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Abstract. Thermoregulation in plant systems is one of the main functions
of transpiration, which plays the role of the upper terminal mover of the
water current. It creates a continuous flow of water from the root system to
the leaves and other vegetative organs of the plant, linking them into a single
whole. This flow transports dissolved mineral and partially organic
nutrients. The study of thermoregulation on plants of the strawberry garden
variety Asia was conducted in 2019-2020 in the department of Closed
Artificial Agroecosystems for Plant Growing at the Federal Scientific
Agroengineering Center VIM, Moscow. The object of the study was
thermoregulation processes occurring in plant systems. The subject of the
study was the culture of garden strawberry Fragariaxananassa (Weston.)
Duchesne of the “‘Asia’ variety. As a source of light energy (LE) we used a
thirty-six-watt bispectral lamp, consisting of 12 three-watt LEDs of red (660
nm) and blue (450 nm) colors at a ratio of 10:2, providing constant
illumination of the culture. The study results allowed for a digital control of
the efficiency of production processes in plant systems, due to the
implementation of a step-by-step control algorithm in digital devices. The
algorithm makes it possible to establish the maximum temperature
difference between the leaf surface and the air.

1 Introduction

Thermoregulation in plant systems is one of the main functions of transpiration, which plays
the role of the upper terminal mover of the water current. It creates a continuous flow of water
from the root system to the leaves and other vegetative organs of the plant, linking them into
a single whole. This flow transports dissolved mineral and partially organic nutrients [1].
Transpiration is a complex biological phenomenon associated with the operation of stomata.
These pores facilitate evaporation creating a gradient of water flow through the plant [2-5].
As a result, this phenomenon is the most important means of protecting leaves from
overheating, which is very important for the life of the plant organism, and primarily for the
processes of photosynthesis. Evaporation of water, like any other liquid, from the surface
occurs due to the kinetic energy and constant motion of particles. A number of authors [6-8]
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considered the process of thermoregulation from the standpoint of thermodynamics as four
successive stages:

Stage 1. Heating the thermal component of light energy (LE) coming from the light
source, and the evaporation of water by the stomata of the leaf — El: Ev = Es — Ee, where Ev
is the amount of heat transferred from water to the vapour-gas medium of air; Ee is the heat
of evaporation;

Stage 2. Cooling of plants until tv=tl, (where tv is the temperature of the vapour-gas
medium; tl is the temperature of the leaf stomata) equality is established, heat transfer to the
vapour-gas medium will stop (Ep = 0) and all the heat supplied from the stomata to the
interface will be spent on evaporation, that is, EI = Ee;.

Stage 3. In the case of the earlier specified equality the pressure at the interface remains
higher than in air, subsequently, evaporative cooling does not stop and tv becomes lower than
tl and tair.

Stage 4. As a result of a decrease in ts, the equality tv=tl is achieved and the heat flow
from the liquid stops whereas the heat flow from the gaseous medium Eair becomes equal to
Ee.

Subsequently, liquid is evaporated at a constant temperature, which is based on stationary
evaporation in an open nonlinear dynamic thermoregulatory cooling system. The stationarity
of a random process is characterized by the constancy of the expectation and variance. In
other words, the temperature of the leaf plate is stabilized, that is, thermoregulation plays the
role of a self-organizing process of evaporative cooling (SPEC), proceeding as evaporation
[9, 12, 13]. In this case, as can be seen from the description of the stages, there is an energy
exchange between the external environment, which has a source of the thermal component
of LE, and the plant system (Fig. 1) [10].
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Fig. 1. Leaf temperature with increasing air temperature (phase 1 — ambient temperature is below
optimal; phase 2 — ambient temperature is higher than optimal; stomatal apparatus is functioning and
the plant starts the cooling process (thermoregulation); phase 3 — ambient temperature is higher than
optimal; the plant is not able to start the cooling process due to the limiting opening of the stomata
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Thermodynamic processes also have another, bioenergetic content, since they are based
on synergistic relationships that link the energetics of photosynthesis with the energetics of
evaporative cooling, which ensures the optimum temperature of photosynthesis, thereby
regulating mineral nutrition in general, due to the flow of nutrients through the plant. These
two bioenergetic processes determine the productivity of plant systems [11, 15].

The effectiveness of mineral nutrition depends on the amount of nutrients entering the
plant system, which, in turn, depends on the intensity or consumption of the nutrient solution
through the plant. The consumption is determined according to the SPEC [11]. The amount
of cooling water in plants for a certain period of time is determined by the expression:

(t; — t,)M,C,

q:
e TW

where Ml is the total mass of leaves; Cl is the specific heat of the mass of leaves; rw is the
specific heat of water evaporation; tl is the leaf temperature of the plant; to is the temperature
optimum of photosynthesis.

The physical meaning of the expression is that the thermal component of the LE energy,
which depends on the difference between the temperature of the heated leaf and stabilization
temperature, cools the leaf due to the SPEC. The intensity of the mineral nutrition
consumption through the plant has a maximum value at the end of phase 2, since the air
temperature continues to rise, while the period of stabilization of the leaf temperature
(thermoregulation) is completed and the leaf surface heats simultaneously with the air while
the maximum difference between them is preserved. The maximum flow rate at the end of
phase 2 corresponds with a maximum photosynthesis rate, since to was reached [5, 13].

Thus, the process of thermoregulation, which links the energetics of photosynthesis and
the energetics of evaporative cooling, contributes to the control of nutrient consumption
through plant tissues [14].

The purpose of the study was to experimentally confirm the role of thermoregulation as
a factor of production processes in a plant organism.

2 Materials and methods

The process of thermoregulation on plants of the Asia strawberry garden variety was studied
in 2019-2020 in the department of Closed Artificial Agroecosystems for Plant Growing at
the Federal Scientific Agroengineering Center VIM, Moscow. The object of the study was
thermoregulation processes occurring in plant systems. The subject of the study was the
garden strawberry culture Fragariaxananassa (Weston.) Duchesne of the Asia variety.

Strawberry plants were grown in a container with a soil substrate and an automatic
moisture maintenance system. The container with the substrate had a film coating to exclude
evaporation from the substrate surface.

As a source of light energy (LE) we used a thirty-six-watt bispectral lamp, consisting of
12 three-watt LEDs of red (660 nm) and blue (450 nm) colors at a ratio of 10:2, providing
constant illumination of the culture.

Despite the constancy of illumination and stabilization of the temperature of the leaf plate
due to thermoregulatory evaporation, heating had random deviations due to errors in the
parameters of the external environment (air movement, plant growth, and its approach to the
light source) [5-7]. These deviations were checked for randomness from the expectation
using the statistical method of successive differences.
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The leaf temperature was measured using a KELVIN IKS 4-20/5 non-contact
thermometer; the measurement error was 0.5°C.

The characteristics of the processes were measured thrice using an automatic recorder
within 19 hours. The obtained experimental data were processed by the methods of
mathematical statistics using Microsoft Office Excel 2016 and STADIA 8.0.

3 Results and discussion

The purpose of the experiment presented in Table 1 and Figure 2 was to study
thermoregulation processes. The results of the experiment show that a period of
thermoregulation lies within the time interval of 5-10 hours. We also registered some random
deviations. This was confirmed by the calculation for randomness t+> t+, which corresponded
to the statistical calculations of random deviations of the Tier sSample. In the interval of 5-10
minutes the leaf temperature remained stable at 22.4°C.

Table 1 Average experimental values and statistical calculation of testing the hypothesis about the
randomness of deviations in the sample of the leaf temperature stabilization period from the
expectation

Time, | Tai, T 1eaf,
hour | °C °C Ta-TI
1 21.09 |20.15]0.94
2 21,7 21.11 | 0.59
3 21.93 | 21.44]0.49
4 2198 | 2177021 Xn (T1) a = Xp-Xp-1 Ya?
5 22.34 |22.03]0.31 22.03 0.26 0.0676
6 23.08 | 22.29 ]| 0.79 22.29 0.14 0.0196
7 23.16 | 22.43]0.73 22.43 0.14 0.0196
8 23.21 | 2257|064 22.57 -0.04 0.0016
9 23.34 | 2253081 22.53 0.04 0.0016
10 23.39 | 2257 ]0.82 22.57 0
11 23.42 |23.01]041 Mean 22.40333 | za? 0.0424
Mean
square
deviation,
12 2342 | 229 |052 o 0.211912 | C?2=7%a?/2(n-1) | 0.01696
13 23.44 | 23.06 | 0.38 Disp, 62 0.044907 | 1t = C?/c? 0.377672
1= 1-2.33/
14 23.91 |23.47|0.44 Vn+1 0.119343
15 2452 | 24.09 | 0.43
16 2452 | 23.87 | 0.65
17 2454 | 24.03]051
18 24.6 24.04 | 0.56
19 25.62 | 25.07 | 0.55

We also note that the 10 o’clock mark corresponds to the end of phase 2 and has the
maximum value of the temperature difference Tw — TI. According to the above formula, the
amount of cooling water, due to the temperature difference, will correspond to the maximum
intensity of the consumption of mineral nutrition.
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Graphs of air and leaf temperatures in an experiment on the study of
thermoregulation of the Asia strawberry garden variety in the interval of 5-10
minutes, which is the period of stabilization of the leaf temperature at a level of
22.4°C
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Fig. 2. Temperature of ambient air and leaf of plants of the ‘Asia’ variety

The study results make it possible to solve the issue of digital control of the efficiency of
production processes in plant systems, due to the implementation of a step-by-step control
algorithm in digital devices. Algorithm allows for the determination of the maximum
temperature difference between the surface of the leaf and the air. When searching for the
maximum temperature difference we compared current and maximum temperatures. If the
current temperature difference is greater than the maximum, i.e. ATcurrent> ATmax, then the
maximum value of the temperature difference has not yet been reached and the value of the
current difference is assigned to it. If the temperature difference stops growing, i.e. ATcurrent
< ATmax, it is considered that a transition from phase 2 to phase 3 was found and the ambient
temperature at a given time is optimal for the highest moisture consumption by the plant. In
this case, the ambient temperature is set equal to the current ambient temperature (Tset =
Tcurrent). As a result, the temperature search mode is disabled and the set Tset is maintained.

4 Conclusions

1. Thermodynamic processes are characterized by a bioenergetic content, since they are
based on synergistic relationships that link the energetics of photosynthesis with the
energetics of evaporative cooling, which ensures the optimum temperature of photosynthesis,
thereby regulating mineral nutrition in general, due to the flow of nutrients through the plant.
These two bioenergetic processes determine the productivity of plant systems.

2. Thermoregulation by means of SPEC stabilizes the leaf temperature at the level of the
maximum values of photosynthesis during a certain period of time.

3. The maximum temperature difference between the air and the leaf leads to the maximum
consumption of nutrients through plant tissues.

4. The study results make it possible to solve the issue of digital control of the efficiency of
production processes in plant systems, due to the implementation of a step-by-step control
algorithm in digital devices.
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