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Abstract: The present study focuses on establishing thresholds of weather variables for predict
early blight in potato crops. For this, the TOMCAST model was adjusted using weather variables
and Alternaria conidia levels (mainly A. solani and A. alternata) during six growing seasons in A
Limia (Northwest Spain). TOMCAST for the effective management of early blight considers leaf
wetness and air temperature to calculate daily severity values (DSVs). Spearman correlations
between temperature (minimum and average), mean temperature during leaf wetness period and
Alternaria concentration showed the highest positive significant coefficients (0.386, 0.230 and 0.372,
respectively; p < 0.01). Specifically, Alternaria levels higher than 50 spores/m3 were found the days
with air mean temperature above 18 ◦C, more than 7 h of leaf wetness. Leaf wetness was decisive to
estimate the concentration of Alternaria, resulting in a significant linear regression model (R2 = 0.41;
p < 0.001). TOMCAST was adapted to the area, considering 10 ◦C the minimum threshold for the
mean value of temperature during the wet period and 10–15 accumulated disease severity values
(DSV). Using TOMCAST, it was possible to predict the first Alternaria peak in most of potato growing
seasons. Combining aerobiological and meteorological data to control fungal diseases during crops
are a useful tool for sustainable agriculture.

Keywords: potato crop; air Alternaria levels; aerobiological control; leaf wetness; temperature;
linear regression; TOMCAST

1. Introduction

The potato (Solanum tuberosum L.) is the world’s fourth-most important crop after rice, wheat and
maize, and the first among non-grains [1]. Spain produces less than 4% of European potato production,
but in some Spanish areas such as A Limia, this crop is the primary income source for people.
The potatoes are alternated with cereal crops generating many jobs for families.

The main part of the agricultural land in the area is a consequence of the mechanical desiccation
of the largest wetland in the Iberian Peninsula. Thus, the sandy and silty soils together with weather
conditions during summer, increase the agricultural drought risk and forcing growers to practice
irrigated agriculture [2]. These conditions provide the ideal environment for the development of fungal
diseases on potato plants. When ideal conditions occurred over time, the disease gets worse having a
negative impact on yields.

In terms of economic losses, one of the most important fungal diseases is early blight caused by
various Alternaria species. This pathogen has devastating effects in many potato-growing regions [3–6].
The main causal agents are the species A. solani Soraeur and A. alternata (Fr.) Keissl [3,4,6]. However,
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other Alternaria spp. have been advised to be associated with potato leaf blight, such as A. arborescens,
A. arbusti and A. tenuissima in the U.S. northwest [7]; A. tenuissima in China [8]; A. tomatophila and
A. grandis in Brazil [9]; A. tenuissima, A. dumosa, A. arborescens and A. infectoria in Iran [10]; A. protenta
in Algeria [11] and A. alternata, A. arborescens, A. protenta, and A. grandis in Europe [12]. Recently,
considering morphologic traits of conidia complemented with molecular analyses, Alternaria species
can be classified in two groups: large-spored species like A. solani and small-spored species such as
A. alternata and A. tenuissima [8]. A. tomatophila was associated with early blight, but it is weakly
aggressive to potato [9,13]. Due to morphological differences and the serious threats caused by A. solani
and A. alternata in potato, the aerobiological sampling focused on both species.

The presence of alternative hosts (weeds or other solanaceous species) increases their incidence
and severity [14,15]. Early blight produces dark coloured lesions recognized by its distinctive concentric
rings around 3 to 12 mm diameter [3]. These lesions are also restricted within the leaf veins. First foliar
symptoms become visible on the lowest and, oldest leaves just a few weeks after emergence [6].
So, the greatest intensity is usually observed on mature and senescent tissues [16], causing damage in
potato crops with up to 50% yield losses [3]. Although early blight is particularly prevalent in tropical
and temperate zones, 70% foliage destruction at the end of the growing season was documented in
northern Europe [17].

In recent years, a higher incidence of early blight has been observed on potato plants in
A Limia [5,18]. Several researchers have highlighted the effects of global climatic changes on agricultural
pests [19–21], considering the temperature as the main limiting factor [14,15,22,23]. Climate change
is exerting variations in the distribution of the pathogen and due to possible adaptations generating
changes in the ideal conditions for the development and sporulation. Hence, the importance of
an extensive collection of updated data that allows establishing controls in local environments and
diminish the incidence of the disease in the field.

Growers try to fight these pathogens by applying fungicides. The chemical treatment has
been applied for years employing pre-established calendars, based on applications every 15 days
independently of the risk of disease. Prediction models based on meteorological variables are an
opportunity for the environmentally friendly application of chemical products. However, the precise
modelling of plant disease is particularly difficult because it requires specialist staff to identify critical
biophysical processes driving disease spread based on time and location [24].

Epidemiological models using mathematical descriptions of the interaction between the
environment, host and pathogen to forecast when the disease will occur and to improve the use of
control measures were developed [24]. Many models are based exclusively on meteorological factors
to calculate accumulated risk units when the conditions are favorable for the infection. Most of them
consider temperature as the crucial factor for a successful decision support system applied to vegetable
crops [25]. This is the case of the TOMato disease foreCASTing (TOMCAST) system, based on a
computer model developed to predict early blight with field data validated in different locations
in the United States [26]. This model is derived from the original Forecasting Alternaria solani on
Tomatoes (FAST) program and considers leaf wetness and air temperature to calculate daily severity
values (disease severity values: DSV) that quantitatively represents favorable conditions for the
development of early blight [26]. These values are accumulated until reaching at least 10 DSV to 45 DSV,
depending on local environmental conditions or crop [27–30]. Firstly, the model was developed to
estimate diseases such as early blight, septoria leaf spot and anthracnose affecting tomatoes [28,29].
Later, TOMCAST was used to predict Stemphyllium in Asparagus and foliar blight in carrots, celery or
pistachios [31–37]. In the case of potato crops, TOMCAST model was adapted to predict early blight in
different geographical areas [15,25,27,30,38].

A successful forecast system of early blight in potato may improve disease control,
reduce environmental impact by lower application of chemical products, improve crop quality
and reduce costs for growers. Until now, the studied geographical area has not adopted decision
support models to predict fungal diseases and regulate the application of fungicides. The objective
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of the present study was to improve a decision support system for Alternaria management in potato
crops growing in A Limia (Northwest Spain) by applying the TOMCAST forecasting model. For this
purpose, weather conditions and Alternaria conidia concentration in the environment during 6 growing
seasons were considered. This is the first study that considers Alternaria levels in the crop environment
to improve the prediction of the TOMCAST model. Before fitting the model, the climate data were
statistically treated to establish significant relationships with Alternaria levels in the crop, and possible
favorable thresholds for this pathogen.

2. Material and Methods

2.1. Geographical Area, Growing Period and Agronomic Practices of Potato Crop

The study was conducted in a potato field situated in A Limia (Ourense, northwestern Spain)
during six growing seasons from 2014 to 2019. The sowing day fluctuated between ends of April to
early June depending on the year. This difference was caused by previous rain episodes, which affect
soil management and delay tubers sowing. The dates of the main phenological phases, some agronomic
practices and fungicide application during the growing seasons are included in Table 1.

Table 1. Timing of the main phenological phases and agronomic practices in each growing season.

Year Sowing Day Emergence Flowering Senescence Season (Days) Number of Fungicide Sprays *

2014 25 April 20 May 1 July 22 July 138 5 (from 30 June to 26 August)
2015 22 April 12 May 16 June 14 July 135 5 (from 21 June to 19 August)
2016 2 June 23 June 21 July 28 August 126 5 (from 3 July to 5 September)
2017 22 April 16 May 13 June 18 July 135 6 (from 5 June to 13 August)
2018 15 May 1 June 4 July 15 August 138 7 (from 27 June to 29 August)
2019 16 May 4 June 15 July 22 August 123 5 (from 5 July to 1 September)

* Sprays applied according to a pre-established schedule every 15 days to control late blight (Phytophthora infestans).
Some active ingredients considered in the applied treatments: mancozeb 64% + metalaxyl 8% (2.2 kg/ha);
Benthiavalicarb isopropil 1.75% + mancozeb 70% (WP) (1.6 kg/ha); cymoxanil 9% + propamocarb 50% (2 L/ha);
amisulbrom 20% (SC) (0.4 L/ha).

The potato cultivar planted each year was Agria. These potatoes are in high demand in the
food industry because are used for cooking and widely consumed as French fries or chips. Plants of
this potato cultivar are characterized by good and dense foliage with erect growth habit and late
maturity. Agria is resistant to many virus and fungi [34], but for Alternaria, this cultivar is categorized
as susceptible [35].

2.2. Weather Monitoring

Meteorological data were recorded using an iMETOS ® 3.3. by a Pessl Instruments weather station
(Weiz, Austria) (Figure 1) and an ONSET HOBO H08-032-08 recorder (Onset Computer Corporation,
MA, USA). The monitored variables were temperature, relative humidity and leaf wetness recorded
each hour by specific station sensors. The sensors of these weather systems were placed 1.5 m above
the potato plants. The mean temperature of the leaf wetness period was calculated with the average
hourly temperature during the hours in which wetness was recorded in leaves by leaf wetness sensor.
Rainfall information was obtained from the nearest weather station of the National Weather Service [39].

2.3. Aerobiological Sampling

The level of Alternaria conidia in the environment of the crop were sampled using a volumetric
sampler Lanzoni VPSS 2000 (Lanzoni S.r.l., Bologna, Italia), which was placed in the study field at
a height of 1.5 m above ground level (Figure 1). This sampler contains a pump that lets an active
suction method of airflow (10 L/min). The air entrance allows impaction of particles in a Melinex
tape coated with a silicon solution as the adhesive trapping surface placed inside the recorder drum.
The drum rotates due to a clockwork mechanism, ensuring daily sampling for 7 consecutive days.
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Alternaria conidia counted using an Eclipse E200 optical microscope (Nikon YS100, Nikon Instruments
Inc., New York, NY, USA) equipped with a 40X/0.65 lens, following the methodology proposed by
the Spanish Aerobiological Network (R.E.A) [40]. Concretely, A. solani and A. alternata are the most
relevant in the study area, and these species based on their conidia morphology were identified. Finally,
the results were expressed as the number of spores per cubic meter of air.
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2.4. The TOMCAST Weather-Timed Fungicide Spray

The TOMCAST weather-timed fungicide spray [28], derived from original FAST model, is based
on weather variables [26]. The original model establishes daily severity values (DSV) considering
interactive effects of hours of leaf wetness and the average air temperature during these hours (Table 2).

Table 2. Disease severity values of FAST model according to leaf wetness period and average ambient
air temperature during the wetness period [26].

Mean T during Lw Period (◦C) Leaf Wetness Time (h) Required to Produced DSV

13–17 0–6 7–15 16–20 >21
18–20 0–3 4–8 9–15 16–22 >23
21–25 0–2 3–5 6–12 13–20 >21
26–29 0–3 4–8 9–15 16–22 >23

DSV (scale *) 0 1 2 3 4

T: temperature; Lw: leaf wetness; DSV: disease severity value. *: scale of values ranging from 0 (environmental conditions
unfavorable for spore formation) to 4 (highly favorable conditions).

The daily scale of DSVs ranging from 0 (environmental conditions unfavorable for Alternaria spore
formation) to 4 (highly favorable conditions) [26]. DSVs are accumulated daily during the growing
season, when the early blight infection risk value is reached, a fungicide sprays is recommended.
The original TOMCAST model was applied for each growing season during the first stages of the
crop to predict first peaks of potato Alternaria counted. Four thresholds were fixed: 10 DSV, 15 DSV,
20 DSV and 30 DSV. Similar values were set by other authors for different geographical areas to control
early blight in tomato and potato crops [15,25,27,28,30,38]. To adapt TOMCAST model the level of
Alternaria conidia in the potato crop ambient, was consider together with two different thresholds for
temperature (10 ◦C and 13 ◦C) [15,25,30,38].
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2.5. Statistical Analysis

Aerial potato Alternaria concentration and meteorological factors for each growing season were
compared through an analysis of variance using the Bonferroni test (p < 0.05). Spearman linear
correlation analysis was applied to determine direct relationships among each meteorological variable
and Alternaria levels in air. The Spearman correlation coefficients were calculated using the conidia
concentration and weather variables for the same day and the 5 previous days, with a significance
level of p < 0.05. The meteorological variables, as independent variables, were used to estimate the
Alternaria concentration in the crop environment through a linear regression analysis. For statistical
treatments, the SPSS 21.0 software package for Windows (IBM, Somers, NY, USA) was used.

3. Results

3.1. Airborne Concentration of Alternaria Conidia during the Growing Season

Aerial potato Alternaria were present during the entire potato crop season. Differences in the total
number of spores and mean concentration of the pathogen between the six growing seasons were found.
In 2017 and 2018, a greater number of total conidia were counted, with values above 10,000 spores
(Table 3). Also, the daily average concentration was significantly higher than other years, with a mean
value of 116 spores/m3 and 89 spores/m3, respectively (p < 0.05). On the contrary, the 2015 had the
lower number of Alternaria conidia (3651 spores in total), with a mean concentration of 42 spores/m3

(the lowest of the study period). The growing season of 2014, 2016 and 2019 showed a similar trend in
the total number of conidia and mean concentration, with total values around 6000 spores, and a mean
concentration between 59 spores/m3 and 74 spores/m3.

Table 3. Aerobiological data expressed such as total Alternaria and mean Alternaria concentration by
potato growing season.

2014 2015 2016 2017 2018 2019

Alternaria (total spores) 6290 3651 6143 12155 10454 6452
Alternaria daily mean value (spores/m3) 74 ab 42 b 65 ab 116 c 89 ac 59 ab

Days with more than 50 spores/m3 43 25 48 66 72 40

Different letters indicate significant differences between years according to Bonferroni test (p < 0.05).

3.2. Seasonal Variability of Environmental Conditions

There were significant differences among values of the meteorological factors recorded each
growing season (Table 4). The growing season of 2015 and 2016 had a mean value significantly higher
in the maximum temperature (with mean values of 29.8 ◦C and 32.3 ◦C, respectively) than the other
growing seasons (mean maximum value lower than 26.5 ◦C) (p < 0.05). The average temperature was
significantly higher in 2015, 2016 and 2018 cycles, with mean values around 19 ◦C. On the contrary,
the lower values (around 17 ◦C) (p < 0.05) were registered the years 2014, 2017 and 2019. Respect to
minimum temperature, 2018 had mean value significantly higher (11.8 ◦C) than the other growing
seasons. The greatest differences were found in average and maximum temperatures.

Analyzing the two years of higher concentration of Alternaria (2018 and 2017), it was not possible
to verify a similar climatic trend that explains the high spore levels in the crop environment. Both years
presented an intermediate average temperature and a relatively low maximum temperature. Quite the
opposite occurred with years of less concentration of Alternaria, such as 2015 and 2016, which recorded
the highest average and maximum temperatures. However, the average minimum temperature was
decisive in the 2018 cycle, with the highest mean values, being able to relate it to the high Alternaria
concentration recorded throughout this year.
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Table 4. Meteorological data by potato crop cycle.

2014 2015 2016 2017 2018 2019

Avg minimum T (◦C) 9.0 a (36.9) 9.2 a (31.6) 9.3 a (30.4) 9.1 a (46.2) 11.8 b (20.6) 9.0 a (40.6)
Avg maximum T (◦C) 26.3 a (15.0) 29.8 b (14.2) 32.3 c (16.3) 26.0 a (21.6) 25.4 a (21.7) 24.7 a (20.7)

Avg T (◦C) 17.2 ab (14.7) 19.0 b (13.4) 19.2 b (16.0) 17.1 ab (23.6) 18.0 b (17.7) 16.7 a (21.0)
Avg T during Lw period (◦C) 12.1 a (24.1) 11.7 a (24.3) 12.5 ab (19.6) 11.9 a (28.6) 13.6 b (16.2) 11.8 a (30.0)

Avg Lw (h) 7.3 a (53.4) 6.5 a (50.9) 8.0 ab (45.1) 7.4 a (65.8) 9.1 b (54.2) 7.8 ab (55.8)
Avg RH (%) 77.4 ab (12.6) 73.4 abc (11.1) 73.0 c (13.9) 71.6 c (16.2) 77.0 ab (11.3) 74.5 abc (11.7)

Avg rainfall (mm) 0.7 ab 0.1 a 0.4 ab 2.9 b 2.9 b 1.1 ab

Avg: Average value; T: temperature; RH: relative humidity; Lw: leaf wetness. Meteorological data are represented
with average value and coefficient of variation (CV) in percentage (data in parentheses). Different letters indicate
significant differences between years according to Bonferroni test (p < 0.05).

Respect to the variation of temperature by cycle represented by the coefficient of variation,
the average minimum temperature had the greatest variation (>20%) (Table 4). On the contrary,
the mean and maximum temperatures showed a similar trend, with a percentage of variation of
approximately 15% in the first years and around 20% in recent years. The year 2017 stood out for
presenting the highest coefficient of variation for the average, maximum and minimum temperature,
coinciding with the crop cycle of higher Alternaria concentration. However, in 2018, despite having
less oscillation in the minimum temperature compared to the rest of the years, the variability of the
maximum and average temperatures was higher (>20%) than the first years. Therefore, the maximum
temperature oscillations affected positively the development of the pathogen.

The wet period during the growing cycle can also affect Alternaria development. The relative
humidity and hours of leaf wetness showed greater differences between the years. Significantly higher
average relative humidity in 2014 and 2018 were recorded (with mean values greater than 76%);
while, 2016 and 2017 cycles showed significantly lower mean values (<73%). The number of hours
with leaf wetness in 2018 was significantly higher than other cycles (with a mean value of 9.1 h),
while, in 2014, 2015 and 2017, the daily values were significantly lower (less than 7.4 h). Analyzing the
mean temperature recorded during the leaf wetness period, the cycles with more leaf wetness hours
had a higher mean temperature within this period. This was the case of 2018 cycle, which had a
significantly higher mean value (13.6 ◦C). Leaf wetness had the highest coefficient of variation (>40%),
with the greatest values in 2017. However, the mean values of temperature during the leaf wetness
period had low variation, with values around 20%. Mean relative humidity had the lower coefficient
of variation, with values between 11.1% in 2015 and 16.2% in 2017. Finally, the mean values of the
accumulated rainfall were significantly different between the years, being in 2017 and 2018 significantly
higher (mean value of 2.9 mm) when compared to other cycles.

The variables affecting wet period of plants, such as relative humidity, leaf wetness and rainfall,
had a common pattern with the presence of high levels of Alternaria (especially in 2018). The days with
high Alternaria levels had higher accumulated rainfall, higher relative humidity, greater number of
hours of leaf wetness, as well as a higher mean temperature during the period of leaf wetness. On the
other hand, the year of lesser Alternaria concentration (year 2015) presented an opposite weather
pattern. It is important to highlight the high coefficients of variation found in the meteorological
factors in 2017. Intermittent and continuous changes in temperature and wet period throughout the
crop cycle could favor the high incidence of Alternaria resulting in the high concentration of conidia in
the environment.

3.3. Optimal Requirement of Temperature and Wet Period for the Quantitative Abundance of Airborne
Alternaria Conidia

To carry out a deeper analysis of the influence of the meteorological variables on Alternaria,
classes with conidia levels in the crop environment were established. The classes were based on the
daily concentration: zero (0 spores/m3), low (0–50 spores/m3), intermediate (51–90 spores/m3) and high
(>90 spores/m3). Table 5 includes the mean values of meteorological variables recorded according to the
period of each Alternaria level categorized. Comparing the mean temperature calculated by Alternaria
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class, it was possible to distinguish an ascended temperature related to Alternaria concentrations above
50 spores/m3. Thus, the presence of Alternaria spores considering low, intermediate and high levels
had a significantly higher mean temperature (17.3 ◦C, 18.9 ◦C and 18.3 ◦C, respectively) than the class
without conidia (16.3 ◦C). The same occurred for the maximum and minimum temperature, with mean
values above 27 ◦C and 10 ◦C, in the intermediate and high levels, respectively. Therefore, the thermal
requirement necessary to find Alternaria in the atmosphere of the potato crop in A Limia comprising
these values of minimum and maximum temperature.

Table 5. Descriptive analysis of meteorological factors according to Alternaria conidia classes (zero
level: 0; low level: 1–50; intermediate level: 51–90; high level: >91 spores/m3).

Zero Level Low Level Intermediate Level High Level

Avg minimum T (◦C) 9.0 a 8.9 a 10.4 b 10.5 b
Avg maximum T (◦C) 24.8 a 27.0 ab 28.7 c 27.4 bc

Avg T (◦C) 16.3 a 17.3 a 18.9 b 18.3 b
Avg T in Lw period (◦C) 11.7 b 11.7 b 13.0 a 13.0 a

Avg Lw (h) 7.2 a 7.6 a 7.3 a 8.3 a
Avg RH (%) 75.1 ab 74.3 ab 73.0 a 75.6 b

RH > 80% (h) 12.8 12.7 12.3 12.8
Avg rainfall (mm) 1.8 ab 0.9 a 2.6 b 1.5 ab

Avg: Average value; T: temperature; RH: relative humidity; Lw: leaf wetness. Different letters indicate significant
differences between spore levels according to Bonferroni test (p < 0.05).

The higher concentrations of Alternaria (high level) corresponded with the higher mean relative
humidity (mean value of 75.6%), being significantly different with the intermediate class. The hours of
humidity above 80% were similar in the four categories, with an average value around 12 h. It was
impossible to establish a direct relationship among the pathogen levels and the rainfall. However,
the hours of leaf wetness were significantly higher within high-level (8.3 ◦C) respect to the other levels.
The mean temperature registered during this wet period was significantly higher in intermediate
and high levels (13 ◦C). These results explain that wet periods in the leaves of the plants favor the
formation of Alternaria conidia. At the same time, if the required air temperature conditions (in terms
of maximum and minimum values) occur, important daily peaks such as those recorded above
90 spores/m3 were possible.

3.4. Linear Associations among Weather Variables and Airborne Alternaria Conidia

Spearman’s linear correlation analysis allowed establishing direct relationships with the levels
of the pathogen. The environmental factors and the presence of aerial Alternaria conidia counted
during same day and with up to 5 previous days were considered (Table 6). The mean, minimum and
maximum temperatures of the day and 5 days prior (p < 0.01) were positively correlated with Alternaria.
To minimum temperature, the best correlation coefficient was reached at 5 previous days (0.386).
To maximum and mean temperature, best coefficient was at same day (0.141 and 0.230, respectively).
The mean relative humidity of the previous days was strongly positive correlation, with the highest
correlation coefficient being up to 5 days (0.236) (p < 0.01). However, considering the mean relative
humidity on the same day, the correlation coefficient was not significant. The days with hours of
relative humidity higher than 80% (previous day and until 5 days) showed significant correlation
coefficients and positive with Alternaria concentration (from 0.113 to 0.196). Spearman analysis showed
significant correlation with mean temperature during leaf wetness, from previous day to 5 days
before (p < 0.05) and better correlation coefficients at fourth and fifth previous days (0.357 and 0.372,
respectively). Rain had not correlation with Alternaria concentration.
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Table 6. Spearman correlation coefficients between Alternaria concentration and meteorological
variables since 5 days before.

Alternaria Concentration

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

Minimum T 0.258 ** 0.258 ** 0.320 ** 0.356 ** 0.374 ** 0.386 **
Maximum T 0.141 ** 0.123 ** 0.094 * 0.089 * 0.089 * 0.084 *

Mean T 0.230 ** 0.199 ** 0.190 ** 0.197 ** 0.203 ** 0.196 **
Mean T during Lw period 0.260 ** 0.293 ** 0.286 ** 0.332 ** 0.357 ** 0.372 **

Lw 0.090 * 0.132 ** 0.131 ** 0.120 ** 0.121 ** 0.130 **
Mean RH 0.070 0.119 ** 0.164 ** 0.187 ** 0.211 ** 0.236 **
RH > 80% 0.067 0.113 ** 0.162 ** 0.161 ** 0.145 ** 0.196 **

Rainfall −0.010 0.030 0.010 −0.010 0.001 0.020

* (p < 0.05); ** (p < 0.01). T: temperature; RH: relative humidity; Lw: leaf wetness.

The statistical treatment showed the need to consider the environmental conditions registered days
before, since they will condition the proliferation of spores of fungi and the consequent manifestation
of leaf disease in the field. A linear regression analysis was applied to relate multiple variables with
the Alternaria level in the environment of the potato crop. A predictive model is based on a number
of factors that are likely to influence or predict future behavior. In this case, the best estimator of
Alternaria concentration was the pathogen level during the previous day, the mean temperature during
the wet period of the previous 3 days and relative humidity registered 5 days before. The regression
equation showed an F value of 140 (p < 0.001), accounting for 41% of variation of data (Table 7).

Table 7. Summary of linear regression analysis to predict Alternaria concentration.

Statistics of Model

R R2 R2 Adjusted Standard Error F p

0.64 0.41 0.41 64.95 140.00 <0.001

Coefficients of Predictor Variables

B Std Error B Beta t p

Constant −66.43 25.70
Alternaria −1 0.59 0.03 0.60 18.24 <0.001

Mean T during Lw period −3 2.86 1.05 0.09 2.74 0.006
Mean RH −3 0.84 0.35 0.08 2.41 0.016

Equation: Alternaria = 0.59 Alternaria −1 + 2.86 Mean T during Lw period −3 + 0.84 Mean RH −3 − 66.43

T: temperature; RH: relative humidity; Lw: leaf wetness; R: coefficient of determination; B: unstandardized coefficients;
t: statistic t of regression analysis.

3.5. Combining TOMCAST System with Aerobiological Data for the Prediction of the First Alternaria Peak

The prediction of the potato Alternaria identified at first peak are very important to reduce the
presence of inoculum at entire growing season. The first significant potato Alternaria spores that cause
peaks in all growing season were identified in May or June (Figure 2). Even in the 2016, 2017 and 2018
growing seasons, the first important peaks were registered in the air within the germination of the first
plants. Therefore, plants were exposed to infection since early phenology stages such as germination
and development of leaves.
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Figure 2. Distribution of daily Alternaria concentration, daily air mean temperature, hours of daily
leaf wetness during first weeks of growing seasons. The black bar shows results of the adaptation of
TOMCAST model by growing season.

The mean temperature of 13 ◦C is included in the theoretical model described in the literature.
Considering this value, no disease severity value was reached before the first peaks (Table 8). However,
with values above 10 ◦C during the period of leaf wetness, an increase in the levels of Alternaria in the
air was detected. A similar modification of this thermal requirement was also considered by other
authors to adapt TOMCAST model to local conditions. For this reason, the threshold for the daily
mean temperature used during leaf wet hours was down to 10 ◦C. This improved the prediction for
the first peak adjusting the number of days before. Specifically, the best result was obtained at 10 DSV,
with an acceptable previous prediction in some cycles (3 days in advance in 2017, 8 days in 2018,
9 days in 2016). For 2014 and 2019, it was not possible to predict the first peak early, but the model
showed a close date (1 day after). For 2015, the prediction was 42 days before. When 15 DSV level was
considered, the prediction was also acceptable for the years 2015, 2016, and 2018, but worse for 2014,
2017 and 2019.
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Table 8. Proposed adjustment of the TOMCAST model for the growing conditions of A Limia.

Mean T during Lw Period (◦C) DSV 2014 2015 2016 2017 2018 2019

13 30 DSV - - 69 - 30 64
20 DSV 42 - 29 52 21 38
15 DSV 29 59 14 43 18 24
10 DSV 24 16 1 29 13 16

10 30 DSV 34 18 13 28 14 30
20 DSV 22 3 −2 13 2 14
15 DSV 9 −8 −7 10 −1 6
10 DSV 1 −42 −9 −3 −8 1

T: temperature; Lw: leaf wetness; DSV: disease severity value.

4. Discussion

In the last decades, the infection patterns of some agricultural pests, their severity, and the area
of expansion have been modified due to the changing trend in climatic factors [19–21]. In Spain,
increases on temperatures, shorter winters and longer, drier and hotter summers are some of the
reliable effects. Thus, a longer duration and intensity of early blight attacks in potato crops for future
years is expected [5,18].

The influence of the main meteorological factors on the concentration of Alternaria was manifested
during the study period in A Limia. However, it is difficult to establish a specific behavior of the
pathogen related to the variation of weather during the growing seasons. Agricultural practices,
nearby plots with contaminated plants, chemical treatments, type of irrigation and potato variety
resistance are factors influencing Alternaria pressure. Some of these factors also depend on variations
in climate regimes [19,25]. Consequently, the estimation of the influence of weather variables on
the development of the disease in field is a difficult task. Some reports suggested that 10 ◦C and
35 ◦C are the minimum and maximum temperatures at which early blight epidemics can occur [25].
This range of temperature was found several days before important peaks of conidia concentration in
the potato field of A Limia. Concretely, Alternaria levels higher than 50 spores/m3 in the studied area
coincided with a minimum temperature of 10 ◦C, and a maximum temperature above 27 ◦C. Therefore,
this range of temperature can be considered as the favorable threshold for infection risk in the area.
The higher number of days with these conditions were recorded in 2017 and 2018 years (with 66 and
72 days, respectively), manifesting a greater pressure of the inoculum in the environment. It was also
found that alternate changes in the relative humidity or temperature throughout the growing season,
positively affected the conidia levels. This fact was verified concretely for 2017 (with the highest
number of conidia), presenting the highest coefficient of variation of air temperature (more than 20%),
leaf wetness (65.8%), and mean temperature during the leaf wetness (28.6%).

Wet periods favor germination and infection of Alternaria [18,25,41,42]. The relative humidity
of air is the most studied variables influencing positively in the sporulation and infection of potato
early blight [5,18,25]. However, some researchers concluded that leaf wetness duration together with
potato variety are critical factors to forecast the risk of infection of early blight in Solanaceae [14].
It was specified temperatures above 22 ◦C and more than 8h of leaf wetness, as favorable weather
conditions for A. solani infections [6]. The presence of a high number of hour of relative humidity
(values higher than 80%) during growing season, was correlated with Alternaria levels. This is a
dependence previously manifested, even setting optimal values at 85% [25] or 80% [18] for potato
early blight. However, considering the mean value of the relative humidity for the periods within
the four classes of conidia established (zero, low, intermediate and high), no clear pattern was found.
This is due an interrupted wetting period may often be more conducive to producing spores than a
continuous wet period [3,6,18,25,41]. Again, growing seasons of 2017 and 2018 had the most important
variation in relative humidity values. In addition, days with high levels of Alternaria (>90 spores/m3)
had a greater number of hours of leaf wetness.
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Effective management of disease during crop is essential to obtain high quality tubers.
Tools to forecast the risk of the disease allow to implement treatments and to control it effectively.
Many numerical models and monitoring networks have been developed to forecast the spread of some
diseases locally and over long distances [24,43,44]. Frequently, these models use weather variables and
plant phenology but do not consider the presence of pathogen in field, being this the third support for
the disease. For this reason, the development of statistical models with aerobiological data to prevent
phytopathological damages in crops has increased in recent years [44–48]. Most of the predictive
models concluded daily Alternaria conidia in air can be predicted using the spore concentrations of
days before, and meteorological variables like maximum and minimum temperature and minimum
relative humidity [23,46,49]. This study showed the influence of wet period or the hours of leaf wetness,
as well as the existence of interrupted wet periods as favorable conditions for the presence of Alternaria.

Decision support systems are also used as a part of crop disease management in response to the
climatic conditions of the specific area [2,18,30,33,37,50]. The TOMCAST model was developed in 1976
for early blight prediction on tomato in Pennsylvania [18], being applied later to predict early blight
on potatoes in other parts of the United States [15]. A good forecasting model need to be effective in
multiple environments, making necessary the local validation [37]. For this reason, TOMCAST has
been successfully implemented to manage early blight on different crops [28,31–33,36,37,51]. Recently,
the model was validated in Denmark on potato fields lowering the thermal requirements (using a
mean temperature of 10 ◦C) to reduce the possibilities of false negative prediction [25,30]. In this work
the same limit for mean temperature was used, being first time the TOMCAST system is adapted to
local environmental conditions in Spain to predict early blight on potatoes.

The disease severity values (DSV) reached by TOMCAST system to recommend the first fungicide
treatment are variable. To control early blight in tomato in Canada, a threshold of 35 DSV was
recommended [28], to control Alternaria in pistachio growing in California, the value was 10 DSV [36].
The same value was proposed to control Septoria late blight on celery [32] whereas 20 DSV was settled
for asparagus crop [37]. There are few works about the validation of TOMCAST for early blight on
potato [15,25,27,30,38]. In Denmark thresholds of 15 DSV, 20 DSV and 25 DSV were used for timing
fungicide application to control disease attack, but 15 DSV and 25 DSV was the most efficient [25,30,37].
A similar DSV value (of 15) was proposed combining irrigation and rainfall data to control early
blight in potato crops of Maine [15] and Southern Alberta (Canada) (17 DSV) [27]. To determine
the DSV threshold favorable for Alternaria in A Limia, the TOMCAST model was supported with
aerobiological data. The first Alternaria peaks were detected when the mean temperature was above
10 ◦C during hours with leaf wetness. The value of 10 DSV was the warning threshold proposed for
the first fungicide application, whereas the limit of 15 DSV (proposed for other areas), was useful only
in some of the growing season (giving the advice risk some days late).

This study is the first report that combines aerobiological data with the TOMCAST system
(based on weather data) to predict days before the first important Alternaria peak in the environment
of the potato crop. Despite having a limited number of years to validate TOMCAST model, the first
results showed an acceptable prediction to detect early blight attacks. The use of disease models like
TOMCAST, to apply fungicides instead of calendar-based sprays, favors a reduction of up to 70% in
pesticides [30,33,50]. In addition to use an ecofriendly management of the disease, growers spend
less money in fungicides and conscious consumers had a better opinion about safety of tubers as
food. Therefore, the disease risk obtained from the combination of decision support system and
aerobiological data is a useful tool for the forecasting of potato early blight, and integrated management
of crops.

5. Conclusions

The present study contributes to the knowledge of the main weather factors that affect the
formation of Alternaria conidia in the air of a potato crop. The linear regression equation and the
Spearman correlation coefficients obtained underline the critical importance of leaf wetness and
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temperature to the development of early blight of potato. Favorable temperature thresholds in
function of Alternaria concentration on crop have been established. The highest levels of Alternaria
(>50 spores/m3) occurred with air minimum temperatures above 10 ◦C, maximum temperatures above
27 ◦C, and mean temperatures above 18 ◦C. Previous knowledge of the presence of Alternaria conidia
in the environment allowed prediction systems such as TOMCAST to be adapted in A Limia with
acceptable results. The first significant peak of Alternaria was predicted days in advance in most of
the cycles sampled, considering mean temperatures during the leaf wetness of at least 10 ◦C and a
disease severity value of 10–15 DSV. Careful monitoring of Alternaria levels and weather conditions
help to prevent disease severity and to reduce chemical applications on the crop. Therefore, to promote
the use of forecast methods by farmers for an effective control of potato early blight is a considerable
challenge for future.
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