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A B S T R A C T   

Forecasting systems are widely used to predict the application of fungicides for managing late blight. However, 
airborne inoculum has rarely been included in these forecasting systems. Monitoring the sporangia in crop en
vironments may offer an opportunity to improve late blight forecast systems by integrating pathogen pressure. 
Hence, this experiment aiming to analyze relationships between weather based risk systems and sporangia levels 
in the atmosphere of potato crops. The experiments were conducted during two growing seasons in a potato field. 
During the study, the concentration of Phytophthora infestans in the air, the weather conditions, the phenology of 
cultivars and r-AUPDC during the crop cycle were recorded. The weather-based risk of late blight was estimated 
using infection pressure (IP) and the daily risk value (DRV) based on hourly relative humidity (RH) and tem
perature (T). The effect of weather parameters on sporangia levels was analyzed. IP and DRV showed a strong 
positive correlation with sporangia concentration, standing out the pronounced effect of RH on the sporangia 
levels. Analysis of the hourly sporangia concentration within a day showed an increase in the sporangia con
centration from 9 h to 18 h. This increase in sporangia was linked to an increase in T, spore release, and a 
decrease in RH. Our results identified a T of 10 ◦C and RH of 80% as the minimum threshold for significant 
sporangia concentration in the air. However, maximum sporangia level was found in the air at 88% (average 
relative humidity) and 17 ◦C (average temperature). Finally, the effect of weekly P. infestans sporangia was 
observed on cultivars with different susceptibility to late blight.   

1. Introduction 

Potato late blight, caused by the oomycete Phytophthora infestans 
(Mont.) de Bary, is one of the most destructive plant diseases. Despite 
decades of intensive breeding efforts, it remains a threat to potato pro
duction worldwide (Fry et al., 2015; Dey et al., 2018). In Galicia (NW 
Spain), the disease causes massive yield losses among potato growers 
due to the favorable weather conditions. Generally, the control of late 
blight in conventional potato production systems is often through 
weekly application of prophylactic fungicides during the growing sea
son, with an average number of seven fungicidal sprays each crop sea
son. This excessive use of fungicides is considered unsustainable, 
because increases production costs for the growers unnecessarily and 
degrades the environment. Concerns about fungicide resistance is also a 
major challenge arising from excessive usage of them. In agreement to 
this, the resistance to Fluazinam by some P. infestans genotypes has been 
reported (Schepers et al., 2018). Accordingly, there is a pressing demand 

by both local and regional policies for the reduction in the use of 
pesticides. 

One way of regulating the use of fungicides to control late blight is 
using forecasting or decision support systems. Forecasting systems 
identify periods in the season with high risk for infection, and thus 
recommend the application of a fungicidal treatment. DSSs have been 
shown to reduce fungicides in several host-pathosystems, as docu
mented for other fungal diseases in potatoes such as early blight (Abuley 
and Nielsen, 2017; Meno et al., 2020; 2021a). In the case of late blight, 
some forecasting systems such as: BlightManager (Abuley et al., 2020), 
IrishModel (Cucak et al., 2019) or SiMCAST (Grünwald et al., 2000) 
have been developed in different countries to predict outbreaks in po
tato crops. 

A major shortcoming in most of these DSSs is the omission of the 
aerial sporangia concentration as part of the decision-making. Most 
models such as BlightManager, SIMCAST and Irish Models are premised 
on weather factors that influence infection, but not the aerial inoculum 
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concentration of the pathogen, although this is important to achieve 
adequate control with minimal fungicide use (Jeger, 1990; Aylor et al., 
2011; Escuredo et al., 2019a; González-Fernández et al., 2020; Meno 
et al., 2020). The weather is a dominant factor in the development of late 
blight epidemics, if there is concentration of inoculum in the environ
ment of potato crop. Thus, the inclusion of airborne inoculum in disease 
forecasting is crucial (Aylor et al., 2011). When the disease is present, 
P. infestans is largely aerially dispersed during the crop season (Sei
jo-Rodríguez et al., 2018). So that, the monitoring of the airborne con
centration of sporangia as well as the factors that influence their 
presence in the air, can be a useful to predict early attacks of pathogens 
to avoid secondary infections. Although aerobiology has existed for 
decades, recent advancement in the development of innovative tech
nologies is contributing to an increase in the use of aerobiological data 
for several purposes such as the daily monitoring of aerial pathogens for 
disease forecasting (Escuredo et al., 2019b, 2019a; González-Fernández 
et al., 2020; Meno et al., 2020; Hjelkrem et al., 2021). 

Forecasting the risk of infection by a pathogen in cultivars is indis
pensable for the management of agricultural crops (Escuredo et al., 
2019a). In the case of potatoes many cultivars were breeding looking for 
a better agronomic yield, tuber quality and resistance. Albeit resistance 
can be short-lived due to the ability of the pathogen to defeat R-gene and 
thus render the R-gene ineffective (Ballvora et al., 2002), host resistance 
is a useful component in managing late blight (Abuley and Hansen, 
2021). Currently, the cultivation of varieties considered to be more 
resistance to late blight in Galicia is scarcely practiced and effectiveness 
unknown. Thus, the evaluation of resistance of different potato cultivars 
is relevant. The objectives of this study were to: (1) monitor the airborne 
sporangia concentration of P. infestans under field conditions, (2) study 
the weather factors that influence sporangia concentration in the air and 
disease severity development; and (3) study the response of nine potato 
cultivars under pressure of late blight. 

2. Material and methods 

2.1. Experimental site and design 

The study was conducted on an experimental plot located in the NW 
of Spain, in Betán (42◦ 14′ N, 7◦ 43′ W) for two growing seasons (2020 
and 2021). Nine potato cultivars (Desiree, Frisia, Fontane, Agria, Red 
Pontiac, Kennebec and Fleur Bleue, Louisa and Daifla) were planted in 
each growing season. These cultivars were selected according to current 
market preferences as fresh (Kennebec, Red Pontiac, Frisia, Daifla and 
Desiree) and processing (Agria, Fleur Bleue, Louisa and Fontane). 
Certified seed tubers of each cultivar were planted in 10 m2 plot on 11 
April 2020 and 4 April 2021. Regarding maturity, the earliest cultivars 
were Frisia and Red Pontiac, Kennebec, Fontane and Daifla were me
dium maturity cultivars and Desiree, Fleur Bleue, Agria and Louisa had 
late maturity (Meno et al., 2021a). The potatoes were not treated with 
any late blight specific fungicide to allow for the natural development of 
late blight. Cultural practices and standard agronomic practices for 
potato production were performed as shown in Table S1 (Supplementary 
material). 

2.2. Weather data monitoring 

emperature (T) and relative humidity (RH) during each growing 
season were monitored with an iMetos 3.3 data logger by Pessl In
struments (Weiz, Austria) placed within the experimental plot. These 
data logger recorded the weather variables at 1.5-meter height and at an 
hourly interval. 

2.3. Aerobiological sampling of airborne Phytophthora infestans 
sporangia 

A 7-day Burkard recorder spore-trap (Manufacturing Co. Ltd., UK) 

located inside the experimental plot was used for sampling the aerial 
sporangia of P. infestans. The spore-trap contains a pump to suck the air 
of the environment and a removable drum which contains a melinex 
tape that is the impact surface. The movement of the drum is controlled 
by a clock lasting seven days. The melinex tape is impregnated with a 2% 
silicone solution allowing the adherence of the particles/biotic ele
ments. Each week the drum was removed and the melinex tape replaced. 
In the laboratory, the tape was cut off in daily fragments and mounted on 
slides. Using a Nikon YS 100 microscope, the sporangia of P. infestans 
were quantified following the REA (Spanish Aerobiological Network) 
protocol proposed by Galán et al. (2007). The magnification used was 
400X or 1000X, when necessary. Data were expressed such as 
sporangia/m3. 

2.4. Daily risk value, infection pressure and sporangia released 

The daily risk value (DRV) and the infection pressure (IP) for late 
blight during the crop seasons were calculated according to the meth
odology proposed by Abuley et al. (2020). The DRV was calculated 
considering the consecutive hours accomplishing a RH higher than 88% 
(humid hours) and temperature between 10 ◦C and 24 ◦C. The number of 
hours with these conditions are accumulated until a maximum of 33. 
Note that if the DRV is higher than 33, then the extra risk hours will be 
assigned to the next day. IP was calculated following the Danish late 
blight model (BlightManager) (Abuley et al., 2020) considering the DRV 
of previous and next few days, following Eq. (1): 

IP = DRV− 2 + DRV− 1 + DRV0 + DRV+1 + DRV+2 (1)  

where DRV0 is the risk hours for the present day, DRV− 1 is the risk hours 
one day ago, DRV− 2 is the risk hours two days ago, DRV+1 is the risk 
hours one day ahead, DRV+2 is the risk hours of two previous days. 

Furthermore, the spore release (SR) was calculated according to 
Skelsey et al. (2009) basing on weather conditions as following in Eqs. 
(2a) and (2b): 

SR= 0 when RH ≥ 88% (2a)  

SR={(1 / (RH − 91))+1 }when RH< 88% (2b) 

To unify the criteria of RH (relative humidity) with the BlightMan
ager model (Abuley et al., 2020), 88% has been considered the lower 
limit instead of 90% proposed by Skelsey et al. (2009). 

2.5. Disease severity assessment 

The disease severity progression 5-7-day intervals were measured in 
three potato plants of each cultivar. The evaluation of severity was done 
from the plant emergence until senescence using the methodology 
proposed by Rahmatzai et al. (2017) with some modifications. The 
levels marked were:  

1 0%: No late blight lesions were observed.  
2 1%: when symptoms appeared  
3 10%, 25%, 50%, 75% when 10, 25, 50 and 75% of the leaves were 

attacked by late blight, respectively.  
4 100%, when leaves were completely dead/defoliated. 

The disease severity data were used to calculate the area under the 
disease progress curve (AUDPC) using the mid-point method (Shaner 
and Finney, 1977). Subsequently, AUDPC values dividing by the dura
tion of the epidemic were standardized to obtain the relative area under 
the disease progress curve (r-AUDPC) (Fry, 1978). The epidemic dura
tion was defined as the days elapsed from onset of late blight until total 
defoliation or the end of the season. r-AUDPC is considered the better 
metric for comparing the cultivars due to their differential epidemic 
duration (Fry, 1978; Meno et al., 2021a). 
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2.6. Plant phenology monitoring 

The phenological development of the cultivars were weekly moni
tored from emergence until crop senescence in each growing season. The 
phenological stages of BBCH scale (Hack et al., 1993) considered are 
summarized below:  

1 Emergence: when 50% of the cultivars in each plot have emerged (09 
in BBCH scale).  

2 Foliar development: which is the period between emergence until 
100% row closure (35 in BBCH scale).  

3 Maturation: which is the period between foliar development and the 
beginning of senescence, i.e. when 25% of plants start to dry out and 
turn yellow (from 69 to 95 in BBCH scale).  

4 Senescence: when more than 50% of the plants are yellowing or dead 
(95 in BBCH scale). 2.7. Statistical analyses 

Statistical analyses and data handling were carried out with SPSS 
21.0 software package for Windows (IBM, Somers, NY, USA). A non- 
parametric correlation analysis (Spearman correlation) was applied to 
determine relationships among meteorological variables and P. infestans 
sporangia concentration in air. The Spearman correlation coefficients 
were calculated using the sporangia concentration and weather vari
ables for the same day and the 5 previous days. A similar statistical 
treatment was applied to identify significant relationships among 
P. infestans concentration in the air and the disease severity progression 
of each cultivar. The Spearman correlation coefficients were calculated 
for values of same week and the previous week. The established levels of 
P. infestans in the air (low, medium and high) were compared with 
weather parameters (temperature and relative humidity) to identify 
critical values on meteorological parameters, in which there are 
different concentrations of conidia. Similarities and differences between 
sporangia levels and weather conditions were checked throughout an 
ANOVA and the Bonferroni test for post hoc comparisons. The signifi
cance level was set at α=0.05. 

3. Results 

3.1. Weather conditions 

Analyzing the weather trend during each crop season, the 2020 crop 
was warmer than 2021 crop. Daily temperatures were higher than 
20.0 ◦C in most of days of 2020 crop season, recording an avgT of 
17.0 ◦C, an average minT of 11.0 ◦C and an average maxT of 23.8 ◦C. If it 
is compared with 2021, the avgT was 14.4 ◦C, average minT of 8.8 ◦C 
and average maxT of 20.8 ◦C. In addition, RH was higher in 2020, with 
an avgRH of 84.7%, whereas 2021 had an average value of 75.4% 
(Fig. 1). 

3.2. Infection pressure and trapped sporangia 

The daily concentration of P. infestans sporangia was substantially 
higher in 2020 than in 2021 (Fig. 2). A total of 658 sporangia/m3 were 
counted during the 2020 growing season, whereas 233 sporangia/m3 

were counted in 2021. Moreover, the maximum daily sporangia value 
was substantially higher in 2020 (40 sporangia/m3) than in 2021 (20 
sporangia/m3). As evidenced by the higher infection pressure (IP), 2020 
year was the most favorable for late blight outbreaks (Fig. 2). In this 
year, the first peak of IP was found 30 days after planting (DAP), 
whereas in 2021 season the first highest peak occurred after 80 DAP. 

The period from the 31 of April (20 DAP) to the 10 of July (91 DAP) 
of 2020 the highest number of sporangia was recorded on 23 June (74 
DAP) and 5 July (86 DAP), which coincided with a period of high and 
continuous infection pressure (Figs. 1a and 2a). However, after this 
critical period, the sporangia in the atmosphere of the crop decreased 
until the 1 of August (113 DAP) (Fig. 2a). This decline coincided with a 

period of increased T and decreased RH (Fig. 1a). During the first 
growing season (2020), the first peak was registered on 15 DAP (with 
daily concentration higher than 10 sporangia/m3). In 2021 year, 
sporangia levels were lower, being the period with a higher concentra
tion from the 1 of June (59 DAP) to the 31 of July (119 DAP). The first 
peak with daily concentration higher than 10 sporangia/m3 appeared 
later than 2020 season (Fig. 2b). 

3.3. Determining the periods of aerobiological risk during the crop season 

The DRV units accumulated per month of each growing season had 
considerable differences (Fig. 3). However, even though the year 2020 
had the highest levels of P. infestans, the upward trend of April, May and 
June were similar for both years, registering the highest value of DRV in 
June. In July, the DRV are similar in both years, despite the value was 
lower in comparison with the previous months for 2020 and higher 
when comparing with those months of 2021 season. It should be noted 
that the concentration of sporangia showed the same trend than the risk 
units. 

3.4. Determining the intra-daily pattern distribution of sporangia 

The results of the aerobiological sampling allowed to detect 
maximum values of the total sporangia trapped in the central hours of 
the day (between 9 h and 18 h) compared with values trapped at other 
hours of the day (Fig. 4). The period comprised between 8 h and 10 h 
showed significant trend changes in all considered parameters. The 
maximum of accumulated sporangia occurred at 13 h, registering an 
avgT of 18.5 ◦C and an avgRH of 72.4%. The highest avgT was recorded 

Fig. 1. Weather parameters and the accumulated daily risk value (DRV) for late 
bight for both crop seasons: 2020 (a) and 2021 (b). The weather parameters 
were daily average temperature (avgT) and relative humidity (avgRH). DAP is 
the number of days after planting. Planting dates were: (a) on 11 April 2020; (b) 
on 4 April 2021. 
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between 17 h and 18 h (22.1 ◦C), coinciding with the lowest avgRH 
(57%). Then, the number of accumulated sporangia was declining from 
18 h to 9 h. 

3.5. Relationships between weather variables and trapped sporangia 

The influence of the weather conditions up to five previous days was 
considered (Table 1). Each period (2020 and 2021) in a separate way 
was analyzed, due to the highest levels of sporangia found in each 
growing cycle. In some cases, high correlation coefficients were ob
tained, which can be useful for predictive models. 

In the case of 2020 season, the temperature (average, minimum and 
maximum) had significant negative correlation coefficients with 

sporangia concentration, except for minT the same day (0d) and the 
previous day (-1d) (Table 1). The higher correlation coefficient was 
found on -3d for all the temperature parameters. Furthermore, avgRH 
and minRH (for all considered days) had significant positive correlation 
coefficient with sporangia concentration. However, the highest corre
lation coefficient was on -1d (avgRH) and -3d (minRH). DRV on -2d and 
IP on 0d and -2d were positively correlated with sporangia levels. In 
2021, T variables were positively significant correlated with the 
sporangia, except for -5d (avgT), -2d, -4d and -5d (minT) (Table 1). 
Respect to RH, only maxRH on 0d was positively significant correlated 
with sporangia levels. Finally, DRV and IP were positive correlated with 
sporangia concentration on -1d (DRV and IP) and -4d (DRV). 

The daily concentration of sporangia in the atmosphere of the crop is 
variable. The sporangia during several days of the studied period were 
not detected, and values below 15 sporangia/m3 many days were 
counted, while values over 15 sporangia/m3 occasionally appeared. 
Hence, three levels based on the values of sporangia in the air: 1 (0 
sporangia/m3), 2 (1-15 sporangia/m3), and 3 (>15 sporangia/m3) were 
defined to evaluate the influence of weather parameters and infection 
pressure in them (Table 2). 

Significant differences found between the avgRH and minRH in each 
of the period, coinciding with the sporangia levels, between the level 1 
and 3 (Table 2). On the contrary, the temperature did not show signif
icant differences when comparing the levels, despite T (avg, min and 
max) was higher when the number of spores increased. Thus, the level 3 
was associated with the highest values of minT, maxT, avgT, avgRH, 
maxRH and minRH, and level 1 was associated with the lower values of 
T and RH. In the case of risk infection parameters (DRV and IP), sig
nificant differences between the three levels were found. At the same 
time, the sporangia levels increased with DRV and IP variables. The 
highest sporangia level (level 3) responded to the higher values of IP and 
DRV, whereas the lowest sporangia level (level 1) had the lower values. 
Therefore, high sporangia levels were associated with higher values of T 
and RH, and higher value of DRV and IP. 

3.6. Disease development and monitoring of crop phenology of potato 
cultivars 

The late blight severity and the main phenological stages of the 
cultivars are summarized in Fig. 5. Favorable conditions (high IP and 
high sporangia concentration) for late blight development occurred 
early in 2020 than in 2021. For this crop season, the period between 
emergence and senescence of plants was longer, occurring favorable 
conditions when senescence stage started. Accordingly, the onset of late 
blight was markedly delayed in 2021 (99 DAP) compared to 2020 (43 
DAP). In 2021, the late-maturing cultivars such as Agria, Fleur Bleue and 

Fig. 2. Infection pressure (IP) and daily sporangia concentration of P. infestans 
registered during each crop season: 2020 (a) and 2021 (b). DAP is the number 
of days after planting. Planting dates were: (a) on 11 April 2020; (b) on 4 
April 2021. 

Fig. 3. Monthly sporangia concentration of P. infestans and daily risk value 
(DRV) in 2020 and 2021. 

Fig. 4. Hourly accumulated sporangia concentration and the average values of 
temperature (avgT), the average relative humidity (avgRH), the average 
sporangia released (avgSR*10) in both years. In X axis are represented the 
hours of the day. 
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Desiree completed their growing cycle after the onset of favorable late 
blight conditions. However, for early and medium-maturing cultivars 
such as Frisia and Kennebec, the first late blight attack was in the 
senescence stage, thus the effect was lower, and the disease progression 
did not reach 100% severity. In Red Pontiac, the late blight attack was 
more severe, accounting for the highest percentages of severity in both 
years of crop (Fig. 5). Anyway, the late blight severity was higher in 
2020 than in 2021. 

3.7. Relationships between airborne sporangia and disease severity 

The relationships between late blight severity progression of the 
different cultivars and the weekly sporangia level were statistically 
estimated using a Spearman correlation analysis (Table 3). Significant 
positive correlation coefficients between sporangia concentration and 
late blight severity by cultivar were found for most of them. It should be 
mentioned Kennebec and Frisia did not shown symptoms of disease in 
2021, so both cultivars were only included for 2020 season (Fig. 5; 
Table 3). The obtained correlation coefficients were slightly higher 
considering the data of the previous week (Week-1) for all the cultivars 
excepting Frisia and Kennebec. 

3.8. Susceptibility ranking of the cultivars 

Generally, r-AUDPC values of studied cultivars were higher in 2020 
than in 2021 (Fig. 6). In 2020, Louisa had the lowest r-AUDPC, followed 
by Desiree and Fleur Bleue, whereas Red Pontiac had the highest r- 
AUDPC (Fig. 6a). In 2021, we did not consider Kennebec and Frisia 
because both cultivars had reached senescence before the onset of late 
blight. Louisa, Desiree, and Fleur Bleue also had the lowest values of r- 
AUDPC. Again, Red Pontiac was the cultivar with the highest value of r- 
AUDPC in 2021 (Fig. 6b). 

Based on the results of the Bonferroni test applied to r-AUDPC, Red 
Pontiac was significantly different in two crop seasons respect to other 
cultivars (Fig. 6). On the contrary, the cultivars with significantly lower 
values of r-AUDPC were Louisa, Fleur Bleue and Desiree. Thus, three 
groups of susceptibility to late blight can be established: susceptible 
(Red Pontiac), moderate (Kennebec, Agria, Daifla, Frisia and Fontane) 
and resistant (Louisa, Fleur Bleue and Desiree). These cultivar groups 
showed the same significant differences in each growing season. Despite 
the different conditions of the two crop cycles studied, the response 
behavior to the disease by cultivar seems to be similar. 

4. Discussion 

The use of forecasting systems to predict and time the application of 
fungicides for managing late blight is widely known (Beaumont, 1947; 
Smith, 1956; Wallin, 1962; Ullrich and Schrodter, 1966; Krause et al., 
1975; Fry et al., 1983; Winstel, 1993; Hansen et al., 1995; Taylor et al., 
2003; Singh and Sharma, 2013). These are based mainly on weather 
factors that influence infection, but not the aerial inoculum concentra
tion of the pathogen. However, information regarding the aerial 
dispersal and sporangia released are relevant for the accurate prediction 
of late blight outcomes and to achieve adequate control with minimal 
fungicide use (Jeger, 1990; Aylor et al, 2011; Seijo-Rodríguez et al., 
2018; González-Fernández et al., 2020; Supriya et al., 2020). Several 
studies have emphasized that understanding the factors underpinning 
the aerial dispersal of P. infestans is crucial for the correct prediction of 
late blight epidemics (Aylor et al., 2001; Skelsey et al., 2009; Seijo-Ro
dríguez et al., 2018). Our study is one of the few that have aimed at 
quantifying airborne sporangia and the weather factors influencing the 
airborne sporangia concentration of P. infestans. While several factors (e. 
g., wind, temperature, solar radiation, rain) to forecast the outbreak of 
late blight could be used (Beaumont, 1947; Smith, 1956; Ullrich and 

Table 1 
Spearman correlation coefficients between sporangia concentration and weather parameters until 5 days before recorded in both crop seasons (2020 and 2021): 
average temperature (avgT), minimum temperature (minT) and maximum temperature (maxT), average relative humidity (avgRH), maximum relative humidity 
(maxRH), minimum relative humidity (minRH), daily risk value (DRV) and infection pressure (IP).   

Previous days avgT maxT mint avgRH maxRH minRH DRV IP 

Pooled data 0d 0.193** 0.144* 0.136* 0.289** 0.351** 0.219** 0.258** 0.270** 
- 1d 0.159* 0.098 0.192** 0.325** 0.284** 0.266** 0.253** 0.280** 
- 2d 0.097 0.058 0.070 0.239** 0.238** 0.214** 0.246** 0.255** 
- 3d 0.058 0.011 0.056 0.255** 0.236** 0.241** 0.130 0.173* 
- 4d 0.047 0.032 0.035 0.183** 0.196** 0.132 0.146* 0.215** 
- 5d -0.008 -0.014 -0.051 0.219** 0.228** 0.170* 0.130 0.205** 

2020 0d -0.222* -0.265** -0.177 0.309** 0.064 0.313** 0.191 0.203* 
- 1d -0.268** -0.303** -0.132 0.342** 0.040 0.343** 0.113 0.173 
- 2d -0.291** -0.309** -0.215* 0.266** -0.010 0.303** 0.291** 0.218* 
- 3d -0.331** -0.332** -0.270** 0.321** 0.044 0.350** 0.101 0.138 
- 4d -0.316** -0.328** -0.252* 0.240* 0.018 0.262** 0.025 0.170 
- 5d -0.293** -0.296** -0.267** 0.280** 0.067 0.255* 0.042 0.149 

2021 0d 0.452** 0.417** 0.285** 0.033 0.395** -0.064 0.178 0.174 
- 1d 0.445** 0.377** 0.363** 0.094 0.180 0.043 0.282** 0.250** 
- 2d 0.331** 0.325** 0.179 -0.053 0.100 -0.036 0.125 0.170 
- 3d 0.302** 0.232* 0.246** -0.080 0.092 -0.010 0.017 0.025 
- 4d 0.293** 0.308** 0.183 -0.139 0.030 -0.186 0.187* 0.128 
- 5d 0.172 0.199* 0.046 -0.052 0.129 -0.119 0.096 0.089  

* P < 0.05 
** P < 0.01. 

Table 2 
Average data of weather parameters calculated by level of P. infestans consid
ering both crop season (2020 and 2021). Average temperature (avgT), minimum 
temperature (minT) and maximum temperature (maxT), average relative hu
midity (avgRH), maximum relative humidity (maxRH), minimum relative hu
midity (minRH) and sum of hours with RH>88% (sumRH>88%), daily risk 
value (DRV) and infection pressure (IP) for late blight.   

Sporangia levels  
1 2 3 

avgT (◦C) 15.0a 16.1a 17.2a 
maxT (◦C) 21.5a 22.9a 23.7a 
minT (◦C) 9.3a 10.0a 11.3a 
avgRH (%) 77.5a 80.5a 88.6b 
maxRH (%) 97.0a 98.3a 99.9a 
minRH (%) 51.2a 53.9a 67.7b 
DRV 5.3a 8.5b 12.6c 
IP 29.6a 41.1b 55.0c 

Different letters show significant differences between sporangia levels according 
to the Bonferroni test (P < 0.05). Sporangia levels: 1 (0 sporangia/m3); 2 (1-15 
sporangia/m3); 3 (> 15 sporangia/m3). 
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Schrodter, 1966; Fry, 1983), this study focused on the main weather 
factors (T and RH) that affect in sporangia dispersal and easy to control 
for disease forecasting (Figs. 1 and 2). Therefore, the results of this study 
have a quick and easy practical application for the agricultural sector. 

The pooled data of different crop seasons (Table 1) is very useful 
when applying prediction models, as this reflects the average conditions 
of the disease development. However, it is equally crucial to understand 
the yearly variation in the factors affecting the disease development, 
especially in the face of the rapidly changing climate (Meno et al., 
2021b). Indeed, the results showed marked differences between the 
years for sporangia level concentration, disease severity as well as the 
factors that the factors that combine T and RH as DRV. Hence, particular 
conditions of each year influenced early or late outbreaks of late blight, 
being this situation crucial to develop robust disease-forecasting models. 
An important component of late blight forecasting system is the field 
inspection for primary infection lesions. The combination of observa
tions in field of the disease and the optimal conditions for its develop
ment accompany the satisfactory results of decision support systems. An 
example is the Danish decision support system for the control of potato 
late blight known as NegFry (Hansen et al., 1995). This model gives the 

forecast of primary attack (initial spray) and recommend subsequent 
times of fungicide applications during the season enabling to use 
optimal number of fungicide applications for crop protection against 
late blight. The weather conditions and the IP were key factors that 
differentiated 2020 and 2021 for the total sporangia counted. High 
sporangia in 2020 than in 2021 can be linked to the high IP in 2021. It is 
also noteworthy that the highest sporangia counted in each year 
occurred after an episode of high IP or high RH. This evidence that high 
values of sporangia in the air are coupled to potato late blight episodes 
(Olanya et al., 2016; Seijo-Rodríguez et al., 2018). 

Sporangia concentrations were higher in May and June than in April, 
due to favorable phenological stage as foliar development (where plants 
are greener) as well as favorable weather conditions (e.g. high RH and 
IP) during these months (Fig. 3). In addition, P. infestans like other 
pathogens (as occurs with Plasmopara viticola) need carbohydrates to 
support sporulation. These carbohydrates are taken from green tissues 
when the plants are photosynthetically active (Caffi et al., 2012). 

The weather had a pronounced effect on the sporangia concentration 
each year. This differential response of the weather variables and 
sporangia concentration reflects the general challenges in predicting the 

Fig. 5. Severity progression curves after planting day of 9 potato cultivars during the two crop seasons are represented. DAP is the number of days after planting. 
Planting dates were: (a) on 11 April 2020; (b) on 4 April 2021. Gray shading on the chart shows the phenological stage of foliar development (period between 50% of 
emergence to start of maturating stage) of crop seasons 2020 (a) and 2021 (b). 

Table 3 
Spearman correlation coefficients between total weekly sporangia concentration and disease severity for each cultivar.   

% Severity 
Avg. sporangia Desiree Fleur Bleue Red Pontiac Kennebec Fontane Frisia Agria Louisa Daifla 

Week-0 0.587** 0.635** 0.617** 0.625* 0.617** 0.625* 0.620** 0.336 0.611** 
Week-1 0.645** 0.677** 0.651** 0.622 0.651** 0.622 0.660** 0.446* 0.648**  

* P < 0.05 
** P < 0.01. Week-0: the average sporangia value of current week. Week-1: the average sporangia value of previous week. 
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airborne sporangia concentration under field conditions. The crop sea
son of 2020 was wetter than 2021 in May and June and hotter than 2021 
in July and August of the cropping season. This fact could explain the 
negative correlation coefficients between sporangia and temperature 
shown in 2020, and the positive correlation coefficients between 
sporangia and temperature in 2021 (Table 1). Despite slight differences 
between crop seasons (2020 was hotter than 2021), there were some 
similarities in terms of the relevance of some weather factors that favor 
sporangia dispersal. The results of the study showed significant re
lationships between sporangia and avgT and maxT for all the days 
analyzed (Table 1). Therefore, these weather factors are important for 
predicting the sporangia concentration of P. infestans as other re
searchers reported (Mizubuti et al., 2000; Sunseri et al., 2002). 

In contrast to other parameters analyzed, IP and DRV were consis
tently positively correlated with sporangia concentration. This consis
tent relation observed between IP/DRV and sporangia is expected, 
because IP and DRV integrate the weather factors T and RH, and thus 
reflect a better metric for measuring the suitability of the weather to late 
blight. The results also suggest the suitability of IP and DRV for pre
dicting the sporulation potential of a given day for timing the applica
tion of fungicides. The statistical analyses of the factors on the levels of 
sporangia identified IP/DRV as the most influential parameter (Table 2). 
Moreover, the relation between the sporangia levels and T values was 
not significant, suggesting T is a less sensitive or robust parameter 
affecting late blight, as was reported before by Harrison and Lowe 
(1989). 

The results suggested the dispersal of sporangia during the night and 
early morning hours (from 23 h to 8 h) was lower, whiles the riskiest 
time of the day for sporangia dispersal was from 9 h to 18 h (Fig. 4). 
These periods establish the low and high risks of sporangia dispersal. A 
striking difference between the low and high-risk periods are their 
marked differences for weather conditions. For example, the low-risk 
period coincided with low T and high RH, whereas the high-risk 
period coincided with higher T and lower RH. Therefore, these differ
ences suggest that the spore dispersal generally favored by dryness, 
which occurs during the high-risk period (9 h–18 h). Lynch and Poole 
(1984) also found that the weather was the key determinant for the 
dispersal of Botrytis cinerea and Chrysonilia sitophila. 

Establishing critical spore levels in the air are key to decision-making 
for disease control (Meno et al., 2021b). The quantification of the 
pathogen inoculum in the potato crop atmosphere combined with spe
cific thresholds of the weather parameters would improve the predic
tion. If there are no sporangia in the environment, then there will be no 
risk to the crop even if favorable conditions exist. Similar levels of other 
pathogens were used for warning against their presence in urban and 
agricultural environments (Munuera et al., 2001; Escuredo et al., 2019b; 
Meno et al., 2020). The three established P. infestans levels in this study 
can be integrated into disease management and forecasting. Despite not 
finding significant differences between daily temperature values based 
on three sporangia levels, it was found that a minimum daily tempera
ture greater than 10 ◦C favored the presence of P. infestans in the 
environment. 

Late blight has been described as a moisture-driven disease, which 
increases its severity under continuous moisture (Fry et al., 2015; Ola
nya et al., 2016; Seijo-Rodríguez et al., 2018). Our findings showed that 
the sporangia concentration increased with RH. Sporangia in the envi
ronment crop were not found with values of avgRH below 80%. How
ever, with values higher than 88%, daily concentrations reached the 
maximum level of sporangia. The results confirm the validity of the 88% 
RH threshold in the Danish late blight model (Abuley and Nielsen, 
2017). However, the 88% RH threshold is useful for predicting high 
sporangia levels, but due to moderate sporangia levels occur at 80%, 
using such high RH thresholds might result in missing several moderate 
sporangia levels, which might influence the disease epidemic. Other 
studies have also shown that lower RH threshold will be more appro
priate to accurately predict late blight infections (Harrison and Low 
1989; Lehsten et al., 2017). 

The consistently strong correlation between of IP/DRV and 
sporangia is noteworthy. This also suggest the importance of these 
variables for predicting the sporulation potential of P. infestans during 
the season. Sporangia were found in crop environments with values of 
8.5 and 41.1 for DRV and IP, respectively. Currently, IP and DRV are 
used to successfully schedule fungicide application and forecast late 
blight in Denmark, considering a minimum IP threshold of 10 for timing 
fungicide application (Abuley and Hansen, 2020). This difference could 
be due to the different climatic conditions between the geographical 
areas and P. infestans population in Spain and Denmark. Further studies 
are required to ascertain the validity of the observed thresholds in this 
study. 

The strong effect of sporangia on late blight severity on all tested 
cultivars re-emphasizes the need to consider sporangia concentration in 
the forecasting of late blight outbreaks (Fig. 5). The phenology of the 
crop was key to determining the severity of late blight stated (Seijo-R
odríguez et al., 2018). The onset of late blight during the later stage of 
the crop’s life (e.g., senescence) mattered less compared to earlier 
epidemic onset (e.g., foliar development). Moreover, such late epi
demics have an inconsequential effect on the yield (Fig. S1). 

The variability in the susceptibility ranking of the cultivars reflects 
the instability of resistance/susceptibility classification of potato culti
vars to late blight as in other studies (Runno-Paurson et al., 2019; 
Abuley et al., 2020). Cultivar resistance to late blight is a more prom
ising way to control late blight disease with minimum use of pesticides. 

Fig. 6. r-AUDPC of 9 potato cultivars during both crop seasons: 2020 (a) and 
2021 (b). Same letters show significant differences between the potato cultivars 
for each growing season according to the Bonferroni test (P < 0.05). Standard 
error is represented on the top of each bar, and it represents the standard de
viation among plants per cultivar. 
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There are potato cultivars with partial resistance to late blight (Forbes, 
2012), but they have not been sufficiently exploited by conventional 
producers. In Europe, the resistant cultivars are not grown on a large 
scale because other commercially important characteristics such as 
quality, yield, and earliness are not usually present in late blight resis
tant cultivars (Cooke et al., 2011). The crop phenology, the sporangia 
concentration, and the weather conditions were the factors that caused 
these differences. In 2021, cultivars such as Kennebec and Frisia escaped 
late blight attack because they reached senescence earlier. Thus, the 
observed resistance due to the low r-AUDPC was unreal. 

Although sporangia concentration had an impact on late blight 
severity, the most noticeable effect of sporangia was the accumulated 
sporangia of the previous week. Indeed, late blight has an incubation 
period of 3–5 days under field conditions (Fernández et al., 2020), thus 
reflecting a greater influence of the previous week’s sporangia on late 
blight severity in the current week. This result is useful for predicting the 
appearance of symptoms in plants with aerobiological and meteoro
logical data from a week before. 

5. Conclusions 

The present study identified weather parameters such as RH, IP and 
DRV as the most influential in the concentration of sporangia. Values of 
avgRH of 80% were required for at least a moderate sporangia level in 
the field. Moreover, high values of sporangia were found in certain hours 
of the day (9 h and 18 h), coinciding with low RH and high T. The results 
also showed that sporangia concentration in air is a key determinant of 
the late blight severity. Susceptibility to late blight varies also depending 
on the potato cultivar. Of the cultivars analyzed, Desiree showed fewer 
lesions and Red Pontiac were the most susceptible plants. Finally, the 
results of present study are relevant for the development and/or 
adjustment of disease forecasting models for potato late blight. In future, 
the inclusion of more growing seasons will probably improve the 
adjustment of the weather thresholds looking for a better forecast of late 
blight in the field betting on sustainable agriculture. 
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Service, Córdoba, Spain, p. 61 pp.  
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