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Abstract: In recent years, early blight epidemics have been frequently causing important yield loses
in potato crop. This fungal disease develops quickly when weather conditions are favorable, forcing
the use of fungicides by farmers. A Limia is one of the largest areas for potato production in Spain.
Usually, early blight epidemics are controlled using pre-established schedule calendars. This strategy
is expensive and can affect the environment of agricultural areas. Decision support systems are
not currently in place to be used by farmers for managing early blight. Thus, the objective of this
research was to evaluate different early blight forecasting models based on plant or/and pathogen
requirements and weather conditions to check their suitability for predicting the first symptoms
of early blight, which is necessary to determine the timings of the first fungicide application. For
this, weather, phenology and symptomatology of disease were monitored throughout five crop
seasons. The first early blight symptoms appeared starting the flowering stage, between 37 and
40 days after emergence of plants. The forecasting models that were based on plants offered the
best results. Specifically, the Wang-Engel model, with 1.4 risk units and Growing Degree-Days
(361 cumulative units) offeredthe best prediction. The pathogen-based models showed a conservative
forecast, whereas the models that integrated both plant and pathogen features forecasted the first
early blight attack markedly later.

Keywords: Alternaria spp.; disease forecasting; physiological age; Growing Degree Days; Solanum
tuberosum

1. Introduction

Early blight caused by Alternaria solani (Ellis & Martin) Jones & Grout and Alternaria
alternata is recognized as a serious problem for the quality and production of potatoes
(Solanum tuberosum L.). Alternaria species are foliar pathogens that cause a relatively slow
destruction of host tissues through a reduction of photosynthetic potential. However,
in potato crops, when the disease is not controlled, yield losses higher than 50% have
been denoted [1-3]. Furthermore, special attention is currently being paid to Alternaria
species, as warmer temperature due to climate change, may favor an increase in their global
hotspots [4-6].

Alternaria species overwinters as mycelium, conidia or chlamydospores on decaying
plant debris for considerable amounts of time [7]. Once the spores are produced, they are
spread by wind and deposited in other plants and when environmental conditions are
favorable, the infection can occur. According to various researchers, high temperatures and
interrupted wet periods, mainly fostered by storm days, are the most influential weather
conditions for Alternaria conidia [3,5,6,8-12]. Furthermore, plants with weakened tissues
and plants reaching senescence are more susceptible to Alternaria infections than healthy
and green tissues [3,12]. The initial symptoms of early blight consist of small brown to black
spots, which develop in a somewhat irregular shape usually with concentric rings [3,13].
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A. solani is the main responsible for the early blight disease, whereas A. alternata merely
acts as a secondary invader [7,14]. Under field conditions, the symptoms of both species
are often indistinguishable, due to the fact that they can be isolated simultaneously from
the same lesion [15]. Furthermore, the symptoms closely resemble symptoms caused by
deficiencies and ozone damages, further complicating the identification [14].

The use of fungicides is the common method to control early blight in potato plants.
Farmers often apply fungicide based on a pre-established calendar schedule and regardless
of environmental conditions [4,12,16,17]. Nevertheless, in most cases, several unnecessary
fungicide applications are done, since there is neither monitoring of the disease progression
nor the ability to forecast the weather-based risk for early blight attacks. Over-application
favors supplementary selection pressure for more pesticide-tolerant genotypes, creating
additionally detrimental impacts on the environment and human health [6]. Therefore, the
effectiveness of the applications is highly dependent on the timing, the stage of disease
progression and weather conditions.

The European Green Deal was approved in 2020 by the European Commission with
the essential objective of reducing the use of pesticides to 50% by 2030. Therefore, reducing
pesticides is a major focus of global agricultural sustainability efforts. The use of multiple
pest control methods designed to reduce or replace the application of synthetic pesticides
defines integrated pest management. These practices involve regular monitoring, consid-
ering appropriate decision thresholds, a combination of approaches for specific pesticide
management, and the inclusion of broader agroecosystem considerations. One of the most
important strategies in this integrated management is the use of forecasting models, with
precise thresholds adapted to the pathogen and environmental conditions of the crop.
Forecasting models can contribute significantly to rationalizing fungicide use because the
application is adjusted to the risk of disease development [18]. These strategies are already
being applied among farmers aiming to minimize the use of pesticides to control early and
late blight in potatoes from some areas [4,12,18-22].

Landschoot et al. [23] proposed to subdivide Alternaria forecasting models for potato
crops into three categories: plant-based, pathogen-based and plant-pathogen-based. Plant-
based models predict the susceptibility of the host crop and presume that Alternaria in-
oculum is abundantly present. These models also consider that potato plants are more
susceptible in the senescence or tuberization stages than younger potato plants (in their
vegetative stage). Therefore, plant-based models such as Growing Degree Days (GDDs) [19]
and Physiological Days (P-Days) [24,25] estimate the crop’s developmental stages. Pscheidt
and Stevenson [25] suggested that P-days developed by Sands et al. [24] to predict potato
yield, could also be used to predict potato development and thus time the onset of early
blight. Similarly, Franc et al. [19] adopted the GDD model. Both GDD and P-days simulate
the growth of potato plants based on thermal time. The Wang Engel (WE) model [26], has
been suggested as better at simulating the growth and development of potatoes [27]. The
WE model simulates crop development by considering the nonlinear effects of environmen-
tal factors (such as temperature and photoperiod) on development of pathogen and uses a
multiplicative approach [27].

Pathogen-based models consider one or more stages in the pathogen’s life cycle and
assume that the crop is always susceptible. These models aim to predict the behavior of
the pathogen by studying the weather relationships that favor fungal growth, infection
and dispersal. Models such as TOMCAST (Tomato Forecaster), FAST (Forecast System for
A. solani in Tomatoes) [28] and IWP (Interrupted Wetting Period) [8] are pathogen-based
models, which use weather factors for forecasting early blight.

Management programs based on favorable meteorological conditions for the sporula-
tion, dispersion and infectiousness of the pathogen should be a challenge in the coming
years. In order to develop sustainable and effective tools to minimize the use of pesticides
in potato crops, weather data, in addition to, phenological and early blight disease obser-
vations from the environments of different potato growing seasons have been recorded.
This research aims to verify the effectiveness of various epidemiological models for potato
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early blight in an important potato-producing region of Northwest Spain. The infection
risk values were calculated and compared with the occurrence of symptomatology in the
field. At the same time, the effectiveness of each forecasting model for the study area
was evaluated.

2. Materials and Methods
2.1. Period and Study Area

The study was carried out in a potato field planted with Agria cultivar throughout five
growing seasons (from 2017 to 2021). The field was situated in A Limia (Galicia, Northwest
Spain). This area is a plateau with an average altitude of 640 m above sea level and is
mainly used for agricultural activities, with potato and cereal crop yielding being the most
important. The climate is oceanic, with a continental influence that increases the daily
and annual thermal amplitudes. Potato crops are usually grown from April or May to
September or October, depending on the weather conditions for each year. In this study,
the sowing date was between 22 April 2017 to the end of May 2020 (Table 1). The plants
were totally dead and ready to harvest from mid-August 2017 to mid-September 2018.

Table 1. Date of planting and emergence of the potato growing seasons.

2017 2018 2019 2020 2021
Planting 22 April 15 May 16 May 26 May 19 May

End of senescence 11 August 17 September 1 September 31 August 25 August

2.2. Weather Monitoring

The weather variables were recorded by the weather station i-METOS (Pessl Instru-
ments, Weiz, Austria) placed at 1.5 m height in the study field. This weather station
recorded the following parameters: temperature (T), relative humidity (RH), rainfall, and
leaf wetness (LW) at hourly intervals and the daily mean, as well as the minimum and
maximum values for each parameter were calculated.

2.3. Phenological Monitoring and First Early Blight Symptoms Detection

The phenological stages of the potato crops were monitored from their planting until
their senescence, at weekly intervals. Three main phenological stages were differentiated,
the vegetative stage started when at least 50% of the plants had emerged to the beginning
of flowering, the reproductive stage started from when at least 50% of the flowers had
opened, until the beginning senescence and the senescence stage started from when at least
50% of the plants had become yellow, until plant death.

The potato plants in the plots were visually inspected for typical early blight symp-
toms on weekly transects. When the first early blight lesions were detected, the date
was recorded.

2.4. Description of the Forecasting Models Used

Early blight forecast models based on plant development, pathogen favorable con-
ditions and plant-pathogen-based models were applied, following the original proposals
(Table 2).
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Table 2. Forecasting models for potato early blight and risk units established by authors in different
geographical areas. P-days: Physiological Days; GDD: Growing Degree Days; WE: Wang Engel; IWP:
Interrupted Wetting Period.

Model Risk Units Geographical Area Ref.
Plant-based
Wisconsin (USA) [25]
South Alberta (Canada) [21]
300 Colorado (USA) [29]
P-Days Maine (USA) [30]
Iran [18]
330 Denmark [4]
585-830 Flanders (Belgium) [23]
361417 San Luis Valley (USA) [19]
GDDs 625 Iran [18]
1000 Wisconsin (USA) [25]
WE 1 Brazil [27]
Pathogen-based
Spain [31]
WP 6 South Africa [8]
10 Spain [11,12]
15 Maine (USA) [30]
15-20-25 Denmark [4,17]
TOMCAST 17 South Alberta (Canada) [21]
20 Ontario (Canada) [20]
20-25 New Jersey (USA) [32]
Plant-pathogen-based
TOMCAST + Maturity 25 + 330 Denmark [4]

The risk units of each model were accumulated from the emergence of the potato
plants to the end of each growing season. For the calculation of P-Days and GDDs, the
accumulated temperatures until they reached the reference units were considered (Table 2).
The WE model was measured as daily growth rate (r). The risk units according to the IWP
model, corresponded to days according to the requirements of the original model. For
the TOMCAST model, the risk units were established according to disease severity values
(DSV), as proposed by different authors. The TOMCAST + Maturity model considered
the DSV (TOMCAST) and the accumulated P-Days. The models tested are detailed in the
following sections.

2.4.1. Plant-Based Models

The forecasting models based on plant development were P-Days, GDDs and WE. The
original proposal was considered, with some further modifications (Table 2).

The P-Days model estimated the age of the potato plants using minimum, maximum
and optimum temperatures of 7, 30 and 21 °C, respectively [23]. The P-Days value was
calculated each day according to potato development [24]. The GDD model was calculated
according to Franc et al.’s [19] proposals, with a base temperature of 7 °C as seen in the
following equations:

T . .
GDDs = M — baseT If w — baseT > 0 1

T
GDDs — 0 If w — baseT < 0 @)
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The WE model, described by Streck et al. [27], was used to predict when potato
plants were more susceptible to early blight infection. The model considered the three
developmental stages of the potato life cycle: the vegetative phase, from emergence (EM)
until tuber initiation (TI), the tuberization phase, from TI until the beginning of senescence
(BS) and the senescence phase, from BS until harvest (HA). The model calculated the daily
developmental rate (r). The developmental stage (DS) was then calculated by accumulating
r. DS of 0, 1, 1.8 and 2 marks for EM, TI, BS and HA, respectively [27]. Environmental
factors affect r vary during the developmental stage. During the vegetative and senescence
stages, r depends only on temperature; whereas r is dependent on both temperature and
photoperiod in the tuberization stage [27]. The photoperiod or day length was estimated
according to Forsythe et al.’s [33] proposals. In addition, DS = 1.4 at 50% of tuberization
phase was used to predict the occurrence of the first symptoms of early blight. Different
thresholds reported in the literature for timing the onset of early blight based on P-Days
and GDD models were evaluated. They are shown as follows: 300 P-Days, 330 P-Days,
361 GDDs, 375 GDDs, 417 GDDs, 625 GDDs and 1000 GDDs. For the WE model, there was
no reported threshold for predicting the onset of early blight. For this study, two thresholds
of DS were selected (1 and 1.4) for predicting the onset of early blight. These thresholds
were selected because they were periods in the tuberization phase, in which early blight
has been reported to start [4].

2.4.2. Pathogen-Based Models

The IWP model considers RH as the fundamental factor for the infection and spread
of Alternaria. An INP-95% day occurred when RH was higher than 95% for six consecutive
hours at night, and there were six h or less where RH was lower than 80% [8]. When six
IWP days are reached there is risk of early blight infection (6 IWP) (Table 2). The IWP
model also was tested with an RH threshold of 88% (6 IWP 88%).

The TOMCAST model estimates the favorability of the weather to early blight attacks
by assigning disease severity values (DSV). The DSV values range from 0 (no risk) to 4
(high risk) [20]. DSVs are estimated based on the total leaf wetness levels per day as well as
the average temperature during the leaf wetness hours. The original TOMCAST model [20]
had a minimum temperature of 13 °C, which was modified recently to 10 °C [4,11] (Table 2).
DSVs were accumulated until a predefined threshold for predicting early blight attacks. For
this study, three TOMCAST thresholds were evaluated: 10, 20 and 25, named TOMCAST
(10), TOMCAST (20) and TOMCAST (25), respectively.

2.4.3. Plant-Pathogen-Based Model

The TOMCAST model was applied in combination with the P-Days model, considering
together the pathogen development conditions (TOMCAST) and the physiological age of
the plant (P-days) [4]. The model combining both was called TOMCAST (25) + Maturity,
and this model recommended fungicide applications after at least 330 accumulated P-Days
and at least 25 accumulated DSVs since emergence, in accordance with the TOMCAST
model [4].

2.5. Statistical Analysis

The Root Mean Square Error (RMSE) was calculated using Equation (3) to assess the
accuracy of the tested models for predicting the onset of early blight. The x and X variables
were the observed and predicted onset of early blight for the growing seasons and N was
the number of observations (five for this study).

RMSE = \/ % Yo (xi — xi)? 3)

The 95% confidence intervals (CI) were calculated according to Equation (4) for the
predicted onset (X) of the early blight for each model in the studied area. The SD and N
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variables were the standard deviation and number of observations, respectively. The Z was
the value of confidence level at 95% (1.96).

_ SD
Cl=x =+ z N 4)
The risk period of early blight according to the CI calculated for the five years of study
for each model was estimated. The lower value was a critical value at which the plants
could be infected by Alternaria.
Finally, the days of prediction obtained in each model and based on the first symptom
of early blight were statistically compared through an analysis of variance (ANOVA)
according to the Bonferroni test (p < 0.05).

3. Results
3.1. Phenological Development, First Symptoms of Early Blight and Weather Parameters during
Potato Growing Seasons

The potatoes planted in 2020 had the earliest emergence levels, while those planted in
2017 were delayed almost 22 days (Tables 1 and 3). Planting dates varied from 22 April
(2017) to 26 May (2020) during the five years studied. The year 2020 was the latest planting
year and emergence occurred at around 15 days. Similar times of emerge occurred in 2018,
in which potatoes planted on 15 May emerged on 1 June (15 days). The year of 2017 was
the earliest planting year and emergence occurred 22 days after planting. The first crop
season to reach the reproductive stage quickest after emergence was the season of 2017
(13 June) and these plants only needed 29 days after emergence to flower (Figure 1). On
the other hand, the potatoes planted in 2019 showed delays in flowering until 40 days
after emerging (DAE) (13 July). The senescence stage arrived early in the year 2021, in just
59 DAE. However, 2018 was the longest crop season and senescence was reached at 76 days
after emergence (Table 3).

Table 3. Date of phenology stages and first early blight symptoms during the five crop seasons.

Date (DAE %)

2017 2018 2019 2020 2021
Emerging stage 16 May (1) 1 June (1) 4 June (1) 10 June (1) 10 June (1)
Reproductive stage 13 June (29) 4 July (34) 13 July (40) 13 July (34) 14 July (35)
Senescence stage 19 July (65) 15 August (76) 17 August (75) 14 August (66) 7 August (59)
First symptoms 21 June (38) 8 July (38) 13 July (40) 16 July (37) 17 July (38)

* DAE: Days after emerging.

The first symptoms of early blight appeared between 37 and 40 DAE depending on the
growing seasons (Table 3). These DAEs in which first symptoms were observed coincided
with the beginning of the flowering phase (reproductive stage).

Regarding the weather conditions of the growing seasons, 2020 had the higher daily
temperature (mean value of 18.9 °C) and lower daily RH (mean value of 71.4%), together
with 2020 (mean value of 71.1%). On the other hand, 2019 and 2021 crop seasons registered
the lowest mean daily temperature of 17.1 °C and 17.7 °C, respectively and 2021 was the
crop season with the lowest RH (78.1%). The highest amounts of rainfall were registered in
2017 and 2018 (305.8 mm and 296.8 mm) with a total of 23 and 37 rainy days, respectively.
The crop season of 2020 was when the least rainy days occurred (8 days) and the total
rainfall was 15.2 mm.
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Figure 1. Evolution of weather parameters and phenology for the five crop seasons. Date of first

symptoms is marked with arrows. DAE: days after emergence.

3.2. Warning Risk of Early Blight Models According to First Symptoms

Some of the models based on plant-age showed similar plant growth behavior through-
out all the different years of the study, except 2017 year, in some instances (Figure 2). When
comparing with the appearance of first symptoms using the WE model (1.4), 361 GDDs
and 375 GDDs showed a good adjustment, between seven days before and two days after
first symptoms. The 417 GDDs model together with the P-Days model at 300 and 330 units
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saw a delayed the onset of first symptoms from 2 to 11 days, respectively. However, the
WE model (1), 625 GDDs and 1000 GDDs varied greatly. The WE model (1.4) predicted the
first symptoms with in an interval of two days before and one day after in all the studied
years. Concerning the options checked for the GDDs model, the best result was at a value
of 361, predicting the disease in an interval of four days before and one day after the first
visible symptoms, in 2017 and 2019, respectively. These deviations were highlighted in
the year 2020 for the TOMCAST model. Models based on the development conditions
of pathogen were most conservative, finding risk levels deviations of up to 37 days, in
comparison with first symptoms observed in the field. The value of 10 and 20 DSVs for
the TOMCAST model showed more accurate predictions. The TOMCAST (25) + Maturity
model gave a late prediction of the onset of the first symptoms (Figure 2).

Days before 1% symptoms Days after

60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60

Plant-based models

Pathogen-based models

TOMCAST (10) [bd] e T
TOMCAST (20) [cdg] e
TOMCAST (25) [ce] / 4
Plant-Pathogen-based models

TOMCAST (25) + Maturity [cf] Sg

WE model (1.4) [cdg] 2 !

361 GDDs [defg] i

375 GDDs [cdg] 0,

417 GDDs [cdg]

300 P-days [defg]

330 P-days [cdg] =g

L 16—
18,

WE model (1) [bg]

625 GDDs [c]

1000 GDDs [4] =

6 IWP [b] 77 P —

6 IWP (88%) [b] %

20 33

-35

34

2017 wm2018 2019 w2020 m=2021

Figure 2. Differences (in days) between risk predicted and observed first early blight symptoms of
the tested models in each growing season. Results of Bonferroni test are showed in grey brackets and
different letters indicate significant differences between the models (p < 0.05).

The differences in the number of days predicted for each model tested were evaluated
according to the Bonferroni multiple comparison test. The 1000 GDDs model presented



Agronomy 2022, 12,1611

90f13

significant differences with all the models (p < 0.05) (Figure 2). The WE model (1), 6 IWP,
6 IWP (88%) and TOMCAST (10) models showed significant differences with TOMCAST
(25) and TOMCAST (25) + Maturity (p < 0.05). On the other hand, the following models
presented significantly similar mean values: the WE model (1.4), GDDs (375, 417 and 625),
330 P-days, TOMCAST (20), TOMCAST (25) and TOMCAST (25) + Maturity (p > 0.05).

3.3. Accuracy of Forecasting Models for Determining the Onset of First Symptoms of Early Blight

Some important differences in the accuracy of the date of the onset of first symptoms
were observed (Figure 3). Generally, the plant-based models had the lowest RMSE. The only
exception was the GDD (1000) model, which was the least accurate model for predicting
the onset of early blight. The WE model (1.4) was the most accurate, as evidenced by its
lower RMSE compared to the other models. For the pathogen-based models, TOMCAST
(25) was the most accurate model. However, combing TOMCAST (25) with a plant-based
model (P-Days) resulted in a more accurate prediction of the onset of early blight than the
sole use of the TOMCAST and other pathogen-based models.

RMSE
1000 GDDs |
6 IWP (88%)
6 IWP

625 GDDs

TOMCAST (10)
TOMCAST (20)
TOMCAST (25)

TOMCAST (25) + Maturity

WE model (1)
330 P-days
300 P-days
417 GDDs
361 GDDs
375 GDDs

WE model (1.4)

0 10 20 30 40 50 60
Days

= Plant-based Pathogen-based Plant-Pathogen-based

Figure 3. RMSE (root mean square error) of each forecasting model in predicting the first day of early
blight symptoms.

3.4. Improving Accuracy of Early Blight Models in A Limia

The early blight models were adjusted to improve their accuracy by considering the
dates of appearance of the first symptoms and the weather conditions of the study area.
According to the sequence of growing seasons, the results showed critical cumulative units
for P-Days higher than 258 and for GDDs higher than 364 (Table 4). The WE model limit
was higher in 2019, but it was established a mean value of 1.4 for the area. In the case of the
IWP model, seasonal values varied from 17 to 34, with a mean value of 24, but when the RH
is settled at 88% (IWP 88%) a lower confidence interval (32 to 34) compared to the original
IWP model (18 to 29) was found, being more accurate. The TOMCAST model showed a
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high confidence interval of between 13 and 30. Finally, the plant-pathogen-based model
(TOMCAST + Maturity) had the critical mean values of 22 + 270, with high variations in
the values of the TOMCAST model, as expected (Table 4).

Table 4. Adjustment of the original models of early blight in A Limia according to weather conditions
and first observations of the disease in the field.

2017 2018 2019 2020 2021 Mean (CI)
DAE of first symptoms 37 38 40 37 38
Plant-based models
P-days 260 290 265 257 281 271 (258-283)
GDDs 413 385 351 393 376 384 (364—404)
WE model 1.37 1.39 1.47 1.37 1.38 1.40 (1.36-1.43)
Pathogen-based models
IWP 18 17 27 25 34 24 (18-29)
IWP (88%) 31 34 35 32 32 33 (32-34)
TOMCAST 17 29 18 10 34 22 (13-30)
Plant-pathogen-based model
22 +271

TOMCAST + Maturity

17 + 260 29 + 290 18 + 265 10 + 257 34 + 281 (13 + 258-30 + 283)

DAE: days after emergence; (CI): confidence interval.

Considering the results obtained for the P-Days model, the spray will be recommended
between 258 and 271 units (Table 4). For GDDs, it would be advisable to carry out the
sprays between 364 units and 384 accumulated units. For the WE model, this critical
interval was between the values of 1.36 and 1.40. For the models based on the pathogen,
the original IWDP, the first symptoms can appear in over 18 units, whereas, if we consider
the IWP model (88%), the critical period was between 32 and 33 accumulated units. Finally,
the TOMCAST model recommended treatment between 13 and 22 units. However, if this
model is to be combined with the plant maturity model (TOMCAST + Maturity), it is
necessary to accumulate from 13 to 22 TOMCAST units and from 258 to 271 units of the
P-Days model (Maturity).

4. Discussion

Potato early blight has been especially destructive in recent years, causing rapid
defoliation and premature senescence when left un treated. Without effective control
measures, growers risk reduced yields and losing important economical profits during crop
seasons. Currently, in the A Limia region, farmers rely on fungicides to manage Alternaria
blight during the risk period in the growing seasons, but they must apply fungicide sprays
frequently to protect the crops. Early blight can be modeled using predicting systems, which
quantify the amount of heat energy available to promote pathogen or host development
throughout a season. However, until now, these specific forecasting models have not been
adjusted for early blight control in this potato region.

Optimizing fungicide applications by using a disease forecaster may offer an integrated
pest management strategy suitable for potato production. In addition, knowing when to
start applying treatments allows for the improving of the effectiveness of these treatments
towards the control of early blight. Previous reports also found that effective control
comparable to a standard application can be achieved when fungicide application starts
from the first symptoms [4]. Therefore, the adjustment of the first application of fungicide
for the effective control of early blight is the challenge proposed in this research.

It may also be useful to determine the frequency and efficacy of fungicides according
to the genotype resistance and phenological stage changes of the cultivar to the Alternaria
species. Spraying is recommended when the potato plant response to Alternaria shifts
towards increasing susceptibility and this occurs at the initiation of the flowering or re-
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productive stage [2]. Field observations also demonstrated that necrotic lesions develop
primarily in nitrogen-stressed plants [2,30]. Thus, heavy rains or large quantities of over-
head irrigation wash the nitrogen fertilizer from the root zone and plants decrease their
resistance to early blight.

In the present study, the appearance of first early blight symptoms in the leaflets of the
potato plants was similar in each growing season. Specifically, the necrotic spots during
the first days of flowering (between 38 and 40 DAE) were observed. Therefore, there is a
direct relationship between the physiologic age of the potato plant and susceptibility to
early blight. This fact agrees with previous reports [4,18,19,21,24,34]. After the initiation of
tuberization, susceptibility increases gradually and mature plants are very susceptible to
A. solani, as denoted before by various authors [7,25,34]. Thus, early blight is principally a
disease of senescing plants and early sprays have little or no effect on overall suppression
of A. solani [2,4,25].

Forecasting methods based on weather requirements must be adjusted to the local
conditions of the area to be useful [4,9,31]. The success of the P-Days model in the geo-
graphical area tested was achieved with an accumulated value of 271. Some researchers in
this field from Denmark [4], USA states such as Wisconsin [25], Colorado [29] or Maine [30]
and states in Canada such as South Alberta [21] also required similar values (300 cumu-
lative P-Days). The number of cumulative P-Days until the date of the first lesion at the
different locations in Flanders (Belgium) ranged from 585 to 830 [23], higher than the
proposed threshold of 300 P-Days [29]. Likewise, for the GDDs models, the first symptoms
in the plots at 364 units were accurately predicted. Similar results were reported for the
appearance of primary lesions in southern Colorado (at 361 GDD), although those for
north-eastern Colorado were superior (at 625 GDD), most likely since it is a region with
warmer temperatures compared to A Limia [19,23]. In another study performed in fields
from Iran, cumulative values of 642 GDDs or 315 P-Days as thresholds for the first early
blight symptoms were established [18].

In the A Limia region, the WE model was adapted to 1.4 units instead of 1 unit to suc-
cessfully predict the day of the first symptoms (at 50% of the tuberization phase duration).
The WE model simulates crop development to consider the nonlinear effects of environ-
mental factors (temperature and photoperiod) on development, using the multiplicative
approach [26]. This model considers cardinal temperatures and photoperiods according to
latitudes for studying plant development because these parameters influence on potato
crop development. The multiplicative approach used in the WE model is more biologically
realistic for representing the interactions between plant development and environmental
factors [27].

Some authors have reported that although early blight lesions were observed after
300 P-Days in potato fields from Wisconsin, airborne spores, favorable weather for dispersal
and infection as well as host susceptibility did not simultaneously occur until 400 P-Days,
with late-maturing cultivars [25]. The applicability of IWP, GDDs and P-Days models to use
in combination with aerobiological data in Northwest Spain was also evaluated [9,10,31].
The IWP model turned out to be the most accurate, as it predicted Alternaria sporulation
several days in advance during crop development. Meno et al. [10] observed that reaching
6 IWP was possible to predict the first peak of Alternaria (greater than 70 conidia/m?) with
several days in advance (between 6 and 38 days).

The TOMCAST model was validated for potato early blight in other regions [4,20-22,30,32].
In Denmark, thresholds of 15 DSV, 20 DSV and 25 DSV with the TOMCAST model were used
for timing fungicide application to control disease attacks, but 15 DSV, 25 DSV and 25 DSV +
Maturity models were the most efficient [4,22]. Concretely, models based on maturity were
classified as the best models in Denmark, reducing early blight attacks significantly at all
locations in which the model was applied. A similar DSV value (of 15) was proposed to
combine irrigation and rainfall data for controlling early blight in potato crops of Maine [30]
and Southern Alberta (17 DSV) [21]. In Ontario and New Jersey, the TOMCAST model at 20
and 25 DSV resulted in promising results to predict Alternaria [20,32]. The TOMCAST model
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was supported with aerobiological data to determine the DSV threshold that was favorable
for the first symptoms of Alternaria in A Limia [11]. The study revealed that the air Alternaria
concentrations were detected with mean temperatures above 10 °C during various hours with
leaf wetness, and 10 DSV showed a good forecast to determine the increase of conidia in the
air, related to earlier infections [11].

Existing forecast models can be a powerful tool to control early blight epidemics in
potato crops with minimal use of pesticide applications. They need to be adjusted to the
weather conditions of a crop area to get the best prediction before first symptoms start. At
the same time, this practice is committed to sustainable agriculture, contributing to improve
farmers’ profits, the quality of commercial products and the health of the environment and
ecosystems.

5. Conclusions

The results showed the need to adjust the requirements of reference forecasting models
to the local environmental conditions of the area to successfully predict potato early blight
in Northwest Spain. Plant-age and the starting of flowering can be considered critical
phases for the development of early blight symptoms. Plant-age models were shown to
be better models to predict the first symptoms as opposed to pathogen-based models that
showed conservative prediction for most of the evaluated models. Among the plant-age
models, the adaptation of the WE model (value of 1.4) showed a high precision. Visual
assessments of fungal symptomatology are important to validate the forecasting models in
a region. This adjustment allows for the prediction of potential epidemics during potato
plant development, benefiting farmers with a good adjustment of dates of spraying. An
accurate forecast helps to reduce fungicide expenses due to fewer applications and to
preserve the environment. Thus, understanding the influence of plant ages will be key in
developing a decision support system or strategies to control early blight.
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