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a  b  s  t  r  a  c  t

Cucumber  (Cucumis  sativus  L.) is an important  vegetable  crop  belonging  to the  cucurbit  family.  Cucum-
bers  are  grown  under  protected  cultivation  worldwide.  The  influence  of  greenhouse  covering  materials
on  cucumber  physiological  processes  and yield  were  evaluated.  Three  greenhouses,  each  with  48  m2,
North–South  direction  and  with  wet-pad  and fan  cooling  system  were  covered  by  either one  of  the
200  �m thickness  plastic  films;  newly  developed  NIR-reflective  film  (C1) and two  commercial  films  (C2

and  C3). The  predicted  equations  of  the  photosynthetic  rate  (�mol  CO2 m−2 s−1),  transpiration  (m  mol
H2O  m−2 s−1),  intercellular  CO2 concentration  (�mol  CO2 mol−1), stomatal  conductance  (mol  H2O  m−2

s−1)  and leaf  temperature  were  obtained  by multiple  regression  analysis  of  the  measured  data.  The aver-
age  temperatures  were  22.27  ±  2.06 ◦C,  23.80  ±  2.26 ◦C, 25.42  ±  2.41 ◦C  and  31.12  ±  4.30 ◦C for  films  C1,  C2,
C3 and  outside  respectively.  The  results  revealed  that  vapour  pressure  deficit  (VPD)  under  (C1) was  lower
than that  under  C2 and  C3 during  the  production  period.  The  average  of  photosynthetic  rate  values  were
16.61  ± 5.49,  15.51  ± 5.18 and  14.91  ± 4.78  �mol CO2 m−2 s−1 for films  C1, C2 and  C3,  respectively.  While,

the  transpiration  rate  and  the  intercellular  CO2 concentration  under  (C1)  were  higher  than  those  under
C2 and  C3 during  the production  period.  Therefore,  fruit  and  yield  traits  increased  under  C1 followed  by C2

and  then  by  C3 of  greenhouses  covers.  It can  be concluded  that  the greenhouses  plastic  covering  material
has  a great  influence  on the  internal  environmental  conditions,  physiological  processes  and  productivity
of  cucumber  plants.
. Introduction

Ecological engineering is defined as “the design of sustainable
cosystems that integrate human society with its natural envi-
onment for the benefit of both” (Mitsch, 1993, 2012; Mitsch and
ørgensen, 2003, 2004). One of the goals of ecological engineering
s the development of new sustainable ecosystems that have both
uman and ecological value (Mitsch and Jørgensen, 2004, Mitsch,
998, 2012). The main purpose of a greenhouse construction is
o provide an optimal level of microclimate conditions for plant
rowth, development, and productivity on a year-round basis or to

xtend the growing season (Ali, 2012). Cucumber (Cucumis sativus
.) is an important vegetable crop belonging to the cucurbit fam-
ly. Cucumber fruit contain approximately 95% water, 3.6%

∗ Corresponding author: Tel.: +20 13 2434770.
E-mail address: taha.ashour@fagr.bu.edu.eg (T. Ashour).

ttp://dx.doi.org/10.1016/j.ecoleng.2015.12.005
925-8574/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

carbohydrates, and 0.65% protein and are low in calories
(150 kcal kg−1). They are a good source of the following nutrients (in
mg kg−1): pantothenic acid (B5) (0.026), vitamin C (0.28), and mag-
nesium (1.3). Cucumbers are grown both as a source of pickles and
to be eaten fresh (Lucier et al., 2007). Plant photosynthetic and other
physiological properties are inherently programmed but largely
governed by environmental conditions. Cucumber is a plant native
to subtropical and temperate regions, and the optimum tempera-
ture ranges for growth and photosynthesis are generally regarded
as 15–32 ◦C and 25–30 ◦C, respectively. Cucumber is affected by
high temperatures, strong light, and water stress when cultivated
from spring to fall compared to cultivation in the winter/spring
period, resulting in a considerably shortened harvest period and a
substantial decrease in yield and quality (Li et al., 2007a, 2007b).

High temperatures can cause physiological injury to membrane
lipids, carbon and nitrogen metabolism (Du and Tachibana, 1994;
Zhou and Ye, 1999), photosynthesis (Li et al., 2007a; Sun et al.,
2005; Tewari and Tripathy, 1998; Abd-el-baky et al., 2010) and root

dx.doi.org/10.1016/j.ecoleng.2015.12.005
http://www.sciencedirect.com/science/journal/09258574
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rowth (Meng et al., 2003). It can also substantially reduce yield
nd quality (Meng et al., 2003). The negative effects of high tem-
erature on yield are greater when the seedlings are smaller, and

arger in the seedling stage than in the fruiting stage (Miao et al.,
000). Greenhouses provide better environmental conditions for
lant growth and productivity (Elgood et al., 2010). Solar radiation
f a given region is the first climatic factor to be considered before
tarting a protected cultivation project (Castilla, 2013). Kittas et al.
1999) noticed that the quality of the radiation allowed by covering

aterials to enter the greenhouse is important for evaluating its
nfluence on plant’s growth and development. Papadopoulos and
ao (1997) studied the effect of single-glass (glass), double inflated
olyethylene film (D-poly), and a rigid twin acrylic (acrylic) panel,
s greenhouse covers, on seedless cucumber growth and productiv-
ty. They found that plants in D-poly houses might have acclimated
o the low light conditions by reducing specific leaf weight (SLW)
nd increasing their light interception efficiency. They concluded
hat under South Western Ontario, the D-poly greenhouse is
trongly recommended, because there is no loss of productivity in
omparison with a glass house. Abdel-Ghany et al. (2012) reviewed
he effects of greenhouse cover type on the transmittance of photo-
ynthetically active radiation (PAR), the reflectance or absorptance
f near-infrared (NIR) and the greenhouse air temperature. They
oncluded that NIR-reflecting plastic films seem to be the most
uitable, low cost and simple cover for greenhouses under arid
onditions. The most common plastic materials used as agricultural
lms include low density polyethylene (LDPE), the copolymer of
thylene and vinyl-acetate (EVA) and polyvinyl chloride (PVC)
Castilla, 2013). Polyethylene films are flexible, transparent to
hermal radiation and have been used extensively as greenhouse
overing materials in many regions. Cemek et al. (2006) studied
he effects of various polyethylene films as greenhouse covers
n aubergine growth and productivity. They reported that plants
nder double layers of polyethylene showed faster growth and
evelopment with higher yield than plants under ultraviolet (UV)
tabilised polyethylene, infrared (IR) absorbers polyethylene and
ingle layer of polyethylene. The change in greenhouse cover
aterials and associated design has affected the greenhouse

nvironment. About 5-20% loss of photosynthetically active radi-
tion PAR in D-poly houses, in comparison to single-layered glass
ouses, has been shown by several researchers (Bauerle, 1981;
lom and Ingratta, 1985). The light transmission of acrylic may  be

ower (Stromme et al., 1986), similar (Ting and Giacomelli, 1987)
r higher (Bredenbeck, 1985) than that of single glass depending
n the composition, aging, and weathering of the acrylic panels
nd greenhouse structure. The improved insulation of D-poly
nd acrylic greenhouses has resulted in increased humidity and

 higher 24-h average air temperature (Blom and Ingratta, 1985;
oulard et al., 1989; Cockshull, 1992; Papadopoulos and Hao, 1997).
hanges in greenhouse microclimates may  have significant effects
n growth, development and productivity of crops (Cockshull,
992). Net photosynthetic rates are reduced at low light levels and
he loss of tomato yield was proportional to the loss of light (Challa
nd Schapendonk, 1984; Cockshull et al., 1992). Little attention has
een paid to the interaction of environmental factors. Therefore, it

s impossible to predict crop responses to different cover materials
ealistically based only on the effects of individual greenhouse
nvironmental factors since the greenhouse cover materials will
hange several environmental factors simultaneously (Blom and
ngratta, 1985; Cockshull, 1992). Experimentation under simulated
ommercial conditions may  lead to better understanding of the
esponses of greenhouse crops to the commercial use of various

over materials. Supplemental lighting increased leaf photosyn-
hesis rates, plant growth and development, and fruit yield and
uality of greenhouse crops (Blom and Ingratta, 1984; Blain et al.,
987; Hendriks, 1992), and has been suggested as an option for
Fig. 1. The three greenhouses covered with C2, C1 and C3 plastic films.

compensating the loss of light in double-layered energy saving
greenhouses (Cockshull, 1992). In plant leaf cells, oxygen is pro-
duced during photosynthesis and used in respiration, and active
oxygen species is also generated but is normally maintained at
low levels with little negative effect (Alscher et al., 1997; Asada,
1999). When variations in temperature, light, and humidity go
beyond the range required for normal growth and development
in plants, excess generation and accumulation of active oxygen
species is induced as oxidative stress (Foyer and Noctor, 2000;
Monk et al., 1989; Neill et al., 2002). Active oxygen species is
also involved in the physiological metabolism and life processes
of plants, and is known to accelerate senescence (Li et al., 2004;
McRae and Thompson, 1983; Ogweno et al., 2009; Xu et al., 2006)
and inhibit photosynthesis (Asada and Takahashi, 1987; Powles,
1984; Guo et al., 2006). There is a lack of information about the
local greenhouses covering materials. So, the objective of this study
was to evaluate the effect of different plastic covering materials on
the internal environmental parameters. These parameters include
temperature, relative humidity and vapour pressure deficit (VPD).
The effect of greenhouse covering on photosynthesis, other physio-
logical properties and yield of cucumber fruits were also evaluated.
The predicted equations of the photosynthetic, transpiration and
other parameters were obtained by multiple regression analysis
of the measured data.

2. Materials and methods

2.1. Covering materials

Three plastic films, each with 200 �m thickness, were selected
for the study. The first cover is NIR-reflective film (designated as C1)
produced at pilot scale at SABIC Polymer Research Center, College
of Engineering, King Saud University for the purpose of reflecting
some of the NIR radiation and transmitting most of the PAR into
the greenhouse. The second two commercial films (designated as C2
and C3) were selected from the local market of Saudi Arabia (C2) and
Kuwait (C3), respectively. Detailed description, the chemical for-
mulations and the production procedures for the newly developed
NIR-reflective film (C1) were reported by Gulrez et al. (2013).

2.2. Greenhouses description

Three greenhouses (Fig. 1), each with 48 m2, were built in a
North-South direction with wet-pad and fan cooling system at the

Educational Farm, King Saud University (Riyadh, Saudi Arabia, 46o

47′ E, longitude and 24o 39′ N, latitude) during winter and spring
season 2012/2013.
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Fig. 2. Photosynthetic properties instrument.

.3. Plant materials

Cucumber seeds (Cucumis sativus L. cv. Sovana F1, Rijk Zwaan;
he Netherlands) were germinated in Jiffy 7 pellets in controlled
nvironment (24 oC ±1 day/ 18 oC ±1 night temperatures). At
hree true-leaf stage, seedlings were transplanted in the three
reenhouses into 30 cm diameter pot containing a mixture of peat,
and and vermiculite (1:1:1) w/w. Fertilization and other cultural
ractices were applied as recommended in commercial cucumber
roduction (Maynard and Hochmuth, 2007).

.4. Data recoded

Three plants from each greenhouse were randomly selected at
5 days interval for the measurement of growth traits. Vegeta-
ive growth parameters (Alsadon et al., 2015) were measured. The
ield traits (Fruit number, length and dry weight, total dry biomass
nd total yield) were recorded at each harvest time. The environ-
ental parameters were measured outside and inside the three

reenhouses; recorded at 1-min intervals, averaged every 10 min,
nd then every one hour and saved in a data logger (CR03000
icrologger®, Campbell Scientific Inc). These parameters were air

emperatures and relative humidity inside and outside the green-
ouses. The vapour pressure deficit VPD was calculated from the
easured temperature and relative humidity. The daily average

over 24-h period) of air temperature and relative humidity under
1, C2 and C3 covers were measured during the period from 25 to
5 days from transplanting.

.5. Photosynthesis system

An LI-6400 photosynthesis system (Li-Cor, Inc., Lincoln, NE)
quipped with a standard 2 × 3 cm leaf corvette and a Li-Cor LI-
400-02B light source was used for gas exchange measurements
Fig. 2). Photosynthetic rate, transpiration, intercellular CO2 con-
entration, conductance to H2O and leaf temperature were also
easured.

.6. Experimental design and analysis

Randomized complete block design was applied with four repli-

ation. Each greenhouse was divided into 4 rows; distance between
ows was 1 m,  and the space between the containers in rows was
.4 m.  Plant density was 2.5 plants per m2. Data were subjected
o analysis of variance through SAS version 8.1 computer program
Fig. 3. Daily average (over 24-h period) for the air temperature inside the three
greenhouses and at the outside during vegetative, flowering, and fruiting stages.

(SAS Institute, 2008). Treatment means and correlation coefficients
were calculated (Steel and Torrie, 1980).

3. Results and discussion

3.1. The effect of covering materials on internal conditions

3.1.1. Air temperature
Fig. 3 represents the daily average (over 24-h period) for the air

temperature inside the three greenhouses and at the outside during
vegetative, flowering, and fruiting stages. At the day of transplan-
ting, average temperatures were 19.49 ◦C, 20.25 ◦C, 21.67 ◦C and
24.35 ◦C for greenhouses covers C1, C2, C3 and outside, respectively.
While the average temperature at the 28th day after transplanting
were 20.99 ◦C, 22.27 ◦C, 22.71 ◦C and 30.16 ◦C for greenhouses cov-
ers C1, C2, C3 and outside, respectively. Additionally, at the end
of the growing season, the average temperatures were 25.39 ◦C,
27.4 ◦C, 29.18 ◦C and 38.89 ◦C for greenhouses covers C1, C2,
C3 and outside, respectively. The average temperatures for the
whole experimental period were 22.27 ± 2.06 ◦C, 23.80 ± 2.26 ◦C,
25.42 ± 2.41 ◦C and 31.12 ± 4.30 ◦C for greenhouses covers C1, C2, C3
and outside, respectively. The air temperature under (C1) was lower
than those under C2 and C3 during the production period (Fig. 3).
The temperature gradient increased with day times and the slope of
this gradient increased with time. This finding supports the reports
of Al-Helal and Alhamdan (2009) who indicated that the minimum
temperature differences were observed at early morning, late after-
noon and night. This phenomenon was  observed by Farkas et al.
(2001), who found the structural elements of 100 �m polyethylene
plastic tunnels which have a large effect on the transmissivity of
solar radiation and inside temperature.

3.1.2. Relative humidity
At the day of transplanting, the average of relative humidity

values were 96.78%, 59.82%, 56.66% and 51.31% for greenhouses
covers C1, C2, C3 and outside, respectively. While the average rel-
ative humidity values at the 28th day after transplanting were
79.88%, 62.50%, 68.51% and 80.53% for greenhouses covers C1, C2,
C3 and outside, respectively. Fig. 4 shows the daily average (over
24-h period) for the relative humidity inside the three green-

houses and at the outside during vegetative, flowering, and fruiting
stages. Additionally, at the end of the growing season, the average
values were 42.15%, 50.20%, 43.57% and 28.25% for greenhouses
covers C1, C2, C3 and outside, respectively. The average relative
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ig. 4. Daily average (over 24-h period) for the relative humidity inside the three
reenhouses and at the outside during vegetative, flowering, and fruiting stages.

umidity values for the whole experimental period were
3.05 ± 15.52%, 62.20 ± 9.27%, 57.19 ± 11.79% and 54.63 ± 19.67%
or greenhouses covers C1, C2, C3 and outside, respectively. Because
he three greenhouses were evaporatively cooled (using wet pads
nd fans systems), the effect of the three films covers (C1, C2 and
3) on the relative humidity in the greenhouses was not clearly
vident.

.1.3. Vapour pressure deficit (VPD)
At the day of transplanting, the average values of VPD were

.68, 0.95, 1.12 and 1.48 kPa for greenhouses covers C1, C2, C3 and
utside, respectively. While the average of VPD values at the 28th
ay after transplanting were 0.5, 1.01, 0.87 and 0.83 kPa for green-
ouses covers C1, C2, C3 and outside, respectively. Additionally, at
he end of the test the average values of VPD were 1.88, 1.78, 2.28
nd 4.99 kPa for greenhouses covers C1, C2, C3 and outside, respec-
ively. The average VPD values for the whole experimental period

ere 1.034 ± 0.52, 1.14 ± 0.38, 1.43 ± 0.53 and 2.20 ± 1.26 kPa for

reenhouses covers C1, C2, C3 and outside, respectively. The air VPD
nder (C1) was lower than those under C2 and C3 during the produc-
ion period (Fig. 5). The temperature gradient increased with day
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Fig. 6. Photosynthetic rate (�mol CO2 m−2s−1) of cucumber plants.

times and the slope of this gradient increased with time. Changes in
greenhouse microclimate may  have significant effects on growth,
development and productivity of crops (Cockshull, 1992). Net pho-
tosynthetic rates are reduced at low light levels and the loss of
tomato yield was  proportional to the loss of light (Challa and
Schapendonk, 1984; Cockshull et al., 1992). Continuous VPD can
induce calcium deficiency and leaf area reduction in greenhouse
tomato (Bakker, 1990; Holder and Cockshull, 1990). Low VPD in day
time increased early tomato yield, but the final yield was reduced
by low VPD regardless of day or night (Bakker, 1990). The mean
fruit quality and keeping quality were also reduced under low
VPD (Bakker, 1990; Holder and Cockshull, 1990). Early vegetative
growth and yield of cucumber were enhanced by either low day
or night VPD, and final total yield was negatively related to day
time VPD (Bakker et al., 1987). High temperature stimulated plant
growth and increased the early yield of various greenhouse veg-
etables (Van Holsteijn, 1987). While covering materials will change
several environmental factors simultaneously (Blom and Ingratta,
1985; Cockshull, 1992). Ludlow and Jarvis (1971), Running (1976),
Sanford and Jarvis (1986), and Warkentin et al. (1992) described
response curves for Picea sitchensis that drop precipitously as VPD
increases above 0.5 kPa. Kaufmann’s (1976) curve for Picea engel-
mannii shows a similar response. Darlington et al. (1997) reported
that seedlings of Picea mariana, a species that is closely related to
and can hybridize with Picea rubens in the sympatric portions of
their ranges (Gordon, 1976), showed no significant difference in
biomass accumulation when grown in 0.3–0.8 kPa and 2.0–2.5 kPa
VPD regimes. Although gas exchange rates were not measured by
Darlington et al. (1997), their results are indicative of a relatively
high threshold for the VPD response or a response curve with a low
slope.

3.2. Photosynthetic system

3.2.1. Photosynthetic rate
The photosynthetic rate values at the day of transplanting were

11.9, 11.77 and 11.86 �mol  CO2 m−2 s−1 for greenhouses cov-
ers C1, C2 and C3, respectively. All covering materials induced a
pronounced increase in photosynthetic rate with day times till
the 45th day and then decreased gradually (Fig. 6). The photosyn-
thetic rates at the end of the growing season were 9.34, 8.67 and
8.4186 �mol  CO2 m−2 s−1 for greenhouses covers C1, C2 and C3,
respectively. Additionally, the average photosynthetic rate values

for the whole experimental period were 16.61 ± 5.49, 15.51 ± 5.18
and 14.91 ± 4.78 �mol  CO2 m−2 s−1 for films C1, C2 and C3, respec-
tively. The results illustrated that photosynthetic rate under (C1)
was higher than those under C2 and C3 during the production
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tion decreases while the oxygenation reaction in photorespiration
becomes relatively large because the reduction of CO2 solubil-
ity in plant leaf cells becomes greater than that of O2, and CO2
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Fig. 7. Transpiration rate (mmol  H2O m−2s−1) for cucmber plants.

eriod. The curves increased gradually till the 45th day and then
ecreased gradually. This means that the maximum photosynthetic
ate was obtained at that day. It is shown that the temperature
radient increased with day times and the slope of this gradi-
nt increases with time. The CO2 fixed reaction is an enzyme
eaction strongly controlled by temperature (Tewari and Tripathy,
998). The reduction of photosynthetic rate after 45 days could be
ttributed to increased senescence and photorespiration, reduced
O2 solubility, and increased diffusion resistance. In addition, sig-
ificant inhibition of photosynthesis and damage to the CO2 fixed
eaction mechanism might be due to the high temperature stress
Baker, 1991; Havaux, 1996; Crafts-Brandner and Salvucci, 2004;
i et al., 2007a, 2007b), Xu et al., 2014). This implies that inhibition
f photosynthesis and damage to the mechanism of photosyn-
hesis through large amounts of active oxygen species brought
bout by high temperature stress is one process, which is also
nferred from the results of this experiment in which there was
n increased amount of active oxygen due to high temperatures
Asada and Takahashi, 1987; Monk et al., 1989; Guo et al., 2006).
n the other hand, increasing temperature also appeared to affect

ndependently of its effects on photosynthesis (Mansfield, 1985;
eiler et al., 1982; Wilkinson and Davies, 1997).

.2.2. Transpiration
The values of transpiration rate for the plants under different

overing films and production times found for the transpiration
t the day of transplanting were 3.62, 3.60 and 3.20 m mol  H2O
−2 s−1 for greenhouses covers C1, C2 and C3, respectively (Fig. 7).
owever, at the end of the growing season, the average values of

ranspiration rate were 2.36, 2.26 and 2.11 m mol  H2O m−2 s−1

or greenhouses covers C1, C2 and C3, respectively. Additionally,
he average transpiration rate values for the whole experimental
eriod were 7.79 ± 3.66, 7.05 ± 3.26 and 6.36 ± 3.01 m mol  H2O m−2

−1 for greenhouses covers C1, C2 and C3, respectively. The results
llustrated that transpiration rate under (C1) was higher than those
nder C2 and C3 during the production period. The transpiration
ate increased with increasing day time till the 45th day and then
ecreased gradually (Fig. 7). This means that the maximum tran-
piration rate was obtained at that day.

.2.3. Intercellular CO2 concentration
The values found for the intercellular CO2 concentration at

he day of transplanting were 331.33, 304 and 299.67 �mol  CO2
ol−1 for greenhouses covers C1, C2 and C3, respectively. While,
t the end of the growing season, the average values of intercellu-
ar CO2 concentration were 144.33, 143.14 and 140.67 �mol  CO2

ol−1 for greenhouses covers C1, C2 and C3, respectively. Addi-
ionally, the average intercellular CO2 concentration values for
Time (day)

Fig. 9. Stomatal conductance (mol H2O m−2 s−1) for plants.

the whole experimental period were 251.7 ± 72.28, 236.3 ± 66.77
and 225.9 ± 64.29 �mol  CO2 mol−1 for greenhouses covers C1, C2
and C3 respectively. The results illustrated that intercellular CO2
concentration under C1 was higher than those under C2 and C3
during the production period. The intercellular CO2 concentra-
tion increased with increasing plant age time till the 45th day
and then it decreased with increasing time (Fig. 8). This means
that the maximum intercellular CO2 concentration was obtained at
that day. Under high temperatures, the Rubisco CO2 fixation reac-
0
1 15 30 45 60 75 90 105 120

Time (day)

Fig. 10. Leaf temperatures of cucumber fruit plants.
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Table  1
Fruit and yield traits of cucumber plants grown under different plastic films. Data taken at 60 days from transplanting.

Type of plastic film No fruits/ plant Fruit length (cm) DW fruits (g) Total dry biomass (g) Yield /plant (g) Yield/m2 (g)

C1 49.89 a 16.7 a 236.67 a 285.23 a 6383 a 15958 a
C2 45.98 b 15.6 b 201.35 b 241.48 b 5501 b 13753 b
C3 44.67 c 14.5 c 194.57 c 230.78 c 5137 c 12842 c
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LSD  at 0.05 1.05 0.79 4.2

eans in each column followed by different letters are significantly different (LSD a

iffusion resistance increases (Dai et al., 1992). Injury caused by
he mechanism of the CO2 fixation reaction due to high tempera-
ures also causes a reduction in the CO2 fixation reaction (Chaitanya
t al., 2001). The CO2 fixed reaction is an enzyme reaction strongly
ontrolled by temperature (Tewari and Tripathy, 1998). This was
aused by increased senescence and photorespiration, reduced CO2
olubility, and increased diffusion resistance, as well as significant
nhibition of photosynthesis and damage to the CO2 fixed reac-
ion mechanism due to the long period with high temperature
tress (Baker, 1991; Havaux, 1996; Crafts-Brandner and Salvucci,
004). This implies that inhibition of photosynthesis and damage to
he mechanism of photosynthesis through large amounts of active
xygen species brought about by high temperature stress is one
rocess, which is also inferred from the results of this experiment
Fig. 8) in which there was an increased amount of active oxygen
ue to high temperatures (Asada and Takahashi, 1987; Monk et al.,
989; Guo et al., 2006).

.2.4. Stomatal conductance
The conductance to water of cucumber leaves increased with

ncreasing plants age to the 45th day and then decreased gradu-
lly (Fig. 9). The values found for the conductance parameter at
he starting day were 0.53, 0.54 and 0.54 mol  H2O m−2 s−1 for
reenhouses covers C1, C2 and C3, respectively. While, at the end
f the growing season, the values of conductance were 0.42, 0.41
nd 0.40 mol  H2O m−2 s−1 for films C1, C2 and C3, respectively.
dditionally, the average conductance values for the whole exper-

mental period were 1.14 ± 0.51, 1.07 ± 0.47 and 1.01 ± 0.45 mol
2O m−2 s−1 for greenhouses covers C1, C2 and C3, respectively.
he results illustrated that conductance under (C1) was higher
han those under C2 and C3 during the production period. The

aximum conductance values were obtained at the 45th day. Sto-
atal conductance is controlled by the aperture of stomatal pores
instantaneous response) and by the number and size of stomata
n the leaf on the long term response (Farquhar and Sharkey, 1982;
ino et al., 1985; Lawson, 2009; Zeiger et al., 2002). In addition,
ucumber plants grown under different B:R ratios (long term

able 2
he constants a, b and c and coefficient of determination for photosynthetic properties un

Properties Covering materials 

Photosynthetic rate
(�mol  CO2 m−2 s−1)

C1

C2

C3

Transpiration rate
(�mol  CO2 m−2 s−1)

C1

C2

C3

Intercellular CO2 concentration
(CO2 mol−1)

C1

C2

C3

Stomatal conductance
(mol H2O m−2 s−1)

C1

C2

C3
6.981 104.5 259.7

). Total biomass represents dry weight of leaves, shoots and fruits).

response), show greater stomata density and larger stomata
(Hogewoning et al., 2010; Savvides et al., 2012; Van Ieperen et al.,
2012). On the other hand, stomatal response to change in air current
of the leaf boundary layer can be conjectured to relate to changes in
the intercellular CO2 concentration and the transpirational water
loss of the leaf.

3.2.5. Leaf temperature
The values for the leaf temperature at the day of transplanting

were 20.3, 20.13 and 20.2 ◦C for films C1, C2 and C3, respectively
(Fig. 10) while, at the end of growing season, the values of leaf tem-
perature were 28.8, 27.83 and 26.47 ◦C for greenhouses covers C1,
C2 and C3, respectively. Additionally, the average leaf temperature
values for all experiment period were 24.37 ± 2.95, 23.86 ± 2.79 and
23.45 ± 2.57 ◦C for greenhouses covers C1, C2 and C3, respectively.
The results illustrated that leaf temperature under C1 was higher
than those under C2 and C3 during the production period. The leaf
temperature increased gradually which means that the maximum
leaf temperatures were obtained at the end of growing season at
the 120th day while the minimum leaf temperatures were obtained
at the first day (Fig. 10).

3.3. Crop yield

Fruit number, length and dry weight increased for plants grown
under C1 film with significant differences from both C2 and C3
covered plants (Table 1). Total dry biomass and yield followed
similar manner. The crop yield values were 15.958, 13.753 and
12.842 kg m−2 for greenhouses covers C1, C2 and C3, respectively
while the yield per plant values were 6.383, 5.501 and 5.137 kg for
greenhouses covers C1, C2 and C3, respectively. Additionally, the
cucumber fruit lengths were 16.7, 15.6 and 14.5 cm for greenhouses
films C1, C2 and C3, respectively. In general, the results indicated

that fruit and yield traits increased under C1 followed by C2 and
then by C3 films. Daily transmission of solar radiation and tem-
perature has been optimal for cucumber growth and development
under C1 cover as compared to C2 and C3 film. Using C1 film lead

der different greenhouses covering.

Constants R2

a b c

−0.789 7.344 −0.11 0.844

−0.707 6.502 0.471 0.829
−0.628 5.681 1.446 0.815
−0.854 8.152 −4.611 0.831

−0.791 7.535 −4.275 0.818
−0.749 7.121 −4.146 0.789
−5.690 39.511 222.83 0.854

−4.923 31.815 227.05 0.842
−4.536 28.874 219.26 0.819
−0.069 0.620 0.240 0.864

−0.063 0.559 0.277 0.862
−0.059 0.522 0.272 0.841
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o 16.03% increase in productivity as compared with C2 film and
4.3% increase in comparison with C3 film. Many researchers indi-
ated that temperature and relative humidity inside greenhouses
ere depend on covering materials and resulting in higher plant

ield (Papadopoulos and Hao, 1997; Bakker et al., 1987; Acock et al.,
976; Stromme et al., 1986). Results from the present study sup-
ort this conclusion. While, high humidity levels resulted in an

ncreased photosynthetic rate (Acock et al., 1976; Bunce, 1984),
resh and dry weight, stem length and leaf area, and final total
ucumber yield was positively related to daytime humidity, when
he other variables are kept constant (Bakker et al., 1987).

.4. Regression analysis

Regression analysis was conducted to find a relation between
he studied parameters for different covering films and plant age
eriods. The following equation shows the most appropriate form
f the relationship between each characteristic and period of time.

 = aX2 + bX + c

The equation was from the regression analysis of the measured
ata. Table 2 illustrates the values of the constants a, 3b and c
f the predicting equation and coefficient of determination of the
easured parameters.

. Summary and conclusions

Results show that the covering materials affect the internal
nvironmental conditions such as temperature, relative humidity
nd VPD. In addition, the photosynthetic and physiological pro-
esses of cucumber leaves are influenced by several factors (i.e.
he environmental conditions such as temperature, relative humid-
ty and VPD and plants age). The average temperatures for the

hole experimental period were 22.27 ± 2.06 ◦C, 23.80±2.26 ◦C,
5.42±2.41 ◦C and 31.12±4.30 ◦C for greenhouses covers C1, C2,
3 and outside, respectively while air temperature under C1 was

ower than those under C2 and C3 during the production period.
n addition, VPD under C1 was lower than those under C2 and C3
uring the production period. The average of photosynthetic rate
alues were 16.61±5.49, 15.51±5.18 and 14.91±4.78 �mol  CO2
−2 s−1 for films C1, C2 and C3, respectively. The transpiration rate

s well as intercellular CO2 concentration under (C1) were higher
han those under C2 and C3 during the production period. There-
ore, fruit and yield traits increased under C1 followed by C2 and
hen by C3 film. Using film C1 lead to increase the productivity to
6.03% in comparison with C2 film and 24.3% in comparison with
3 film. In conclusion, the greenhouses covering material have a
reat influence on the internal conditions, physiological processes
nd productivity of cucumber plants.
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