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Abstract: Two experiments were conducted in different cropping seasons under Mediterranean climatic
conditions to investigate the impact of two cooling systems (fan-pad evaporative as opposed to fan
ventilation) on greenhouse microclimate and soilless cucumber growth. The second objective of the
experiment was to determine the most appropriate irrigation regime (between 0.24 and 0.32 L m−2 ) in
relation to crop water uptake and greenhouse fertigation effluents. The use of a fan ventilation system
enhanced the vapor pressure deficit; thus, the crop transpiration improved by 60% in relation to the
transpiration rates of plants grown under the fan-pad system. Higher transpiration rates alleviated the
heat load as the external–inside greenhouse air differences declined from 6.2 ◦ C to 3 ◦ C. The leaf–air
temperature differential indicated that plants were not facing any water stress conditions for both cooling
systems tested; however, fan ventilation reduced drainage emissions outflows (95% decrease) compared
with evaporative cooling. Results also demonstrated that an irrigation regime of 0.24 L m−2 can be applied
successfully in soilless cucumber crops, keeping the drainage to a minimum (20% of the nutrient solution
supply). These results suggest that fan ventilation cooling system in conjugation with an appropriate
irrigation regime prevents overheating and minimizes the nutrient and water losses in spring-grown
soilless cucumber crops in Mediterranean greenhouses without compromising yield.
Keywords: Fan-pad evaporative cooling; transpiration; leaf temperature; fan ventilation cooling;
irrigation regimes.

1. Introduction
Greenhouse overheating may become a serious problem for plant growth and production
throughout a significant part of the year, especially in arid and semi-arid regions, resulting from
high solar radiation values [1,2]. In order to cope with this, various kinds of greenhouse cooling
technologies have been proposed [3]. However, the suitability to local climatic conditions still remains
a challenge, as seasonal changes in solar energy result in seasonal patterns of heat built up within a
greenhouse [4,5].
Passive cooling methods (e.g., natural ventilation, white washing, shading nets) are considered
simple and low-cost ways to reduce greenhouse heat accumulation, as they require little initial
investment [6,7]. However, the efficiency of natural ventilation is limited under low external air
velocity values and shading can affect production and fruit quality characteristics based on the
technique used and the percentage reduction of incoming solar radiation [8,9]. Hence, active cooling
methods (e.g., evaporative pads, fogging, misting, fan ventilation) are being implemented in warmer
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climates. Nevertheless, their cooling efficiency is higher under lower ambient air temperature and
humidity levels (e.g., temperate climates) [2,10], as they can reduce the outside–inside air temperature
difference from 10 to 25 ◦ C and increase the air relative humidity from 10 to 90% [11,12]. In any case,
greenhouse cooling represents a process with high energy demand [13]. In addition, high quality water
needs to be supplied for evaporative cooling systems, which are based on the conversion of sensible
heat into latent by means of water evaporation [11,14,15]. Recently, Nikolaou et al. [16] measured
the daily water needed for the operation of a fan-pad evaporative cooling under Mediterranean
conditions in a greenhouse filled with cucumber crop, and found it to be as high as 3 L per m2 of
greenhouse-ground area. Taking into account the scarcity of water in the eastern Mediterranean basin
and the need to reduce greenhouse energy consumption, cooling a greenhouse remains an economic
and technical challenge [11,12].
The effect of greenhouse microclimate on crop transpiration rate, growth, and production has been the
research topic of several investigations in the past. Leonardi et al. [17] correlated the drastic effect of vapor
pressure deficit (VPD) on crop production through variations in water supply to fruits. Willits et al. [18]
stated that crop production is negatively affected even with an increase of the greenhouse air temperature
during the day by 1–2 ◦ C above crop optimum. It was also shown that the cucumber harvest period
was shortened and the production was negatively affected as a result of higher air temperatures and
solar radiation values, comparing a spring–fall as opposed to a winter–spring cropping season [19].
Climate control methods must be carefully chosen to align with local climate conditions so as to suit the
cultivated crop [20]. In fact, monitoring of the plant water status and growth in real time with the use of
phyto-sensing technology in intensive production systems can be of great importance not only for irrigation
management but also for evaluating a greenhouse climate control strategy [21].
Yet, in high-frequency irrigation and soilless-based systems, limited information is available regarding
crop growth and production in different greenhouse environments and irrigation regimes taking into
account specific features of the Mediterranean climate [22]. Furthermore, fertilizers’ leaching is an important
environmental issue especially in areas with high concentration of greenhouses, as they may potentially
contaminate groundwater aquifers [23,24]. Especially in soilless cultivation systems, a drainage amount
of 30–50% of irrigation solution (i.e., drain to waste hydroponic systems) is often recommended [25,26].
Thus, there is a need to minimize greenhouse outflows without compromising yield and quality through
efficient and adequate irrigation [27,28]. It has been shown that in soilless cucumber crops, increasing the
daily irrigation interval rate from 6 to 16 events (same daily amount of water) positively affected crop
water uptake and minimized the drainage emissions outflow by 24% [29]. This is of great concern, taking
into consideration recent environmental concerns and water-related problems [30,31].
Accordingly, the primary objective of this work was to study the effects of a fan ventilation as opposed
to a fan-pad evaporative cooling system on greenhouse microclimate and cucumber growth in two distinct
cropping seasons (autumn–winter and spring) under Mediterranean climatic conditions. A secondary
objective was to determine the most appropriate irrigation regime in soilless cucumber crops in relation to
crop water uptake and transpiration, greenhouse fertigation emissions, and water use efficiency values.
2. Materials and Methods
2.1. Greenhouse and Experiments
Two experiments were performed in a North–South-oriented, multi-span type (3 spans) greenhouse
at the Agricultural Research Institute of Cyprus (34◦ 940 N, long. 33◦ 190 E, altitude 40 m). The first
experiment was conducted from October to December 2014 (Exp. 1) and the second from March to
June 2015 (Exp. 2). The geometrical characteristics of each span were as follows: spans width 7 m,
ridge height 5 m, eaves height 3.50 m, length 24 m. The total greenhouse ground area was 504 m2 and
the total volume 2016 m3 . The greenhouse cover was low-density anti-drip colorless polyethylene
(LDPE) film (200 micron thick), with 88% light global transmission, 55% light diffused transmission,
and 88% thermic efficiency.

In order to evaluate the effect of different cooling systems on soilless cucumber culture, the
greenhouse was separated longitudinally with polyethylene film of the same characteristics in two
compartments (Figure 1). In the first compartment, cooling was performed by a single fan operated
at daytime
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according to Savvas et al. [33].
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collected in each treatment by the drainage system [36]. The Irrigation Water Use Efficiency (IWUE)
was calculated as the cucumber marketable yield divided by total irrigation solution supply [37,38].
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the drainage system [36]. The Irrigation Water Use Efficiency (IWUE) was calculated as the cucumber
marketable yield divided by total irrigation solution supply [37,38].
For calculated leaf area index (LAI: m2 leaf m−2 ground) plant destructive measurements were
repeated four times (30, 45, 60, 75 DAT) in Exp. 1 and Exp. 2, by means of a scanner (F4280; HP, Deskjet,
Japan). Four plants were randomly chosen for T1 and T2, in CA and CB. The leaf area was determined
following the procedure described by Varma and Osuri [39].
In order to determine fresh and dry weight of different organs, four additional plants were also
randomly chosen in each treatment following the same dates and procedure. Each plant was divided
into stem, fruits, and leaves. The fresh and dry weight (after drying at 180 ◦ C for 48 h; Heraeus t 5050,
Germany) were measured by means of a weighing scale (BJ 41000Dd 0.1 gr; Precisa, Swiss Made).
Non-destructive measurements (i.e., length and width of each leaf, plant height) over plant growth
cycle in Exp. 1 and Exp. 2, were repeated five times (15, 30, 45, 60, 75 DAT) in three labeled plants
and on three randomly selected for T1 and T2, in each greenhouse compartment. Harvesting was
made two to three times per week during morning hours, and started 25 DAT (Exp. 1) and 27 DAT
(Exp. 2), with 15 harvests being conducted for each treatment. In each treatment, the total number of
fruit production and total weight was measured.
One representative plant each from CA, T1 and CB, T1 was monitored on a time basis of 10 minutes
by means of a Phyto-Sensor system (Bio Instruments Company, Chisinau, Moldova). In each treatment
there were a stem micro-variation sensor (Model SD-5z), a leaf temperature sensor (Model LT-1z),
and a sensor for substrate moisture and temperature (Model SMTE-3z).
2.4. Statistical Analysis
Statistical analyses were performed using SPSS (Statistical Package for the Social Sciences; IBM
Corp. Released 2011, IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA) and
comparisons of means were analysed through one-way analysis of variance (ANOVA).
3. Results
3.1. Greenhouse and Crop Microclimate
The ten-day mean values for both outside and inside the greenhouse microclimate during
the daylight hours for Exp. 1 and Exp. 2 are presented in Table 1. Significantly higher greenhouse
microclimate values were recorded in CA in both experimental periods. The mean recorded greenhouse
air temperature values was 26.1 ◦ C (CA) higher by 4.6 ◦ C in comparison with CB during Exp. 1,
increasing to 30.1 ◦ C and higher by 6.7 ◦ C during Exp. 2. Additionally, from Table 1 it can be observed
that the external–inside greenhouse air differences declined as the crop grew, from 6.2 ◦ C to 3 ◦ C for
CA during Exp. 2, despite the increase in the external air temperature and radiation levels.
Regarding differences of the mean values of VPD, it is seen that it increased from 0.38 (Exp. 1) to
0.78 (Exp. 2), in favor of CA. The maximum VPD values which were recorded during the Exp. 1 period
were 3.7 kPa (CA) and 2.2 kPa (CB), and during Exp. 2 were 5.2 kPa (CA) and 3.0 kPa (CB). The diurnal
variation of greenhouse air temperature and VPD for the two cooling systems for Exp. 1 and Exp. 2 are
illustrated in Figure 3.
Leaf temperatures of T1 were evaluated and were found to be consistently lower than the
greenhouse air temperature during the daytime, in both cooling systems tested. From Figure 4, it can be
observed that differences between greenhouse air and leaf temperatures were greater in CA, especially
during Exp. 2. In CA (Exp. 1) for daylight hours (15–60 DAT) when the mean external solar radiation
value was 436 W m−2 , the mean recorded leaf temperature value was 23.2 ◦ C, 1.9 ◦ C lower than the
greenhouse air temperature (n = 2128); while in CB, the mean value was 20.1 ◦ C, making it 0.6 ◦ C lower
than the greenhouse air temperature. During Exp. 2, when the mean external radiation increased to
685 W. m−2 , the mean leaf temperature in CA was 26.8 ◦ C, 3.3 ◦ C lower than the air temperature; while
in CB the mean value was 23.2 ◦ C, 0.2 ◦ C lower, for a number of observations (n = 2782).
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Table 1. Mean values (±standard deviation) of inside microclimate greenhouse and external greenhouse climatic data for daylight hours for Exp. 1 (autumn–winter
crop) and Exp. 2 (spring crop).
External Climate
RGI (W

TO

CA
(◦ C)

RHO (%)

TI

(◦ C)

CB

RHI (%)

VPDI (kPa)

TI

(◦ C)

RHI (%)

VPDI (kPa)

Exp. 1

RGO (W

m−2 )

10-20
21-31
32-42
43-53
54-64
65-75

520 (258)
505 (224)
418 (256)
411 (203)
388 (214)
378 (193)

330 (165)
322 (150)
247 (168)
240 (136)
227 (134)
222 (121)

28.2 (3.8)
27.3 (3.2)
23.3 (4.1)
24.5 (3.4)
20.4 (3.7)
21.4 (3.4)

55.2 (10.6)
56.4 (10.5)
59.9 (16.7)
55.2 (14.5)
59.2 (13.4)
62.9 (12.6)

27.2 (5.0)
28.3 (5.1)
24.7 (5.4)
25.3 (5.6)
21.9 (6.5)
23.9 (5.7)

57.4 (12.9)
66.7 (12.3)
74.7 (12.9)
73.9 (10.2)
75.4 (11.5)
75.2 (11.8)

1.7 (0.8)
1.4 (0.7)
0.9 (0.7)
1.0 (0.6)
0.8 (0.5)
0.8 (0.5)

23.2 (4.3)
22.7 (3.5)
20.2 (3.6)
20.5 (3.7)
18.0 (4.9)
19.7 (4.1)

62.7 (9.5)
68.4 (10.9)
71.5 (14.5)
71.7 (13.9)
75.3 (12.1)
74.5 (12.5)

1.1 (0.4)
0.9 (0.4)
0.7 (0.5)
0.7 (0.4)
0.6 (0.4)
0.6 (0.4)

Exp. 2

DAT

m−2 )

10-20
21-31
32-42
43-53
54-64
65-75

609 (311)
632 (311)
679 (307)
747 (292)
707 (314)
735 (318)

424 (217)
440 (216)
473 (214)
520 (203)
492 (219)
512 (221)

21.7 (3.6)
20.9 (3.7)
22.7 (4.2)
25.7 (3.6)
27.3 (2.8)
29.7 (4.2)

62.5 (13.1)
55.4 (12.1)
54.9 (11.1)
52.2 (15)
61.1 (18.3)
49.2 (14.1)

27.9 (6.4)
28.4 (6.3)
29.1 (6.2)
31.1 (4.7)
31.3 (4.0)
32.7 (4.0)

52.6 (15.1)
57.3 (15.3)
60.8 (13.9)
54.8 (15.8)
56.6 (13.4)
50.2 (14.2)

2.1 (1.1)
1.9 (1.1)
1.8 (0.9)
2.2 (0.9)
2.1 (0.8)
2.6 (1.1)

21.7 (4.1)
21.4 (4.2)
22.0 (4.3)
23.7 (3.4)
24.9 (3.2)
26.5 (3.5)

55.3 (12.6)
53.9 (15.8)
56.9 (15.1)
55.9 (13.7)
59.9 (13.3)
56.8 (11.7)

1.2 (0.5)
1.2 (0.5)
1.2 (0.5)
1.3 (0.5)
1.3 (0.5)
1.6 (0.6)

RGo, outside greenhouse solar radiation; RGI , inside greenhouse solar radiation; To, outside greenhouse; RHO , outside air relative humidity; Ti, greenhouse air temperature; RHI ,
greenhouse air relative humidity; VPDI, greenhouse air vapor pressure deficit; CA, greenhouse compartment with fan ventilation cooling; CB, greenhouse compartment with fan-pad
evaporative cooling; DAT, days after transplanting.
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Leaf temperatures of T1 were evaluated and were found to be consistently lower than the
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3.2. Plant Growth Parameters and Yield
Table 2 presents the comparison of plant growth means values (e.g., number of leaves, height,
LAI), the fresh and dry weight of different plant organs (e.g., stem, leaves, fruit) and reproduction
(e.g., number and weight of fruit per plant) as affected by different irrigation regimes and cooling
methods during Exp. 1 and Exp. 2.
It can be observed that irrespective of the growing period, plants in CA show a higher mean
value with regard to height, leaf number per plant, and LAI compared with the same replications in
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3.2. Plant Growth Parameters and Yield
Table 2 presents the comparison of plant growth means values (e.g., number of leaves, height,
LAI), the fresh and dry weight of different plant organs (e.g., stem, leaves, fruit) and reproduction (e.g.,
number and weight of fruit per plant) as affected by different irrigation regimes and cooling methods
during Exp. 1 and Exp. 2.
It can be observed that irrespective of the growing period, plants in CA show a higher mean value
with regard to height, leaf number per plant, and LAI compared with the same replications in CB.
The mean differences in plants’ height were higher in CA by 20% for T1 and by 17% for T2 during
Exp. 1, and by 21% for T1 and 18% T2 during Exp. 2. In addition, the LAI mean values were higher in
CA during both experimental periods, with maximum recorded values of 2.15 (T1) and 1.82 (T2) during
Exp. 1 and 1.36 (T1) and 1.61 (T2) during Exp. 2. In any case, the height, number of leaves per plant,
and LAI were enhanced by the irrigation regime T1, even though results could not be generalized as
the differences were not always significant.
With respect to fresh and dry weight per plant, both T1 and T2 treatments followed almost the
same trend during the experiments as there were no significant differences in terms of fresh or dry
weight per plant regarding leaves, stem, and fruit in the different environments and irrigation regimes
tested. Plants in CA treatment indicated higher but not significant mean values of number or the
weight of fruit per plant as shown in Table 2. The cumulative production values observed were higher
by 4.5% (T1) and 6.3% (T2) in Exp. 1, and by 21.3% (T1) and 34.9% (T2) in Exp. 2 in CA, in comparison
with the same replications within CB. Additionally, no differences were observed during production in
relation to different irrigation regimes tested. From Table 2, we can also observe that higher values of
vegetative cucumber production were observed during the Exp. 2 period.
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Table 2. Mean values (±standard deviation) of fresh and dry weight of leaves, stem, and fruits, leaf area index (LAI), leaves, height and number of fruits and weight
per plant for (autumn–winter crop; Exp. 1) and (spring crop; Exp. 2).
Exp. 1
Leaves (no pl−1 )
Height (cm pl−1 )
LAI (m2 leaf m−2 ground)
Leaf fresh weight (gr pl−1 )
Leaf dry weight (gr pl−1 )
Stem fresh weight (gr pl−1 )
Stem dry weight (gr pl−1 )
Fruit fresh weight (gr pl−1 )
Fruit dry weight (gr pl−1 )
Fruits (no pl−1 )
Fruits (gr pl−1 )

Exp. 2

CA, T1

CA, T2

CB, T1

CB, T2

CA, T1

CA, T2

CB, T1

CB, T2

21.4 (3.4)c
226.2 (58.8)c
1.6 (0.3)b
407.1 (198.9)
35.9 (15.1)
196.6 (98.3)
13.5 (7.8)
371.1 (281.1)
19.1 (13.3)
3.0 (1.4)
367.8 (191.2)

19.7 (2.3)b
208.5 (45.7)bc
1.5 (0.2)b
351.6 (184.3)
35.1 (17.1)
171.1 (77.5)
13.3 (6.8)
260.1 (223.3)
15.4 (13.4)
3.1 (1.4)
364.3 (222.9)

18.6 (2.9)ab
187.5(48.6)ab
1.4 (0.3)b
371.2 (195.1)
38.2 (19.8)
180.4 (94.6)
12.9 (7.4)
305.2 (271.6)
17.4 (14.5)
2.9 (1.4)
351.8 (170.4)

17.7 (1.9)a
176.8 (41.6)a
1.2 (0.2)a
330.5 (167.3)
33.6 (16.9)
172.2 (86.1)
13.4 (8.3)
216.8 (172.1)
14.6 (12.6)
3.0 (1.4)
342.5 (175.1)

21.2 (4.4)c
165.9 (7.3)b
0.9 (0.2)ab
300.4 (222.1)
32.3 (21)
143.2 (98.3)
11.8 (9.1)
390.5 (404)
18.2 (17.3)
4.9 (2.2)
656.3 (321.1)

19.4 (3.9)bc
150.2(45.2)ab
0.9 (0.3)b
272.2 (206)
30.6 (21)
140.2 (104.5)
12.2 (10.6)
652.4 (372)
30.6 (17.3)
4.9 (2.3)
670.4 (350.9)

17.2 (3.9)ab
137.3(60.9)ab
0.8 (0.2)a
292.4 (226.8)
33.8 (25.1)
172.4 (138.9)
14.2 (12.9)
441 (229)
20.86 (11.5)
4.4 (2.3)
541.1 (297.2)

16.1 (3.5)a
127.1 (55.6)a
0.8 (0.2)a
245.2 (194.4)
28.2 (20.9)
159.2 (132.8)
13.7 (13)
430.1 (298.3)
21.6 (14.6)
4.1 (2.3)
525.0 (283.0)

CA, greenhouse compartment with fan ventilation cooling; CB, greenhouse compartment with fan-pad evaporative cooling; T1, irrigation treatment 1 (0.32 L m−2 ); T2, irrigation treatment
2 (0.24 L m−2 ); in each experiment within row, values followed by the same letter (a, b, c) are not significantly different (p = 0.05).
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3.3. Transpiration and Irrigation Water Use Efficiency
Differences in crop transpiration rates between T1 treatments, for the different cooling systems
tested, were significantly higher in CA for daylight hours as directly measured by lysimeters 15–60 DAT),
by 22% in (Exp. 1) and by 62% in (Exp. 2), and also for shorter interval periods, as indicated in Table 3.
Similarly, water uptake (mL pl.−1 ) as estimated with the water balance method over the course of
a 6-day representative period (45–50 DAT) indicated higher transpiration rates for T2, CA in both
experimental periods.

Exp. 2

Exp. 1

Table 3. Mean values (±standard deviation) of plant transpiration measured by weighing lysimeters,
water uptake estimated with the water balance method and drainage for Exp. 1 (autumn–winter crop)
and Exp. 2 (spring crop).

Transpiration (W

m−2 )

Water uptake (mL pl−1 irrig−1 )
Drainage (% irrig−1 )
Transpiration (W m−2 )
Water uptake (mL pl−1 irrig−1 )
Drainage (% irrig−1 )

DAT
15–60
50–55
45–50
44–53
15–60
50–55
45–50
44–53

CA, T1
104.0 (60.8)b
86.8 (51.1)b
122 (46.8)d
35.3 (22.6)d
130.5 (62.5)b
171.3 (88.1)b
130.5 (57.5)d
30.9 (26.3)b

CA, T2
116.4 (33.2)c
21.9 (11.5)a
126.2 (32.2)c
21.9 (12.8)a

CB, T1
84.7 (47.1)a
64.9 (45.7)a
111.3 (40.1)b
34.3 (20.7)c
80.1 (50.1)a
110.2 (50.2)a
111.8 (83.2)b
45.5 (37.1)d

CB, T2
93.6 (28.2)a
28.4 (20.1)b
101 (53.8)a
42.5 (28.5)c

CA, greenhouse compartment with fan ventilation cooling; CB, greenhouse compartment with fan-pad evaporative
cooling; DAT, Days After Transplanting; T1, irrigation treatment 1 (0.32 L m−2 ); T2, irrigation treatment 2 (0.24 L
m−2 ); in each row, values followed by the same letter (a, b, c, d) are not significantly different (p = 0.05).

As expected, a close correlation was observed between the transpiration rate and the amount
of nutrient outflow from the greenhouse to the environment (i.e., drainage). As indicated in Table 3,
the mean drainage recorded values over the course of a 10-day representative period (44–53 DAT)
was between 30–35% (T1) and around 20% (T2) in both experiments in CA. In CB, a higher drainage
amount was recorded, with greater differences between the two cooling systems tested during Exp. 2.
As the results indicated, the amount of nutrient outflow from the greenhouse to the environment was
45–95% higher for T1 and T2, respectively, in CB during Exp. 2.
Table 4 shows the IWUE value in terms of cumulative yield and total irrigation apply per treatment.
It can be observed that the IWUE was affected by irrigation regimes and different cooling systems
tested. Maximum values were determined for T2. In both experimental periods, higher IWUE value
were obtained in the fan ventilation cooling compartment.

Exp. 2

Exp. 1

Table 4. Estimation of Irrigation Water Use Efficiency (IWUE) based on absolute values of cumulative
yield per treatment and total irrigation for Exp. 1 (autumn–winter crop) and Exp. 2 (spring crop).
Treatment
CA, T1
CA, T2
CB, T1
CB, T2
CA, T1
CA, T2
CB, T1
CB, T2

Production (kg m−2 )
8.83
8.74
8.44
8.22
15.17
15.37
11.99
10.49

Irrigation (L m−2 )
122
102
122
102
238
198
238
198

IWUE (kg m−3 )
72
86
69
80
64
78
50
53

CA, greenhouse compartment with fan ventilation cooling; CB, greenhouse compartment with fan-pad evaporative
cooling; T1, irrigation treatment 1 (0.32 L m−2 ); T2, irrigation treatment 2 (0.24 L m−2 ).

3.4. Water Status of Plant and Root Zone Environment
A paired sample t-test was performed on collected data (i.e., substrate temperature and volumetric
water content) over the course of a 10-day representative period (30–40 DAT) for T1 in both experiments.
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During daylight hours, significantly higher substrate temperatures were observed in CA as the mean
recorded values were 21.4 ◦ C (Exp. 1; n = 500 observations) and 25.0 ◦ C (Exp. 2; n = 770 observations),
comparing with 19.7 ◦ C and 22.3 ◦ C in CB, respectively. At night, the substrate temperature also
remained higher for CA by 0.9 ◦ C (Exp. 1) and by 1.9 ◦ C (Exp. 2). The substrate volumetric water
content was statistically higher for T1 in CB, as the mean estimated values were 62.3% (Exp. 1) and
66.9% (Exp. 2) compared to 57.6% (Exp. 1) and 62.3% (Exp. 2) for T2.
The variation of stem diameter reflected the relative water loss and cucumber growth rate as
affected by the greenhouse microclimate. The diurnal variation in the stem was associated with the
diurnal variation in the VPD (data not shown). A more explicit trunk depression occurred in CA
when VPD was reached its highest values during midday. The influence of two cooling systems on
plant growth rate (i.e., daily stem diameter increment) were examined over the course of a 4-day
representative period related to the first (25–28 DAT) and late (60–63 DAT) crop development stage
in both experiments. Throughout the period 25–28 DAT (Exp. 1), the absolute stem increase rate
value were 0.34 mm (CA) and 0.19 mm (CB), and during 60–63 DAT were 0.49 mm (CA) and 0.11 mm
(CB). During 25–28 DAT (Exp. 2), the absolute stem increase rate value recorded was higher for
the evaporative cooling compartment as the values obtained were 0.33 mm (CA) and 0.5 mm (CB),
and during 60–63 DAT were 0.78 mm (CA) and 1.5 mm (CB). In all of these cases, differences of stem
growth rate between treatments were significant.
4. Discussion
Mediterranean countries have great potential for productivity due to large amounts of solar
radiation throughout the year. These regions, however, also have disadvantages, such as severe
water scarcity and salinity, and high air temperature and humidity levels [2]. Under these conditions,
the optimal plant growth environment within a greenhouse can be sustained through the excessive use
of cooling and ventilation systems [14].
In a previous section it was shown that evaporative cooling was found to be the most efficient
way to control the high temperature and to keep low levels of VPD. However, the main drawbacks of
evaporative cooling seem to be associated with the high initial investment and running cost; additionally,
water of adequate quality and quantity is needed to be evaporated [40]. The results presented in this
study suggest that a fan ventilation cooling system removes the excess sensible energy from a greenhouse
soilless cucumber crop during spring cropping season in Mediterranean greenhouses, under prevailing
environmental conditions. Despite the increase in the external solar radiation (maximum values of
about 1053 W m−2 ) and temperature values (33.9 ◦ C), the external–inside greenhouse air differences
declined from 6.2 ◦ C to 3 ◦ C as the crop grew. Higher vapor pressure in the fan ventilation greenhouse
compartment enhanced crop transpiration and helped to alleviate the heat load during warm days with
high radiation load. In addition, the leaf temperatures in both cooling systems tested were consistently
lower than the temperature of the air, indicating that the plants were not facing any water stress conditions.
Consideration of Figure 4 and Table 3 reveals the strong connection between higher leaf–air temperature
differences and transpiration rate, which were observed for plants within the fan ventilation greenhouse
compartment. The average leaf temperature values obtained were similar for soilless cucumber in a
naturally ventilated greenhouse and in the range for optimal plant growth and development [41,42].
As expected, the lower transpiration rates, which were observed in the fan pad evaporative cooling
compartment, were associated with a higher amount of nutrient outflow from the greenhouse to the
environment (i.e., drainage). Particularly in Exp. 2, drainage emission was around 40–45% of the nutrient
solution applied for both irrigation regimes tested. In addition, statistical analysis indicated that even
within the same greenhouse compartment, different irrigation regimes tested had significantly affected the
transpiration rate and the drainage percentage.
The greatest differences on VPD levels between the two cooling systems tested were observed
during Exp. 2. This could be explained mainly by the air temperature differences, rather than air
humidity levels. It must be noted that when the on and off time of the fan ventilation was not
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so frequent (Exp. 1; data not shown) the air humidity levels were up to 15–20% higher within the
greenhouses’ compartments. The higher humidity levels seem to stimulate cucumber leaf growth
(LAI), which was also reported in a previous paper by Körner and Challa [43]. A decrease of the
levels of a greenhouse’s air relative humidity has also been reported by many authors as affected by
an increase in the ventilation rate [44,45]. However, higher values of LAI were not able to explain
lower transpiration values comparing with the Exp. 2 period. Similarly, Yang et al. [46] did not find a
strong relationship between transpiration and LAI in the cucumber crop. It is clear from the results
that the effect of greenhouse microclimate on the transpiration rate was stronger [47,48], as higher
values were observed under the fan ventilation cooling compartment during Exp. 2, compared with
the same replications in fan-pad evaporative in the Exp. 1 period.
Despite the fact that growth, yield, and quality of greenhouse plants may be affected by day
air temperature above 30 ◦ C [42], in this experiment this was not the case. The comparative results
revealed higher mean values for plant growth characteristics (e.g., height, number of leaves and LAI),
in the fan ventilation cooling compartment in both growing periods. Similarly, production in terms of
number and cucumber weight were also higher, even though differences between cooling systems were
not significant. This may be attributed to higher values of vegetative growth (e.g., leaf number, LAI),
which were associated with maximum photosynthesis and enhanced water and nutrient supply [40,49].
Higher production values and a lower irrigation regime (T2) considerably improved the absolute
values of IWUE on behalf of fan ventilation.
According to substrate temperature, the higher mean day and night temperatures values, which were
observed in the compartment with fan ventilation cooling system, may be positively correlated with higher
LAI and production. The positive effect of higher cucumber root temperature values on shoot growth,
total leaf area, and yield were examined in the past with root temperatures ranging between 12 and 36 ◦ C
and were correlated with lower root resistances [50,51]. Stem micro-variation measurements affected
by the prevailing greenhouse environment followed diurnal changes of VPD, also reported by several
authors [52–54]. Even though higher stem shrinkage was observed in the CA compartment, and the growth
rate was not as high as in CB, the crop did not seem to be negatively affected in terms of production.
5. Conclusions
Previous studies have underlined the need for the performance evaluation of greenhouse cooling
systems to local climatic conditions. In the present study, we have focused on the effectiveness of fan
ventilation and a fan-pad evaporative cooling system on greenhouse microclimate and soilless cucumber
growth under Mediterranean climatic conditions. We have shown that, in the absence of an evaporative
cooling system, cucumber crop can grow and produce without yield restrictions throughout the spring
crop period of the year, and that a forced ventilation system proved to be capable of preventing the
overheating of a crop. In addition, the present study clearly demonstrated that there is a strong connection
between greenhouse microclimate, water uptake, and drainage emissions, and based on the results it is
suggested that an irrigation regime of 0.24 L m−2 can be applied successfully in soilless cucumber crops to
substantially reduce fertigation effluents. The information presented reveals a need for the performance
evaluation of greenhouse cooling systems to local climatic conditions, in order to identify the best strategy
for managing agricultural production in environmentally sensitive or water-stressed areas.
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