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A b s t r a c t  
 

Daily short-term temperature drop (DROP) and “periodic drought” (non-lethal water defi-
cit) are used for plant height control as techniques inhibiting plant growth as an alternative to the use 
of retardants (chemical growth control). However, it is not known which of these two techniques is 
more effective and whether their combined effect can be stronger. In this paper taking cucumber as 
an example we have shown for the first time that a temperature drop technique is more effective 
than “periodic drought”. Temperature drops combined with “periodic drought” retard plant growth 
and enhance plant tolerance, but depending on the relative air humidity may decrease values of some 
physiological and morphological parameters. The aim of this work was: (a) a comparative as-
sessment of the effectiveness of DROP treatments and “periodic drought”, and (b) the study of 
the combined effects of these two techniques on plant growth and tolerance to chilling tem-
perature and water stress. Cucumber plants (Cucumis sativus L.) were exposed daily to a temper-
ature of 10 С for 2 hours at the end of the night (DROP treatment) for 6 days. The plants were 
watered daily or watered after the drying of the substrate (once every 2-3 days) creating “periodic 
drought” (drought treatment). Control plants were watered daily and not exposed to low-temperature 
treatments. All experiments were carried out at a low (30 %) or high (80 %) relative air humidity 
(RH). After the termination of the DROP treatments, plants from each treatment (control, 
DROP, drought, DROP + drought) were subjected to a cold test in the darkness for 1 day at a 
temperature of 4 С. The plant height, length of leaf petioles, the area and number of leaves and 
plant dry mass were determined. The compactness of the plants was determined as the plant dry 
weight or leaf area per unit stem length (in mg/cm or cm2/cm). Plant tolerance to low tempera-
ture and water stress was estimated by relative electrolyte leakage from leaf tissues and the intensi-
ty of lipid peroxidation, as assessed by the content of malonic dialdehyde. Differences between the 
treatments means were tested with one-way ANOVA followed the least significance difference 
(LSD) test with p < 0.05 level of significance. The obtained results indicate that DROP-treated 
plants had more dry mass and leaf area per unit length of the stem compared to those treated by 
“periodic drought”. However, DROP treatments were effective in increasing plant compactness 
only under high (80 %) RH, while low (30 %) RH leveled out the effects of a temperature drop. 
“Periodic drought” can produce small, but not truly compact plants due to a more significant 
decrease in the leaf area and plant biomass compared to plant size. Thus, a temperature drop is a 
more effective technique compared to “periodic drought” that can be used to control plant growth 
and obtain compact plants. The combination of DROP treatments with “periodic drought” also 
increases plant compactness and besides enhances plant tolerance to water stress induced by low 
temperature. However, for a number of parameters (number of leaves, compactness of plants at 
low RH), the combination of DROP treatments and “drought” led to a worse result than the ap-
plication of only the first of these two agro-practices. 

 

Keywords: chilling temperature, water stress, plant growth, tolerance, release of electro-
lytes, lipid peroxidation 

 

For many years, the use of chemical regulators with a retardant effect 
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was considered the most effective way to control the linear growth of plants [1, 
2]. However, over the past 30 years, new legal restrictions on their use have been 
constantly introduced in the world due to the risk of environmental pollution 
and the potential danger of chemical residues to human health. This has become 
a significant incentive to conduct research in order to find new methods and 
techniques for managing the growth of greenhouse crops [5-8]. In this case, nat-
ural factors affecting plant growth, such as temperature, light (intensity and 
spectral composition), photoperiod, relative air humidity (RH), CO2 concentra-
tion, as well as planting density and container size, were used. The results of 
manipulation of these factors and their analysis showed that not all methods that 
effectively reduce the height of plants are applicable in terms of commerce. The 
most promising method in practical terms was the control of plant growth by 
changing the temperature and parameters of the moisture regime [2, 4, 9, 10]. 
So, in the mid-1980s, it was found that with the help of lower daytime tempera-
ture, it is possible to reduce the height of plants of many species [3, 5, 7]. How-
ever, the practical use of this feature is limited to periods with low air tempera-
ture during the year. A little later in greenhouses, a more economical method of 
daily short-term temperature reduction was applied, called "temperature drop" 
(in Europe) and "temperature dip" or "cool morning pulse" (in the USA), which 
inhibited the growth in height of many crops [7, 11, 12]. Usually, in this case, 
the temperature is reduced at the end of the night, and in the morning, an addi-
tional influx of energy is provided using the backlight in order to raise the tem-
perature after the drop.  

Similarly to the low-temperature effect, the so-called "periodic drought" 
(non-lethal water deficit) is also used in crop production to inhibit plant growth 
as another alternative to retardants [13-16]. It is believed that in this case not 
only the height of plants is decreased, but also their resistance is increased, so 
that they better tolerate possible stresses, for example, during transportation, sale 
or after planting in the ground [17]. Water stress is mainly used in the green-
house production of seedlings of flower beds [14, 17, 18], in which the height is 
an important quality indicator, since excessive growth leads to increased trans-
portation costs and greater sensitivity to storage conditions [15, 16].  

Therefore, both daily short-term temperature drops (DROP effects) and 
water stress ("periodic drought") can inhibit the linear growth of plants. Howev-
er, the literature does not contain data on which of these two agricultural meth-
ods is more effective. It is also unclear whether the effect can be enhanced by 
their combined use, since the mechanisms of action of these factors on plants 
are not the same.  

In this report, for the first time, the authors showed the great effective-
ness of the DROP method using the example of cucumber plants. A decrease in 
temperature, combined with periodic drought, also inhibits linear growth and at 
the same time increases the resistance of plants to water deficiency, but worsens 
some physiological and morphological characteristics depending on the relative 
humidity (RH).  

The purpose of the work was to study the separate and combined influ-
ence of two natural factors (temperature and humidity) as ways to influence the 
linear growth and plant resistance in a greenhouse.  

Techniques. Cucumber plants (Cucumis sativus L., Zozulya F1 hybrid) 
were grown in pots (250 ml) with sand in an environmental chamber (Vötsch VB 
1014, Vötsch Indusrietechnik GmbH, Germany) under watering with a nutrient 
solution (in mg/l: 226 N, 55 P, 370 K, 180 Ca, 40 Mg, 45 S, 17 Na, 52 Cl, 2.5 
Fe, 0.6 Mn, 0.35 B, 0.3 Zn, 0.15 Cu and 0.05 Mo, pH 6.2-6.4); air temperature 
23 C, photosynthetically active radiation (PAR) 150 μmol/(m2Łs), photoperiod 
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12 h. All experiments were carried out at relatively high (80%) or low (30%) 
RH. From the 6th day after the soaking of the seeds, when the cotyledonary 
leaves developed, different watering regimes were applied – daily or after drying 
of the substrate (sand) (1 time in 2-3 days), thereby creating the conditions of 
the so-called "periodic drought" ("drought" option). From the 14th day after the 
soaking of the seeds, when the first true leaf was in the phase of active growth 
and reached half the final size, some plants with different irrigation regimes were 
exposed to a temperature of 10 °C for 2 h (plus 30 min to decrease and 30 min 
to increase temperature) at the end of the night period (DROP variant) for 6 
days. The temperature was decreased and increased at a rate of 0.4 C/min. The 
control variant was plants receiving daily watering and not exposed to low tem-
perature. In total, two series of experiments under conditions of different RH – 
high (80%) or low (30%) were conducted, in each of which there were 4 variants 
with the following conditions: 1st option — constant temperature 23 C, daily 
watering (control); 2nd option — DROP exposure, daily watering (DROP); 3rd 
option — constant temperature 23 C, "periodic drought" ("drought"); 4th op-
tion — DROP exposure, "periodic drought" (DROP + "drought"). 

Upon completion of DRO exposure, 6 plants from each variant (control, 
DROP, "drought", DROP + "drought") were exposed to a temperature of 4 C 
in the dark chamber with RH of 90-100% within 24 hours ("cold test"), after 
which they were placed for 24 hours in a chamber with a temperature of 23 C. 

All measurements were carried out 1 day after the completion of 
DROP exposure or 1 day after the completion of the cold test. The height of 
the plants, the length of the leaves petioles, the area and number of leaves 
reaching a length of 10 mm or more, and the dry biomass of the plants were 
determined. The compactness of plants was calculated as the ratio of the dry 
mass of the plant to its height (mg/cm) or as the ratio of the area of leaves to 
the height of the plant (cm2/cm) [19]. 

The resistance of leaves to low temperature and water stress was estimat-
ed by the relative release of electrolytes (RRE) from leaf tissue, which was de-
termined using an Expert-002 conductivity meter with a probe for micro-
volumes UEP-P-S (Econix-Expert, Russia), and the intensity of lipid peroxida-
tion, estimated by the content of malondialdehyde (MDA) according to the 
method of Heath and Packer [20]. 

Each experiment was repeated twice. The figures show the average values 
(M) for n  6 and their standard errors (±SEM). The difference between the 
mean values was determined on the basis of the analysis of variance (according 
to the LSD criterion) using the Statistica software (v. 8.0.550.0, StatSoft Inc., 
USA) and was considered statistically significant at p < 0.05. 

Results. The study showed that both DROP exposure and "periodic 
drought" reduce the height of the plant and the length of leaf petioles at high 
and low RH (Fig. 1, A, B, Table). In the case of the combination of DROP and 
"drought", the effect was more intensive, which led to an even greater decrease 
in the height and length of leaf petioles. It should be noted that the table shows 
the values of the indicators as a percentage of the control variant, but under the 
conditions of low RH, the biometric parameters of the control variant plants 
(plant height, leaf petiole length, leaf area, and dry plant weight) were halved, 
and the number of leaves was reduced by a third.  

 The leaf area did not decrease as a result of DROP exposure (with daily 
watering) at high RH and decreased by 10% at low RH. "Drought" led to a sig-
nificant (p < 0.05) decrease in the leaves area by 23 and 25% under conditions 
of a correspondingly high and low RH (see Fig. 1, B, Table). In the case of the 
combined action of DROP and "drought", the effect was intensified (decrease in 
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the leaf area by 41%, p < 0.05) only under the conditions of low RH. DROP ex-
posure and "drought" did not affect the rate of leaf development; however, when 
these factors were combined, the number of leaves decreased by 20 and 27%, re-
spectively (p < 0.05) under the conditions of high and low RH (see Table). 
 

 

Fig. 1. Plant height (A), leaf petiole length (B), area (C), dry weight (D) and compactness (D, E) of 
the control (1), subjected to DROP exposure (2), "drought" (3) and the combined action of DROP 
and "drought" (4) plants of the cucumber (Cucumis sativus L., Zozulya hybrid F1) at a relative hu-
midity of 80% or 30% (pot trials). Different letters indicate the statistical significance of differences 
in mean values at p < 0.05. 
 

Indicators of growth, development, and resistance of cucumber plants (Cucumis sativus 
L., Zozulya hybrid F1) under the DROP exposure, "periodic drought" and their combi-
nation (% of the control variant) (pot trials) 

Показатель 
Options of the experiment 

RH 80% RH 30 % 
DROP “drought” DROP + “drought” DROP “drought” DROP + “drought” 

Plant height 90* 97 83* 95 92* 87* 
Petiole length 92* 90* 71* 83* 79* 61* 
Leaf area 103 77* 79* 90* 75* 59* 
Number of leaves 100 100 80* 103 94 73* 
Dry weight of plants 112* 87* 95* 98 69* 59* 
Compactness  

acc. to biomass 
 

124* 
 

89* 
 

114* 
 

103 
 

75* 
 

68* 
acc. to leaves area 113* 80* 100 94 82* 71* 

MDA content 95 48* 34* 100 93 83* 
RRE 102 57* 21* 65* 76* 65* 
N o t e. Indicators of control plants were taken as 100%. Absolute values of the indices of the control plants are 
shown in Figs. 1 and 2. The content of malondialdehyde (MDA) and the relative release of electrolytes (RRE) are 
given for plant leaves after a cold test. RH — relative humidity. 
* Differences with control are statistically significant at p < 0.05. 
 

The dry weight of plants under the influence of DROP exposure in-
creased by 12% compared to the control variant (p < 0.05) at high RH and did 
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not differ from the control variant at low RH (see Fig. 1, D, Table). "Drought" 
reduced the dry weight of plants under the conditions of high and low RH by 13 
and 31%, respectively (p < 0.05). In the case of the combined action of DROP 
and "drought", the dry mass decreased by 5% (p < 0.05) at high RH and by 41% 
(p < 0.05) at low RH. Under the influence of DROP exposure and at a high 
RH, the ratio of dry biomass to plant height increased (by 24%, p < 0.05), as 
well as the ratio of leaf area to plant height (by 13%, p < 0.05); at low RH, 
these indicators did not differ from the control variant (see Fig. 1, D, E, Table). 
"Drought" in all variants of the experiment led to a decrease in the compactness 
of plants. The combination of DROP and "drought" caused an increase in the 
ratio of dry biomass to plant height by 14% (p < 0.05) only under the conditions 
of high RH, and at low RH compactness was even lower than in the case of us-
ing these methods separately. 

 

 

Fig. 2. The content of MDA (A, B) and the relative release of electrolytes (RRE) (C, D) before cold 
testing (A, C) and after it (B, D) in the control (1), subjected to DROP exposure (2), "drought" (3) 
and the combined action of DROP and "drought" (4) in cucumber plants (Cucumis sativus L., Zozulya 
hybrid F1) ) at a relative humidity of 80% or 30% (pot trials). Different letters indicate the statistical 
significance of differences in mean values at p < 0.05. 

 

The MDA content, which indicates the intensity of lipid peroxidation, 
was 11 and 17% lower (p < 0.05) in the leaves of plants subjected to DROP ex-
posure, at high and low RH, respectively (Fig. 2, A). "Drought" reduced the 
content of MDA by 11% (p < 0.05) only under the conditions of high PH, 
without affecting this indicator at low PH. In the case of the combined action of 
DROP and "drought" and high RH, there was a greater decrease in the content 
of MDA (by 27%, p < 0.05), while at low RH it was 17% (p < 0.05), as in the 
case of a separate DROP exposure. The values of RRE at high RH in plants un-
der the influence of DROP were 15% lower (p < 0.05) than the control, but in 
the variants "drought" and DROP + "drought" these values did not differ signifi-
cantly from the control (see Fig. 2, B). At low PH, DROP effects did not affect 
the RRE, but separate "drought" and DROP + "drought" led to an increase in 
the RRE by 20 and 15%, respectively (p < 0.05). 

After the cold test (4 C for 1 day), visually fixed cold injuries (leaf ne-
crosis) in all experimental variants were more pronounced in plants grown under 
conditions of high RH (Fig. 3). The leaves of the control plants were the most 
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injured, and the plants subjected to the combined action of DROP and 
"drought" were the least injured (see Fig. 3). The MDA content in the leaves of 
plants subjected to DROP exposure did not differ from the control plants (see 
Fig. 2, B, Table), irrespective of the RH. The leaves of plants subjected to the 
"drought" effect had a significantly lower (52%) MDA content at high RH and 
comparable to the control at low RH. In the DROP + "drought" variant, the 
MDA content was 66 and 17% lower than in the control plants, at high and low 
RH, respectively.  

 

 

Fig. 3. The first and second true leaves of the control plants (Control) and plants subjected to DROP 
exposure (DROP), "periodic drought" ("drought") and DROP + "drought" at relative humidity (RH) 
30% (A) or 80% (B) after a cold test (4 C for 1 day) of cucumber (Cucumis sativus L., Zozulya hy-
brid F1) (pot trials). 

 

After the cold test, the RRE was at the control level in plants exposed to 
DROP at high RH, and 24% less at low RH. In the "drought" and DROP + 
"drought" variants, the RRE decreased significantly at high RH – by 43 and 
79%, respectively, and at low RH – only by 24-35% (see Fig. 2, D, Table). 

The results of the study showed that under the conditions of high RH 
and normal watering, DROP exposure has a pronounced morphogenetic effect, 
reducing the linear dimensions of plants. At the same time, the dry weight of 
plants increases slightly, which leads to an increase in the ratio of dry weight to 
plant height. The ratio of the leaves area to plant height also increases, that is, 
plants become more compact. A similar effect was previously shown when wa-
tering tomato seedlings using cold water (5 C and 15 C), which led to an in-
crease in the ratio of dry weight to plant height by 28 and 32% compared with 
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the variant in which watering was carried out using water at a temperature of 
27.5-30.5 C [21]. The compactness of plants, which is defined not only as a 
decrease in the linear dimensions of plant organs but also as the ratio of the dry 
mass of the plant to its height [19], increased as a result of a decrease in plant 
height while maintaining the biomass accumulation rate, as in the authors' ex-
periment. 

At low RH, the authors observed a significant inhibition of all growth pro-
cesses, both linear growth and biomass accumulation; however, the relative de-
crease in plant height was greater than the decrease in dry weight, which also led 
to an increase in the ratio of plant biomass to its height under normal watering. 
Under these conditions, DROP exposure did not give an additional effect. Conse-
quently, it can be concluded that low RH levels the effect of DROP in terms of 
plant compactness. The low RH in the authors' experiments led to a significant 
decrease in plant height, which contradicts the opinion of some authors [22, 23] 
about the weak effect of RH on plant growth in height, but is consistent with the 
findings that there is a positive correlation between shoot length and RH [24-26]. 
However, it should be noted that although growth retardation occurs at a low RH, 
and the ratio of the plant's dry mass to its height increases, this method can hardly 
be an alternative to retardants due to a significant reduction in the leaves area and 
plant biomass. 

"Periodic drought" also had a pronounced morphogenetic effect on 
plants, which involves a decrease in the height and length of leaves petioles, but, 
unlike DROP exposure, "drought" reduced the leaves area and dry weight of 
plants. As a result, the ratio of the dry mass of the plant to its height and the 
ratio of the leaves area to plant height decreased. Similar results, when "drought" 
reduced the linear sizes of plants, but did not increase their compactness, were 
also observed in other species [19]. Other side effects of using water stress to 
control plant growth are also noted in the literature: a decrease in the rate of 
photosynthesis, a decrease in branching, an increase in the dispersion in terms of 
height of plants, deterioration of decorative properties (for example, due to a 
change in the angle of inclination of leaves), later and less abundant flowering 
[16, 27, 28]. 

The combined effect of DROP and "drought" increased the inhibition 
of linear growth compared to their separate application, but due to a decrease 
of the leaves area and dry mass of plants, this led to an increase in the ratio of 
dry mass of plant to its height by only 14% (p < 0.05) and only under condi-
tions of high RH, while the increase in this indicator under the influence of 
DROP exposure under normal watering was 24% (p < 0.05). In addition, in 
the case of the combined action of DROP and "drought", a delay in the devel-
opment of leaves was observed. 

It should be noted that, according to the authors' data, both DROP ex-
posure and "periodic drought" do not lead to either an increase in the lipid pe-
roxidation rate, estimated according to the MDA content, or to an increase in 
the permeability of cell membranes, characterized by the RRE index. The results 
of the cold test showed that plants subjected to the combined action of DROP 
and "drought" were the most cold-resistant. It is likely that their increased re-
sistance to low temperature is due to greater resistance to water stress caused by 
the action of low temperature. Many papers have shown that cooling affects 
thermophilic plants indirectly through water stress by disrupting plant water me-
tabolism [29]. In such cases, the primary cause of cold damages in thermophilic 
species is the fall of turgor as a result of the violation of the stomatal conduct-
ance control and water loss during transpiration with reduction of the ability of 
the roots to compensate for these losses. After returning to normal conditions, 
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necrotic spots appear on the dried parts of the leaves, which was observed in the 
authors' experiments, especially in control plants grown under the conditions of 
high RH. It was also previously reported that drought hardening prevents cold 
damage in thermophilic plants [30]. The higher resistance of plants to low tem-
perature in the variant of combining DROP exposure and "drought" is apparent-
ly due to their better ability to regulate stomatal conductance under stress. 

Thus, the obtained data indicate the effectiveness of DROP exposure for 
the inhibition of linear growth of plants with a simultaneous increase in the ratio of 
the leaves area and plant biomass to its height under the conditions of high RH, 
that is, DROP makes plants more compact. Under the conditions of low RH, these 
effects are leveled. Despite the fact that the watering regime, under which the con-
ditions of "drought" are created, leads to a decrease in the size of plants, it reduces 
the ratio of the leaves area and plant biomass to its height. Therefore, it can be 
concluded that DROP exposure as an agricultural method is more effective than 
"periodic drought" and can be used to control the growth and obtain more compact 
plants as an alternative to retardants. The combination of DROP exposure with 
"periodic drought" also provides more compact plants, while increasing their re-
sistance to water stress induced by low temperature. However, for a number of pa-
rameters (number of leaves, plant compactness under conditions of low RH), the 
combination of DROP exposure and "drought" has worse results than in the case of 
using only the first of these two methods. 
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