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Abstract

Mediterranean greenhouses are characterized by the use of passive climate control techniques, thus
avoiding energy inputs that would make crop production more expensive. This study was carried
out in Almeria (Spain), in a greenhouse divided in two sectors. (West sector: with double roof with a
pink spectrum converter film combined with an increased ventilation surface, ratio of vent
surface/greenhouse surface Sv/Sc = 26.0%; East sector: acted as a control with only standard
ventilation surface, Sv/Sc = 16.6%). This study analysed the effect of a double roof and an increased
ventilation surface on the main fungal diseases in different crops (Solanum lycopersicum L., Capsicum
annuum L., and Cucumis sativus L.). Different diseases were found that develop naturally, powdery
mildew (Leveillula taurica) in both the tomato and the pepper crop, and early blight (Alternaria linariae)
only in the tomato crop. In the case of cucumber crop, three diseases that developed naturally were
found, (i) downy mildew (Pseudoperonospora cubensis), (ii) powdery mildew (Podosphaera xanthii) and
(iii) gummy stem blight (Stagonosporopsis spp). The sector that combined the double roof and the
increased ventilation surface had lower disease levels compared to the control sector, with
statistically significant differences.

Keywords: greenhouse; double roof; crop protection; powdery mildew; downy mildew

1. Introduction

The Mediterranean coastal area has ideal climatic conditions for the development of early
horticultural crops due to the mild winters [1]. Specifically, the province of Almeria, with one of the
most important greenhouse concentrations worldwide, reached 32,554 ha of greenhouses in 2020 [2].
Greenhouses in Almeria, due to the privileged climate of the south-eastern Spanish, need less energy
inputs to obtain optimal climatic conditions, which in turn generates less carbon footprint in tomato
production [3]. These greenhouses achieve high efficiency in the use of surface resources due to
technological development in crop production processes [4]. Passive climate control systems are
commonly used in greenhouses in Almeria, which do not require energy inputs to achieve their
objectives, thus reducing the cost of crop production [5].

Among the most used passive climate control techniques in greenhouses in Almeria is the use
of natural ventilation, by opening or closing greenhouse vents to control climatic parameters such as
temperature and humidity [6,7]. The use of double roofs in greenhouses is a passive climate control
technique normally used for the development of crops in cold periods [8]. The use of double roof
structures on crops produces an increase in the minimum night-time temperature, reduces
temperature oscillations and relative humidity, if it is combined with adequate ventilation
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management during the day [9]. Double roof greenhouses provide better insulation from external
climatic conditions [10], which results in energy savings for greenhouse heating of 40% to 50% in
active climate systems but affects the transmissivity of light reaching the crop. The double roof
reduces heat losses in greenhouses by 35-40% [11] and reduces energy inputs to greenhouses to
maintain the temperature [12]. The use of double roofs increases average summer and winter
temperatures around the crop [13]. The use of plastic roofing can have an impact on crop quality.
Previous studies have associated increased lycopene levels with tomatoes cultivated under plastic
coverings [14], and the use of double roofs in greenhouses improves the production and quality of
tomato crops [15].

In recent years, different types of agricultural films have appeared on the market, developed to
alter the spectrum of radiation entering the greenhouse. Light quality is one of the main factors
affecting plant growth, influencing photosynthetic activity, photomorphogenesis, seed germination,
and even stomatal movements [16-21]. The spectrum converter films amplify the green wavelength
in the red wavelength range, where photosynthetic activity is highest [22]. The spectrum convert
films modifies the solar spectrum reaching crops by modifying plant photosynthesis and the
microclimate around crops [23]. These films transform the visible-wave solar green-yellow to the red-
light range which is useful for the process of crop photosynthesis [24]. Spectrum converter film can
transform blue-green light (450-550 nm) into red light (600-700 nm) or ultraviolet (UV)-violet light
(350-450 nm) into the blue-green light range influencing crop development [25]. The spectrum
converter film can enhance the photosynthetic activity of crop leaves by 15% [23]. Crop yield and
quality have been substantially improved by sunlight spectrum photoconverter film [26]. The
combination of the passive climate control techniques described above, the use of double roofs with
sunlight spectrum photoconverter film, could be an interesting tool for crop health management.

The use of double roofs in greenhouses can increase environmental humidity inside growing
areas, which usually leads to an increase in the presence of various fungal diseases [27], so the use of
ventilation to control this factor is essential. In the case of greenhouses in Almeria, the use of operable
vents is a key factor in humidity control in the greenhouse [28], helping to improve the positive effects
of the use of double roofs. Fungal diseases find highly favourable conditions for their development
inside greenhouses, as the environmental factors present are often optimal for the growth of the
pathogens. In particular, the development of downy mildew (Pseudoperonospora cubensis) and gummy
stem blight is strongly influenced by the requirement for high ambient humidity [29-31]. Relative
humidities levels above 90% and the presence of free water on the leaves favour the germination and
dispersal of Pseudoperonospora cubensis spores [31]. Moreover, the initial attack by downy mildew can
increase plant transpiration, which further increases humidity inside the greenhouse, creating a
positive feedback loop that promotes the disease’s development [31]. Similarly, gummy stem blight
also requires very high relative humidity (above 90%) and mild temperatures for its spread and
development [32]. This pattern is also seen in other fungal diseases, such as gummy stem blight,
which likewise thrives under conditions of moderate temperatures and high humidity [33].
Therefore, appropriate management of climatic conditions within the greenhouse can be a key tool
in reducing the incidence of these diseases [34]. The use of double roofs has been shown to influence
the development of some tomato diseases such as grey mold caused by Botrytis cinerea [35].

Downy mildew and powdery mildew are two of the most common fungal diseases associated
with greenhouse cucumber crops in the Almeria area. Powdery mildew is one of the most widespread
diseases worldwide [36] and causes severe damage to cucumber crops, reducing yields [37].
Symptoms of the disease show growth of the mycelium on the surface of the leaves similar to a white
powder; sometimes with an aggressive attack, symptoms may be observed in other parts of the plant
such as the stem or fruit. These diseases cause leaf defoliation, resulting in loss of yield quality.
Powdery cucurbit mildew can develop in any state of the crop and colonise plant tissues very quickly
[38]. On greenhouse cucumber plants, powdery mildew is usually associated with the fungus
Podosphaera xanthii [39,40]. Downy mildew in cucumber caused by the fungus Pseudoperonospora
cubensis is one of the pathogens that causes the most yield losses worldwide, both in outdoors and
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protected cucumber crops [41,42]. Downy mildew develops geometric chlorotic lesions on the leaf
surface, bounded by leaf veins, which can lead to necrotic damage and leaf loss, thus affecting crop
yield [43].

Gummy stem blight in cucumbers is caused by three fungal species in Stagonosporopsis spp [44],
which causes symptoms in stems, leaves and black rot on fruit [45]. Black rot in fruits causes a lot of
damage during storage, which increases yield loss [46]. Gummy stem blight affects all aerial parts of
the plant, causing circular water-soaked foliar lesions and cankers on the crowns and stems; the
water-soaked lesions dry out and necrotise, severely damaging the plant [47].

Powdery mildew (Leveillula taurica) is one of the most common diseases on pepper that can be
found both in greenhouses and outdoors in temperate zones around the world, causing significant
crop losses [48]. The importance of powdery mildew is reflected in the fact that it is the disease that
causes the most losses in pepper and tomato crops in greenhouses and has been the disease with the
highest fungicide expenditure in Europe [59]. At more advanced stages of infection, conidiophores
develop, starting on the underside of the leaf, showing the characteristic white powder that defines
the disease, to later cause abscission of the infected leaf, causing defoliations that can be very severe
[50].

Early blight is one of the most important diseases in tomato (Solanum lycopersicum L.), which can
result in crop losses of a tomato crop of 35 and 78% [51]. Early tomato blight is mostly caused by the
pathogen Alternaria linariae [52]. This disease occurs in places with warm temperatures (24-29 °C) and
abundant rainfall [53], although it can also occur in semi-arid climates with frequent wet nights,
causing plant dew [54]. Early blight symptoms can be observed in any plant structure, although they
appear initially on the leaves. It is characterised by the appearance of necrotic spots with concentric
rings and a yellow halo around necrosis [55].

Interrupting the development of the pathogen cycle is a key element in any integrated pest
management (IPM) strategy. One way to influence the environmental conditions inside greenhouses
is by modifying the spectral properties of the plastic film covering them, which in turn can affect the
development of certain plant pathogens [56].

Light plays an important role in conidial formation in some fungi; exposure of mycelium to
ultraviolet or blue light can alter fungal development [57]. It has been shown that greenhouse coating
films that block or reduce ultraviolet radiation can inhibit sporulation of several plant pathogenic
fungi [58,59].

The aim of this work is to analyse the effect of passive climate management techniques, increased
ventilation area and double roof, on the development of fungal diseases of cucumber, tomato and
pepper in a Mediterranean greenhouse.

2. Materials and Methods

2.1. Experimental Setup

The experimental trials were carried out in a multi-span greenhouse located in the Centre for
Innovation and Technology Transfer UAL-ANECOOP Foundation “Catedratico Eduardo
Fernandez” of the University of Almeria (36° 51" N, 2° 16’ W and 87 MAMSL) (Figure 1). The side
walls of the rigid polycarbonate greenhouse are made of corrugated strips. The roof was made of
three-layer thermal film 200 pum thick (Politiv Ltd., Kibbutz Einat, Israel; characteristics: colorless
diffuse; 85% transmission of photosynthetically active radiation; 55% diffusion on light; 24%
transmission of ultraviolet light; 85% thermal efficiency). The greenhouse was divided transversely
by a polyethylene sheet, creating two isolated sectors with similar characteristics (Table 1).

Table 1. Characteristics of the two sectors of the experimental greenhouse. Greenhouse surface, Sc [m?]; side
ventilation surface, Svs [m?]; roof ventilation surface, Svr [m?]; ratio of ventilation surface/greenhouse surface
Sv/Sc [%].

Sector Double roof type Dimensions Sc Svs Svr Sv/Sc
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West Spectrum conversion film 243mx=20.1m 480 77.49 47.25 26.0
East Without double roof 243 mx251m 600 38.90 60.75 16.6

In the West sector was located a double roof with experimental spectrum conversion film, two
side vents with a maximum opening of 3 m and three roof vents (maximum opening of 0.9 m).
However, in the East sector, there are two standard side vents (maximum opening of 1 m), three roof
vents (maximum opening of 0.9 m) and no double roof (Figure 1 and 2). Ventilation was controlled
by Synopta Software 5.4.2.3931422 (Ridder Growing Solutions B.V., Maasdijk, The Netherlands), a
centralised climate control and data logging system with a weather station.

Inside double roof a4 —— Roof vents

Sectanest/ ]

Side vents

Figure 1. Dimensions of the experimental greenhouse, vents sizes and configuration of the double roof.

The film used as a double roof integrating the technology “LIGHT CASCADE®” —LC® was
developed by the French company CASCADE (Clamart, France), using optically active additives
incorporated in the polymer that modifies and adapts the sunlight spectrum closer to plant needs; its
spectrum converter character showed a pronounced increase in the red zone (600-700 nm) of the
visible spectrum.

(d)

Figure 2. Crops in the West sector with double roof with sunlight spectrum photoconverter film (a) and 3 m high
side vents (b). East sector with single roof (c) and with 1 m high side vents (d).
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To analyse the possible effect of the double roof on deficit irrigation stress, two different
irrigation doses were applied: (i) in the north zone of the greenhouse a standard irrigation (drippers
of 3 L/h and a maximum irrigation of 50 min/day); (ii) in the south zone 20% less irrigation was used
than in the north sector.

The study was carried out in two autumn-winter cucumber crop cycles (Cucumis sativus L.), a
spring-summer tomato crop cycle (Solanum lycopersicum L.) and a spring-summer pepper crop cycle
(Capsicum annuum L.) (Table 2). The transplants were carried out on a coconut fibre substrate with a
plant density of 1 plant/m? and all commercial varieties sourced from Rijk Zwaan Ibérica, S.A.
(Almeria, Spain).

Table 2. Description of the experimental crops, varieties and key dates.

d0i:10.20944/preprints202601.0357.v1

Crop Commercial Variety T:a):lts;;):nt ?ﬁ:tzifaﬁng Final Crop Data
Cucumber (Cucumis sativus L) Insula RZ F1 07/09/2020 12/10/2020 02/01/2021
Tomato (Solanum lycopersicum L) Ramyle RZ F1 07/02/2021 28/01/2021 15/07/2021
Cucumber (Cucumis sativus L) Insula RZ F1 05/09/2021 20/10/2021 02/01/2022
Pepper (Capsicum annuum L.) Bemol RZ F1 20/02/2022 19/02/2022 29/07/2022

Crop management tasks (such as cleaning, trellising, pruning, and harvesting) were carried out
simultaneously in both sectors. Similarly, throughout the four crop season, different fungicides (Table
3) were applied, but always in both experimental sectors.

Table 3. Fungicide applications carried out over the four crop seasons.

Crop Active substance Application data Applied dose Application method
Azoxistrobin 09/10/2020 45¢c/100L Aerial
Azoxistrobin 05/11/2020 75cc/100L Aerial
Ciflufenamida 17/11/2020 20cc/100L Aerial
Cucumber2020-21 )\ oxistrobin 25/11/2020 75¢¢/100L Aerial
Sulphur 01/12/2020 300cc/100L Aerial
Metrafenona 01/12/2020 30cc/100L Aerial
Tomato 2021 Sulphur 17/04/2021 150cc/100L Aerial
Azoxistrobin 01/11/2021 20cc/100L Aerial
Cucumber 202-22 Azoxistrobin 04/11/2021 70cc/100L Aerial
Azoxistrobin 23/11/2021 80cc/100L Aerial
Azoxistrobin 08/06/2022 80cc/100L Aerial
Pepper 2022 Azoxistrobin 17/06/2022 80cc/100L Aerial
Metrafenona 24/02/2022 30cc/100L Aerial

2.2. Microclimate Measurement Equipment

In the center of each sector, at 2 m height, there was an aspirated radiation shield box EKTRON
II-C (Ridder Growing Solutions B.V.) within which there were a Pt1000 IEC 751 class B temperature
sensor (Vaisala Oyj, Helsinki, Finland) with a measurement range of -10 to 60 °C and an accuracy of
0.6 °C, a capacitive humidity sensor HUMICAP 180R (Vaisala Oyj, Helsinki, Finland) with a
measurement range of 0-100% and an accuracy of +3% and a CO2 Probe EE871 (Elektronik Ges M.b.h.
Engerwitzdorf, Austria) with a measurement range of 0-2000 ppm and accuracy of +2% from the
measured value (m.v.). Outside climatic conditions were recorded by a meteorological station at a
height of 9 m equipped with a BUTRON II (Ridder Growing Solutions B.V.) measurement box with
similar temperature and humidity sensors to the inside measurement box.

2.3. Measurement of Infection Level in Plants

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The design of the trial and the evaluation of the standards of the diseases followed the European
and Mediterranean Plant Protection Organisation (EPPO) standards. For downy mildew and
powdery mildew diseases, EPPO Standard PP 1/181 (Conduct and reporting of Efficacy Evaluation
Trials), EPPO Standard PP 1/152 (Design and Analysis of Efficacy Evaluation Trials), EPPO PP 1/57
(Powdery mildews in cucurbits) are applicable and EPPO PP 1/65 (Downy mildew of lettuce and
other vegetables, PSPECU) EPPO PP 1/263 (Alternaria solani and Alternaria alternata in potato and
tomato), PP 1/135 (Phytotoxicity assessment), PP 1/121 (Leafspots of vegetables).

The percentage of affected leaf area was assessed on the upper and lower surfaces of at least
eight even-aged leaves of each plant. In the greenhouse, in each experimental sector, four assessment
plots were established in the northern zone and four assessment plots in the southern zone. In each
plot, 6 plants were evaluated (Figure 3). For each plant, a minimum of 8 evenly distributed leaves
were evaluated. In total, for each treatment, 200 leaves were tested in the northern sector and 200
leaves in the southern sector.
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Figure 3. Locations of the plant plot used to measure the percentage of fungal diseases.

Identification of disease-causing fungi (pathogens Podosphaera xanthii, Pseudoperonospora cubensis
and Stagonosporopsis spp for cucumbers and Leveillula taurica and Alternaria linariae for solanaceae)
was carried out by direct observation and microscopic observation of mycelia, spores and conidia
[55,60-63]. Analysis of each of the diseases was obtained using the percentage damage per leaf, for
each disease. Diseases were evaluated every 7 days from the observation of the first symptoms,
obtaining the evolution of the development of damage produced by each disease during the two crop
cycles.

3.4. Statistical Analysis

The data presented are an average of the results obtained in the independent trials with a
randomised block design with four replicates for each experimental sector. Statistical analysis of the
data was performed with Statgraphics Centurion v.19 (Manugistics Inc., Rockville, MD, USA) using
a variance analysis (considered significant if the p-value is < 0.05), comparing the mean values with
Fisher’s minimum significant difference procedure (LSD). Bartlett, Cochran and Hartley tests were
used to determine whether a sector had a similar variation. For parameters with different variance,
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we performed a nonparametric analysis with the Friedman test, with each row representing a block
(the evaluation date), using averages graphs.

Multiple sample comparisons were used to compare the data. The F-test in the ANOVA table
tests whether there are any significant differences amongst the means. The method used to
discriminate among the means was Fisher’s least significant difference (LSD) procedure.

3. Results

The comparison between the standard ventilation (East sector) and the alternative treatment,
consisting in the use of increased lateral ventilation and a double roof with a spectrum converter film
(West sector) has been carried out by analysing the indoor microclimate within the two sectors and
the development of fungal diseases.

3.1. Microclimatic Parameters Inside the Greenhouse

3.1.1. Autumn-Winter Crop Season
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Figure 4. Evolution of values of temperature (a) and absolute humidity (b) outside the greenhouse (—) and
average (-—-), maximum (-—-) and minimum (-—-) inside of the West sector with double roof and increased
side vents and average (—), maximum (—) and minimum (—) inside the East sector with single roof and

standard side vents. Cucumber season 2020/21.
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Air temperature, t [°C]

5-9-21 20-9-21 5-10-21 20-10-21 4-11-21 19-11-21 4-12-21 19-12-21

Date

(@)

0,050

0,040
0,030 [

0,020

Air humidity [kg kg1]

0,010 [\

0,000
5-9-21 20-9-21 5-10-21 20-10-21 4-11-21 19-11-21 4-12-21 19-12-21

Date

(b)

Figure 5. Evolution of values of temperature (a) and absolute humidity (b) outside the greenhouse (—) and
average (- - -), maximum (- - -) and minimum (- - -) inside of the West sector with double roof and increased side
vents and average (—), maximum (—) and minimum (——) inside the East sector with single roof and standard

side vents. Cucumber season 2021/22.

In the 2020/21 cucumber growing season (Figure 4), a higher temporal variability in air
temperature was observed inside the greenhouse, with pronounced maximum temperature peaks,
particularly in the East sector equipped with a single roof and standard ventilation. In contrast, the
West sector, combining a double roof and increased lateral ventilation, showed a more moderated
thermal behaviour. During the 2021/22 growing season (Figure 5), temperature conditions were
overall milder and more stable, and the differences between the East and West sectors were less
marked than in the previous season.

Regarding humidity conditions, absolute humidity levels during the 2020/21 season were clearly
higher in both greenhouse sectors, with consistently greater values in the East sector (Figure 4b),
compared to those recorded during the 2021/22 season (Figure 5b). In the second cucumber cycle,
absolute humidity remained lower and more stable throughout the season, particularly in the West
sector. These results indicate that the combination of a double roof and increased lateral ventilation
in the West sector generated more favourable microclimatic conditions for cucumber cultivation,
mainly due to the reduction and stabilisation of absolute humidity.
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3.1.2. Spring-Summer Crop Season
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Figure 6. Evolution of values of temperature (a) and absolute humidity (b) outside the greenhouse (—) and
average (- - -), maximum (- - -) and minimum (- - -) inside of the West sector with double roof and increased side

vents and average (—), maximum (—) and minimum (——) inside the East sector with single roof and standard
side vents. Tomato season 2021.
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Figure 7. Evolution of values of temperature (a) and absolute humidity (b) outside the greenhouse (—) and

average (- - -), maximum (- - -) and minimum (- - -) inside of the West sector with double roof and increased side
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vents and average (—), maximum (—) and minimum (——) inside the East sector with single roof and standard

side vents. Pepper season 2022.

During the spring—summer crop cycles, clear differences in the greenhouse microclimate were
also observed between sectors (Figures 6 and 7). In the tomato growing season of 2021 (Figure 6), the
East sector, with a single roof and standard ventilation, exhibited higher temperature values and
more pronounced maximum peaks compared to the West sector. The presence of the double roof
combined with increased lateral ventilation in the West sector contributed to moderating air
temperature, reducing extreme values and resulting in a more stable thermal environment
throughout the crop cycle.

A similar pattern was observed during the pepper crop cycle in 2022 (Figure 7), although
temperature conditions were more extreme overall. In this case, the East sector showed the highest
temperature peaks, while the West sector maintained lower and more buffered temperatures.
Regarding absolute humidity, both crops showed higher humidity levels in the East sector, whereas
the West sector consistently presented lower and more stable absolute humidity values (Figures 6b
and 7b). These differences were particularly evident in the pepper cycle, suggesting that the
combination of double roof and increased ventilation was especially effective in mitigating excess
heat and humidity under more demanding climatic conditions, thereby creating more favourable
microclimatic conditions for crop development.

3.2. Fungal Diseases

During the development of the study, different species of pathogenic fungi were observed
attacking the different crops in the different crop cycles tested. The crop cycles carried out during the
autumn-winter period involved cucurbit crops, specifically cucumber. The results from these
cucurbit cycles showed the development of the three diseases evaluated in two cucumber crops
planted on similar dates in two different years. All three diseases appeared naturally in the crops, as
is common in this region when conditions are favourable for disease development, since these
diseases are endemic to the area. The three fungal diseases observed were powdery mildew, caused
by the pathogen Podosphaera xantii; downy mildew, caused by Pseudoperonospora cubensis; and gummy
stem blight, caused by Stagonosporopsis spp (Figure 8).

The other two crop cycles were carried out in the spring-summer season, one of tomato and one
of pepper. Two fungal diseases attacked the solanaceous crops during this work. Powdery mildew
caused by the pathogen Leveillula taurica, which developed during the two crop cycles in both pepper
and tomato. Early blight caused by the pathogen Alternaria solani was the second fungal disease to
develop, in this case in tomato cultivation, with a level of development that concerned the grower if
the crop would develop normally.

The most important disease in all cycles was powdery mildew, reaching infection rates above
30% in all cycles and even 60% infection rates in some plots and for some crop cycles. This level of
disease was a particularly important problem that caused the premature end of the crop and had an
impact on yield.

The values of the other diseases evaluated did not reach such high values but showed interesting
data for the analysis of the different variables studied in this work. Statistical differences were
observed for the different fungal diseases evaluated in these trials, with a lower incidence of the
disease in all sectors where there was a double roof.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0357.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2026 d0i:10.20944/preprints202601.0357.v1

11 of 25

Figure 8. Powdery mildew in tomato (a) and pepper (b); heavy powdery mildew attack in tomato with single

roof area (c); heavy powdery mildew in pepper, with defoliation, in single roof area (d).

3.2.1. Powdery Mildew

3.2.1.1. Powdery Mildew in Cucurbitaceae

The first symptoms of powdery mildew were observed in both cycles in October, and the
evaluations began when the level of spots due to the disease was around 0.1% in all the plots (20
November in the first cycle and 21 October in the second). Disease monitoring was carried out until
24 December 2020 and until 11 December 2021, near the end of the crop. At this point in the trial,
some evaluated plots reached infection rates above 30% and even 60% in one case.3

Plants grown under the influence of the double roof and the increased ventilation surface
showed less disease development with statistically significant differences at some points of

evaluation (Figure 9).
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Figure 9. Development of the percentage of powdery mildew infection (Podosphaera xanthii) over time first crop
cycle of cucumber 2020: Standard irrigation (a) and deficit irrigation (b). Sector with double roof with sunlight
spectrum photoconverter film and increased lateral vents (o0); Sector with single roof and standard lateral vents

(O). Different letters indicate a statistically significant difference (p-value = 0.95).

During the 2021 cucumber growing season, a higher incidence of powdery mildew was observed
in areas where standard irrigation was applied (north-west zone), compared to areas with deficit
irrigation (southern zone). This difference was particularly evident in the final assessment of the trial,
as shown in Figures 9 and 10.

Figure 10, which represents the second cucumber cycle studied in 2021, shows the same trend
observed in the first crop cycle, but in this case more pronounced, since higher disease levels were
reached in the single roof treatment.
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Figure 10. Development of the percentage of powdery mildew infection (Podosphaera xanthii) over time of the
second crop cycle 2021: Standard irrigation (a) and deficit irrigation (b). Sector with double roof with sunlight
spectrum photoconverter film and increased lateral vents (); Sector with single roof and standard lateral vents

(O). Different letters indicate a statistically significant difference (p-value = 0.95).

In the second cucumber crop season, during full winter 2021, larger differences were observed
between areas with single roof and those with a double roof. In no case was the disease arrested, but
the development of the disease in areas with single roof was faster, causing more damage to the crop
than in areas covered by the double roof with the sunlight spectrum photoconverter film combined
with a higher ventilation surface (Figure 10).

In the second cycle, higher levels of powdery mildew infection were observed in the standard
irrigated areas than in the deficit irrigated areas. The double roof used delayed powdery mildew
development (Figures 9 and 10), the highest value of disease intensity was found in the sector with
single roof and a ratio of natural ventilation Sv/Sc ratio equal to 16.6%, compared to the sector with a
double roof with sunlight spectrum photoconverter film and a ratio of natural ventilation Sv/Sc ratio
equal to 26%.

Powdery Mildew in Solanacea

The first symptoms of powdery mildew in tomato crop (pathogen Leveilula taurica) were
observed at the beginning of April 2021; the assessments began when the level of spots due to the
disease was high enough to be representative in all plots. The disease was monitored until 10 July
2021, close to the end of the crop. At that time, some of the evaluated plots reached infection rates
around 60% in the in the most heavily attacked plots.

Figure 11 shows the development of powdery mildew throughout the tomato crop cycle. From
the onset of the disease, it was observed that there was always a higher development of powdery
mildew in areas that were not covered with the double roof with sunlight spectrum photoconverter
film. Thus, it is clear that the effect of the double roof and the increased ventilation surface reduced
the ability of the disease to attack the crop.

The disease developed steadily from the onset of the first symptoms, with the steepest curve, or
the most rapid disease development, occurring during the week of 5 June and 3 July 2021, when
environmental conditions and plant susceptibility must have been very favourable for the
development of powdery mildew (Figure 11).
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Figure 11. Development of the percentage of powdery mildew infection (Leveillula taurica) over time in the
tomato crop cycle 2021: Standard irrigation (a) and deficit irrigation (b). Sector with double roof with sunlight
spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard lateral vents

(O). Different letters indicate a statistically significant difference (p-value = 0.95).

In the southern area with deficit irrigated areas, the plots also showed lower percentages of
powdery mildew disease in the double-roofed area with sunlight spectrum photoconverter film and
increased ventilation surface, but lower levels of infection than in the standard irrigated areas. The
deficit irrigated areas showed almost half the disease severity of the standard irrigated areas. The
appearance of powdery mildew in areas covered with a double roof with sunlight spectrum
photoconverter film and with deficit irrigation was almost negligible.

In tomato and pepper, the pathogen responsible for the appearance of powdery mildew was the
same, Leveillula taurica, in the pepper cycle the first symptoms of the disease were observed in April
2022. Assessments started in May 2022, at which point it was possible to assess the disease in all the
surveyed plots. As in the tomato cycle, high infection rates of more than 50% were reached in the
plots most affected by the disease, although the frequency of affected leaves was much higher.

In the western sector, which is equipped with a double roof with spectrum converter film and
enhanced side vents, a reduction in the incidence of diseases in the pepper crop has been observed.
Powdery mildew developed more aggressively in areas that were not covered by the double roof
with the sunlight spectrum photoconverter film. The two study areas showed statistically significant
differences at all evaluation times, with a trend similar to that observed in the tomato cycle. Disease
development in this pepper cycle was faster than in the tomato cycle, requiring fewer days to reach
a similar level of infection. From 4 to 18 June there was a very rapid development of the disease, as
well as in the week of 2 July, times when powdery mildew must have been favoured by climatic
conditions or by a greater host sensitivity of the host to the attack of the disease (Figure 12).
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Figure 12. Development of the percentage of powdery mildew (Leveillula taurica) infection over time in the
pepper crop cycle 2022: Standard irrigation (a) and deficit irrigation (b). Sector with double roof with sunlight
spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard lateral vents

(O). Different letters indicate a statistically significant difference (p-value = 0.95).
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As in the tomato cycle, southern areas that were irrigated 20% less reached lower percentage
infection levels than areas irrigated with standard irrigation. Areas protected by the double roof with
sunlight spectrum photoconverter film and more ventilation surface showed a lower percentage of
powdery mildew infection (statistically significant differences), as observed throughout the trial. The
disease peaks occurred during the weeks of 11-18 June and 25 June-2 July (Figure 12).

3.2.2. Downey Mildew

In these four seasons, downy mildew appeared only in Cucurbitaceae cycles (cucumber). Downy
mildew appeared naturally, in the specific case of this study. The incidence of downy mildew in the
greenhouse was lower than in the case of powdery mildew; however, during the first cycle in 2020 it
reached infection rates of over 10%. These levels of disease would be of concern in a commercial
greenhouse, enough to make a foliar spray application with some fungicide.

The combination of double roof with sunlight spectrum photoconverter film with increased
natural ventilation produced a significant reduction in downy mildew development, showing values

below 1% in all cases (Figures 13 and 14).
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Figure 13. Development of the percentage of downy mildew (Pseudoperonospora cubensis) infection over time first
cucumber crop 2020: Standard irrigation (a) and deficit irrigation (b). Sector with double roof with sunlight
spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard lateral vents

(O). Different letters indicate a statistically significant difference (p-value = 0.95).

In the second cucumber season 2021, the incidence of downy mildew was lower than in 2020. It
did not exceed the incidence of 3% crop damage, which would not be dangerous to development and
yield. However, the trend that showed disease development was similar to the previous year, as
shown in Figure 13.

The presence of the disease in the areas with single roof and standard ventilation area was less
than 3% while in the areas under the double roof and increased ventilation surface it was almost non-
existent and the damage in the plots did not reach 0.5% leaf infection.
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Figure 14. Development of the percentage of downy mildew (Pseudoperonospora cubensis) infection over time in
the second cucumber crop cycle 2021: Standard irrigation (a) and deficit irrigation (b). Sector with double roof
with sunlight spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard
lateral vents (O). Different letters indicate a statistically significant difference (p-value = 0.95).

In the case of downy mildew, in the first cycle the areas with the highest severity of the disease
also coincided with the northern areas (Figure 13), which were those with standard irrigation supply
compared to the south, which had a deficit of 20%. This trend was not observed in the level of the
second cycle, as the disease was very low (Figure 14).

Regarding the relationship of disease with ventilation, in the two cycles 2020 and 2021 for downy
mildew (Figure 13 and 14), a higher level of ventilation was found to be related to a lower level of
damage to the crop. The combination of the two passive techniques of climate control, natural
ventilation and the use of a double roof, significantly reduced downy mildew damage to the crop,
fully controlling the disease with these two greenhouse climate management techniques.

3.2.3. Gummy Stem Blight

The gummy stem blight appeared in the cucumber cycles in the zone where a double roof was
not used. It was the disease evaluated that had the lowest incidence in the cucumber crop, the main
reason why this disease was evaluated was due to the possibility of postharvest damage.

In both the first and second cycles, the disease appeared three weeks before the last assessment
and the disease evolution was slow, so it did not reach high levels of crop damage.
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Figure 15. Development of the percentage of gummy stem blight (Stagonosporopsis cucurbitacearum) infection
over time first cucumber crop cycle 2020: Standard (a) and deficit irrigation (b). Sector with double roof with
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sunlight spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard

lateral vents (O). Different letters indicate a statistically significant difference (p-value = 0.95).

Evaluations of gummy stem blight showed that the use of a double roof with sunlight spectrum
photoconverter film combined with increased lateral ventilation also delays disease development,
even at low disease levels. Figures 15 and 16 show how disease incidence was always higher in areas
with single roof in all cases, in both cycles and in both standard and deficit irrigated areas.
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Figure 16. Development of the percentage of gummy stem blight (Stagonosporopsis cucurbitacearum) infection
over time second cucumber crop cycle 2021: Standard (a) and deficit irrigation (b). Sector with double roof with
sunlight spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard

lateral vents (O). Different letters indicate a statistically significant difference (p-value = 0.95).

In the second growing season, a higher level of infection was observed than in the first cucumber
growing season. In this case, in the northern areas the incidence was higher than in the southern areas
due to the difference in irrigation (Figure 16). This difference was not observed in the first cycle,
probably due to the low level of disease developed.

3.2.4. Early Blight in Tomato

In our case, early blight appeared in May and June 2021, which for this area is a little late. The
climatic conditions of 2021 and the rainfall in those months favoured the development of the disease.

The early blight reached lower infection levels than powdery mildew, clearly being a secondary
disease in tomato cultivation. However, it reached infection levels around 10%, which for a tomato
grower would be a concern and sufficient to carry out treatments or control work for this disease.
The necrosis that early blight could produce reduces the photosynthetic activity of the plant and the
possibility of spots appearing on the fruit that affect quality.

Between 15 May 2021 and 19 June 2021, there were 8 days of rain, which considerably increased
the humid environment that facilitated the appearance of early blight. The first spots of early blight
were observed in the crop at the beginning of May, but by 20 May 2021, the level reached by early
blight in the plots analysed in the trial was interesting enough to perform an analysis of this disease.
From the beginning of the evaluations until the end of the crop, the disease had a constant
development without any aggressive explosion on the crop, but reached worrying infection levels,
exceeding 10% infection in most of the plots analysed.

Figure 17 shows the evolution of early blight throughout the trial. In this case, no differences
were observed between the areas that used double roof with sunlight spectrum photoconverter film
and those that did not with standard irrigation. In the northern areas, no statistically significant
differences were found in the evolution of early blight; only at one point in the assessment was a
difference observed, but in the opposite direction to that obtained for powdery mildew.
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Figure 17. Development of the percentage of early blight in tomato (Alternaria solani) infection over time second
tomato crop cycle 2021: Standard irrigation (a) and deficit irrigation (b Sector with double roof with sunlight
spectrum photoconverter film and increased lateral vents (0); Sector with single roof and standard lateral vents
(O). Different letters indicate a statistically significant difference (p-value = 0.95).

Early blight under the influence of the double roof with sunlight spectrum photoconverter film
and increased natural ventilation followed the same trend as powdery mildew, with the disease
developing more aggressively in northern areas that did not have an irrigation deficit (Figure 17). In
the case of the crop that was not protected with the double roof, the early blight showed a different
trend, showing no significant differences in the initial moments of evaluation and finding a higher
level of disease development in the south than in the north in the last four evaluations (statistical
differences). Thus, the effect of irrigation on early blight was not so clear (Figure 17).

4. Discussion

The influence of the use of double roofs in the greenhouse, combined with natural ventilation,
had a very important effect on the development of the diseases studied in two cucurbits crops
(cucumber) and two Solanaceae crops (tomato and pepper). Particularly affected was the
development of powdery mildew based on the use of the passive climate control techniques studied.
Powdery mildew was the main disease that attacked crops and caused significant damage to plants
and their yield.

To better understand the differences observed in disease development between sectors, the
microclimatic conditions generated by the different greenhouse configurations must be considered.
The microclimatic differences observed between sectors in terms of temperature and absolute
humidity (Figures 4, 5, 6 and 7) were closely related to the development of fungal diseases during the
different crop cycles. The East sector, characterised by a single roof and a lower ventilation surface,
showed higher temperature peaks and consistently higher absolute humidity, particularly during the
autumn-winter cucumber seasons and under the more demanding spring-summer conditions of the
tomato and pepper crops. These microclimatic conditions are known to favour the development of
several fungal pathogens, especially those requiring high humidity or free water on leaf surfaces,
such as downy mildew (Pseudoperonospora cubensis) and gummy stem blight (Stagonosporopsis spp.)
[29,31,33,64]. In addition, elevated humidity combined with limited ventilation can accelerate the
progression of powdery mildew under greenhouse conditions [36,65].

In contrast, the West sector, combining a double roof with increased lateral ventilation, exhibited
reduced temperature extremes and lower and more stable absolute humidity throughout all crop
cycles. These conditions are less favourable for pathogen establishment and spread, as prolonged
periods of high humidity and leaf wetness are limited [6,34]. Consequently, a clear delay and
reduction in the development of fungal diseases, particularly powdery mildew and downy mildew,
was observed in this sector. This effect was especially evident during periods with higher climatic
pressure, such as the 2020/21 cucumber cycle and the 2022 pepper cycle.
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The double roof better insulates the crop from external climatic conditions [10], increasing the
temperature in winter [13], which was beneficial for plant development. Radiation reaching the crop
after passing the double roof with the sunlight spectrum photoconverter film also had an influence
[65], generating a different microclimate that would affect plant development, as well as
photosynthetic yield [66] and the effect that possible pathogens could have on the crop.

The use of double roofs in the greenhouse can sometimes lead to an increase in relative humidity
[9], which in our case could have increased the presence of fungal pathogens in the crop, but the area
covered with double roof had higher levels of opening in the lateral ventilation, as seen in Figure 1.
Passive ventilation helped to reduce the possible excess humidity due to the double roof; passive
ventilation is a common technique in any greenhouse to control humidity in crops [6].

The disease with the highest level of infection was powdery mildew, which is endemic in the
area. But this was probably also due to the design of the trial, as the ventilation surfaces and the
structure of the greenhouse allowed for good natural ventilation under the right climatic conditions.
The production and dispersal of powdery mildew spores are favoured by a dry environment,
although they need a certain level of humidity for these spores to infect the tissues they reach in
plants [67]. During winter, one of the most important effects that growers in the Almeria area obtain
from natural ventilation in greenhouses is to reduce excess humidity [6], which also favours the
dispersion of powdery mildew spores.

In the greenhouse under study, the double-roofed areas were the most ventilated areas, so
perhaps the lower level of fungal disease development could also be related to the higher level of
ventilation in the greenhouse.

Powdery mildew caused serious damage that affected qualitative and quantitative yields in
cucumber, pepper and tomato crops. Powdery mildew is a disease endemic to the area, usually
appearing in horticultural crops in the area and causes significant losses if not properly treated. For
the control of this pest, spray treatments are used mainly, with either synthetic chemical products or
biological fungicides. These treatments involve additional costs in terms of labour and inputs for the
grower, which have a significant impact on the cost of the crop.

During the development of this trial, it was observed that powdery mildew develops faster
when a crop is grown with single roof and less ventilation surface. In this trial, the film used was a
sunlight spectrum photoconverter double roof, increasing the amount of useful radiation for the crop.
The quality of light reaching a cucumber crop is known to influence the development of powdery
mildew [68,69]. Powdery mildew develops best under shaded conditions, as its conidia are sensitive
to direct radiation and ultraviolet radiation [65,70-74]). However, the effects of double roof could also
be influenced by temperature and maintaining higher relative humidity. Therefore, the use of a
double roof combined with an increased ventilation surface delays the development of powdery
mildew in this trial. Despite the fact that the areas covered by the double roof were in the most
ventilated areas, as dry environments are known to stimulate the sporulation and dispersal of
powdery mildew spores in cucurbits [67].

In this trial, higher levels of disease development were observed in areas with standard
irrigation than in areas with deficit irrigation. The deficit irrigation areas that provided 20% less
irrigation than the standard also provided less fertiliser; due to the use of fertigation in this trial, this
influences the quality of irrigation, which would cause stress in the crop. Furthermore, the increase
in nitrogen fertilisation in standard irrigation could have favoured the development of diseases in
the crop, as is known from other studies [75,76]. Furthermore, standard irrigation, by staying longer,
could increase the humidity of the irrigated area, thus favouring germination and infection of
powdery mildew spores [65,77]. After this high humidity that occurs at night and at times of
irrigation, natural ventilation during the day allows for the drop in ambient humidity [6], favoured
the sporulation and dispersion of powdery mildew spores [78].

The use of a double roof with sunlight spectrum photoconverter film combined with increased
natural ventilation reduced the presence and damage caused by downy mildew in the crop. One of
the main reasons for this reduction could be the fact that the use of a double roof prevented the main
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greenhouse roof from dripping on the crop. The double roof had a slope and included additives that
prevent condensation water droplets under the greenhouse roof from falling on the crop, as humidity
above 90% and free water on the leaves of the plants favor the development of Pseudonospora cubensis
spores [65,79]. Free water in crops also favors the spread of the disease, which is caused by zoospores
that need aqueous medium [64] (Oerke et al., 2006).

It is common in greenhouses in Almeria that during the winter the vents remain closed for as
long as possible to try to increase the temperature with respect to the external climatic conditions [6].
Especially in cucurbit crops, which generate an increase in humidity inside the greenhouses that
benefits the pathogen Pseudonospora cubensis. Thus, increased ventilation in the areas covered by the
double roof also favoured a less development of downy mildew. We know that prolonged low
ambient humidity impairs the viability of Pseudonospora cubensis spore reproduction and dispersal
[65,80]. In previous studies, the viability of Pseudonospora cubensis spores was related to the solar
radiation they received [81]. In this trial, the sunlight spectrum photoconverter film used as a double
roof might have had some effect on downy mildew.

In these trials, gummy stem blight was the disease that had the least presence in the crop, but
due to the losses that it could cause in cucumber crops, which can normally range between 15 and
30% of the production [82], it was evaluated during the two cucurbit cycles. The conditions for the
development of gummy stem blight in greenhouse crops are very similar to those of downy mildew,
it needs high ambient humidity and mild temperatures [3]. The reduction in humidity due to
ventilation [6] in the areas covered by the double roof was a differential fact for the reduction in its
development in these areas. It was observed that disease reduction was not as great as for downy
mildew possibly due to the fact that the double canopy increases the temperature over the crop in
winter [13], which favoured the development of Stagonosporopsis cucurbitacearum. However, a very
important reduction in the development of the disease was observed between areas with a double
roof and those with single roof.

Differences in severity of gummy stem blight disease between the northern and southern areas,
due to different irrigation supplies, were observed in the second cucurbit cropping cycle. During the
second cucurbit cycle, a reduction in disease development was observed in the less irrigated areas
(20%), the reduction in irrigation also indicates a reduction in nitrogen fertilisation, which in previous
studies is related to increased fungal disease development [75]. Additionally, increased irrigation
over time should also induce a higher degree of environmental humidity that would favour the
development of gummy stem blight.

The early blight appeared in the tomato crop in a period that is not usually observed in this
growing area. It needs humidity and high temperatures for proper development [82] and is a
common disease in areas with high rainfall. These conditions were present during the trial due to the
rainfall that occurred between May and June, with eight days of rain in which more than 6 exceeded
10 mm, something unusual in an arid area such as the province of Almeria. Early blight appeared
during the trial in only one of the cycles (tomato crop) and did not show a as clear a tendency to be
affected by the use of double roofs inside the greenhouse, such as powdery mildew. However, in
some trial plots it showed a similar tendency to powdery mildew, as can be seen in Figure 12b.
Powdery mildew colonised the tomato crop before the early blight, so at the time of infection, the
pathogen Alternaria solani had a smaller leaf area to develop. This competition between pathogens
may have been clearer in the northern areas of the trial, with single roof, where the development of
powdery mildew was very high. Perhaps this was the reason why the analysis of the northern areas
with single roof showed a less early blight development than that of the southern areas.

Analysing the south areas of the trial, a lower development of early blight was observed in the
areas protected by the double roof, possibly due to the greater ventilation surface in these areas that
would decrease the environmental humidity [6] to a greater extent than in areas with single roof with
less ventilation. The better isolation of areas with double roofs [10], with respect to external conditions
would also favour a lower development of the disease in this case, as rainfall during the trial was a
key factor in the onset of this disease.
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5. Conclusions

The following conclusions can be drawn from the results obtained with the combination of a
double cover with sunlight spectrum photoconverter film and an increase in the ventilation surface,
both passive climate control techniques, on the development and proliferation of fungal diseases in
the main greenhouse crops in southern Spain.

—  The use of double roofs with sunlight spectrum photoconverter film combined with increased
natural ventilation in the greenhouse reduced the development of downy mildew
(Pseudoperonospora cubensis and Leveillula taurica), powdery mildew (Shaerotheca fuliginea),
gummy stem blight (Stagonosporopsis cucurbitacearum) and early blight (Alternaria solani) fungal
diseases in cucumber, tomato and pepper crops.

—  The double roof combined with increased natural ventilation significantly decreased the free
water in the crop, significantly reduced the infection rate and the development of downy mildew
(Pseudoperonospora cubensis).

— The double roof combined with increased natural ventilation does not appear to have a
significant effect on early blight, although it is not possible to reach a clear conclusion, as this
disease appeared due to a climatic anomaly in the area and could only be studied during one
growing season.

—  Deficitirrigation (20% less than standard irrigation) reduced the infection rate of downy mildew,
powdery mildew and gummy stem blight, but not early blight.

—  Passive climate control techniques in greenhouses could help to control or reduce the levels of
fungal diseases (downy mildew, powdery mildew, gummy stem blight and early blight),
avoiding the emergence of resistance to the lower number of active substances allowed for
fungal disease control in European horticultural crops.
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