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Abstract: Light quality within greenhouses is a critical factor for crop development and is essential for optimal
photosynthetic activity. Modifying the optical properties of cover materials can significantly enhance crop
performance. This study aimed to assess the effects of an experimental plastic cover, characterized by high
transmittance of photosynthetically active radiation (PAR) and high light diffusivity, on the growth, yield, fruit
quality, photosynthetic activity, and fungal disease incidence in two cucumber (Cucumis sativus L.) crops. The
trials were conducted over two consecutive autumn-winter crop seasons in a multispan greenhouse divided
into two sectors, separated by a vertical polyethylene sheet. The experimental plastic cover was installed in the
West sector (40 m x 25 m), while a standard commercial cover was used in the East sector (40 m x 20 m). Results
demonstrated that plants grown under the experimental cover exhibited an 8.5% and 15.3% increase in
photosynthetic activity during the first and second crop seasons, respectively. PAR radiation at the canopy
level was also higher in the experimental sector by 8% and 10.5% across both seasons. Additionally, marketable
yield increased by 4.2% in the first season and 14.3% in the second season under the experimental cover. No
significant differences were observed in fruit quality and plant growth parameters between the two sectors.
The experimental plastic cover, with its high PAR transmittance and light diffusivity, enhanced the internal
light environment of the greenhouse without incurring additional costs. This improved light environment
positively influenced photosynthetic activity and yield in cucumber crops. Furthermore, a lower incidence of
fungal diseases was observed in plants grown under the experimental cover during both crop cycles.

Keywords: greenhouse cover plasticc PAR transmittance; diffusivity; photosynthetic activity;
cucumber

1. Introduction

Greenhouse production is often associated with high operational costs, particularly during off-
season cultivation and when climate control systems rely on fossil fuels. In the Mediterranean region,
specifically in Almeria, Spain, passive climate control systems are widely used. These systems do not
require external energy inputs, thereby reducing the overall cost of crop production [1]. Almeria is
the Mediterranean region with the highest concentration of greenhouses in Europe, covering 33,635
hectares [2]. These greenhouses are predominantly covered with plastic films, a common choice in
warm climates like the Mediterranean.

Solar radiation is a key factor for agricultural crops, providing the necessary energy for
photosynthesis, biochemical processes, and cell elongation [3]. Under adequate CO, concentration
and optimal greenhouse temperatures, photosynthetic activity is primarily driven by light intensity.
Consequently, solar radiation is the most critical factor for plant growth due to its direct impact on
photosynthesis [4]. Photosynthesis supports plant growth, biomass accumulation, germination, and
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flowering, among other functions that depend not only on the quantity but also on the quality of light
[5]. The photosynthetic rate of leaves is determined by the amount of photosynthetic protein per unit
leaf area and the stomatal conductance of CO, [6]. Plants grown under low light conditions are more
susceptible to photo inhibition than those grown under high light intensity [7]. Generally, increases
in net photosynthetic rate correspond to increases in light intensity. To adapt to varying light
environments, plants have developed numerous mechanisms, including morphological and
physiological changes at the leaf level [8]. Low light levels can lead to an increase in specific leaf area
and plant height, adaptations that enhance light capture and meet the photosynthetic demand [9].

Recent advancements have focused on developing greenhouse cover materials that modify light
properties, such as photo-selective plastics, UV-blocking films, and high light diffusivity covers.
These innovative covers can minimize energy losses and enhance crop yields without additional
energy input [10-12]. Plastic covers designed to improve both the quality and quantity of light
reaching the crops offer a significant advantage in promoting plant growth and productivity
compared to traditional covers [13].

Selecting the appropriate greenhouse cover material is crucial for optimizing protected crop
development, as the optical properties of these materials directly influence the greenhouse
microclimate [14]. Transmittance is considered the most critical optical property, as increasing the
cover's transmittance enhances photosynthesis and yield while reducing energy requirements during
colder periods [15]. The transmittance of polyethylene (PE) plastic covers ranges between 70% and
90%. Ideally, a cover material should allow 100% transmission of photosynthetically active radiation,
which is efficiently utilized by plants in the photosynthesis process [16]. The average PAR
transmittance of a single-layer plastic-covered tunnel greenhouse is approximately 80% on cloudy
days and 78% on sunny days [17]. To leverage diffuse light in greenhouses, diffuse cover materials
are used to increase light diffusion without reducing overall light transmission [18]. Diffuse cover
materials, which can transform 45-71% of direct light into diffuse light, create more homogeneous
light profiles, leading to improved crop growth and yields [19-21]. Additionally, diffuse light results
in lower leaf and flower temperatures and reduced photo inhibition, due to less severe local peaks in
light intensity [20,22,23]. Photosynthetic processes can be 10-15% more efficient under diffuse light
compared to direct light [24].

Different radiometric properties of cover materials have distinct effects on the greenhouse
microclimate and crop yield [25]. The use of energy-efficient cover materials, which alter light
transmittance [26], can reduce cooling and heating needs [27,28]. Appropriate greenhouse cover
materials can lower annual cooling and heating loads by 9.8% and 6.3%, respectively [29].
Furthermore, innovative cover materials can not only reduce production costs and mitigate negative
impacts on total yield but can also improve fruit quality when combined with optimal time of harvest
[30].

The initial hypothesis of this study is that using an experimental plastic cover with high PAR
transmittance and high light diffusivity will improve radiation conditions inside the greenhouse,
thereby enhancing photosynthetic activity in cucumber crops. This enhancement is expected to
increase production, profitability, and economic and environmental sustainability, as this approach
does not involve additional energy expenditure. Therefore, the objective of this study was to
investigate the impact of an experimental plastic cover with high PAR transmittance and high light
diffusivity on photosynthetic activity, plant development, yield, and fruit quality of cucumber
(Cucumis sativus L.) during two consecutive autumn-winter seasons in a Mediterranean greenhouse.
Additionally, the study assessed the effects of the experimental plastic cover on the main fungal
diseases that commonly affect cucumber crops, as these findings are crucial for determining the crop's
overall development [31].

2. Materials and Methods

2.1. Experimental Site
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The present investigation was carried out during the autumn-winter seasons of 20/21 and 21/22
at the Centre for Innovation and Technology Transfer ‘Fundacion UAL-ANECOOP’ (Latitude:
36°51'53.2” N. Longitude: 2°16’58.8” W; Altitude: 87 m). A multispan greenhouse (1800 m? —
orientation: 118°N) was divided into two similar sectors (East and West sectors) by a vertical plastic
sheet. Ventilation is 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. The outside climatic parameters were measured by a meteorological station located 135 m
North of the experimental greenhouse (Table 3) during the two crop seasons (Figures 1-6).

The greenhouse had roof vents in the first crop season, while in the second crop season side
vents were installed on both sides of the greenhouse (North and South). As a result of the new side
vents, the ventilation surface increased in both sectors of the greenhouse (Table 1).

Table 1. Characteristics of the two sectors of the experimental greenhouse. Sc (m?): crop surface Sy
(m?): vent opening surface and Sv/Sc (%): ventilation surface/ greenhouse surface ratio.

Sector  Plastic cover Dimensions Sc Crop season 20/21 Crop season 21/22
Sv Sv/Sc Sv Sv/Sc
West Experimental 40m x25m 1000 109.1 10.9 232.2 23.2
East Commercial 40 m x 20 m 800 84.9 10.6 193.9 24.2

The experimental plastic cover (AA Politiv (1999) Ltd., Kibbutz Einat, Israel) was installed in the
West sector, while the commercial plastic cover was installed in the East sector. Both plastic covers
were developed by Politiv Europe S.L. (Israel) according to the standards UNE-EN 13206:2017 [32]
and ASTMD 1003-13 [33] for optical properties (Table 2). Modifying the optical properties of the
experimental plastic cover did not increase the cost.

Table 2. Optical properties of the plastic cover used in the trial (provided by the manufacturer).
Transmission of photosynthetically active radiation Trar [400-700nm], Tuv light transmission Tuv [300-
380], light diffusion D, thermal efficiency T.

Sector Plastic cover TPAR TUV D T
West Experimental 0.90 0.24 0.55 0.90
East Commercial 0.85 0.24 0.60 0.85

The average service life of plastic covers is estimated to be four seasons in central North Europe
and two to three seasons in the Mediterranean regions [34,35]. Emekli et al. [34] determined an initial
PAR transmittance of 80.1-83% and losses in PAR transmittance were 4.9-6.2% at the end of the
service life. In our case, both cover plastics were in their second year of service life; at that time, the
optical properties of the experimental cover plastic will not have deteriorated.

2.2. Crop System

To determine the influence of plastic cover on cucumber crops (Cucumis sativus L.), two
consecutive autumn-winter seasons with the commercial variety Insula (Rijk Zwaan Iberica, S.A.,
Almeria, Spain) were carried out. The transplant was carried out on 4 September 2020 in the first crop
season and on 8 September 2021 in the second. In both crop seasons, plants develop in ‘arenado’ sand
mulched soil, which is stratified soil that is commonly used in Almeria greenhouses [1]. The plant
density was 1.2 plants/m?, with the cultivation lines perpendicular to the ridge of the greenhouse.
Fertigation was applied uniformly in both sectors by drip irrigation and managed in both
experimental sectors by the SUPRA irrigation controller (Hermisan, Alicante, Spain). Cucumber crop
management tasks (cleaning, trellising, pruning and harvesting) were carried out at the same time in
both sectors. The total period in both cucumber crop seasons was 18 weeks.

2.3. Microclimate Measurement Equipment
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To compare the effect of the two plastic covers on the greenhouse microclimate, six HOBO® Pro
Temp-HR U23-001 (Onset Computer Corp., Pocasset, MA, USA) with temperature and humidity
sensors (Table 3) on the midvertical profiles of both sectors at a height of 1 m in the three central
spans of the greenhouse. The autonomous HOBO air temperature and humidity sensors were
protected from solar radiation by open boxes.

Table 3. Characteristics of all sensors used for microclimate measurements.

Parameter Sensor Manufacturer Rank Accuracy
Outside climatic parameters measured at the weather station
5% or £220W
Outside solar radiation Kipp Solari-MII HortiMax B.V. +2000 W m~ 5% ?rl;*z 0
M i
Wind speed Anemometer-MII (H?)Tlszilg) ’ 0-40 ms! 5%
Wind direction Vane Meteostation II 0-360 ° +5°
Outside temperature Pt1000 IEC 751 1/3B Vaisala Oyj -25-75°C +0.2°C
Outside humidity HUMICAP HMT100 (Helsinki, 0-100% £2.5%
Finland)
Inside climate parameters
Inside ai
nside air temperature HOBO® Pro Temp- OnsetCC(I)(;mputer _4_70°C 0-100%
Inside relative humidiy HR U23-001 p- +0.18 °C £2.5%

(Pocasset, USA)

2.4. Measurement of Photosynthesis Activity

Twelve plants were randomly selected in each experimental sector on each measurement day
and photosynthetic activity was measured at intermediate plant height, on mature and fully
expanded leaves [36] following the methodology used by Jiang et al. [37]. The equipment used was a
portable LCi SD analyser (ADC BioScientific Limited, Hertfordshire, United Kingdom) equipped
with an IRGA CO: and H20 concentration sensor (infrared gas analysis; with a CO2 measurement
range of 0 to 2000 ppm, 0 to 75 mbar H20, with accuracy + 2 %; and PAR radiation of 0 to 3000 m2 s-
). The photosynthetic rate, the evapotranspiration rate, the concentration of CO: in the leaf
environment, the PAR radiation reaching the leaf surface, the leaf temperature, and the stomatal
conductance were measured. The data reading route was different for each measurement day and
was randomly assigned to avoid the position of the sun altering the measurements. Furthermore,
data were always recorded during the same time interval, between 12:00 and 12:30 hours.

2.5. Measurement Equipment for Crop Development and Yield Analysis

To evaluate crop development, groups of four plant lines with four plants per line (16 plants)
were randomly selected in each sector. To be able to determine the growth adequately, the same
selected plants were measured on each measurement day. The instruments used were a tape measure
and a digital gauge with a measuring range of 0 to 150 mm and an accuracy of 0.01 mm (Medid
Precision, SA, Spain). The morphological parameters measured every 15 days (in the same plants)
were: distance from the apical meristem of the plant to the last node (Nt), which was measured
considering the last node under the last leaf at physiological maturity; total length of the stem (Ls),
calculated from Nt and the distance from the last node to the ground; length of two internodes (L1),
measured below the last leaf at physiological maturity; stem diameter (Ds) and number of nodes (Nnj).

To determine cucumber yield, marketable and non-marketable yields were weighted every
week. Four plants lines (R1-R4 considered statistical repetitions) for each sector were selected and the
yield collected in these lines was weighted with a Mettler Toledo electronic scale (Mettler-Toledo,
SAE, Spain) with a sensitivity of 20 g and a maximum capacity of 60 kg.

For the evaluation of the quality of the fruit, ten cucumbers were randomly selected from each
sector and harvest. Weight measurements (WF) were performed using an electronic scale PB3002-L
(Delta Range®; Mettler Toledo, SA, L’'Hospitalet de Llobregat, Spain, with a sensitivity of 0.1 g); the
diameter of the fruit (DF) using a 150 mm digital gauge (Medid Precision, SA, Barcelona, Spain); the
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length of the fruit (LF) using a measuring tape and the content of soluble solids (TSS) using a
refractometer (PAL1, Atago Co. LTD., Fukuoka, Japan, with a precision of + 0.2 %).

2.6. Development of Fungal Diseases

During the two crop seasons, a parallel trial was carried out to determine the effect of the plastic
cover with high PAR transmissivity and high diffusivity on the main fungal diseases that usually
attack the cucumber crop [31]. For the design of the trial, the standards of the European and
Mediterranean Plant Protection Organisation (EPPO) were followed. For diseases of downy mildew
and powdery mildew diseases, EPPO standards PP 1/181 (conduct and reporting of efficacy
evaluation trials), PP 1/152 (design and analysis of efficacy evaluation trials), PP 1/57 (powdery
mildew in cucurbits) and PP 1/65 (downy mildew of lettuce and other vegetables, PSPECU) are
applicable. For more detailed information, consult Avalos-Sanchez et al. [31].

2.6. Statistical Analysis

The data presented are an average of the results obtained in two independent trials (autumn-
winter 2020 and 2021 crop season) with a minimum of 4 replicates for each treatment at yield (harvest
date). The growth and photosynthesis parameters of 12 plants were evaluated in each experimental
sector and ten cucumber fruits (in each harvest) were used to analyse the quality of the yield. The
results were analysed using variance analysis (considered significant if the p value is <0.05) and
comparing mean values with Fisher’s least significant difference method (LSD). Previously, the
normality of the data was assessed using the Kolmogorov-Smirnov test. Bartlett’s, Cochran’s and
Hartley’s tests were used to determine whether the two sectors had similar parameter variances.
When there was a statistically significant difference between standard deviations, parametric analysis
using analysis of variance was not feasible. In this case, a nonparametric analysis was performed with
the Friedman test, where each row represents a block (the measurement date) using the box and
whisker plot [38].

3. Results

3.1. Microclimate

The microclimatic parameters measured at 1 m height (air temperature, relative humidity and
absolute humidity) showed a similar behaviour during the first crop season, with slight differences
between the East and West sectors of the greenhouse (Figures 1-3).
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Figure 1. Evolution of air temperature outside (—) and average (- - -), maximum (—) and minimum
() temperature inside of the greenhouse in the East sector with commercial plastic cover. Average (-
- -), maximum (—) and minimum (--) temperature inside the greenhouse in the West sector with
experimental plastic cover. Crop season 20/21.


https://doi.org/10.20944/preprints202410.1289.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2024 d0i:10.20944/preprints202410.1289.v1

100

%
S

=N
=)

Relative humudity (%)
P
(=]

[}
S

13-11-20 20-11-20 27-11-20 4-12-20 11-12-20 18-12-20
Date

Figure 2. Evolution of relative humidity outside (—) and average (- - -), maximum (—) and
minimum (--) temperature inside of the greenhouse in the East sector with commercial plastic cover.
Average (- - -), maximum (—) and minimum (-) temperature inside the greenhouse in the West
sector with experimental plastic cover. Crop season 20/21.
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Figure 3. Evolution of absolute humidity outside (—) and average (- - -), maximum (—) and
minimum (--) temperature inside of the greenhouse in the East sector with commercial plastic cover.
Average (- - -), maximum (—) and minimum (--) temperature inside the greenhouse in the West
sector with experimental plastic cover. Crop season 20/21.

During the second crop season, as in the first, the microclimatic parameters measured (air
temperature, relative humidity and absolute humidity) behaved in a similar way (Figures 4-6).
Although it should be noted that the average inside temperature values were slightly lower in the
eastern sector of the greenhouse (Figure 4).
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Figure 4. Evolution of air temperature outside (—) and average (- - -), maximum (—) and minimum
() temperature inside of the greenhouse in the East sector with commercial plastic cover. Average (-
- -), maximum (—) and minimum (--) temperature inside the greenhouse in the West sector with
experimental plastic cover. Crop season 20/21.
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Figure 5. Evolution of relative humidity outside (—) and average (- - -), maximum (—) and
minimum (--) temperature inside of the greenhouse in the East sector with commercial plastic cover.
Average (- - -), maximum (—) and minimum (-) temperature inside the greenhouse in the West
sector with experimental plastic cover. Crop season 20/21.
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Figure 6. Evolution of absolute humidity outside (—) and average (- - -), maximum (—-) and
minimum (--) temperature inside of the greenhouse in the East sector with commercial plastic cover.
Average (- - -), maximum (—) and minimum (-) temperature inside the greenhouse in the West
sector with experimental plastic cover. Crop season 20/21.

The inside air temperatures (average, maximum and minimum) were higher in the sector with
the experimental plastic cover during the first crop season (Table 4). This would be reasonable
behaviour, as the experimental plastic cover allows more PAR and total radiation to pass through
with the same ratio of the ventilation surface (Table 1). The small increase in air temperature (0.2 °C)
observed in the sector with the experimental plastic cover corresponded to the increase in leaf surface
temperature (1.1 °C) during the first crop season (Table 6).

As in the first crop season, in the second crop season the air temperature values were higher in
the sector with experimental plastic cover (Table 4), with an increase of 0.4 °C in the average air
temperature, 1.3 °C in the maximum temperature and 0.2 °C in the leaf surface temperature by 0.2 °C
(Table 6).
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Humidity values were similar between both experimental sectors in both crop seasons (Table 4).
Similarly, crop evapotranspiration, which is mainly related to absolute humidity, was similar in both
experimental sectors and in both crop seasons, with no statistically significant differences (Table 6).

Table 4. Average, maximum and minimum values of temperature T [°C], relative humidity HR [%]
and absolute humidity x [kg kg™'] measured at height of 1 m in the North, central and South areas of
the two sectors of the greenhouse.

Cucumber crop season 20/21 Cucumber crop season 21/22
T HR X T HR X
Average values
East-Commercial 1362 761% ) 0064+0.0005 17.2:30 78.8:2.8 0.0084:0.0007
plastic 1.4 52
West-Experimental 15.8 + 762+ 0.0062+
16.842.9 79.842.3 0.0087:0.0007
plastic 1.8 47 0.0003 § § §
Average daily maximum values
East- ial 30.8 2.2
ast-Commercia 0 2 0.0173+0.0030 28.2+3.7 93.4+1.9 0.0182:+0.0044
plastic +1.4 +1.5
-Experi 1 19+ 1.
West-Experimenta S19x L9 (019100044 295:34 93311 0.0175:0.0044
plastic 0.8 0.5
Average daily minimum values
East- ial T+ .
ast-Commercia 67+ 36 ) 0020£0.0010 8435 41.1:6.1 0.0029:0.0010
plastic 34 +10.6
West-Experimental 71+ 39,
est-Experimenta . 95 0.0022:0.0010 86432 43.4+51 0.0030£0.0009
plastic 3.1 9.5

3.2. Fungal Diseases

In greenhouses, there are favourable environments for the development of pests in the crop, due
to the warm and humid environment that exists under the plastic covers [39]. Interfering in the
development of the pathogen cycle is important in any integrated pest management (IPM) strategy.
One of the ways to interfere with the environmental conditions of greenhouses is to modify the
spectral properties of the greenhouse film cover, which in turn affects the development of some
pathogens in the plant [40]. Light has an important effect on the formation of the conidia of some
fungi; the exposure of the mycelia to ultraviolet light or blue light affects the development of the
fungus [41]. Greenhouse cover films, which block or decrease ultraviolet radiation [42], prevent the
sporulation of various phytopathogenic fungi [43]. For this reason, we consider that it is essential to
analyse the results obtained in the parameters analysed in our trial (photosynthesis, plant growth,
yield and fruit quality) in terms of the percentage of infection of the main fungal diseases that attack
cucumber crops in our geographical area.

The most important disease in both seasons was powdery mildew; however, for the first crop
season, downy mildew reached infection rates similar to powdery mildew. In the second crop season,
statistically significant differences were observed in the three fungal diseases studied. The incidence
of fungal diseases studied was generally lower in the greenhouse sector with the experimental plastic
cover (Table 5), due to the higher PAR transmissivity and the higher light diffusivity of the plastic
cover. It should be noted that during the second crop season, the infection rates of the three diseases
studied were higher in both sectors compared to the results obtained in the first crop season, which
was subsequently reflected in the results obtained in photosynthesis, plant development, yield and
fruit quality.

Table 5. Average value of percentage of infection at the end of the trial in both sectors of the
experimental greenhouse. (Extracted from Avalos-Sanchez et al. [31]).
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Gummy stem

. Powdery mildew . .
Plastic Downey mildew blight
Sectors Sphaerotheca . .
Cover . Pseudoperonospora cubensis Didymella
fuliginea .
bryoniae
End of first crop season (24/12/2020)
East Commercial 34.11»+30.32 19.052 + 23.37 7.692+19.30
West  Experimental 12.382+21.18 15.792+23.78 8.942+20.18
End of second crop season (18/12/2021)

East Commercial 45.22b + 34.93 47.14¢ + 35.07 32.74 + 37.58
West  Experimental 19.492+24.17 37.862 + 33.27 25.712+ 33.15

2 Values with different letters in the same column show statistically significant differences with a confidence
level of 95.0% (p value < 0.05).

3.3. Photosynthetic Activity

In the first crop season, the photosynthetic activity measured in leaves was higher in plants in
the sector with experimental plastic cover, with an average value of 12.9 umol CO2 m* s compared
to 11.8 umol CO:2 m? s measured in plants in the sector with commercial plastic cover (without
statistically significant differences). This represents an increase in photosynthetic activity of 8.5 %.
The use of experimental plastic cover with higher transmittance to PAR radiation increased PAR
radiation at leaf level by 8 %, from 604 pumol m s in plants of the sector with commercial plastic
cover to 657.2 umol m? s'in plants of the sector with experimental plastic cover. The CO:
concentration at canopy level was 418.0 ppm in the plants of the sector with experimental plastic
cover, while in the plants of the sector with commercial plastic cover it was 415.9 ppm. The value of
the CO: concentration should be lower in the West sector because plants performed more
photosynthesis (Table 6), it is possible that in the eastern sector the CO2 concentration was higher
even though less was spent on photosynthesis. Leaf temperature was 1.1 °C higher in plants in the
sector with experimental plastic cover, which is reasonable because the experimental plastic cover
allows both PAR radiation and global radiation to pass through, producing a slight increase in plant
temperature. Finally, evapotranspiration and stomatal conductance were practically the same in both
experimental sectors (Table 6).

In the second crop season, the measured photosynthetic activity was 15.3 % higher in plants in
the sector with experimental plastic cover (10.5 umol CO2 m? s) compared to the photosynthetic
activity measured in plants in the sector with commercial plastic cover (8.9 pmol CO2 m? s1), with
statistically significant differences. PAR radiation measured at the canopy level in plants in the sector
with commercial plastic cover was 537.5 umol m2 s and 600 pumol m2 s in plants in the sector with
experimental plastic cover, an increase of 10.5 %, but without statistically significant differences. It is
noticeable that the experimental plastic cover has a positive effect on plant photosynthesis. This was
also favored by the fact that the plants in the commercial plastic cover sector had a higher fungal
disease infection rate than the plants in the experimental plastic cover. (Table 5). The concentration
of CO: in plants under the influence of the commercial plastic cover (418.2 ppm) was 4.6 % higher
compared to the concentration of concentration of CO: in plants in the sector with the experimental
plastic cover (404.1 ppm), without statistically significant differences. As in the first crop season, the
leaf temperature of plants grown in the sector with experimental plastic cover was slightly higher
(0.2 °C) than the leaf temperature of plants in the sector with commercial plastic cover. The other two
measured parameters (evapotranspiration and stomatal conductance) showed similar values in the
plants of the two experimental sectors (Table 6).

The incidence of fungal diseases was significantly higher in the second crop season (Table 5),
which affected the results obtained for photosynthetic activity and PAR radiation at the leaf level
(Table 6).
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Table 6. Average values of the measurements made on the leaves of plants grown in the two
greenhouse sectors with different plastic covers. Photosynthetic activity Pa [umol CO2 m2 s7!, PAR
radiation Qrar [umol m™2 s7], leaf temperature T [°C], CO: concentration CrL [ppm],
evapotranspiration EL [mmol m s7'] and stomatal conductance Ce [mol m2 s7].
Sectors  Llastic PA QPAR TL CL EL CE
Cover
Cucumber crop season 20/21

East Commercial 11.82+ 604.22 + 26.72 % 41592+ 2.3+ 0.202 £
3.2 1454 3.9 20.2 1.0 0.11

West  Experimental 12.92+ 657.02 £ 27.82+ 418.02 = 2.5+ 0.192+
2.8 138.9 3.1 37.5 0.9 0.10

Cucumber crop season 21/22
. 537.32 + 27.8+ 418.22 £ 3.2a 0.21a+
East Commercial 8.92+1.9 149.2 94 485 10 011
10.5> + 600.12 + 28.02 + 404.12 + 322+ 0.222 +
2.3 172.9 2.6 25.8 0.8 0.11

2 Values with different letters in the same column show statistically significant differences with a confidence
level of 95.0% (p value < 0.05).

West  Experimental

The use of the experimental plastic cover with higher transmittance allowed an increase in PAR
radiation measured on the leaves of the crop of 8% in the first crop season and 10.5 % in the second
crop season (Figure 7a). This resulted in an increase in photosynthetic activity of 8.5 % during
cucumber crop 20/21 and of 15.3 % in cucumber crop 21/22 (Figure 7b). In the second crop season,
the fungal diseases studied (powdery mildew, downey mildew and gummy stem blight) showed
higher infection rates in the sector with commercial plastic mulch with statistically significant
differences. The increased attack of fungal diseases could lead to a decrease in photosynthesis and
yield, although the climatic conditions (Figures 4-6) and the ventilation surface (Table 1) were better
than in the first crop season.

800 16
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700 +8% +10.5% &? 14 +8.5%
& 2
. 600 g 12 +15.3%
¥ E
2o % g0
£ E 400 £0 8
i £ 3
] 300 €T 6
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3 > g
% < 200 8324
~ £
100 ~ 2
0 0
Cucumber crop 20/21 Cucumber crop 21/22 Cucumber crop 20/21  Cucumber crop 21/22

(a) (b)

Figure 7. PAR radiation (a) and photosynthetic activity (b) of cucumber crops with commercial plastic
cover (m) and experimental plastic cover (m) in the 20/21 and 21/22 crop seasons.

Statistical analysis showed significantly higher photosynthetic activity in cucumber leaves in the
sector with experimental plastic cover by 8.4 % in the first crop season and of 11.2 % in the second.
Photosynthesis activity increases under diffuse plastic cover materials in tomato and cucumber crops
[19,44,45]. Furthermore, when diffuse cover materials combined with high transmittance,
photosynthetic activity increased by 21.5 % in a spring-summer tomato crop season [46]. Statistical
analysis showed an increase in PAR radiation at the leaf level of 10 % in the first crop season
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(statistically significant difference) and 17.2 % in the second crop season. It should be noted that
despite having a similar PAR radiation level in both crop season, photosynthetic activity decreases
significantly in both sectors in the second crop cycle. This behaviour of photosynthetic activity may
be due to the higher percentage of fungal diseases that attacked the cucumber crop during the second
crop season (Table 5), mainly plants in the sector with commercial plastic cover.

3.3. Plant Morphology

In general, there were no statistically significant differences between any of the morphological
parameters analysed. Only the average value of the length of the internode was statistically higher in
plants under the influence of experimental plastic cover in the second crop season, with statistically
significant differences (Table 7).

Table 7. Average values of the morphological parameters measured in plants grown in sectors with
different plastic covers. Total length of the stem Ls [cm], length of the apical meristem Nt [cm], length
of the internodes Li [cm], diameter of the stem Ds [mm], number of nodes Nn.

Sectors Plastic Cover Ls Nr L: Ds N~
Cucumber crop season 20/21
East Commercial 340.92+1754 24.92+48 105°+18 13.62+2.0 252+9.3
West  Experimental 338.72+173.0 23.22+47 10.62+1.8 1392+1.6 25+95
Cucumber crop season 21/22
East Commercial 245.62+184.3 13.00+6.7 10.32+2.0 11.22+26 21a+11.1
West  Experimental 249.82+184.8 1332+65 11.4*+22 11.80+3.0 202+10.4

2 Values with different letters in the same column show statistically significant differences with a confidence
level of 95.0% (p value < 0.05).

In the first crop season, the average total length of the stem and the average length of the apical
meristem were higher in plants in the sector with the commercial plastic cover. Although the length
of the stem was higher in plants covered with commercial plastic, the number of nodes was the same
in both sectors. However, the marketable yield was higher (4.2 %) in the sector with the experimental
plastic cover (9.6 kg/m?) compared to the marketable yield in the sector with the commercial plastic
cover (9.2 kg/m?) (Figure 8a). In the second crop season, the parameters analysed did not follow the
same pattern as in the first crop season. In this case, the length of the plant was higher (1.7 %) in
plants with experimental plastic cover, and this could be related to the length of the internodes, which
is higher, with statistically significant differences (Table 7). However, the number of nodes in this
crop season was higher in the sector with commercial plastic cover compared to the number of nodes
with experimental plastic cover (Table 7). Cucumber production is related to the number of nodes
because it is mainly this part of the plant where the fruits develop. However, the marketable yield
was 14.3 % higher in the sector with experimental plastic cover (7 kg/m?) compared to the marketable
yield in the sector with commercial plastic cover (6 kg/m?) (Figure 8a).

Due to the higher percentage of fungal diseases during the first crop season (Table 5) plant
growth was clearly affected in the parameter’s total length of the stem, the length of the apical
meristem, the diameter of the stem and the number of nodes.

Several authors have documented the positive effects of diffuse light on the yield and growth of
greenhouse crops [18,47,48]. In previous research, tomato plants grown under high transmittance
plastic cover with high transmittance (experimental plastic cover) were found to show increased
growth and development [46]. In addition to plant growth, light has an important effect on the
formation of conidia of some fungi [39]. It was observed that plants grown under the influence of
commercial cover film had a higher percentage of infection of the three fungal diseases that most
affect cucumber crops (powdery mildew, downy mildew, and gummy stem blight). In the first crop
season, powdery mildew showed a higher infection rate, causing a very rapid development of the
disease. For this reason, although the plants grew well, the high presence of powdery mildew caused
a decrease in yield (Figure 8). In the second crop season, the three fungal diseases studied showed a
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high percentage of infection in plants in the sector with commercial plastic cover (Table 5). Analysing
the morphological parameters of the plant growth and fruit quality parameters, we can observe that
during the first crop season the plants and fruits harvested under the influence of the commercial
plastic cover showed better results. However, in the second crop season, it was plants and fruits
harvested under the influence of the experimental plastic cover that showed better results. This result
may be related to the high infection rate of fungal diseases, mainly during the second crop season.
The fungal diseases studied can reduce plant growth, cause premature drying of leaves and
subsequently cause a reduction in fruit quality and marketability [43].

3.4. Yield and Fruit Quality

The yield results in the first season of cucumber crops show an increase in marketable yield of
0.4 kg/m? in the greenhouse sector with experimental plastic cover, an increase of 4.2 % compared to
the yield in the sector with commercial plastic cover (Figure 8a). Furthermore, the total cumulative
yield was 5 % higher with the experimental plastic cover (12.1 kg/m?) compared to the total
cumulative yield in the sector with the commercial plastic cover (11.5 kg/m?) (Figure 8b). During the
second season of cucumber crop, in the sector with experimental plastic cover, the marketable yield
(7 kg/m?) and the total yield (9.4 kg/m?) were 14.3 % (Figure 8a) and 14.9 % (Figure 8b) higher,
respectively, compared to the marketable yield (6 kg/m?) and the total cumulative yield (8 kg/m?) in
the sector with commercial plastic cover (Figure 8).
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Cucumber crop 20/21 Cucumber crop 21/22 Cucumber crop 20/21 Cucumber crop 21/22

(a) (b)

Figure 8. Cumulative marketable (a) and total yield (b) of cucumber crops with commercial plastic
cover (m) and experimental plastic cover (=) in 20/21crop season and 21/22 crop season.

This 4.2 % and 14.3 % increase in marketable yield (Figure 8a) could be the result of the higher
transmittance and diffusivity of the experimental plastic cover, and the lower infection rate of fungal
diseases in plants in this sector of the greenhouse. Several studies have shown that the use of diffuse
plastic cover improves cucumber yield from 4.8 to 14 % [48,49]. This increase in yield was not only
observed in cucumber crops, but other authors have also shown increases in tomato and pepper crops
of up to 6% [21,50] under diffuse plastic cover and 3.2 % combined with higher transmittance [46,51].

In both crop season, plants in the experimental plastic cover sector have been shown to have
lower rates of fungal disease infection (Table 5) and therefore photosynthetic activity (Table 6) and
yield (Figure 8) showed better results, possibly favoured by the higher PAR transmissivity and high
light diffusivity of the experimental plastic cover. Although the positive effect of the experimental
plastic cover on cucumber crop production is remarkable, it should be noted that during the second
crop season, fungal diseases reached higher infection rates. This higher level of fungal diseases could
be the cause of considerable crop losses. Since downy mildew, caused by the fungus
Pseudoperonospora cubensis, it is one of the most dangerous diseases that attack cucumbers, causing
serious crop losses [52].
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In both cucumber crop seasons, the statistical analysis of the quality parameters of the fruits did
not show statistical differences between the fruits harvested under the influence of the two plastic
covers tested (Table 8). The most notable parameter was the weight of the fruits, because it was 2.4 %
higher in the first crop and 6.6 % in the second in the fruit harvest under the influence of the
experimental plastic cover. The rest of the parameters analysed were similar during the two crop
seasons.

In the second crop season, the weight, length and soluble solids content of the harvested fruits
were lower compared to the fruits harvested in the first crop season (Table 8), possibly because of the
higher percentage of fungal diseases (Table 5). This could be because attacks by these fungi cause
significant economic damage to production, reducing crop yields [53].

Table 8. Average values of the production quality parameters measured for plants grown in areas
with different plastic covers. Weight Wr [g], diameter Dr [mm], fruit length Lr [cm] and soluble solids
content Ssr [*Brix]. .

Sectors Plastic Cover Wr Dr Lr Ssr
Cucumber crop season 20/21
East Commercial ~ 474.32+105.4 33.82+4.0 4442+27 3.72x0.8
West Experimental 463.02+80.9 32.82+3.1 44.72+43 3.4a+05
Cucumber crop season 21/22
East Commercial  399.52+73.9 4152+3.7 3342+22 29x04
West Experimental 427.72+99.6 425°+3.8 33.92+28 28+04

2 Values with different letters in the same column show statistically significant differences with a confidence
level of 95.0% (p value < 0.05).

Although the quality parameters varied between in the two crop seasons, the marketable and
total yields were always higher in the sector with experimental plastic cover (Figures 8a,b). Several
authors have observed positive effects on fruit maturity [54] and fruit weight in the tomato crop
under diffuse plastic cover [48,55].

4. Conclusions

Based on the comparison between the experimental plastic cover with high photosynthetically
active radiation (PAR) transmittance and high light diffusivity, and a standard commercial plastic
cover, the following conclusions can be drawn:

— The experimental plastic cover significantly increased average photosynthetic activity in
cucumber leaves by 8.5% during the first crop season and by 15.3% during the second crop season,
due to its higher PAR transmittance.

- PAR radiation at the canopy level was also enhanced under the experimental cover, with
increases of 8% in the first crop season and 10.5% in the second crop season compared to the
commercial cover.

— As aresult of the improved photosynthetic activity and increased PAR radiation at the canopy
level, the marketable yield of cucumbers grown under the experimental plastic cover was 4.2% higher
in the first crop season and 14.3% higher in the second crop season.

- No statistically significant differences were observed in plant growth parameters (such as stem
length and thickness, number of nodes, and internode length) or in fruit quality parameters
(including weight, diameter, length, and soluble solid content) across both crop seasons between the
two cover types.

- Plants grown under the experimental plastic cover not only received more PAR radiation and
exhibited higher photosynthetic rates, but also had a lower incidence of fungal diseases, resulting in
healthier plants and higher yields in both crop seasons compared to those grown under the
commercial cover.
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