in the early stages of crop growth in the analyzed years (except to
2007). Due to the cold conditions that occurred throughout the cycle, the year 2007 did not meet the
model requirement (Table 3). This crop cycle was the coldest, and relative humidity during the day
exceeded 80% in most hours. This is the reason for the lack of IWP during the development of the crop.
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Figure 4. Days with interrupted wet periods (bars) by crop cycle. Each subfigure (a–i) includes the results of interrupted wet periods by crop cycle studied.
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Table 3. Spearman correlation coefficients between Alternaria concentration and weather parameters,
and Alternaria concentration of the same day, and on 1 to 4 days prior (−1, −2, −3, and −4). ** p < 0.01;
* p < 0.05.

R2 p

Alternaria −1 day 0.553 ** 0.000
−2 day 0.461 ** 0.000
−3 day 0.340 ** 0.000
−4 day 0.305 ** 0.000

Minimum temperature Same day 0.181 ** 0.000
−1 day 0.157 ** 0.000
−2 day 0.182 ** 0.000
−3 day 0.200 ** 0.000
−4 day 0.217 ** 0.000

Mean temperature Same day 0.223 ** 0.000
−1 day 0.206 ** 0.000
−2 day 0.167 ** 0.000
−3 day 0.161 ** 0.000
−4 day 0.174 ** 0.000

Maximum temperature Same day 0.185 ** 0.000
−1 day 0.178 ** 0.000
−2 day 0.119 ** 0.001
−3 day 0.088 ** 0.012
−4 day 0.091 ** 0.010

Mean relative humidity Same day −0.031 0.385
−1 day −0.009 0.808
−2 day 0.062 0.078
−3 day 0.090 * 0.010
−4 day 0.075 * 0.034

Rain Same day −0.047 0.187
−1 day −0.056 0.114
−2 day −0.028 0.425
−3 day −0.032 0.371
−4 day −0.032 0.371

The first peak of Alternaria was considered calculating the wet periods of previous days to the first
peak. According to the literature, when a day is preceded by 6 IWP days, the fungicide treatment is
recommended. The first IWPs occurred during the emergence of plants. Six IWP occurred during the
months of May and June, between 6 and 21 days prior to the first peaks of Alternaria found (Table 3),
except in the cycles of the year 2018 which were days later.

The days with IWP prior to the first peak of Alternaria were between 3 and 21 in the years 2018
and 2014, respectively. Considering 6 IWP, it was possible to predict the first peak of Alternaria several
days in advance (between 6 and 38 days), except in 2018. Despite the existence of differences in the
accumulated IWP days between the crop cycles studied, there are many favorable days for the infection
of the pathogen. The results showed the importance of the relative humidity of the environment in the
proliferation of conidia of Alternaria. In the studied years, there were several days in advance that
predicted this IWP system, except in two years (2007 and 2018). Therefore, it is possible to apply IWP
to the area of A Limia.
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4. Discussion

In recent years, there has been a concern about the increase of early blight in potato fields, even in
areas where the disease barely caused problems. The climatic tendency of increases in the temperature
has shown changes in the behavior of Alternaria, with a higher severity of early potato blight [17,30].
The fact was manifested in this study, in the region of A Limia, with a notable increase in total Alternaria
spores in the last two years. The irregularity of temperature and relative humidity is present from the
early stages of crop growth. The climate of A Limia is characterized by short, hot, dry, and mostly clear
summers and very cold, wet, and partly cloudy winters. Considering the increased high temperature
events in Spain, we could expect a longer duration and an increased intensity of early blight epidemics
in potato crops in future years. Variations in climate regimes may change the critical temperature and
infection thresholds related to the prognosis of the presence of pathogens [31]. Therefore, tools that
allow controlling the ideal conditions for disease infection and treating them effectively are highly
desired. Crop rotation is used as a control measure for fungal diseases, but it is not effective in many
regions, and timely spray of fungicide is recommended for a better control [6]. A correct fungicide
application is performed with an adequate adjustment of the decision systems. Decision systems are
used as part of crop disease management in response to the climatic conditions of the specific area.
Hence, the adjustment of these systems to the specific environmental characteristics of the area is
crucial to the success of forecasting.

Elements such as economic damage thresholds, monitoring, and risk forecasting systems are
valuable tools to rationally define these disease management and control strategies [32]. Most decision
support systems predict the occurrence of the first symptoms of the disease, monitoring certain
environmental conditions favorable to infection [18,32,33]. The most used parameter in forecasting is
temperature [21]. However, germination and infection of Alternaria are highly favored by high relative
humidity, close to saturation [11,20–22]. Specifically, a high relative humidity recorded for several
days favors the development of conidia, as reflected in the results of this work. Relative humidity
influences most stages in early blight development, but its effects on critical stages like sporulation
and infection make it very important considering a minimum relative humidity of 85% for early
blight epidemics [21]. Van der Waals et al. [20] denoted that IWPs are more important than high leaf
wetness in spore formation and dispersal of A. solani. IWP mechanism is premised on the ability of the
germinating spores to survive the dry conditions or interruptions, which other fungi would not be able
to survive, and resume germination when it is wet again [4]. A. solani is able to produce seven times
more conidia under IWP than during a continuous wetting period of the same duration [4,20]. This
fact facilitates its adaptation in areas of the Northwest of Spain, in which the alternation of air relative
humidity is common during the months of crop. Therefore, IWP is an interesting system to include in
the decision system for early blight control. Despite its rare use for forecasting diseases in potato crops,
some researchers validated it in predicting the outbreak of early blight in advance with IWPs in South
Africa [20], Denmark [21], and Northwest Spain [8,13]. But the IWP system was classified as a poor
model in potato crops in Denmark [21]. During rainy times, it was difficult to meet the lower <80%
threshold stablished by the model, since rain causes humidity to exceed by 80% during the day, and
thus, the model did not make any recommendation [21]. The suggestion of the researchers for the
validation of the model in Denmark was to use relative humidity below 88% at night, and consider the
effect of rain on the dispersion of the pathogen [21]. Therefore, in colder areas, the IWP model needs an
adjustment of relative humidity thresholds. Hence, it is important to adapt these prediction systems
according to the particular meteorological conditions of the area in which it can be implemented.

Forecasting the risk of infection by a pathogen in cultivars is indispensable for the correct
management of agricultural crops [18]. The susceptibility of the cultivars, the presence of primary
inoculum, and the variations in disease sensitivity depending on environmental conditions are
fundamental factors for improvement in fungal control [18,34–36]. In recent years, diverse modelling
approaches such as control strategies for the prediction of fungal diseases have been proposed. Among
them, linear regression models, the autoregressive integrated model of running mean time-series, and
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neural network models were applied in potato, grapevine, rice, and wheat [8,35,37–39]. As a first
approximation, it can be concluded that the combination of aerobiological data with weather data
(specially wet periods) collected during nine crop cycles in A Limia was efficient in that it could predict
several days of attack in advance during the development of the crop. Considering that for the control
of potato early blight in this region the farmers generally use established calendars for the application
of fungicides, an alert system based on meteorological factors and aerobiological data would help
predict the risk of infection and avoid unnecessary applications. In the case of IWP, it is a suitable
system to protect the early stages of crop, predicting the first risk of infection. Including a greater
number of years in these studies is essential to improve and validate these decision systems.
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