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Abstract
Optimum cool root zone temperature positively influences the production of greenhouse vegetables grown
during summer/high temperature period under hydroponics system. Hence, the effect of root-zone temperature
was investigated on the growth, yield and nutrient uptake of cucumber (Cucumis sativus L.) plants grown in pots
filled with perlite medium under recirculating hydroponic system in greenhouse during summer period
(June-August) in two consecutive years 2016/2017 and 2017/2018 using three cooling treatments-T1 (22 ºC), T2
(25 ºC) and T3 (28 ºC) and non-cooled treatment T4 (33 ºC) as control in Randomized Complete Design (RCD).
All the treatments received the same nutrient concentrations. Significant (p < 0.05) differences were observed for
all the characters viz. plant height, leaf number/m2, chlorophyll content, leaf area (cm2), fruit number /m2, yield
(t/gh), fresh (g) and dry matter weight (g) of shoot and root at all cooled root-zone temperatures as compared to
control in both the years. Plants at cooled root-zone temperature (RZT) of 22 ºC gave high number of fruits/m2 to
the extent of 180 in 2016/2017 and 220 in 2017/2018 followed by that at 25 ºC (167, 221) and 28 ºC (178, 143)
as compared to those in control (33 ºC) (101,133) in both the years. Similarly, highest fruit yields were found at
cooled RZT of 22 ºC (5.0 t/gh) and 28 ºC (4.7 t/gh) in the first year and 22 ºC (6.1 t/gh) and 25 ºC (6.0 t/gh) in
the second year. The plants at cooled RZT responded positively and significantly (p < 0.05) in the uptake of all
nutrient elements in shoots and roots in comparison with those at non-cooled RZT in both years.
Keywords: root-zone, temperature, growth, yield, hydroponics, cucumber
1. Introduction
While the air temperature is one of the most important environmental elements for the altering secondary
metabolism in the plants for production (Kaplan et al., 2004; Zobayed et al., 2005; Ramakrishna & Ravishankar,
2011), the temperature at the root-zone also influences the growth and chemical composition of many plants
(Adebooye et al., 2010; Malik et al., 2013; Yan et al., 2013; Sakamoto & Suzuki, 2015a, 2015b). One of the
characteristics of hydroponic cultivation is its ability to control the temperature of the nutrient solution around
the root system using heaters or cooling spirals, to increase or decrease the temperature, respectively. During the
midday period, in the hot summers, the root-zone temperature of hydroponic systems often exceeds 30 ºC. The
root-zone temperature can often reach 35 ºC when the air temperature is 38 ºC. This was strongly found to
suppress the plant growth process and reduce uptake of water and nutrients (Mozafar et al., 1993; Marschner et
al., 1996; Stoltzfus et al., 1998). Several studies on different species have shown that plant growth is greatly
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influenced by root zone temperature (Lyr & Garbe, 1995; Lahti et al., 2005; Solfjeld & Johnsen, 2006;
Dıaz-Perez et al., 2007; Nxawe et al., 2009). Although, plant growth is controlled by various factors, root zone
temperature and nutrient supply indicate that RZT is crucially an important factor in plant nutrient uptake. In
view of the above, the study was designed to investigate the effect of root-zone temperature on the growth and
yield of cucumber (Cucumis sativus L.).
2. Materials and Methods
Seeds of cucumber variety namely; Reema F1 (Trust Seeds ) were sown in 72 hole trays on 11/5/2016 and
9/5/2017 and transplanted after 10 days in polyfoam pots filled with perlite medium under recirculating
hydroponic system in the greenhouse of 270 m2 (9 m × 30 m) during summer (June-August) in two consecutive
years 2016/2017 and 2017/2018 at the research site of the Directorate General of Agriculture and Livestock
Research, Ministry of Agriculture & Fisheries, located at Rumais, Wilayat Barka, South Batinah Governorate of
Oman. Three cooling treatments were applied; T1 (22 ºC), T2 (25 ºC) and T3 (28 ºC) through cooling nutrient
solution along with non-cooled treatment, T4 (33 ºC) as control. The treatments were arranged in Randomized
Complete Design (RCD) with four replications. All the treatments received the same nutrient concentrations. The
experiment layout and fertigation were followed as mentioned in Al Rawahy et al. (2018).
Parameters such as plant height (cm), leaf number/m2, leaf area index (cm2), chlorophyll (SPAD values), fruit
number/m2, yield (t/gh), shoot fresh weight (g), root fresh weight (g), shoot dry weight (g), root dry weight (g),
shoot dry weight (%), root dry weight (%), fruit length (cm), fruit diameter (cm) and total soluble solids (TSS)
(%) were measured besides nutrient elements in shoots and roots including N, P, K, Ca and Mg (AOAC, 1984)
determined on dry matter basis. Analysis of variance (ANOVA) and multiple comparisons (least significant
difference-LSD) were performed using GenStat 12th edition (VSN Intentional, 2011)
3. Results
3.1 Growth Parameters
3.1.1 Plant height
Plant height varied from 141 cm to 173.4 cm and from 132 cm to 157.4 cm in 2016/2017 and 2017/2018,
respectively, during summer (June-August) with significant (p < 0.05) differences among root-zone
temperatures(RZT) (Table 1). The cucumber plants in the cooled root-zone temperatures 22 ºC, 25 ºC and 28 ºC
produced significantly highest (p < 0.05) plant height as compared to that in control (non-cooled root-zone
temperature, 33 ºC) in both years. The highest plant height was found at cooled root-zone temperature of 22 ºC
to the extent of 173.4 cm followed by 170.3 cm at cooled root-zone temperature of 28 ºC whereas the lowest
plant height was found at 33 ºC (141cm) in 2016/2017 (p > 0.05). The response trend was not the same in
2017/2018 where the plants at 22 ºC produced higher plant height (157.4) cm followed insignificantly by that at
25 ºC (157.5 cm) and it was significantly the lowest at 33 ºC (127 cm).
3.1.2 Leaf Number
Significant (p < 0.05) differences were observed in leaf number per plant between the root-zone temperatures in
both years, 2016/2017 and 2017/2018. During the first year leaf number per plant ranged from 27 to 30 whereas
in the second year it varied from 29 to 34 (Table 1). The plants at 22 ºC and 25 ºC gave more number of leaves
per plant (30 and 29) whereas the lowest number was found at 33 ºC (27) during the first year. Same trend was
observed in second year with cooled root-zone temperatures except for root-zone at 28 ºC in which the lowest
leaf number was observed (29). Significantly higher number of leaves per plant was recorded with root-zone
temperatures 22 ºC and 25 ºC (34 leaves per plant) as compared to that at other root zone temperatures.
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Table 1. E
Effect of root-zzone temperatuure (RZT) on pplant height annd leaf numberr/plant of cucuumber grown under
u
hydroponic closed system
m during summ
mer (June-Auggust) in cooledd greenhouse
Plannt height (cm)
Firsst year 2016/2017 Second yeaar 2017/2018
22
173.4 a
157.4 a
25
155 b
157.5 a
28
170.3 a
132 b
33
141 c
127 b
Statisticall Parameters
F-test
**
**
12.22
LSD (5%))
10.9
CV %
17.22
6.9
RZT (ºC)

Leaf Number//Plant
First year 20016/2017 Secoond year 2017/2018
30
34
29
34
28
29
27
30
**
1.3
10.6

**
1.1
8.1

3.1.3 Leaff Area (cm2)
r
to amoount of photossynthesis and aassimilations rrates. Leaf areaa in 2016/2017
7 and
Leaf area of any plants reflects
mperatures tested as comparred to control w
with significan
nt(p <
2017/20188 was higher inn all the cooledd root-zone tem
0.05) diffeerences. Leaf area was highher in the secoond year 2017/2018 among the root-zone temperatures.. The
leaf area varied from 205.1
2
to 346..9 cm2 and frrom 207 to 3356.6 cm2 durring 2016/20117 and 2017/2
2018,
respectivelly. Leaf area was
w in general higher at the rroot-zone tempperature of 222 ºC in both yeears (346.9 cm2 and
356.6 cm2) and lowest area
a was at nonn-cooled root-zzone temperatture, 33 ºC (2005.1 cm2 and 2207.0 cm2) (Fig
gures
1a and b).

Figure 1a. Effect of root--zone temperaature (RZT) onn leaf area (cm2) at vegetativee stage of cucuumber plants grown
hydroponiically during suummer (June-A
August) 2016//2017

Figure1b. Effect of root--zone temperatture (RZT) on leaf area (cm2) at vegetativee stage of cucuumber plants grrown
hydroponiically during suummer (June-A
August) 2017//2018
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3.1.4 Chloorophyll Content
Color pigm
mentation in plants,
p
especiaally in the forrm of chloropphyll, is imporrtant for theirr plant growth
h and
developmeent. Significannt (p < 0.05) ddifferences werre observed inn chlorophyll ccontent as SPA
AD values betw
ween
root-zone temperatures of
o cucumber inn both years, 22016/2017 andd 2017/2018. Inn 2016/2017, cchlorophyll content
varied from
m 43 to 48 SPA
AD values wheereas in the second year it raanged from 43.1 to 49.1 SPD
DA values. Plan
nts at
root-zone temperatures of
o 22 ºC and 225 ºC producedd higher chlorrophyll contentt in both yearss of experimen
nts as
compared to root-zone temperature oof 28 ºC and control (33 ººC) which weere fluctuatingg and inconsisstent.
Highest chhlorophyll conntent was giveen by plants oof cooled roott-zone temperrature of (25 ººC) with 48 SPAD
S
values folllowed by plannts of root-zonne temperature of (22 ºC; 445.3 SPAD vaalues). The low
west was give
en by
plants of ccooled root-zoone temperaturre of 28 ºC (443 SPAD valuees) in 2016/20017 (Figure 2aa). Same trend
d was
observed iin 2017/2018 where plants of cooled root-zone tempeeratures at 22 ºC and 25 ºC
C produced higher
chlorophylll content as compared
c
to tthe plants of ccontrol. Plantss at root-zonee temperature of 22 ºC gave the
highest chhlorophyll content with 49.11 SPAD values followed byy the plants at root-zone tem
mperature of 25
2 ºC
(47.4 SPA
AD values) andd the lowest chhlorophyll conttent was foundd in the controol (33 ºC) withh 43.1 SPAD values
(Figure 2bb).

PAD values off cucumber plan
nts
Figure 22a. Effect of rooot-zone tempeerature (RZT) on chlorophylll content as SP
grow
wn hydroponically during sum
mmer (June-A
August) first yeear 2016/2017

PAD values off cucumber plants
Figure 22b. Effect of rooot-zone tempeerature (RZT) on chlorophyll content as SP
grownn hydroponicallly during sum
mmer (June-Auugust) second yyear 2017/20188
3.1.5 Fruitt Number per m2
Fruit numbber varied from
m 101 to 180 w
with significannt (p < 0.05) ddifferences bettween the root-zone tempera
atures
tested in tthe first year, 2016/2017. A
All the plants of cooled rooot-zone temperratures 22 ºC,, 25 ºC and 28
2 ºC
produced higher numbeer of fruits com
mpared to plaants at control 33 ºC. The hhighest fruit nnumber per m2 was
produced bby plants of coooled root-zonne temperaturee of 22 ºC (1800/m2) followedd by the plantss at 28 ºC (178
8/m2)
2
and the loowest was fouund at control (33 ºC) (101//m ) (Table 2)). With regardd to second yeear 2017/2018
8, the
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results showed same trend with increased number of fruits/m2 at tested treatments. Fruit numbers varied from
133 to 221 with significant (p < 0.05) differences between all the root-zone temperatures. Plants of cooled
root-zone temperatures of 22 ºC, 25 ºC and 28 ºC produced higher fruit numbers/m2 as compared to plants in
control. Plants of cooled root-zone temperature of 25 ºC gave the highest fruits number of 221/m2 followed by
plants at cooled root-zone temperature of 22 ºC (220/m2) as compared to those in control with 133/m2 (Table 2).
3.1.6 Yield (t/gh)
Significant (p < 0.05) yield differences were observed between the root-zone temperatures in cucumber in both
years of experiment, 2016/2017 and 2017/2018. However, all the plants of cooled root-zone temperatures; 22 ºC,
25 ºC and 28 ºC produced higher yield as compared to plants in control. The yield varied from 2.8/gh to 5.0 t/gh
during the first year 2016/2017. The highest yield was produced by plants of cooled root-zone temperature of 22
ºC with 5.0 t/gh followed by the plants at root-zone temperature of 28 ºC with 4.7 t/gh as compared to those in
the control which was the least (2.8 ton/gh). In the second year the results showed the same trend as first year
with improved yield of plants in all treatments tested. The cucumber yield ranged between 3.5 t and 6.1 t/gh with
significant differences (p < 0.05) between the root-zone temperatures. Highest yield was produced by plants at
root-zone temperature of 22 ºC (6.1 t/gh) followed by the plants at root-zone temperature of 25 ºC (6.0 t/gh) and
28 ºC (3.8 t/gh) as compared to that in the control (33 ºC) with 3.5 t/gh which was the least (Table 2). The
increase in yield in the second year 2017/2018 was attributed more numbers of harvests made and lesser
incidences of diseases and pest infestations than those in the first year. In general during summer season the
production of cucumber would be normally low due to high temperatures. In the present experiment, on the
contrary the cooled nutrient solutions tested had demonstrated to offer positive effects with the higher levels of
production as compared to the production level in the non-cooled control.
Table 2. Effect of RZT on Fruit number/m2 and yield (t/gh) of cucumber grown in hydroponics, closed system
during summer (June-August) in cooled greenhouse
Fruit number/m2
First year 2016/2017 Second year 2017/2018
22
180 a
220 a
25
167 a
221 a
28
178 a
143 b
33
101 b
133 b
Statistical Parameters
F-test
**
**
LSD (5%)
44.5
53.0
CV %
18.5
19.1
RZT (ºC)

Yield (t/gh)
First year 2016/2017 Second year 2017/2018
5.0 a
6.1 a
4.4 a
6.0 a
4.7 a
3.8 b
2.8 b
3.5 b
**
1.2
18.5

**
1.5
20.3

3.1.7 Shoot Fresh Weight
The effects of cooled root-zone temperature on shoot fresh weight of cucumber plants were highly significant (p
< 0.05) among the treatments tested in the first year, 2016/2017. Plants of cooled root-zone temperature of 22 ºC
and 25 ºC produced higher shoot fresh weight as compared to the plants of non-cooled control with root-zone
temperature of 33 ºC. The shoot fresh weight ranged from 188.1 g to 274.2 g. The plants of cooled root-zone
temperature of 25 ºC gave 274.2 g/plant followed by plants of root-zone temperature of 22 ºC with 264.1 g as
compared to that in control with 188.1g (Table 3). With respect to second year, 2017/2018, no significant
differences were observed in shoot fresh weight between the tested root-zone temperatures. Shoot fresh weight
ranged from 208.8 g to 256.6 g with the highest shoot fresh weight at cooled root-zone temperature of 25 ºC
(256.6 g) followed by that at 22 ºC (227.5 g) as compared to the lowest of 208.8 g at control 33 ºC (Table 3).
3.1.8 Root Fresh Weight
The response of plants in terms of root fresh weight was similar in trend to that shown in terms of shoot fresh
weight. Significant (p < 0.05) root fresh weights were obtained among the plants of cooled root-zone
temperatures and those in control in the first year, 2016/2017. Plants at cooled root-zone temperature of 22 ºC
gave the highest root fresh weight (38.0 g) followed by 25 ºC with 36.9 g and the least fresh root weight was at
the control with 28.9 g (Table 3). During the second year, 2017/2018 no significant differences were observed in
root fresh weight between the treatments (Table 3).
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3.1.9 Shoot Dry Weight
Shoot dry weight varied from 37.1 g to 49.3 g with significant (p < 0.05) differences among the root-zone
temperatures tested. Plants of cooled root-zone temperatures 22 ºC, 25 ºC and 28 ºC gained more shoot dry
weight than plants at non-cooled root-zone temperature of 33 ºC (control) in the first year, 2016/2017. Plants of
cooled root-zone temperature 25 ºC gave the highest shoot dry weight (49.3 g) followed by root-zone
temperature 22 ºC (48.7 g). The lowest shoot dry weigh of 37.1 g was recorded at non-cooled root-zone
temperature of 33 ºC (Table 4). In the second year, 2017/2018, shoot dry weight showed no any significant
differences among the treatments tested (Table 4).
3.1.10 Root Dry Weight (g)
Significant (p < 0.05) effects of root-zone temperatures were noted in root dry weights in both the years. Plants
of cooled root-zone temperatures showed more root dry weight than those at non-cooled root-zone temperature
(control) in the first year 2016/2017. Root-zone temperature of 22 ºC produced highest root dry weight (20.2 g,
19.9 g) followed by root-zone temperature of 25 ºC (19.9 g, 19.6 g) in 2016/2017 and 2017/2018 respectively
whereas the lowest root dry weight was found at non-cooled root-zone temperature of 33 ºC (control) (Table 4).
Table 3. Effect of RZT on shoot and root fresh weight (g) of cucumber grown in hydroponics, closed system
during summer (June-August) of 2016/2017 and 2017/2018 in cooled greenhouse
Root-zone temperatures (ºC)
22
25
28
33
Statistical Parameters
F-test
LSD at 0.05
CV %

Year 2016/2017

Year 2017/2018

Shoot
264.1 a
274.2 a
222.0 b
188.1b

Root
38.0 a
36.9 a
34.8 b
28.9 b

Shoot
227.5
256.6
197.5
208.8

Root
39.5
36.0
34.2
31.1

**
60.9
16.7

**
7.4
14.0

NS
33.5

NS
26.1

Table 4. Effect of RZT on shoot and root dry weight (g) of cucumber grown in hydroponics, closed system
during summer seasons (June-August) of 2016/2017 and 2017/2018 in cooled greenhouse
Root-zone temperatures (ºC)
22
25
28
33
Statistical Parameters
F-test
LSD at 0.05
CV %

Shoot
48.7 a
49.3 a
39.8 b
37.1b

Year 2016/2017
Root
20.2 a
19.9 a
17.6 b
16.6 b

**
3.4
5

**
1.3
4.4

Shoot
34.7
35.7
31.7
29.0
NS
17.8

Year 2017/2018
Root
19.9 a
19.6 a
13.6 c
17.5 b
**
4.7
17.2

3.2 Nutrient Content
3.2.1 Nutrient Concentration and Uptake in Shoot
Concentration and uptake of mineral elements in the shoot of cucumber were strongly affected by the interacting
effects of root-zone temperature (RZT). Nevertheless, not all elements were affected to the same extent.
Significant (p < 0.05) increases in nitrogen and calcium uptake were observed between the root-zone
temperatures in cucumber shoots whereas there were no significant (p > 0.05) effects in uptake of phosphorus,
potassium and magnesium elements between the root-zone temperatures in the first year 2016/2017. Nitrogen
uptake was increased significantly with the cooled root-zone temperature of 22 ºC, 25 ºC and 28 ºC as compared
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to that at non-cooled rooot-zone tempperature of 33 ºC. Higher nnitrogen conceentration was ffound at root--zone
temperaturre of 22 ºC (33.1%) and 25 ººC (3.0%) where the lowestt nitrogen uptaake was in nonn-cooled root--zone
temperaturre of 33 ºC (22.5%). On the other hand, sshoot had highher calcium cooncentration aat cooled root--zone
temperaturre of 25 ºC with 4.1% than tthat at root-zonne temperaturee of 22 ºC withh 3.9% while tthe lowest wass that
at non-coooled root-zone temperature oof 33 ºC with 33.1%. There w
were significantt (p < 0.05) efffects during se
econd
year, 20177/18 in nitroggen, potassium
m and calciuum uptakes inn cucumber sshoots among cooled root--zone
temperaturres as compareed to those at control. Similaar trend howevver, was obserrved in all the elements as du
uring
first year in respect off nitrogen, pootassium and calcium uptakkes, which w
were higher inn cooled root--zone
temperaturres of 22 ºC, 25
2 ºC and 28 ºC
C as comparedd to that non-ccooled root-zonne temperaturee of 33 ºC. Hig
ghest
nitrogen uuptake was fouund in cooled rroot-zone tempperature of 22 ºC 3.4% folloowed by 25 ºC
C with 3.0% an
nd 28
ºC with 3..0%. Potassium
m uptake was higher at coooled root-zone temperatures of 22 ºC, 25 ºC and 28 ºC with
3.1%, 2.9%
% and 2.6%, respectively ((Figure 3a). N
No any signifiicant effects w
were observedd in phosphorss and
magnesium
m uptakes in all the root-zone temperaatures during 2017/2018 (T
Table 3b). Thhe results obta
ained
indicated tthat concentraations of all nnutrients elemeents in shootss at the end oof the experim
ment were of lower
magnitudee as compared those at the innitial stages off growth as alll nutrient elem
ments were acccumulated in le
eaves
and fruits oof cucumber.

mperatures on sshoots nutrientt concentrationn of cucumber plant grown in
n
Figuree 3a. Effect off root-zone tem
hyddroponic closeed system durinng summer (Juune-August) inn 2016/2017

mperatures on sshoots nutrientt concentrationn of cucumber plant grown in
n
Figuree 3b. Effect off root-zone tem
hyddroponic closeed system durinng summer (Juune-August) inn 2017/2018
3.2.2 Nutrient Concentraation and Uptaake in Root
Significannt (p < 0.05) nuutrients elemennt concentratioons’ uptakes w
were obtained in all the root-zone tempera
atures
in cucumbber roots in thhe first year. N
Nitrogen uptakke was found significantly increased withh cooled root--zone
temperaturres. The highest nitrogen upttake was foundd at cooled rooot-zone temperrature of 22 ºC
C with 2.7% an
nd 25
ºC with 2.7% as comparred to the low
west uptake reccorded at non-ccooled root-zoone temperaturre of 33 ºC (2..3%).
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Similar treend was seen inn potassium annd magnesium
m uptakes (Figuure 4a). With rregard to seconnd year 2017/2
2018,
the nutriennt elements shhowed significant (p < 0.05)) uptake effectts in roots of ccucumber betw
ween the root--zone
temperaturres except for calcium elemeent. The highesst nitrogen upttake was foundd at cooled rooot-zone temperrature
of 22 ºC ((2.9%) followeed by cooled rroot-zone tempperature of 255 ºC (2.8%) ass compared to that of 28 ºC with
2.6%. Thee lowest was found
fo
at non-cooled root-zonne temperaturee of 33 ºC (2.33%). Similar trrends were no
oticed
for phosphhorus, potassiuum and magneesium uptakes. There were nno significant eeffects in calciium uptake in roots
of cucumbber between thhe root-zone teemperatures. T
The results thuus indicated thhat concentratioons of all nutrrients
elements inn roots at the end
e of the experiment were llower as comppared to those at the initial sttages as all nuttrient
elements w
were accumulaated in leaves aand fruits of cuucumber (Figuure 4b).

ponic
Figure 4a. Effect of root--zone temperattures on roots nnutrient concenntration of cucuumber plant grrown in hydrop
closed systtem during sum
mmer (June-Auugust) in 2016/2017

ponic
Figure 4b. Effect of root--zone temperattures on roots nnutrient concenntration of cucumber plant grrown in hydrop
closed systtem during sum
mmer (June-Auugust) in 2017/2018
4. Discusssion
The preseent study intennds to compreehend the efffects of root zzone temperattures (RZT) oon the growth
h and
developmeent of cucumber plants to ulttimately increaase the cucum
mber fruit produuction in termss of yield and yield
related chaaracters, whichh are discussedd here under:
4.1 Plant H
Height
The cucum
mber plants ressponded signifficantly (p < 00.05) highest too the cool roott zone temperaatures of 22 ºC
C and
25 ºC at rroot zones in both
b
years 2016/17 and 20117/18 during ssummer seasoon which coinccides from Jun
ne to
August in Oman as welll as all the coountries of Araabian Peninsulla. Differencess in response oof cucumber plants
p
from two yyears in plant height at diffeerent root-zonee temperaturess at different sttages of growtth of the crop were
similar to the study of Moon
M
et al. (20007) where it w
was observed tthat during sum
mmer the grow
wth rate of the stem
of cucumbber at both tem
mperatures hadd been linear foor a long time in contrast to the exponentiial growth foun
nd in
winter whhile in autumn and spring thee growth rate at 25 ºC was linear. Growthh indexes plannt height, interrnode
length, rooot length, and leaf area at loow RZT had lless differencee among nutrieent treatmentss. However, grreater
response w
was obtained for
f different nuutrients at high RZT. Yan ett al. (2013) shhowed that rooot-zone cooling
g did
54
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not affect the plant height, number of nodes, and stem weight. Sakamoto and Suzuki (2015) found that root-zone
heating at 33 ºC reduced leaf number, shoot length of carrots plants. Veenman and Zoneh (1977) demonstrated
that plants of tomato grown at the lowest and the highest root temperatures were fully normal in appearance
although their size was smaller than at the optimal temperatures of 20 ºC and 25 ºC (Table 1).
4.2 Leaf Number/Plant
As indicated in the results, there were significant (p < 0.05) differences in leaf number /plant in both years
between the cooled root-zone temperatures of 22 ºC, 25 ºC and 28 ºC and non cooled root-zone temperature of
33ºC (control). Veenman and Zoneh (1977) reported that the seasonal effect on leaf number of tomato was much
smaller as compared that on plant height. At a root temperature of 25 ºC, after 25 days of transplanting, plant
height in summer was 42.5 cm and 9 cm in winter while leaf number was 14.0 and 8.3 in summer and winter,
respectively. No apparent interaction between season and root temperature was observed in leaf number, as was
the case with plant height since leaf number was found increased linearly with time. The effect of RTZ on
number of leaves /plant was clear at 22ºC in which the plants produced the highest leaf number in both years,
2016/2017 (30) and 2017/2018 (34) followed by those at 25 ºC (29 and 34) as compared to that at control (27
and 30). The results obtained in the present study are in agreement with Sakamoto and Suzuki (2015) who found
that root-zone heating at 33ºC reduced leaf number and shoot length of carrots plants. Similarly, Moon et al.
(2007) revealed that leaves and stem height had slow growth rate as root-zone temperature was increased after 7
and 14 days of planting. Further, Masaru et al. (2016) on strawberry showed that the number of newly emerging
leaves was found increased in plants cooled at root zone.
4.3 Leaf Area (cm2)
The results of the present study indicated significant (p < 0.05) effects in leaf area between plants of cooled RZT
of 22 ºC, 25 ºC and 28 ºC with higher leaf area in comparison with non-cooled RZT 33 ºC (control) in both years
2016/2017 and 2017/2018. This could be due to the fact that RZT influences the vegetative growth and biomass
of the plant (Zhang et al., 2008; Chadirin et al., 2011; Sakamoto & Suzuki, 2015a, 2015b) and leaf area is
indirectly associated with the rate of photosynthesis and amount of assimilation rate in the plants (Pang et al.,
1997; Lu et al., 1994). Yan et al. (2013) reported that strong interactions were observed between RZT and
nutrients on leaf area and concluded that higher biomass and growth of cucumber seedlings were produced at
RZT of 20 ºC. Further, Xiaolei and Zhifeng (2004) found that optimal LAI from 3 to 3.5 could balance the
photosynthetic capacity per unit area, light penetration and air circulation and could increase the yield in plastic
greenhouse. On the contrary, in respect of the effect of higher RZT, it was found that leaves of cucumber at 35 ºC
root-zone temperature(RZT) were severely affected with small area and burn in plants (Moon et al., 2007).
4.4 Chlorophyll Content
In the present study, the results showed significant effects of the RZT on chlorophyll content as SPAD values in
both years. Higher values were linked to lower RZT viz. 22 ºC to 28 ºC. Many studies revealed that high
temperature can affect physiological process such as chlorophyll content and subsequently metabolism of plant.
Heat stress not only causes an imbalance in plant metabolism and disruption of cellular homeostasis resulting in
deleterious damage to plant cells (Suzuki & Mittler, 2005) but also triggers significant alternations in plant
physiological processes, such as water uptake and leaf photosynthesis (Suzuki et al., 2008; He et al., 2013).
Masaru et al. (2016) found that high RZT treatment induced plants withering within two months or decreased the
chlorophyll content as expressed by the SPAD value.
4.5 Fruit Number/m2
Cooling of RZT of cucumber significantly showed positive effect in fruit numbers/m2 in both years, 2016/2017
and 2017/2018 as compared to non-cooled control. Moon et al. (2007) found that severe growth and
development inhibition by high temperature in summer in cucumber. High temperature in a greenhouse during
summer inhibits crop growth especially high RZT accompanied with high air temperature (Song, 2013). The
highest fruit number/m2 was produced by plants of cooled RZT and the lowest was given by non-cooled RZT.
Our findings are in agreement with those of Moon et al. (2007) who reported that the number of fruits per plant
was 15.9 in non-cooled root-zone and 19.3 in cooled root-zone.
4.6 Yield
The results of present study indicated that cooled nutrient solution temperatures that reflect root-zone
atmosphere of cucumber during summer season can improve the growth as well as the yield of cucumber. It is
well understood that environmental stress can affect plant development; growth and yield. Root-zone
temperature is the important factor which can affect plant growth, yield, uptake of water and nutrient uptake
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(Stoltzfus et al., 1998; Lahti et al., 2005; Solfjeld & Johnsen, 2006; Diaz-Perez et al., 2007). In the present study
all the plants of cooled RZT 22 ºC, 25 ºC and 28 ºC produced higher yield as compared to plants of non-cooled
RZT, 33 ºC in both years 2016/2017 and 2017/2018. Our results are in agreement with Moon et al. (2007) who
found the most remarkable effect of root-zone cooling in terms of increase in yield of cucumber as compared to
cucumber grown in non-cooled root-zone. Similarly, Lee (1994) reported that as the plants grow, the fruit yield
of cucumber proportionally decreases with increased root-zone temperature. However, these results are in
contrast to those of Gent and Ma (1998) who obtained better yield of tomato by using a forced-air heater applied
to root-zone for several regimes of daily temperature. Urrestarazu et al. (2008) revealed that lesser effects were
observed at root-zone temperature between 18-22 ºC concerning yield and fruit quality parameters in rockwool
grown melon. Number of fruits and fruit size (fresh weight) of strawberry tended to increase by root-zone
cooling treatments (Sakamoto et al., 2016). Mawgoud et al. (2005) revealed positive effect of heating on
production of pepper with 39% to 76% increases in yields due to an increase in both fruit number and average
fruit weight. The vegetative growth was improved by increasing leaf area and plant height in cooled plants as
compared to non-cooled ones with increase in fruit yield (Fujishige et al., 1991; Nkansah & Ito, 1994). In
addition, Sasaki and Itagi (1989) reported that fruit yield was increased by root-zone cooling at 20 ºC in summer
tomato production. Lee (1996) reported that yield of cucumber fruits was highest from March to June, and from
September to November but lowest in summer and winter season, especially in July and August in Korea.
Similarly, Lee (1994) and Du and Tachibana (1994a, 1994b) revealed that high temperature in summer and low
temperature in winter are the main factors in reducing productivity in the year-round cultivation of cucumber.
The authors reported that below 12-13 ºC RZT, growth was suspended and over 35 ºC RZT, growth was
inhibited. In Oman, low yields in summer have been reported during May- July period of the year according to
the report of the Public Authority for Civil Aviation Authority (PACA, 2016) and reports from other Arabian
Peninsula countries. The present findings suggested that cooled root-zone of cucumber through cooled nutrient
solution temperature increased yield of cucumber during summer.
4.7 Shoot & Root Fresh Weight
Although suboptimal root-zone temperature tends to restrict plant growth, responsiveness of plants to root-zone
temperature depends on the plant species. For instance, six cucurbitaceous species exhibited different responses
in the form of changes of biomass, photosynthesis, and stomatal conductance at RZT between 14 ºC and 34 ºC
(Zhang et al., 2008). In the present study, cool RZT had positive effects on both shoot and root fresh weights in
both the years although second year was not significant. Similar results were proved by Daskalaki & Burrage
(1997) who found that shoot fresh weight was the highest at 28 ºC and lowest at 12 ºC whereas in other study
with muskmelon, it was reported that plant fresh weight gain was the highest at the 25 ºC RZT (Rhonda &
Stoltzfus, 2008). Adebooye et al. (2009) observed that RZT of 20 ºC and 25 ºC produced significantly (p ≤ 0.05)
increased effects on the average number of tendrils, number of leaves, fresh leaf weight, stem length, fresh stem
weight, root length, fresh root weight and root volume as compared to those at 30 ºC. Recently, Sun et al. (2016)
reported that RZ cooling increased shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, total
plant fresh weight, and total plant dry weight in lettuce by 8.9, 20.5, 7.8, 14.3, 9.7, and 8.5%, respectively.
4.8 Shoot & Root Dry Weight
The results of the present study showed similar response of cucumber plants to cooled RZT in terms of shoot and
root dry weigh as shown in terms of shoot and root fresh weights. Plants at cooled RZT of 25 ºC and 22 ºC
produced higher shoot and root dry biomass as compared to non-cooled root-zone temperature of 33 ºC in both
years although shoot dry weight was not significant in second year. James et al. (2008) found that root and shoot
dry weight, rate of shoot growth, plant height, and water use peaked at 25 ºC. Yan et al. (2013) reported that
plant dry weights were suppressed at low RZT of 12 ºC while higher biomass and growth of cucumber seedlings
were produced at elevated RZT of 20 ºC under each nutrient treatment. Growth indexes (plant height, internode
length, root length, and leaf area) at 12 ºC-RZT had less difference among nutrient treatments but greater
response was obtained for different nutrients at high RZT. Sun et al. (2016) demonstrated the feasibility of
cultivating hydroponic lettuce in high-temperature season through cooling of the nutrient solution. Similarly, the
results obtained by other researchers (Zhang et al., 2008; Chadirin et al., 2011; Sakamoto & Suzuki, 2015a,
2015b) showed the positive influence of root zone temperature on both the vegetative growth and biomass of the
plant similar to the results of the present study.
4.9 Nutrients Concentration and Uptake in Shoot and Root
Mineral nutrition of plants plays a crucial role in increasing resistance to environmental stresses (Marschner,
1995). In the present study, responses of shoots and roots to root-zone temperatures (RZT) were significantly (p
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< 0.05) affected by cooled RZT at 22 ºC, 25 ºC and 28 ºC as compared to uncooled RZT 33 ºC in both years,
2016/2017 and 2017/2018. The concentration and uptake of mineral elements in the cucumber shoot and root
were strongly affected by the interacting effects of root-zone temperature (RZT). Nevertheless, not all elements
were affected to same extent. Total N, P, K, Ca, and Mg uptakes were found promoted at RZT of 22 ºC, 25 ºC
and 28 ºC as compared to that in non-cooled RZT of 33 ºC. This was also noted by earlier researchers. The shoot
and roots mineral element uptake was increased with elevated root temperature which promoted plant nutrient
uptake by (1) increasing new root formation (Daskalaki & Burrage, 1997; Domisch et al., 2002), (2) changing
root physiology and improving nutrient uptake (Carey & Berry, 1978; Marschner 1990; Kozlowski & Pallardy,
1997), and (3) accelerating nutrient mineralization in soil (Domisch et al., 2002). Wan et al. (1999) reported that
the root growth of trembling aspen seedlings at 10 ºC was lower than that at 20 ºC soil temperature. The higher
nutrient distribution ratio in shoots at 20 ºC-RZT resulted in increased stem growth and higher shoots nutrients
concentrations (Lahti et al., 2005). Yan et al. (2012) found that differences in nutrient uptake were existed
between species as affected by RZT such as increasing solution temperature at 14 ºC and 20 ºC in cucumbers
which showed an increased NO3 uptake with no effect on phosphate uptake as compared to unheated treatment.
Urrestarazu et al. (2008) reported that increasing nutrient solution temperature to 18-22 ºC increased phosphate
uptake in two substrates in cucumber. In the present study, significant effect of phosphate uptake was observed in
all the cooled RZT as compared to non-cooled RZT in the roots while no significant effect was observed in shoot
of cucumber plant in both years. The results of the present study indicated that cooled nutrient solution
temperature had positive effect on shoot and root growth and nutrient uptake. In this respect, Rhonda et al.(2008)
reported that root P and Zn concentrations increased linearly with increasing RZT while Daskalaki and Burrage
(1998) showed that uptake of all nutrients (N, P, calcium (Ca), and K) could be promoted significantly when root
temperature was increased from 12 ºC to 20 ºC in cucumber. Hood and Mills (1994) also found RZT of 22 ºC
produced higher growth and nutrient uptake in snapdragon (Antirrhinum majus L. Peoria’) as compared to that of
8 ºC and 15 ºC. Similarly, with regard to potassium the crop was found responding positively at cooled RZTs
than that of non-cooled RZT in uptake of potassium in shoots and roots of cucumber. In the present study, cooled
RZT at 22 ºC and 25 ºC accumulated more potassium as compared to non-cooled RZT of 33 ºC athough it was
not significant effect in root potassium uptake in second year. These findings are in line with Gosselin and Trudel
(1983) who demonstrated that raising the RZT to 24 ºC increased the shoot P and K concentrations in tomato as
compared to those at 12 ºC or 15 ºC. Cooling of root-zone temperature did not significantly affect magnesium
concentrations and uptake. Tan et al. (2006) showed that total shoot and root NO3, K, Ca, Cu, Fe, Mg, Mn, and
Zn accumulation of 20 ºC-RZT plants were more than the plants having RZT more than 20 ºC which suffered
from a reduction of total mineral accumulation. Similar trend was noticed in our study in respect of shoot and
root calcium uptake which was positively influenced by cooled RZTs with significant (p < 0.05) differences. Yan
et al. (2012) demonstrated that more nutrients are accumulated in roots and less is transported to shoots at 10
0
C-RZT as compared to those at 20 ºC-RZT, which are similar to our observations. James et al. (2008)
demonstrated that uptake of all mineral elements was significantly different with each temperature treatment
except for B, Fe, and Mo which did not respond to temperature.
5. Conclusion
It is concluded that high air temperature and root-zone temperatures (RZT) in summer season can suppress or
decrease the biomass, nutrient uptake and growth of cucumber. The results showed that the cooled root-zone
temperatures (RZT) of 22 ºC and 25 ºC improved growth characters (plant height, leaf number, chlorophyll
content, leaf area) and uptake of nutrients. The productivity of cucumber was found increased at cooled RZT of
22 ºC by 74.3% and at 25 ºC by 71.4% as compared to the yield at non-cooled RZT of 33 ºC. Therefore, cooling
of root-zone temperatures through nutrient solution is very essential during summer period for improved yield in
cucumber.
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