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ABSTRACT. The development of sustainable biotechnologies for microalgal biomass production
requires optimization of cultivation conditions and evaluation of productivity under natural illumina-
tion, accounting for the natural dynamics of environmental factors. The aim of this study was to assess
the effect of carbon supply on production characteristics, diurnal growth dynamics, and night biomass
loss during pilot-scale cultivation of the green microalga Tetraselmis viridis in southern Russia (mid-lati-
tudes). The experiment was conducted in batch mode in open ponds under natural solar illumination in
spring. In the control treatment, no additional carbon source other than atmospheric air was used, while
in the experimental treatment, CO, was supplied to the culture with pH maintained up to 8.5. Biomass
concentration, cell number, average daily productivity, daily production, night biomass loss, and photo-
synthetic efficiency were determined. In the control treatment, batch growth was limited to 8 days, with
maximum average daily productivity of 6.5 g m? day’ and a total yield of 43.5 g m% growth was con-
strained by a pH increase to 10.5-10.8. Supplementary CO, supply increased productivity 1.4-fold (up
to 9.5 g m? day™), daily production 1.9-fold (up to 14.6 g m?), maximum biomass to 1.12 g L}, and total
yield 2.4-fold (103 g m). Meanwhile, night biomass loss decreased from 12.5 % to 9.5 % of the evening
biomass, and photosynthetic efficiency increased from 7.1 % to 12 % on average (reaching up to 17 %
on certain days). Under carbon-sufficient conditions, night biomass loss was positively correlated with
daily production. It was also shown that photosynthetic efficiency was negatively correlated with daily
irradiance. Thus, CO, enrichment of T. viridis culture not only overcomes carbon limitation and extends
the linear growth phase but also improves solar energy utilization and reduces night losses. These find-
ings can serve as a basis for optimizing T. viridis cultivation technologies in open systems for biomass
production intended for aquaculture, biofuel, and other biotechnological applications.
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1. Introduction The broad tolerance of Tetraselmis species to salin-
) ) ity and temperature fluctuations facilitates their use in
In the modern bioeconomy, there is a steady large-scale biotechnological production (Mehariya et
trend toward expanding the application of microalgae al., 2024). Owing to its high nutritional value, includ-
and cyanobacteria in the food industry, agriculture ing polyunsaturated fatty acids, Tetraselmis is widely
and aquaculture, pharmacy and nutraceutical produc- used as a feed organism in aquaculture (Tulli et al.,
tion, bioremediation, and biofuel development (Lépez- 2012) and also shows potential for the enrichment of
Hernandez et al., 2022). The microalga Tetraselmis functional foods (Paterson et al., 2023).
viridis (Chlorodendrophyceae, Chlorophyta) is a prom- Sustainable production of microalgal biomass
ising candidate for algal biotechnology and is also and valuable components requires the development of
considered a potential feedstock for biofuel prOdUF:- cultivation technologies that account for speciesspe-
tion (Isdepsky anq ]:’;orowitzka, 2019) due to its rapid cific strain characteristics (productivity, environmental
growth and high lipid content. requirements), cultivation systems (photobioreactor
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construction, cultivation mode), and the climatic fea-
tures of the cultivation site, particularly, diurnal and
seasonal dynamics of illumination and temperature.
Most biotechnological production facilities for microal-
gae and cyanobacteria operate using solar energy,
employing either open raceway ponds or closed photo-
bioreactors (Novoveska et al., 2023). Although microal-
gae utilize solar energy efficiently under natural illumi-
nation, which significantly decreases operational costs
compared to artificial lighting, biomass loss occurs
during the night due to dark respiration (Edmundson
and Huesemann, 2015). Furthermore, under pilot-scale
conditions, culture productivity is influenced by vari-
able environmental factors (light intensity, tempera-
ture), scaling-up effects, and the supply of carbon nutri-
tion necessary for photosynthesis. However, laboratory
conditions do not allow accurate prediction of strain
productivity in the dynamically changing environment
of open ponds. Therefore, trials under natural illumi-
nation and the development of cultivation regimes
that account for real-time diurnal fluctuations in light
and temperature are essential (Holdmann et al., 2019;
Sarker and Kaparaju, 2023). Southern Russia, and par-
ticularly the Crimean region, offers several advantages
for biotechnological microalgae production under nat-
ural light: sufficient daylength and solar energy input,
a mild climate that enables biomass harvesting even
during autumn and spring months, and proximity to
seawater sources for the cultivation of marine microal-
gal species.

Even when light intensity and mineral nutrient
availability are sufficient, a lack of a carbon source
can limit production characteristics. Increased carbon
availability in the culture medium can be achieved by
supplying gaseous CO, or bicarbonates in photoauto-
trophic cultures, or by adding organic carbon sources
(e.g., glucose, glycerol) in mixotrophic cultures of
microalgae and cyanobacteria (Agbebi et al., 2022; Zhu
et al., 2023). The use of CO, as an inorganic carbon
source in microalgae and cyanobacteria cultivation not
only eliminates growth limitation caused by carbon
depletion but also enables carbon dioxide sequestration
(Agbebi et al., 2022). The efficiency of CO, sequestra-
tion and the productivity of microalgal cultures depend
on a complex of factors, including the method of carbon
delivery to the cultivation system (Zheng et al., 2018),
as well as the photobioreactor design, light intensity,
temperature, and the physiological characteristics of
the microalgal strain used (Zhu et al., 2023; Sarmah
and Panda, 2026).

Studies on the growth of T. viridis in open
ponds under natural illumination are rather scarce.
For instance, the study (Zhondareva and Trenkenshu,
2019) investigated growth during the summer period
but did not assess the diurnal dynamics of production
characteristics. Meanwhile, the diurnal dynamics of T.
viridis culture density was examined (Gorbunova and
Avsiyan, 2022); however, the study period was limited
to only three days.

Thus, the aim of this study was to evaluate the
effect of carbon supply on the production characteris-
tics of T. viridis under pilotscale cultivation with natu-
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ral illumination in the Sevastopol region, including the
diurnal dynamics of growth parameters in relation to
the natural daily cycles of solar irradiance.

2. Materials and methods
2.1. Microalgae strain and nutrient
medium

The unialgal culture of green unicellular microal-
gae Tetraselmis viridis (Roukhijajnen) R.E.Norris, Hori
& Chihara 1980 was used as the research object. The
studied strain was IBSS-25 from the Collection of
Hydrobionts of the World Ocean from the Scientific
and Educational Center for Collective Use of A.O.
Kovalevsky Institute of Biology of the Southern Seas
of RAS (IBSS). The IBSS-25 strain was isolated from
Black Sea in 1987. The nutrient medium for marine
microalgae according to Trenkenshu et al. (1981) was
used for cultivation, with the following ingredients,
g L': NaNO, - 1.8; NaH,PO, x 2H,0 - 0.3; EDTA-Na, -
0.037; FeC.H,O, X 3H,0 — 0.042; MnCl, X 4H,0 — 0.008;
Co(NO,), x 6H,0 0.00625; (NH,)Mo,0,,x 4H,0
- 0.00183; K,Cr,(SO,),x 4H,0 — 0.00238). The nutri-
ent medium was prepared using artificial seawater
(Harrison et al., 1980). The inoculum used was a T. vir-
idis culture that had been preadapted to cultivation
conditions under natural illumination for five days. The
initial biomass density of the culture was 0.09 g L, and
the initial cell density was 4.31 X 106 cells mL.

2.2. Cultivation conditions

Microalgae cultivation was performed in open
ponds located in a greenhouse algobiotechnological
unit of IBSS, Sevastopol (N. 44°61.564°, E. 33°50.463")
in spring (the last decade of March). The rectangular
ponds (1 x1 m) covered with polyethylene film were
used as photobioreactors. The pond surface was 1 m?,
the culture depth was 10 cm, the culture volume was
100 L. The growing was performed in batch mode for
12 days. The culture layer depth and volume were kept
constant by daily addition of tap water prior to sam-
pling in order to compensate water evaporation. The
quality of tap water complied with SanPiN 1.2.3685-
21. No additional water sterilization was performed.

The microalgal suspension was constantly
mixed using aquarium electric pumps Atman AT-202
(Chuangxing Electrical Appliances Co., Ltd, China)
with 1200 L h! mixing rate. The light intensity level
was determined by the natural solar irradiance, taking
into account a 50% attenuation of visible light due to
transmission through the polycarbonate greenhouse.
The photoperiod ranged from 12 to 12.5 hours. The
temperature of microalgal suspension was maintained
at no less than 23 °C using an Atman AT-50W aquar-
ium heater (Atman, China). In the control treatment,
no additional carbon source was supplied; atmospheric
air served as the CO, source for growth. In the exper-
imental treatment, CO, was used as the inorganic car-
bon source, and its supply was regulated by a pH con-
troller (Aqua Medic pH 2001, Aqua Medic, Germany),
with the pH maintained within the range of 6.8 to 8.5.
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When the pH in the pond rose above 8.5, a signal from
the sensor was transmitted to the pH controller, which
triggered the supply of gaseous CO, into the culture
through a PVC tube terminating in a needle with an
internal diameter of 0.5 mm. Each treatment was per-
formed in duplicate.

2.3. Analytical methods and calculations

Sampling for culture density, temperature,
and pH was performed five times during the daylight
period, from 9:30 to 18:00 with 2-2.5 h intervals.
The suspension temperature was measured using a
mercury thermometer with an absolute measurement
error of +£0.5°C, and the culture pH was measured
with an [-150 pH meter (Izmeritelnaya tehnika Ltd.,
Russia). The total daily irradiance in the photosynthet-
ically active radiation (PAR) range was determined
based on data from the NASA POWER Project (https://
power.larc.nasa.gov/data-access-viewer/), taking into
account the attenuation of irradiance by the polycar-
bonate greenhouse. A 4-mm thick cellular greenhouse
polycarbonate with a UV filter was used. A preliminary
study showed that the photosynthetically active radia-
tion (PAR) irradiance in the greenhouse was reduced
by 50%. The dynamics of culture temperature, surface
irradiance, and pH of the cell suspension during the
experiment are shown in Fig. 1.

Culture density was determined photometri-
cally. The optical density of the culture was measured
in glass cuvettes with a light path length of 5 mm at a
wavelength of 750 nm using a Unico-2100 photome-
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ter (UNICO (Shanghai) Instrument Co. Ltd, China). To
convert optical density units (D, o.d.u.) to biomass
dry weight units (B, g L!), a pre-determined conver-
sion factor k=0.8 g L! 0.d.u.! (Borovkov and Gevorgiz,
2005) was used:

B=k- D,,.

Cell density (N, cell mL!) counts were per-
formed with hemocytometer (Gorjayev’s chamber,
MiniMed, Russia) using light microscope Carl Zeiss
Axiostar Plus (Carl Zeiss company, Germany) once a
day. Concurrently, light microscopy was used to assess
culture purity and to confirm the absence of contami-
nation by over microalgae or protozoa.

The maximum average diurnal productivity (P )
was calculated by approximating biomass growth curve
at the linear growth phase:

B=B+P,x(t-1,),
where B, is culture density at the beginning of linear
growth phase; ¢, is the time at the beginning of linear
growth phase (Lelekov and Trenkenshu, 2007).

Specific growth rate in terms of biomass (u,) was
calculated as follows:

Uy =In(B,)-In(B) /1,
where B, is final biomass, B, is initial biomass, t is time.

Specific growth rate in terms of cell density (u,)

was calculated as:

ty =In(N,)—In(N) /1,
where N, is final cell density, N, is initial cell density,
t is time.

Total night biomass loss (NBL) as fraction of bio-
mass at the end of light period (NBL,) was calculated
using the equation:

5 B

PAR Irradiance, MJ-m?-day”!

iy =L
0 5

Time, day

10

Fig.1. Cultivation conditions: temperature of the cell suspension (A), solar irradiance of the culture surface in the PAR range
(B), and pH of the cell suspension (C) during pilot-scale growth of T. viridis culture. CO, is a treatment with additional carbon

dioxide supply.
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NBL, =((B,'-B,)/B,)-100%;
NBL as fraction of production in the previous light
period (NBL,) was calculated using the equation:
NBL, =((B, - B,)/(B, - B,")100%

where B,’ is culture density at the end of the previous
light period, B, is culture density at the end of dark
period, B, is culture density at the end of the previous
dark period (Qiang et al., 1996).

Daytime production was determined as the dif-
ference between culture density at the end and at the
beginning of the daylight period. The calculation of cul-
ture production parameters (density, productivity) per
unit area was performed taking into account a relation
of 100 L m2 at a culture layer depth of 10 cm.

Photosynthetic efficiency (PE) was calculated
from the daytime areal productivity (gm?day ') multi-
plied by the mean caloric content and divided by the solar
PAR energy input per unit ground area (kJ'm~>day~!),
considering that all light energy was absorbed by the
dense algal culture. The value of caloric content of the
Tetraselmis biomass was taken as 24.2 kJ g~ ! (Chini
Zittelli et al., 2006).

2.4. Statistical analyzes

Statistical analysis of experimental data was
performed using Grapher3 (Golden software) and
Microsoft Excel (Microsoft office) software. Arithmetic
mean (x), standard deviation (SD), error of the mean,
confidence intervals (CI) for the mean (AXx) were esti-
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mated. The significance of differences between sam-
ples was assessed using a Student’s t-test at p < 0.05.
Correlation analysis was carried out, Spearman correla-
tion coefficients (r) were calculated. All calculations
were made for the significance value a=0.05.

3. Resulits

The growth parameters of T. viridis culture under
natural illumination were assessed in open-type ponds
similar in design to industrial systems. The open ponds
were placed in a greenhouse to partially control the
temperature regime and to protect against precipitation
and contamination. The microscopic control of microal-
gal culture purity proved the absence of contamination
by other microalgae species or protozoa in the course
of all cultivation period. The microalga cultivation was
carried out in spring, under a photoperiod close to 12 h
(spring equinox). The total daily photosynthetically
active radiation (PAR) irradiance during this season
ranged from 2 to 4 MJ m?2 day! (Fig. 1 B).

The experiment was conducted in batch mode
and lasted 12 days. The experiment was terminated
upon the onset of the decline phase in the control treat-
ment. The batch growth curves of volumetric biomass
concentration (dry weight) are shown in Fig. 2A. Since
for pilot-scale systems the biomass concentration and
productivity per unit surface area are important param-
eters, the areal biomass concentration was additionally
calculated (Fig. 2B).
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Fig.2. Biomass concentration dynamics per volume (A) and per surface area (B), specific growth rate (C) and daytime pro-
duction (D) during batch cultivation of T. viridis culture under natural illumination with different carbon supply. CO, is a treat-

ment with additional carbon dioxide supply.
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In the control treatment without additional CO,
supply, the linear growth phase of T. viridis culture in
terms of biomass was observed from day 4 to day 6.
The maximum average daily biomass productivity (P, )
was 0.065 g L' day! (6.5 g m?day?!). After day 8, the
culture entered the stationary phase, and by day 12 the
decline phase began. The maximum specific growth rate
in terms of biomass (u,) was recorded on day 1 of cul-
tivation (0.72 day!), decreasing to 0.01 day! by day 8,
and subsequently became close to zero or negative
(Fig. 2C). The maximum biomass reached 0.525 gL?
(or 52.5 gm? on a surface-area basis), corresponding
to a total yield of 43.5 g m*2 over the entire cultivation
period. It should be noted, that there was no biomass
accumulation after day 8. It should be noted that in
the absence of CO, supply, the pH level during batch
cultivation increased. After 3 days, the pH at the end of
the daylight period reached values of 10.5-10.8, while
decreasing to 9.7-10 during the night (Fig. 1C), due to
dark respiration and CO, release into the medium by
the microalgal cells.

In the treatment with additional CO, supply, a lag
phase was observed on the first day of the experiment,
during which the culture adapted to the increased car-
bon concentration. Thereafter, growth remained linear
until the end of the experiment, with two distinct linear
growth phases: from day 3 to day 8, with an average
daily productivity of 0.095gL?'day! (9.5gm?day
1, and from day 9 to day 12, with an average daily
productivity of 0.088 g L!day! (8.8g m?2day!). On
average, the productivity of T. viridis with CO, supply
was 1.4-fold higher than in the control treatment. The
maximum specific growth rate in terms of biomass
(u,) was 0.43 day’, recorded on day 2, and thereaf-
ter decreased exponentially to 0.06 day?! by day 11.
The maximum biomass with additional carbon supply
reached 1.12 gL' (112 gm? on a surface-area basis).
Consequently, the total yield over the entire cultiva-
tion period amounted to 103 g m2, which was 2.4-fold
higher than the total yield in the treatment without
additional inorganic carbon supply.

In addition to determining the culture density in
terms of biomass, the dynamics of cell abundance in
the culture (Fig. 3A) and the biomass to cell number
ratio (B/N), which indirectly reflects the average cell
size (Fig. 3B), were assessed.
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In the control treatment, linear growth of T. vir-
idis cell number occurred from day 4 to day 6, similar to
the linear phase of biomass growth. The maximum cell
number in the control treatment reached 12.27 x 10°
cells mL!. The specific growth rate in terms of cell
number (u,) was recorded on the first day of the exper-
iment (0.74 day!), after which it sharply decreased,
becoming zero or negative after day 7. Along with this,
after day 7 an increase in the B/N ratio from 36.6 to
50.5 pg cell! was observed, indicating an increase in
cell size in the culture.

Under CO, supply, microalgal cell growth was
more active than in the control. The maximum cell
number reached 39.8x10° cellsmL?', which was
3.2-fold higher than in the control. The maximum
specific growth rate in terms of cell number (u,) was
0.53 day!, recorded on day 2 of the experiment, con-
sistent with the biomass-based growth rate. The bio-
mass-to-cell number ratio (B/N) remained more stable
than in the control, ranging from 24 to 31 pg cell-.
Furthermore, during the active growth phase, the B/N
ratio under CO, supply was on average 1.4-fold lower
than in the control.

Based on the daily dynamics of culture density,
daytime production (Fig.2D) and night biomass loss
were calculated for the T. viridis culture. In the control
treatment, daytime production during the linear growth
phase (days 4-6) was 10.2 g m?, while the average
over the entire batch cultivation period was 7.75 g m2.
Under supplemental CO, supply, daytime production
was significantly higher (14.6 g m2). Under carbon-en-
riched conditions, a positive correlation was observed
between daily production and total daily irradiance
(r=0.42), whereas no such correlation was found in
the control. In both treatments, biomass accumulation
continued throughout the entire daylight period, with
the highest hourly biomass increment occurring in the
middle of the day (12:00-14:00).

The nighttime biomass loss (expressed as a per-
centage of the biomass at the end of the daylight period,
NBL,) in the control treatment averaged 12.5 % of the
biomass, whereas under CO, supply it was lower, aver-
aging 9.5 % (Fig. 4A). In both treatments, the highest
NBL, values were observed at the beginning of batch
cultivation and towards the end of the experiment,
while the minimum values occurred between days 5

T W control B

0 co,

B/N, pg cell!

Time, day

Fig.3. Dynamics of cell number (A) and the biomass/cell number (B/N) ratio (B) during batch cultivation of T. viridis under
natural illumination with different carbon supply. CO, is a treatment with additional carbon dioxide supply.
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Fig.4. Night biomass loss as a fraction of biomass (A) and as a fraction of daytime production (B) in T. viridis batch culture
under natural illumination with different carbon supply. Dashed line is a trend line. CO, is a treatment with additional carbon

dioxide supply.

and 8. For the CO,-supplemented treatment, a signifi-
cant correlation was found between NBL, and daytime
production (r=0.55), whereas in the control the cor-
relation was positive but not significant (r=0.23).

The nighttime biomass loss as a fraction of day-
time production (NBL,) ranged from 20 to 40 % of the
daily production up to day 7, after which it increased
substantially. In the treatment without additional car-
bon supply, NBL, could reach 100 % and even exceed
the daily production (Fig. 4B).

To assess the efficiency of solar energy utiliza-
tion by the T. viridis culture, the photosynthetic effi-
ciency was calculated. In both experimental treatments,
a negative correlation was found between photosyn-
thetic efficiency and total irradiance, with correlation
coefficients of r=-0.79 in the control and r=-0.41 in
the CO,-supplemented treatment. Thus, as insolation
intensity increased, the efficiency of its conversion into
biomass decreased (Fig. 5). Since upon CO, addition to
the culture, daily production and growth rate on day 1
were atypically low and deviated from the general
trend (Fig. 2C, Fig. 2D), the photosynthetic efficiency
value on day 1 (3.2 %) was excluded from the calcula-
tion of the relationship with irradiance.

The addition of CO, enhanced photosynthetic
efficiency. In the control treatment, photosynthetic
efficiency varied between 2.7 and 12.8% (mean 7.1%),
whereas with CO, supplementation, it ranged from 3.2
to 17.7% (mean 12%).

4. Discussion

The pilot-scale experimental cultivation of T. vir-
idis allowed both the assessment of its production char-
acteristics under natural diurnal light cycles and the
evaluation of the effect of inorganic carbon availability
on culture growth and biomass accumulation.

Under pilot-scale conditions with natural solar
illumination, supplying the microalgal T. viridis culture
with CO, as a carbon source resulted in a substantial
increase in production parameters. Specifically, the
maximum average daily productivity during the lin-
ear growth phase (P ) increased 1.46-fold, reaching
9.5 g m?day!, while daily production rose 1.9-fold, up
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to 14.6 gm™2 In the control treatment without addi-
tional carbon supply, batch growth ceased after 8 days,
apparently due to carbon limitation. Owing to both
a longer growth period and higher productivity, the
maximum culture density under CO, supply reached
1.12 gL, and the total biomass yield over the cultiva-
tion period (103 g m?) was 2.4-fold higher than that in
the control.

In addition to atmospheric air, carbon supply for
microalgal cultures can be provided in inorganic form
(carbon dioxide or sodium bicarbonate) or as organic
substrates (Agbebi et al., 2022). Supplying inorganic
carbon as CO, in dense microalgal cultures not only
increases the concentration of inorganic carbon in
the medium but also helps to maintain an optimal pH
(Moheimani, 2013a). In dense cultures of microalgae
and cyanobacteria, the consumption of CO, during pho-
tosynthesis leads to a rise in pH, which in turn shifts the
carbonate equilibrium toward CO,* — a form of carbon
that is unavailable to algal cells (Shiraiwa et al., 1993).
Furthermore, bicarbonate uptake by cells requires addi-
tional energy expenditure for the functioning of car-
bonic anhydrases (Moheimani, 2013a). In the present
study, it was observed that in the absence of CO, supply,
pH increased both over the course of batch cultivation
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and during the daylight period. At night, pH declined
due to dark respiration and CO, release into the medium
by the microalgal cells. A similar pattern of diurnal pH
dynamics was observed in cultures of Tetraselmis sue-
cica and Chlorella sp. (Moheimani, 2013a). It is likely
that the pH rise above the optimal level limited car-
bon uptake and thus significantly restricted the overall
biomass yield in the control treatment in the current
research. An additional factor negatively affecting algal
growth at elevated pH is the possible precipitation of
calcium, magnesium, phosphorus, and trace element
salts. The ability to grow at pH >10 in industrially
significant microalgae such as Chlorella, Phaeodactylum
tricornutum, Tetraselmis, and cyanobacteria (Limnospira)
may be explained both by a lower requirement for trace
elements and by the release of chelating compounds
into the medium, which prevent trace element precip-
itation (Goldman et al., 1982; Thomas et al., 2026).
Nevertheless, elevated pH may promote lipid accu-
mulation through alterations in cellular metabolism,
accelerate CO, uptake from atmospheric air, and also
prevent bacterial and protozoan contamination of the
culture (Shiraiwa et al., 1993; Thomas et al., 2026).

The cultivation system was designed to resemble
open ponds used in industrial microalgal production;
therefore, tap water was used for medium prepara-
tion and to compensate for evaporation. According to
local standards, drinking tap water may contain bicar-
bonate concentrations of up to 400 mg L. According
to the water quality report (https://sevvodokanal.
org.ru/pages/kachestvo), the water hardness was
3.7 = 0.6 units, which corresponds to an approximate
bicarbonate concentration of 226 mg L. In studies on
microalgal growth, bicarbonate concentrations typi-
cally range from 0.2 to 5 g L'! or higher, while concen-
trations below 0.5 g L' do not significantly affect the
growth rate (Borovkov et al., 2026). Thus, the bicar-
bonate concentration in the tap water was not high
enough to influence the carbon supply of the microal-
gal culture.

Earlier studies on the growth of T. viridis in open
ponds reported average daily productivity ranging from
4.2 to 14.4 gm?day! (Zhondareva and Trenkenshu,
2019; Gorbunova and Avsiyan, 2022). However, higher
maximum productivity values were observed in sum-
mer, under higher solar irradiance. In those studies, the
linear growth phase was short-lived, and the maximum
biomass reached 49 g m?2, which is comparable to the
maximum biomass in the present control treatment
but substantially lower than the maximum biomass
achieved with CO, addition.

Furthermore, the production characteristics of
T. viridis in this study are similar to those reported
for other Tetraselmis species under natural illumi-
nation. In open raceway ponds, the productivity of
Tetraselmis suecica was 48-92 mg L' day?!, which, at
a working depth of 20 cm, corresponds to areal pro-
ductivity of 9.6-18.4 g m2day! (Cuello et al., 2015).
Tetraselmis sp. cultivated in raceway ponds in autumn
in Australia exhibited a productivity of 36 mg L! day™!
(or 7.2 g m? day™) without CO, addition, which is very
similar to the values obtained in our control treatment
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(Raes et al., 2014). The productivity of T. suecica in
bag-type photobioreactors in Australia was approx-
imately 110 mg L' day! (Moheimani, 2013b). Chini
Zitelli et al. (2006) reported that the productivity of
T. suecica cultivated in Italy in August reached 36-38
g m2day?!. However, that value was achieved in ver-
tical tubular photobioreactors under higher irradiance
levels.

The productivity of microalgal cultures under
natural illumination is determined by both mineral and
carbon nutrition conditions, as well as by the climatic
factors of the cultivation site. Among the environmen-
tal factors, irradiance in the photosynthetically active
radiation (PAR) range is the most important. The pres-
ent study on the growth of T. viridis was conducted in
spring under mid-latitude conditions, with an average
daily PAR irradiance of 3 MJ m2 day. The positive cor-
relation between daily production and daily irradiance
observed under CO, addition suggests that supplemen-
tary carbon supply at higher irradiance levels would
enable higher production performance for this microal-
gal species.

With additional carbon supply, the T. viridis cul-
ture exhibited increased cell number and division rates,
along with a lower B/N ratio, indicating a smaller aver-
age cell size. The reduced division rate and cell enlarge-
ment observed in the control treatment may be attrib-
utable to unfavorable conditions limiting cell division,
caused by carbon substrate deficiency and elevated pH.

Growth of the T. viridis culture occurred through-
out the entire daylight period; however, even under
conditions of maximum productivity, night biomass
loss ranged from 20 to 40% of the daytime production.
Accordingly, harvesting in the evening is advisable to
minimize such losses.

Night biomass loss in microalgal cultures often
increases with growth rate due to enhanced growth
respiration. For instance, a linear relationship between
daily yield (productivity) and night biomass loss has
been demonstrated for Tetraselmis suecica (Michels
et al.,, 2014). However, the present study showed
that for T. viridis, carbon supplementation not only
increased daily and average daily production but also
reduced night biomass loss. Similarly, it was shown for
Limnospira platensis that a decrease in inorganic carbon
concentration (in the form of sodium bicarbonate) led
to an increase in nighttime biomass loss (Avsiyan and
Gevorgiz, 2025). It is likely that carbon limitation of
culture growth requires additional energy expenditure,
particularly for the operation of CO,-concentrating
mechanisms.

CO, supplementation enhanced the efficiency of
solar energy utilization by the microalgal culture, with
the light-to-biomass conversion efficiency reaching up
to 17% (12% on average), which is a relatively high
value. For comparison, growth of Tetraselmis suecica
in tubular photobioreactors achieved a photosynthetic
efficiency of 9.4% (Chini Zittelli et al., 2006).

Overall, the study demonstrated stable growth of
T. viridis culture in open ponds during spring under the
mid-latitude climatic conditions. The effect of carbon
supply in the form of CO, on the production charac-
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teristics of this microalga under natural solar illumi-
nation was established, enabling an increase in the
productivity of cultivation systems and offering pros-
pects for simultaneous CO, sequestration and biomass
production. Future research may include evaluating the
effect of carbon supply on the productivity of T. viridis
in terms of specific biomass components, such as lipids
and pigments, as well as conducting a techno-economic
analysis that compares the additional operational costs
against the biomass value for large-scale cultivation
systems.

5. Conclusions

The pilot-scale cultivation of T. viridis under
mid-latitude climate conditions revealed that supple-
mentary carbon supply increases both productivity and
maximum biomass, while also improving the efficiency
of solar energy conversion. To further optimize bio-
technological production systems for T. viridis, a more
comprehensive techno-economic analysis is necessary,
accounting for the costs of CO, as well as the capi-
tal investment required for the specific CO, delivery
system.
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Tetraselmis viridis (Chlorophyta) B FRESHWATER
YCAOBUAX €CTECTBEHHOro oCBeLleHUA Npu BIOLOGY
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DedepasbHblil uccredosamestvekutl yeHmp «HHcmumym 6uostoeuul 1icHbLx mopeti umeHu A.O. Kosareackoeo PAH», npocnekm
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AHHOTAILIHUS. /i pa3pab0OTKU YCTOMYUBBIX OMOTEXHOJIOTHUI IPOU3BOACTBA OMIOMAaCChl MUKPOBOZOPO-
cJiell TpeOyloTCs ONTUMU3alMs YCIOBU KyJIbTUBUPOBAHNUA U OLleHKA NPOAYKTHUBHOCTU NIPU €CTECTBEH-
HOM OCBellleHUM, yYWTHIBaloIle eCTeCTBeHHYI0 AUHAMUKy (akTopoB cpefbl. Llesbio JaHHOrO Hccie-
JoBaHusA ObljIa OlleHKa BJIMAHUA YIJIEpOJHOro ofecliedeHus Ha NPOAYKIMOHHBIE XapaKTepUCTUKH,
CYyTOYHYI0 AUHAMUKY POCTa ¥ HOYHYIO IOTePI0 6110MacChl IPY NOJIyIPOMEIIIJIEHHOM KyJIbTUBUPOBAaHUN
3eJ1€EHON MUKpoBoopocsn Tetraselmis viridis B ycioBusAx fora Poccuu (cpeqHue MUPOTHI). DKCIIEPUMEHT
IIPOBOJWJIM B HaKONUTEJIBHOM peXHMe B OTKPHITBIX OacceiHax IpU eCTeCTBEHHOM COJIHEYHOM OCBe-
IIeHUY B BECEHHUI Nlepuod. B KOHTpoJie He UCI0JIb30BaIOCh JOIOJIHUTEIBHOIO0 HCTOYHMKA YIiIepoaa,
IIOMUMO aTMOC(EPHOT0 BO3/yXa, a B ONbITe NpousBoauiach nogaya CO, B KyJIbTypy C NOAJEPXAHUEM
pH no 8.5. Onpepesnanu OroMaccy, YWCJIEHHOCTb KJIETOK, pacCUYMTBHIBAIN CPeAHECYyTOYHYI0 IPOIyK-
TUBHOCTb, JHEBHYIO MPOAYKINIO, HOUHYI0 moTepio 6uomaccel u KIIJ dotocunTesa. IlokazaHo, 4yTO B
KOHTPOJIBHOM BapuaHTe HaKONWUTEJIbHBIM pOCT ObLI OrpaHHYeH 8 cyTKamu, MaKCHMaJbHas cpeaHecy-
TOYHAsA MPOAYKTHUBHOCTH COCTABMJIA 6.5 T M2 cyT?, oOmuil ypoxai — 43.5 T M2, a poCcT JUMUTHPOBAJICA
noseimieHremM pH o 10.5-10.8. JlononHuTtespHas nogava CO, yBeanyuia mpoAyKTUBHOCTE B 1.4 pasa
(mo 9.5 r M2 cyT!), mHEeBHy mpoayKuuoo — B 1.9 pasa (o 14.6 r M%), MakcuMaJsibHyI0 Gromaccy — A0
1.12 rurl, a o6uuii ypoxaii — B 2.4 pasa (103 r m2). [Ipu 3TOM HOYHAS MOTEPSA GMOMACCHI CHU3UJIACH C
12.5 % 1o 9.5 % ot BeuepHeli 6uomaccsl, a KI1J] dorocunrTe3a nossicuiicsa ¢ 7.1 % o 12 % B cpejHeM
(mo 17 % B ornesbHBle AHM). [Ioka3aHo, YTO B yCJIOBUAX 0OeCeueHHOCTU yIJIepoAoM HOYHAsA NoTeps
61oMacchl MOJIOXKUTEIbHO KOppeaupyeT ¢ AHeBHON npoxykuuei. Takxke nokaszaHo, 4yTo KIIJ] dpoTtocuH-
Te3a OTPULIATEIbHO KOPPEJIUPYyeT ¢ CYTOYHON OOJIy4yEéHHOCTHIO. TakuM obpa3om, obecrieueHUe KyJib-
Typhl T. Viridis yrjieKucJIbiM ra3oM He TOJIBKO YCTPaHSET YIIePOAHOe JIMMUTHPOBAHNE U CIIOCOOCTBYET
6oJiee AIMTEJIBHOMY JIMHEHHOMY POCTY, HO U IOBHIIAET 3(Q(EeKTUBHOCTh UCIOJIb30BAHUA COJTHEUYHOMN
SHepruu, CHIUXas HouyHble NoTepu. IloyrydeHHble pe3ysIbTaThl MOT'YT CJIY>KHUTh OCHOBOM AJIA ONTUMM3a-
IIUY TEXHOJIOTMH KyJIbTUBHPOBAHUA T. Viridis B OTKPBITEIX CUCTEMAX C LIeJIbI0 TOJIyYeHNs: 61oMacchl A1
aKBaKyJIbTYPbl, OMOTOIIMBA U APYTUX OMOTEXHOJIOTMYECKUX IIPUMEHEeHUHN.

Kmouegvie citosa: Mukposojjopociy, Tetraselmis, oJIyIIpOMBIIIIEHHOE KYJIbTUBHPOBaHUE, TPOAYKTUBHOCTD,
yrjlepofiHOe obecreueHue

Juisa nutupoBanus: ApcusH AJL IIpoaykimonHsle xapaktepuctuku Tetraselmis viridis (Chlorophyta) B yc/I0BUAX eCTECTBEHHOTO
OCBelleHNs pY MOBHIIeHNN obecrneyeHHOCTH yriieponoM // Limnology and Freshwater Biology. 2026. - Ne 4. - C. 505-522.
DOI: 10.31951/2658-3518-2026-A-4-505

1. Beeaenne JnobaBok, bropemMeuanuu U pa3pabOTKU OHOTOILIMBA
(Lopez-Hernandez et al.,, 2022). MwuKpoBOAOPOCTH
Tetraselmis viridis (Chlorodendrophyceae, Chlorophyta)
6y1arogapsi GBICTPOMY POCTY U 3HAYUTEIBHOMY COZED-
XAHUIO JINMIUJIOB SIBJIAETCS MEePCIEeKTUBHEIM OOBEKTOM
I aJIbrOOMOTEXHOJIOTHY, a TaKXe paccMaTpUBaeTCsA

B coBpemeHHOI OMO3KOHOMUKe HaOJI0aeTCs
ycToluMBas TeHJeHIUA pacliipeHusa NpUMeHeHUA
MHUKPOBOAOPOCJIEN U I[aHOOaKTepuii B 00JIacTU MUlle-
BOI IIPOMBIIIJIEHHOCTH, CEeJIbCKOI'0 XO3ANCTBA 1 aKBa-
KyJIbTYpH, ¢dapManuu M NPOMU3BOACTBA AUETUYeCKHUX
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

B KauecTBe NNOTeHINaJIbHOro 00beKTa AJj1A OMOTOoIINBA
(Isdepsky and Borowitzka, 2019). llupokuii nfuana3oH
YCTOMYMBOCTU K COJIEHOCTH U TeMIlepaType IpeCcTaBu-
TeJteit poxa Tetraselmis criocoGCTByeT UX IIPUMEHEHUI0
B KpyHNHOMacHITaOHBIX OHMOTEXHOJIOTMYEeCKUX IpOU3-
BozicTBax (Mehariya et al., 2024). Biarogaps BbICO-
KO HYTPUTUBHOH LIEHHOCTH, B TOM 4YHCJe cojepxa-
HUIO [TOJIMHEHACHII[eHHBIX )XUPHBIX KUCJIOT, Tetraselmis
4acTo NpUMeHseTcA B KayecTBe KOPMOBOIO OObeKTa B
akBakysbpType (Tulli et al., 2012), a Takxe uMeeT Tep-
CIeKTUBHI [J1A oboramnieHns GyHKIHMOHAIbHBIX IPOAYK-
ToB nutanuA (Paterson et al., 2023).

Jia ycToiiuMBOro IpoM3BOACTBA OHoMacch u
I[eHHBIX KOMIIOHEHTOB MUKPOBOIOPOCJIel Heobxoauma
pa3paboTKa TeXHOJIOTMH KyJIbTUBHUPOBAHUSA, YUUTHI-
BalOL[VX: BHUJOBble OCOOEHHOCTU MmTaMMa (TIpOAyK-
TUBHOCTb, TpeOoBaHUA K (akTopaMm cpeflibl), CUCTEMY
KyJIbTUBUpPOBaHUA (KOHCTpPyKIHi0 (OTOOHOpeaKkTo-
POB, PeXUM KyJIbTUBUPOBaHU:A), KJIMMaTUYeCcKHle 0Co-
OeHHOCTH MecTa KyJIbTUBUPOBaHMA, B OCOOEHHOCTH
CYTOUYHYI0 W CE30HHYI0 AWHAMHUKY OCBELIEHHOCTU U
TeMmnepaTypbl. BoJbIIMHCTBO OGHOTEXHOJIOTHYECKUX
MIPOM3BOJICTB MHMKPOBOAOpOCJIell U IMaHoOaKTepuil
(YHKIMOHUPYET C UCMOJIb30BaHUEM COJIHEYHOU CBETO-
BOI 3HEPIUM C MCIO0JIb30BaHHEM OTKPHITHIX OacceliHOB
WM 3aKpeITEIX doTobropeaktopoB (Novoveska et al.,
2023). XoTs 1Ipu ecTeCTBEHHOM OCBellleHUU MUKPOBO-
Jopociu 3G@PeKTUBHO HCIO0JIb3YIOT COJIHEUHYI0 dHep-
THI0, YTO CYyIIeCTBEHHO CHMXXaeT 3KCILIyaTallliOHHbIE
3aTpaThl [10 CPaBHEHMIO C UCKYCCTBEHHBIM OCBellleHleM,
B HOYHOH (aze HabyromaeTcsA MoTepsA 6uMoMacchl U3-3a
TeMHoBoro paeixaHusa (Edmundson and Huesemann,
2015). Kpome Toro, Ha IpOAYKTUBHOCTb KYyJBTYDHl B
[IOJIyIPOMBIIIIJIEHHBIX YCJIOBUAX BJIUAT W3MeHYH-
Bble (¢akTophbl cpefbl (OCBElEHHOCTb, TeMIlepaTypa),
3ddexT MacmTabupoBaHuA U obeclieyeHUe YrjepoA-
HBIM [HTaHHWeM, HeoOXOAUMBIM [jid (OTOCHHTe3a.
Opnako y1abopaTOpHBIE YCJIOBUA He IO3BOJIAIOT TOYHO
IIPOTHO3MPOBaTh NPOAYKTUBHOCTh HITaMMOB B JUHA-
MHYHO MEHAIOIUXCS yCJIOBUAX OTKPBITHIX OacceliHOB,
[I03TOMY HeOOXOJMMBI MCIBITAHUA B YCJIOBHUAX ecTe-
CTBEHHOT'0 OCBellleHNsA U pa3paboTka peXMMOB KyJIbTU-
BUPOBaHUs, YIUTHIBAIONINX peaJibHble CyTOYHEIe KoJle-
G6aHus cBeta u temnepatypsl (Holdmann et al., 2019;
Sarker and Kaparaju, 2023). IOr Poccum, ¥ B 4aCTHOCTH
KpriMckuil perroH, obiagaet pAaoM IpeuMyIlecTs i
O6MOTEeXHOJIOTUYeCKUX IPOM3BOACTB MUKPOBOJAOPOCIIeH
IIPY €CTeCTBEHHOM OCBellleHUH: AOCTaTOYHAasA IPOoJoJI-
JKUTEJIbBHOCTh CBETOBOI'O JHS U KOJIMYECTBO COJIHEUHOH
SHEpPruM, MATKUN KJIUMAaT, MO3BOJIAIOUIMI IOJIy4aTh
ypoxal Aaxxe B OCeHHMe U BeCeHHUe MecCALbl, 6I11M30CTh
HWCTOYHMKA MOPCKOH BOABI JIA KYJIbTUBUPOBAHUA MOP-
CKHUX BU/I0B MHUKPOBOJOPOCJIEH.

[Ipu focTaTOYHOM YPOBHE OCBEIIEHHOCTH U 00e-
CIe4eHHOCTH 3JIeMeHTaMH MUHepaJIbHOIO NUTaHUA
HeI0CTaTOK MCTOYHMKA yTjiepofa MOXeT IIPUBOIUTH
K OrpaHHYeHWI0 NPOAYKLHMOHHBEIX XapaKTepHUCTUK.
[NoBrilIeHNe AOCTYIHOCTH yIjlepoja B cpelie JOCTUra-
eTcs 3a CYET BHeceHUs rasoobpasHoro CO,, 6ukap6o-
HaTtoB B (HOTOAaBTOTPOGHBIX KYJIbTypax, JIUOO B BULE
OpraHn4eckyx HCTOYHUKOB yrijiepoda (Ijokosa, IJiu-
IleprH) B MUKCOTPO(®HBIX KyJbTYpaX MHKPOBOAOPO-
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criett 1 npaHob6aktepuii (Agbebi et al., 2022; Zhu et
al., 2023). Hcnop30BaHue CO2 B KayecTBe MCTOYHUKA
HeopraHW4YecKoro yrjepoja Npu KyJbTUBUPOBAHUU
MHKPOBOZOpOCJIell M IMaHoOaKTepuil I03BOJIAET He
TOJIPKO YCTPaHWUTh OrpaHHYeHHe pOCTa, CBA3aHHOE C
He[I0CTaTKOM yIJjlepojia, HO M OCYILIeCTBJIATb CeKBe-
cTpanuio yrjekucyoro rasa (Agbebi et al., 2022; Zhu
et al., 2023). DpdexruBHOCTh cekBecTpanuu CO, u
IIPOAYKTUBHOCTD KYyJIbTYP MHUKPOBOJOPOCJIEH 3aBUCAT
OT KoMIUIeKca (aKTOPOB, BKJIIOYAIOIINX KaK CIIOCO0
[oJ1ayM yrjiepoAda B cucTeMy KyJIbTUBUpOBaHUA (Zheng
et al., 2018), Tak U KOHCTPYKUMIO (HOTOOHOpPEAKTOPA,
OCBeIIEHHOCTh, TeMIlepaTypy U (U3HUOJIOTUYecKue
XapaKTepUCTUKHU UCII0JIb3yeMOro mraMMa MUKPOBOIO-
pocneii (Zhu et al., 2023; Sarmah and Panda, 2026).

UccrienoBanusa pocra T. viridis B ycaoBHAX
OTKPHITHIX 0OaccefiHOB IIpM €CTeCTBEHHOM OcCBelle-
HUHM JOBOJIBHO MajiouncieHHb. Hampuwmep, B pabore
(Konpmapera u Tpenkenmy, 2019) nposoausiock
HcciieloBaHue pocTa B JIETHUN Nlepuod, Ho 6e3 OlleHKHU
CYTOYHOM AMHAMUKU NPOAYKI[MOHHBIX XapaKTepUCTHUK.
B TO Bpemsa kak B pabore (Gorbunova and Avsiyan,
2022) paccMaTpuBaiach CyTOYHasA AUHAMUKA IJIOTHO-
¢ty KyJibTyphl T. viridis, oqHaKO MepUOL UCCIIEJOBAHUA
OBLTT OrpaHu4eH TpeMs CyTKaMU.

Llenpio faHHOU paboThl ObLTIA OlleHKA BJIUAHUA
yIJiepoJHOro obecrnedyeHus Ha NPOAYKIMOHHbBIE XapaK-
tepuctuku T. Viridis pyu MOJyIPOMBIIIJIEHHOM KYJIb-
TUBHPOBAaHUM Ha eCTeCTBEHHOM OCBeleHWW B YCJIO-
BUsAX perrnoHa CeBacToIoJlb, B TOM YHCJIe HA CYTOYHYIO
JUHaAMHUKy PpOCTOBBIX XapaKTepUCTHUK B 3aBUCHMO-
CTH OT eCTeCTBEHHBIX CYTOYHBIX LMKJIOB COJIHEUYHOT'O
OCBellleHNA.

2. MaTtepuanbl M MEeTOADI
2.1. lWWraMmm MMKPOBOAOPOCAH M
nuTaTtenbHan cpeaa

B kauecTtBe oOBekTa wHCCIeNOBaHUA WCIOJIb-
30Bajid aJIblOJIOTMYECKW YUCTYI0 KYJIbTYpPY 3ejIeHOH
OIHOKJIETOYHOHM MuKpoBoAopociau Tetraselmis viridis
(Roukhijajnen) R.E.Norris, Hori & Chihara 1980.
Hccnepoanu mrtamm IBSS-25 u3 LIKII «Kosuiekuus
rupoOMOHTOB MupoBoro okeaHa» ®enepasibHOrO
HccJleloBaTesIbCKOro IeHTpa «HMHCTUTYT OHOJIOruun
10XHBIX Mopeli uMeHu A. O. Koanesckoro PAH» (OUL]
HUuBIOM). IItamMm IBSS-25 BhifjesieH u3 YepHoro Mops
B 1987 r. Jl;1A KyJIbTUBUPOBAHUsA UCIIOJIb30BaIN MHTa-
TeJIbHYI0 cpelly AJA MOPCKUX MHUKPOBOJAOPOCJIEH IO
Tpenkenmy u fp. (1981) co ciemymoiUM COCTaBOM,
rr': NaNO, - 1.8; NaH,PO, X 2H,0 — 0.3; EDTA-Na, -
0.037; FeC,H,0O, x 3H,0 — 0.042; MnCl, X 4H,0 — 0.008;
Co(NO,),x6H,0 - 0.00625; (NH,)/Mo,0,,x4H,0 -
0.00183; K2Cr2(804)2><4H20 — 0.00238). Ona npuro-
TOBJICHUA NMUTaTEJIbHONM Cpelbl UCIOJIb30BAJId HCKYC-
CTBEHHYI0 MOpcKyo Boay (Harrison et al., 1980). B
KayecTBe MHOKYJIATA UCIOIb30BaIM KyJIbTYpY T. viridis,
[IpeBapUTeJIbHO aJallTUPOBaHHYI0 K yCJIOBUAM KYJib-
TUBHPOBAHUA [IPY €CTEeCTBEHHOM OCBellleHUHU Ha Ipo-
TSOKEeHUU AT cyTOK. HavasibHasA MJIOTHOCTD KyJIBTYPHI
mo 6uomMacce cocrasisaiaa 0.09 r !, a HavaJbHasA YKC-
JIEHHOCTb KJIETOK B KyJibType — 4.31 X 10° ki1 mutL.
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2.2. YCAOBMUA KYALTUBUPOBAHUA

KynbTuBHpoBaHue MHKPOBOAOPOCEN OcyliecT-
BJIAATIN B OTKPHITHIX OacceiiHaX, pacloJIOXKeHHBIX B
TEIUIMYHOM aJIbrOOMOTeXHOJIorndeckoM Mopayae OUI]
HHBIOM, r. CeBactomnoJib (N. 44°61.564°, E. 33°50.463")
B BeceHHee BpeMs (TocjieHsA AeKaja MapTa). B kaue-
cTtBe (OTOOHOPEaKTOPOB UCIIOJIb30BAJI NPAMOYIOJib-
Hele OacceiiHbl (1 X1 M), BBICTEJIEHHBIE ITOJIMDTHIIE-
HOBOM IUTeHKOH. [Iimomanes moBepxHOCTU GacceiiHa
cocrasiisiia 1 M2, BBICOTA CJIOSI KyABTYPHI — 10 ¢M, 06B€M
KyapTypel — 100 J1. BrlpamuBaHue NpOU3BOAUIIOCH B
HaKOIMUTEJIbHOM peXxume B TedyeHue 12 cyTok. BreicoTy
cJ101 1 00BbeM KJIETOYHOI CyCIeH3uu NOoAAepKUBaIu
MOCTOSAAHHBIMH, ITyTEM eXeJHEeBHOr0 fo0aBJieHUA BOAO-
MPOBOJIHOM BOJIbI TIepe]1 0TOOpPOM MPOO JIJisi KOMITeHca-
Uy ucnapeHus. Kauectso BOOONPOBOAHON BOABI COOT-
BercTBoBasio CaHIIuH 1.2.3685-21. [JonmosiHUTeNbHAA
CTepuJI3anusa BOJAbl He IPOBOAMIIACD.

CycneH3uss MHUKPOBOJOPOCJEHl  HeNpephiBHO
IepeMelIrnBajach C I[IOMOIIBI0 3JIEKTPUYECKUX aKBa-
puyMHBIX HacocoB (Atman AT-202 (Chuangxing
Electrical Appliances Co., Ltd, Kuraii) co cKOpOCThIO
1200 51 ul. YpoBeHb OCBEIEHHOCTU ONIpeNesIsIC
€CTeCTBEHHON BeJIMYMHOM COJTHEYHOU 00JTy4eHHOCTH,
¢ yuetoM 50% ocsabyieHusA BUAMMOIO CBeTa 3a CyeT
[IPOXOXKAEHHUA Yepe3 MOJIMKAapOOHATHYI0 TeIUIUILY.
[IpoaoXUTEIBHOCTE CBETOBOIO IHA COCTaBJIANIa OT 12
[0 12.5 u. Temnepatypy KyJIbTypbl MUKPOBOAOPOCJIEN
oAAepXrBajy Ha ypoBHe He Huxe 23 °C ¢ IOMOIIbIO
akBapuyMHoro o6orpesaresisi Atman AT-50W (Atman,
Kuraii). B KOHTPOJIPHOM BapuaHTe He IMPOBOJUJIOCH
JIOIIOJTHUTEJIbHOTO BHECeHUsA WCTOYHMKA YyIjepoja,
ucroynukoMm CO, [yiA pocTa CIIyXus aTMOC(EpHBII
BO34yX. B skcnepumeHTe B KauecTBe MCTOYHHKA yIJle-
pOAHOro muTaHus ucmoJibzoBasin CO,, mojava KOTO-
pOro KOHTpOJIMpOBajach Ipu nomomu pH-KOHTpoOJI-
snepa Aqua Medic pH 2001 (Aqua Medic, I'epmanus),
ypoBeHb pH mogaepxusany Ha ypoBHe oT 6.8 mo 8.5
enuHui. IIpu noeimeHuu pH KyabTypsl B OacceliHe
Bhlle 8.5 cUrHaJl OT JaTyuKa NocTynaj Ha pH-KOH-
TPOJLJIEP, U BKJIKDYasach nojava razoobpastoro CO, B
KyabTypy 4yepe3 [IBX-TpyOKy, OKaHUMBAIOIIYIOCS UTJIOM
¢ BHyTpeHHUM auamerpoM 0.5 mMM. B xaxmom Bapu-
aHTe ObUIO 110 JIBE€ IOBTOPHOCTH.

2.3. AHaAUTHYECKHEe MEeTOAbl U PacuéTbl

OTt60p npob 1A onpefiesIeHNs IJIOTHOCTU KYJIb-
TyPpBbl, TeMIlepatypsl 1 pH npoBoauiu nATh pa3 B Teye-
Hue cBetoBoro fHsA ¢ 9:30 go 18:00 kaxnabie 2-2.5
yaca. TemmnepaTypy CyCleH3UU H3MepsAJU PTYTHHIM
TepMOMETPOM, C abCOJIIOTHOM NOTpelIHOCThI0 K3Me-
peruii+= 0.5 °C, pH KyJbTypBl HM3MepsUlM C IOMOIIbIO
pH-metpa H-150 (OOO W3mepuresibHasd TeXHUKA,
Poccusi). BeimuuHy cyMMapHOM CyTOYHON OOJIyYEHHO-
ctu B o6JlacTu POTOCUHTETUYECKU aKTUBHOW pajua-
ruu (DAP) onpeesisiiu Ha ocHoBe faHHbIX LARS NASA
Power Project (https://power.larc.nasa.gov/data-
access-viewer/) ¢ yuéToM ocjiabyieHus 06Iy4€HHOCTY B
nmoJinkapOoHaTHOU Terutuile. VICIoJib30BaICsA COTOBBIN
TeIJINYHBIM noJukapooHar ¢ Y®-puabTpoM TOJIIU-
Hol 4 Mm. [IpeaBapuTenbHO IIpoBefeHHOE KccjleoBa-
HHe [oKa3aJio, YTo 06JIy4eHHOCTh B 061acTu POTOCUH-
TeTUYeCK! aKTUBHOM pajualiy B TeIlJIMIle CHUXajlach
Ha 50%. /[nHamMuKa TeMnepaTyphl KyJbTyphl, IOBEPX-
HOCTHOH 0OJIydYeHHOCTH U pH KJIETOYHOH cycneH3uu B
TeuyeHHe SKCIlepruMeHTa IipejicTaBjeHa Ha Puc. 1.

[InoTHOCTH KyJIBTYpHI olipelessiin GoToMeTpu-
4ecKUM MeTofoM. ONTUYecKyl0 ILIOTHOCTb KYJIbTYPHI
HU3MepsIi B CTEKJIIHHBIX KIOBeTaX C JJIMHOM CBETO-
BOr'0 MyTU 5 MM Ha JUIMHe BOJIHHB 750 HM, HCIOJIb3yA
doromeTp Unico-2100 (UNICO (Shanghai) Instrument
Co. Ltd, Kuraii). [[7ia nmepecueta eJUHUI] ONTUYECKON
wiotHocTu (D, ), €[.0NT.IUT) B €AUHHULBI CYXOro Beca
6uomaccel (B, T JT'!) HCIOJB30BAN TMPEBAPUTESIHHO
onpefesieHHHIN Ko3ddunnent k=0.8 r st ex.onT. !
(BopoBkos u I'eBoprus, 2005):

B=k- D750 .

OmnpeneneHye YMCIEHHOCTU KIeTOK (N, KJI. MJT!)
myTéM mofcuéTa B kamepe I'opseBa (Munumen, Poccus)
o[l cBeTOBBIM MuKpockorom Carl Zeiss Axiostar Plus
(Carl Zeiss, TepmaHus) OCYyLIECTBJISIA OAWH pa3 B
cyTKku. OJHOBpEMEHHO C 3TUM, IIpU CBETOBOM MUKPO-
CKOIIMY IPOBOJMJIACH OIleHKA YWCTOTHl KYyJIbTYPHl U
OTCYTCTBUA KOHTAMUHAIWM IOCTOPOHHUMU MUKPOBO-
JOPOCJIAMU WJIY NMPOCTENIINMU.

MaxkcyuMasbHylI0 CpeAHeCyTOYHYI0 IpPOAYKTUB-
HOCTb (P ) pacCUMTBIBA/IM MYTEM allPOKCUMALUK KPU-
BOI pocTa 1o 6uomMacce Ha JIMHEHHON CTaiuu POCTa:

--@-- xourpoar B
1 --o-- co,

34 - : 5
" ! 't
24 \ By
e t * .'-‘f‘. ) 24—
1 ] it (! $rin z
. 1 1" wo!lja % 1
A I S L SRR S
E ] 1 - —
ol pemfy daidy 2
= _ I « .
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10 0
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Puc.1. YcioBus KyJIbTUBUPOBAHUSA: TeMIlepaTypa KJIeTOYHOH cycneH3uu (A), coHeyHas 061y4éHHOCTb IOBEPXHOCTHU KYJIb-
Typsl B o6actu ®AP (B) u pH kieTouHoli cycnensuu (B) B TedeHue MOJIYIPOMBINLIEHHOTO pocTa KyJbTyphl T. viridis. CO, —

BapUvaHT C JOIIOJTHUTEJIbHBIM BHECEHNEM YIJIEKHCJIOro rasa.
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B=B +P x(t-t),
rae B,— IUIOTHOCTb KyJIbTYPhl Ha JIMHEMHOW CTaJuu
poCTa; t, — BpeMs B HauaJjie JIMHEMHOW CTaJuu POCTa
(JIenexoB u TpeHkenmry, 2007).

YaesbHYI0 CKOPOCTh pocTa mo Guomacce (u,)

paccuuTHIBANIU CIIEAYIOMNM 00pa3oM:

My =In(B,)—In(B) /¢,
rae B, — xoHeuHas Guomacca, B, — HavayibHas Guo-
macca, t — BpeMsl.

Yae/npHYI0 CKOPOCTh POCTAa 1O YHMCJIEHHOCTU
KJIETOK (1,) PaCCUMTHIBAJIN KAK:

uy =In(N,)-In(N)) /¢,
rae N, — KoHeuHas 4MCJIeHHOCTh, N, — HauajibHasA 4Kc-
JIEHHOCTH, t — BpeMsl.

O6uryo HouHyI0 noTrepio 6uomaccel (HIIB) kax
JIOJII0 OT 6GMOMAcCCHI B KOHI[e cBeTOBOro nepuoja (NBL,)
paccuuTheIBaIY, HCIOJIb3ys cjlefyioliee BEIpakeHue:

NBL, =((B,'-B,)/B,)-100%;

HITB kxak [[0Jig OT MPOAYKIUM 32 MPEbIIyIInn
CBETOBOU MEPHOJ] PACCUUTHIBAJI, UCIIOJIB3YS CIIEIYIO-
1ee BBIpaXKeHUeE:

NBL, =((B,'- BD)/(BL '-B,")-100%,
rje B,” — IJIOTHOCTDb KyJIbTYDBl B KOHIIE MPEbIAYIIEro
CBETOBOTO N€PHUOJIa, B, — MJIOTHOCTH KyJIbTYPhI B KOHIIE
TEMHOBOTO Mepuoja, B’ — IUIOTHOCTh KyJIbTyphl B
KOHIle Ipenplayllero TeMHOBOro mepuoma (Qiang et
al., 1996).

JIHEBHYIO MPOIYKIIHMIO OTIPeAesIsUIN KaK Pa3HOCTh
IUIOTHOCTU KYJIBTYPHI B KOHIle M B Hayajie CBETOBOT'O
nHsA. [lepecyéT NpOAyKIIMOHHBIX TAPAMETPOB KYJIbTYPHI
(NJI0THOCTH, MPOJYKTUBHOCTH) HA €QWHUITY ILIOMAAU
MIpOBOAWJIY ¢ Y4€TOM cooTHomeHuA 100 j1 M~ npu riiy-
6uHe cj104 KyJbTypsl 10 cM.

Bemnunny KIIJ[ ¢oTocuHTe3a pacCUMTHIBAIN,
KaK OTHOIIIeHUE 3aracéHHOU 3Hepruu (IpousBejieHue
JHEBHOU NPOAYKIIMY Ha eqUHUIY 1uiomanu (r m2 cyt?!)
¥ KaJIOPUMHOCTU OMOMAacCChl) K TOTJIONMEHHON COJTHEY-
Hol 3Hepruu @AP B pacuére Ha equHHULY IJIOU[aAU
(xTx-M~%cyT™!), yUUTHIBasg TO, YTO B ILIOTHOM KYJIb-
Type BCsA TMajaiolias CBETOBas JHEPTrus IOrJIoajiach.
KasyopuitHocTs Guomaccel T. viridis cudTany paBHOM
24.2 xJTx ! (Chini Zittelli et al., 2006).

2.4. CtaTUCTHYECKUH aHaNU3

CTaTUCTUYECKUH  aHa/JM3  SKCIepUMeHTaslb-
HBIX JaHHBIX BHIMOJIHAINCH C HCIOJh30BAHUEM IIPO-
rpammHoro obecrneuenus Grapher3 (Golden Software)
n Microsoft Excel (Microsoft Office). PaccuuthiBaiu
cpenHee apudmerndeckoe (X), CTaHAAPTHOE OTKJIOHE-
Hue (SD), ommbKy cpeaHero, JOBEpUTEJIbHbIE HUHTEP-
Bastel ([JU) muis cpentero (Ax). JIOCTOBEPHOCTH pas-
JUYUN MeXOy BBIOOPKaMU OIEHUBAJM C IIOMOII[BIO
t-xputepusa CreiofgeHTa npu p < 0,05. Jna xoppeis-
[MOHHOTO aHaJii3a BBIYMCIIAIN KOI(POUIMEHTH KOp-
pessanuu CnipmeHa (r). Bce pacueTsl BHIIOTHAIN IJIs
ypoBHA 3HaunMocTu o = 0.05.

3. Pe3yAbTarthbl

OueHka mapameTpoB pocTta KyabTypsl T. viridis
NIpY eCTeCTBEHHOM OCBeIeHUH ITPOBOAWIIach B bacceri-
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HaX OTKPBITOTO TUMA, MPUOJIMXEHHBIX 110 KOHCTPYKIUU
K TNPOMBIIUIEHHBIM cucTteMaM. OTKpBITBle OacceiHbl
pacrnoJjiarajJuch B TeIlJIMIle AJIA YaCTUYHOTO KOHTPOJIA
TeMIIepaTypHOI'0 peXuMa U 3aliuThl 0T aTMOChepHBIX
0CagKoB M 3arpsA3HeHuil. MHUKpPOCKONMYeCKUil KOH-
TPOJIb YWCTOTBHl KyJIbTyphl NOATBEPAWUJI OTCYTCTBHE
KOHTaMMHallUM APYTMMH BUAAMU MHKPOBOAOPOCIIeN
WIN [pOCTEHIIMMU B TeyeHue BCero InepuoAa KyJib-
TUBHPOBaHUA. BhlpaliuBaHue KyJbTYypbl MHKPOBOJO-
pociell MpoBOAWJIOCh B BeceHHee BpeMms, npu (oro-
nepuoje 6;M3koM K 12 4 (BeceHHee paBHOAEHCTBUE).
CymMapHas cyTouyHas o6yuyéHHOCTh B obsiactu DAP
B 3TO BpeMs rojja cocranyisiia oT 2 1o 4 MIx M2 cyT™!
(Puc. 1B).

DKCIepUMEeHT MNPOBOAWJICA B HAKONUTEJIbHOM
pexuMe, ero MpoAoJIKUTEJIbHOCTh cOCcTaBuia 12 CyTOK.
OxoHYaHHe 3KcIepuMeHTa ObUIO 00yCJIOBJIEHO Hada-
JIOM CTagu{d OTMHpaHUA B KOHTPOJIbBHOM BapUaHTe.
HakomnuTtesbHble KpUBBIE 10 KOHILIEHTpaluy 61oMacchl
B KyJbType (Ccyxoil Bec) mpeicTaBjieHBl Ha Puc. 2A.
[TockoysbKy [Ji MOJIYNPOMBIIIJIEHHBIX CHUCTEM BaX-
HBIM I[TapaMeTpoOM fABJAeTCS KOHI[eHTpauusa 61MoMacchl
1 NPOAYKTHUBHOCTb OTHOCHUTEJIBHO IUIOMAAX 3aHHMa-
eMOM IIOBepPXHOCTH, MAOINOJHUTEJbHO pacCYUTHIBAIN
KOHIIeHTpalii0 0roMacchl Ha IUIOHIaAb MOBEPXHOCTU
dpotobuopeakropa (Puc. 2B).

B xoHTposibHOM BapuaHTe 06e3 JOIOJHHUTEJIb-
Horo BHecenusa CO, craaus JIMHEMHOTO POCTa KyJib-
Typhl T. viridis mo 6uioMacce HabJoamack ¢ 4-x 1o 6-e
cyTKUd. MaxkcumasibHasA cpefgHeCyTOYHass NPOOYKTHB-
HOCTH II0 Omomacce (Pm) cocraBuna 0.065 r ! cyr!
wi 6.5 r M2 cyt!. [Tocse 8-x CyTOK HacCTyIasaa crauy-
OHapHas cTaaud, a K 12-M cyTkaM HauMHajach CTaaus
oTMHpaHud. MakcumasbHasA yAesbHasA CKOPOCTb pocTa
o 6uomacce (u,) Gbisia OTMEY€EHa Ha 1-e CyTKU KyJIbTU-
BupoBanud (0.72 cyt!), a k 8-M cyTkaM CHUXajach 0
0.01 cyt!u B masibHedeM 6bu1a GJIM3KON K HYJIIO WU
otpunatensHoil (Puc. 2B). MakcumanbpHass 6uomacca
nocrturasa 0.525 r ! (mnm 52.5 r M2 B pacuéTe Ha ILJIO-
maab MOBEPXHOCTH), YTO COOTBETCTBOBAJIO OOIeMYy
ypoxaio 43.5 r M2 Guomacchl 3a BCE BpeMs KyJIbTUBH-
poBaHuA. CTOUT OTMETHUTh, YTO Nocje 8-X CyTOK HaKo-
IJIeHUs OroMacchl He mpoucxoauso. CTOUT OTMETUTD,
4TO MpU OTCYTCTBUM BHeceHus1 CO, yposeHb pH B Teye-
HHE HaKOMUTEJILHOTO KyJbTuBupoBaHus T. viridis Bo3-
pacrai. [Tocyie 3-X CyTOK sKcniepuMeHTa ypoBeHb pH B
KOHIIe CBETOBOI'0o AHA gocTturas 3HadeHusa 10.5-10.8, a
B TeueHHe HouM cHimxacsa go 9.7-10 (Puc. 1 B).

B BapuaHTe ¢ JOMOJIHUTEIbHBIM BHeceHreM CO,
B 1-e cyTku sKclleprMeHTa HabJoAasnach jar-gasa, Bo
BpeMs KOTOPOM IPOMCXOAWJa afanTalus KyJIbTyphl K
MOBBIIEHHOMY COJiepXaHUIo yriepoja. Jlo OKOHYaHUA
SKCIIepUMEHTA POCT KyJIbTYPHI ObLJI JIMHENHEBIM, IPUYEM
MOXHO OBLTIO BBIAEIUTD ABA yYacTKa JMHEHHOro pocTa:
¢ 3-x 1o 8-e CyTKH, CO CpeJHECYyTOUYHOH IIPOAyKTUBHO-
cthio 0.095 r 1t cyt! (9.5 r M2 cyt!) u ¢ 9 mo 12 cyTkw,
CO CpeHECYTOYHOM MPOAYKTUBHOCTEIO 0.088 r o1t cyT?!
(8.8 r M2 cyt!). B cpegHeM, npoayKTUBHOCTD T. Viridis
npu BHeceHun CO, Obiia B 1.4 pasa BbIle, Y€M B KOH-
TPOJIbHOM BapuaHTe omblTa. MakcuMasbHas yaesbHasa
CKOpOCTh pocTa 1o Guomacce (u,) 0.43 cyr' HabJi0-
Jlajach Ha 2-e CyTKU 3KCIepHUMeHTa, Iocje 4ero 3KcC-
MOHEHI[UAIBHO cHIXaach Ao 0.06 cyT! Ha 11 cyTkwu.
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Puc.2. [lunaMmuika KOHIIeHTpauu 61iomMacchl OTHOCUTEJIbHO o6beMa (A) u miomanu nosepxHoctu (B), yaesbHON cKOpPOCTU
pocta (B) u gueBHOI npoaykuu (I') Mpy HAKOMUTEIBHOM KyJIbTUBHpOBaHUM T. Viridis mpy eCTECTBEHHOM OCBEIEHUH C Pa3JINy-
HBIM yTJIepOAHBIM oGecniedeHrneM. CO, — BApUAHT C JIOTOJIHUTE/IbHBIM BHECEHHEM YTJIEKHCJIOTO Tasa.

MaxkcumasibHasA 6uomMacca Ipu JONOJIHUTEJIBHOM o0e-
cneveHUH yryepogoMm cocraswia 1.12 r gt (112 r m?
B pacuéTe Ha IUIomaAb MoBepxHOCcTH). Takum ob6pa-
30M, 3a BCE BpeMs KyJIbTUBHMPOBAHUA OOMUI ypoxai
coctaBwi 103 r M2, yTo B 2.4 pa3a MpeBHICUIO OO
ypoxail B BapuaHTe 6e3 AONOJHUTEJIbHOTO CHa0XeH!A
HeopraHW4YeCcKUM yTJIepOAOM.

[TomuMo onpepesieHUs IJIOTHOCTU KyJIbTYPHI IO
6uomacce, OlleHUBaJIN JUHAMUKY YMCJIEHHOCTU KJIETOK
B KyabType (Puc. 3A) u cooTHoIIeHNe 6110Macchl K Yuc-
neHHocTu (B/N), onocpeioBaHHO OTpakarollee Cpef-
Hull pasMmep kietok (Puc. 3B). JIuHelHBIl1 pocT uuc-
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JIeHHOCTH KJIeTOK T. viridis B KOHTPOJIBHOM BapUaHTe
IIPOUCXOAUT C 4-X MO 6-e CyTKHU, aHaJIOTUYHO JIMHEeU-
HOM cTaguu pocTa o 6uomacce. MakcumasbHasA 4uc-
JIEHHOCTb KJIETOK B KOHTPOJIbBHOM BapHaHTe COCTaBuUJIa
12.27 x 10° xyieTok murl. Y espHas CKOPOCTh POCTa MO
4MCJIEHHOCTH KJIETOK (i,) TIpY 3TOM OblLjla OTMEYEHa B
nepBele cyTKU SKcrepuMeHTa (0.74 cyt?), mocyie yero
Pe3KO CHMXaJslachk, IIocJie 7-X CyTOK CTaHOBSACh HyJIeBOM
Jmbo oTpunatesibHoN. Hapaay ¢ aTuM nocse 7-x CyTOK
OTMeUYeHO Bo3pacTaHue cooTHoueHusa B/N ot 36.6 go
50.5 nr kT, 9TO CBUIeTeNIbCTBYeT 00 YKPYITHEHUU Kile-
TOK B KyJIbType.
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Puc.3. [JuHaMuka 4KCJIeHHOCTH KJIeTOK (A) 1 cooTHoIIeHUs 6roMacchl K YucjaeHHOCTU kitetok (B/N) (B) npu HakonuTesib-
HOM KyJIbTUBUpOBaHUM T. Vviridis Ipy eCTeCTBEHHOM OCBEIleHWHU C Pas/IMYHBIM YrjepofHbiM obecnedeHreM. CO, — BapuaHT ¢

JAOIIOJIHUTEJIbHBIM BHECEHMEM YTJIEKMCJIOro rasa.
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[Tpu BHecenun CO, POCT YKMCJIEHHOCTU KJIETOK
MUKpPOBOAOPOCJeN OblI Gojlee aKTUBHBIM, YeM B KOH-
Tposie. MakcumanbHas 4YWCJIEHHOCTh cocTtaBuwia 39.8
X 10° keToK'MJT!, 4TO GBUIO BHINIE, YeM B KOHTPOJIb-
HOM BapuaHTe B 3.2 pa3a. MakcumanbHas yAesibHas
ckopocth pocta (u,) 0.53 cyT! Gbla OTMeEYeHa Ha 2-e
CyTKM 3KCIIepUMeHTa, aHaJIOTUYHO CKOPOCTHU pocCTa Io
6uomacce. COOTHOIIIeHHMe OHMOMAacChl K YMCJIEHHOCTU
B/N ocrtaBajioch 60Jiee cTabUJIBHBIM, YeM B KOHTpPOJIE,
coctaBJyisAs ot 24 no 31 or krl. Takxke, B IEPUOJ AKTUB-
HOro pocta cooTHouienue B/N npu Buecennu CO, G110
B cpefqHeM B 1.4 pa3a HUXe, YeM B KOHTPOJIE.

Ha ocHoBaHMUM JUHAMUKU IJIOTHOCTHU KYJIbTYPHI
B TeYeHHUe CYTOK BBIUMCIIIA [JHEBHYI0 MPOIYKLIUIO
(Puc. 2I') u HOYHYI MOTep0 GHMOMAacChl B KYyJbType
T. viridis. B KOHTPOJILHOM BapuaHTe AHEBHAS MPOJyK-
LU Ha JIMHEeHHOM ctaauu pocta (4-e — 6-e cyTku) Obl1a
10.2 r M2, a B cpelHEM 3a NEPHOJ HAKOMUTEJIHHOTO
KyJIbTUBUPOBAHUA cocTaBwia 7.75 r m2. [lpu pomos-
HUTEbHOM BHeceHnu CO, AHEBHas MPOIYKIMsA Oblia
3HaYMTEJIbHO BhimIe (14.6 r M2). [Ipu AOMOJTHUTETBHOM
yriaepogHOM obeclrieueHrU HabJ1i0/1aj1ach MOJI0XKUTENb-
Has KOoppeJiAlus JHEBHOH MPOAYKIUM U CyMMapHOI
cyTouHOU ob6syuéHHocTu (r=0.42), B TO BpeMs Kak B
KOHTPOJIbHOM BapuaHTe TaKOU KOppessAluU He ObLIOo
obHapyxeHo. B o6oux BapruaHTax OIbITa HaKOIJIeHNE
61oMacchl B KyJIbType MpOAO0JIKaJIOCh HA MPOTsIKEHUN
BCEro CBETOBOTO AHsA, a HauOOJIBIINI 0YaCOBHIN IIPU-
pocT GuomMacchl HaOsofascs B cepeiiHe CBETOBOT'O
aHA (12:00 - 14:00).

Hounas noTteps 6uomaccsl (0T 6oMacchl B KOHI[e
CBETOBOrO [HsA, NBL,) B KOHTPOJIE B CPEJHEM COCTaBUIIA
12.5% ot 6ruomaccel, a npu BHecennu CO, Gblia HUXeE,
cocTtaByiAs B cpegHeM 9.5% ot 6uomacch (Puc. 4A).
[Ipu 3TOoM AJig 060UX BapUaHTOB OIBbITa HaubOJIbIINE
3HaueHuss NBL, oTMe4YeHbl B Hayajie HaKOMUTEIbHOTO
KYJIbTUBUPOBAHUSA U K OKOHYaHUIO SKCIIEPUMEHTA, B TO
BpeMs Kak MUHUMaJibHble 3HaueHwss NBL, Halsona-
Juch Ha 5-e — 8-e cyTKU 3KcnepuMeHTa. JJ11 BapuaHTa
¢ BHecenneM CO, BbIABJIEHA JOCTOBEPHAA KOPPEJIALVA
NBL, u aueBHOM npoaykuuu (r=0.55), B TO Bpems Kak
711 KOHTPOJIBHOT'O BapuaHTa KoppeAlus Oblia MoJo-
KUTEJIbHOM, HO He AocToBepHOI (r=0.23).

Hounas moTteps 6uoMacchl Kak JI0Jis OT IPOAYK-
uvu (NBL,) mo 7-X cyToK Oblia B mpefesiax ot 20 mo
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KOHTPOITb
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NBL,, %

Bpemsi, ¢yt

40% oT qHEeBHOM MPOAYKIIUH, TIOCJIe Yero 3HaYUTeJIbHO
BO3pacTajia, ¥ B BapuaHTe 0e3 JOIOJIHUTEJbHOrO yIje-
poaHoro obecrieueHus NBL, morya gocruratb 100% u
Jlaxe IIpeBHINIATh JHEeBHYI0 mpoaykuuio (Puc. 4B).

Jna oneHkU 3G@PEKTUBHOCTU YTUIM3ALUU COJI-
HEYHOU 3Hepruu KyjabTypoi T. viridis GBI BBITOJTHEH
pacuét KIII porocunTe3a. B o6oux BapraHTax OmIBITA
BBIABJIEHa oTpulaTesibHaA koppeysanua KIIJ] oT cym-
MapHoOU obisyuéHHoctH, r=-0.79 u r=-0.41 B KOH-
TpoJie u ¢ BHecenuem CO,, cooTBeTCTBEHHO. TO ecTh
IIpY MOBBHIIIEHUH WHTEHCUBHOCTH WHCOJIALMU CHU-
xasiack 3pdeKTUBHOCTh €€ KOHBepcuu B Ouomaccy
(Puc. 5). INockonbky npu BHecenun CO, B KyJIbTypy
JHeBHas NpOAYKIMUA U CKOPOCTb pocTa B l-e CyTKHU
OBUTM aTUIMYHO HU3KUMU U BBIOEJIAJINCh U3 OOIIero
Tperaa (Puc. 2B, Puc. 2T'), 3HaueHue KI1/[ B 1-e cyTku
(3.2%) 6BLJIO UCKJIIOUEHO U3 pacyéTa 3aBUCUMOCTU OT
06 Iy4éHHOCTH.

Buecenue CO, B KyJIbTypy CIOCOGCTBOBAJIO
nosbinieHuio KI1/1 ¢oTtocuHTe3a. B KOHTpOJIBHOM Bapu-
anTte KIIJ| cocraBysan ot 2.7 no 12.8% (B cpennewm,
7.1%), B TO Bpems Kak npu obecnedenvu CO, KI1/T Gbut
BhIIlIe, cocTaBiisad 3.2 go 17.7% (B cpeaneMm, 12%).

4. 06cyxpenue

OKcnepuMeHTaJIbHOE Ky abTuBupoBanue T. viridis
B TOJIyIPOMBIIIJIEHHBIX MacmTabax IO3BOJMJIO Kak
OLIeHUTb IIPOAYKIMOHHBIE XapaKTepUCTUKU 3TOr0 BUAA
B YCJIOBHAX €CTECTBEHHBIX CYTOYHBIX I[UKJIOB OCBe-
IleHNsA, TaK U BBIABUTH BJIMAHNE HaJINYUA HCTOYHUKA
HeopraHWYecKoro yrjiepofa Ha pocT KyJbTyphbl U HaKO-
IjleHne 61oMaccChl.

[Ipy  NOJYIPOMBIILIEHHOM  KyJIbTUBHPOBA-
Huu T. viridis B yCJIOBUSIX €CTECTBEHHOI'O COJTHEYHOTO
ocBellleHNsA ObLJIO IIPOJIEMOHCTPHPOBAHO, 4TO CHabxXe-
HHMe KyJbTYypbhl MUKPOBOAOPOCJEN YTIepoAOM IyTeM
nogaun CO, B cpelly NPUBOAUIIO K 3HAYUTEJIBHOMY
MOBBIIEHUI0 IPOAYKLHMOHHBIX XapaKTepucTuk. Tak,
MaKcuMaJlbHas CpeJHeCcyTOYHasA IMPOAYKTHUBHOCTb Ha
JIMHENHON cTaauu pocta P Bospacrasna B 1.46 pasa u
mocrurana 9.5 r m? cyt!, a AHeBHasA MPONYKIUA yBe-
JuyuBasiach B 1.9 pasa, mocturas 14.6 r m2 Takxe,
B KOHTPOJIBHOM BapuaHTe 6e3 JOIOJHUTEJIbHOIO yIjle-
poaHoro obecrnedyeHnsA HAKONMUTEJIbHBIN POCT KyJIbTYPHI
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Puc.4. HouHas nmoTepsi GMOMacchl Kak [oJis oT 6romMaccel (A) U Kak JoJis OT AHEBHOU mpoaykuuu (B) B Kysbtype T. viridis
HpY eCTeCTBEHHOM OCBEI|eHNH C Pa3/IMYHbIM yTJIepOAHbBIM obecniedeHreM. [IpepeiBUCTas TMHNUA — TMHUA TpeHaa. CO, — BapuaHT

C JOIOJIHUTEJIbHBIM BHECEHUEM YTJIEKHMCJIOro rasa.
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MHKpPOBOAOpOCJel IpoaoJrkasca 8 CyToK, Iocje yero
Ipekpamascsa, No-BUAUMOMY, M3-3a JIMMUTHPOBAHUA
1o yryiepofy. briarogaps 6osiee AyTeIbHOMY IEPHOAY
pocta U OoJiblllell NPOAYKTUBHOCTU MaKcUMaJbHasA
IJIOTHOCTh KYJIBTYpBI mpu cHaGxenun CO, mocruriia
1.12 r 1!, a o6mui ypoxail 6MoMacchl 3a BpeMs KYyJib-
tuBupoBanusa (103 r m2) B 2.4 pa3a IpeBBICUJT 3HAYe-
HUe JJi1 KOHTPOJIbHOI'O BapHUaHTa.

B nonosnHeHue Kk atMochepHOMY BO31yXy, yIJie-
poaHoe obecrieyeHre B KyJIbTypaX MHKPOBOAOPOCeEN
MOXeT OCYIIeCTBJIATbCA B HeopraHudeckodl ¢opme
(yrnekucnpli ra3 wiad OUKapOOHAT HATpuUsA) WIU B
dopme opranmyeckux BemectB (Agbebi et al., 2022).
Crab>xeHHe NCTOYHHMKOM HeopraHU4ecKoro yrijiepoaa B
Buzie CO, B IUIOTHBIX KyJIbTypax MUKPOBOJOPOCTIEN HE
TOJIBKO IOBBIIA€T KOHI[EHTPALUI0 HeopraHW4YecKoro
yrjepoja B cpefle, HO U CIOCOOCTBYeT NOoAAepKaHUI0
ontuMabHOU pH cpeasl (Moheimani, 2013a). B mioT-
HBIX KyJIbTypax MHKPOBOAOpOCJIeN U IMaHoOaKTepuil
notpebJierne CO, B mpouecce pOTOCHHTE3a TPUBOIUT K
yBeJInueHUI0 ypoBH:A pH, 4To B cBOIO ouepeb CABUraeT
paBHOBecue B KapOOHATHOI cHCTeMe B CTOPOHY Kap-
6onaros (CO,*), ¢GopMsI yryiepoaa, HEAOCTYITHOM 1JisA
KJIeTOK Bofopocel (Shiraiwa et al., 1993). Takxe, oA
norpebJieHUA rUuApoKapOOHATOB KJleTKamMu TpelyercA
JIOIIOJTHUTEJIbHBIN pacxo[ sHepruu AjiA paboTel kap6o-
anrugapa3 (Moheimani, 2013a). B maHHOM ucciie1oBa-
HUU OBLJIO OTMEYeHO, YTO YpoBeHb pH IIpu oTCyTCTBUU
BHeceHus1 CO, BO3pacTasl Kak B TE€YEHUE HAKOMUTEJIb-
HOI'O KyJIbTUBUPOBaHUA, TaK U B TedeHHEe CBETOBOIO
AHA. B Houno nepuoa pH cHmXasicA 3a c4eT TEeMHOBOI'O
npixaHus v Bbigesienus CO, B cpefly KJIETKaMKU MUKPO-
BojopocJieii. CXOOHBIN TpeH[| CYTOYHON AuHaMUKu pH
HabJuto1asics B KyJibtypax Tetraselmis suecica v Chlorella
sp. (Moheimani, 2013a). BepoATHO, UMEHHO MOBBIIIIE-
Hye pH Brillle ONTUMAJIBHOTO YPOBHA JINMUTHPOBAJIO
norpebJyieHre yrijiepoda M 3HAYMTEJIbHO OrpaHuYUJIo
obuuii ypoxaii 6romMaccel B KOHTPOJIbBHOM BapHuaHTe
B TeKylleM KccjedoBaHUU. J[ONOJHUTEbHBIM (aKTo-
pOM, OTpHLIaTeJIbHO BJIMAIONIMM Ha POCT BOAOPOCeH
[IpY MOBHIIIEHHOM YypoBHe pH sABjsgeTcAa BO3MOXHOeE
BHIIaZleHe B OCafoK coJiell Kasjblius, Mar"us, ¢oc-
dopa 1 MuKpossieMeHTOB. CIIOCOOHOCTh K POCTY IIpHU
pH >10 y npoMBIILIEHHO 3HaYMMBIX BHIOB MHKPO-
BojlopocJieli, Takux Kak Chlorella, Phaeodactylum
tricornutum, Tetraselmis, v imano6aktepuii (Limnospira)
MOXeT OOBACHATbCA KaK MeHbIell MOTpPeOHOCThIO B
MHKpO3JIeMeHTax, TaK U BblJIeJIeHeM B cpeqly XeJlaTH-
PYIOLIMX COeqVHEHU!, NMpeNATCTBYIOIUX OCAXIAEHUIO
MukpoasieMeHToB (Goldman et al., 1982; Thomas et al.,
2026). Tem He MeHee, MOBHIIeHNEe YPOBHA pH Moxer
€roco6CTBOBaTh HAKOILJIEHUIO JIMIKJOB 3a CYET U3Me-
HeHHUsA MeTaboJyM3Ma KJIETOK, YCKOpATh IOIJIOLIeHue
CO, u3 aTmMoc(epHOro Bo3ayxa, a TakkKe MPEMATCTBO-
BaTh KOHTaMMHALlUM KyJIbTypbl OakTepusMM U TpO-
creiimumu (Shiraiwa et al., 1993; Thomas et al., 2026).

[TockosbKy cucTeMa KyJIbTUBHPOBaHUA Oblia
npubyikeHa K OTKPHITBIM OacceliHaM, MCIOJIb3YIO-
IMMCA [IpY NPOMBIIIJIEHHOM BhIpAllliBaHUYM MHKPOBO-
Jopociieli, AjiA IPUroTOBJIEHUsA Cpefbl U JJI KOMIIeH-
calliy HCIapeHUs HCIOoJIb30Bajlach BOJOIPOBOAHAA
Boja. CorjiacHO HopMaTHBaM, B BOJOIIPOBOJHOM NUThe-

520

20— @ control
10 co, ©
] O
X T ~
. 15 ~0
B ©
B ® .
Q - ~
g b
o T O RS
2 10 e.. 9
g ~ O~
:‘i i Ne) O
g ] o™~ .
5 5+ ° & ©
é - \Q
1 ) ‘o
o+—T7TT7——T——T17—
0 1 2 3 4 5

Irradiance, MJ-m2-day™!
Puc.5. 3aBucumocts KIIZI ¢oTocuHTe3a B KyJbType
T. viridis OT cyMMapHO! CyTOYHOI1 OOJIy4€HHOCTU NPU €CTe-
CTBEHHOM OCBeIIleHUH C Pa3JINYHBIM YIJIEPOOHBIM obecreye-
HueM. [IpepBIBUCTBIE JINHUU — JIMHEWHBIE ANMPOKCUMALIUIH.
CO, - BapuaHT C JOMOJIHUTEIbHBIM BHECEHNEM YTJIEKUCIIOTO
rasa.

BOI BOJie MOTYT COJepXXaThCsA rMAPOKapOOHaTHl B KOH-
entpanyu 10 400 mr srl. CorsacHo otuety (https://
sevvodokanal.org.ru/pages/kachestvo) XKECTKOCTh
BoJibI cocTaBiissa 3.7 + 0.6 °XK, 4yTo nmpuMepHO COOTBET-
CTBYET KOHIIEHTpaluu TuApokapboHaToB 226 mr Jrl.
B wucciemoBaHMAX pocTa MHUKPOBOAOPOCJEH OOBIYHO
HCIIOJIb3YIOTCA KOHI[EHTpaluu T'MAPOKapOOHATOB OT
0.2 mo 5 r 1! u BhIIE, a KOHI[eHTpauuu Hrxe 0.5 1 1! He
OKa3bIBal0T AOCTOBEPHOI'O BJIMAHUA Ha CKOPOCTh pocTa
(Borovkov et al., 2026). Takum o6pa3oM, KOHIIEHTpa-
I[1A TUAPOKapOOHATOB B BOJOIPOBOAHON Bojie He ObLIa
JIOCTaTOYHO BBICOKOH [JIA OKa3aHWUA BJIWUAHUA Ha yrJe-
poaHoe obecnieyeHue KyJIbTypbl MUKPOBOAOPOCIIEH.

B 6ostee paHHux uccienoBaHusx pocra T. viridis
B OTKPBITBEIX OacceliHax NIPUBOAATCA 3HaAUeHUA CpeliHe-
CYTOYHOUM MPOAYKTUBHOCTU OT 4.2 fo 14.4 r m? cyt?!
(Konpapera u Tpenkenmy, 2019; Gorbunova and
Avsiyan, 2022). OpgHako, GoJjiee BBICOKME 3HaueHUs
MaKCUMaJIbHOM IPOJYKTUBHOCTHU IIpX 3TOM HalJiofda-
JIVCh B JIETHee BpeMsi, pu OOoJIbIlIell CoJTHeYHOH 06J1y-
yéuHocTu. Takxke, JMHelHaA cTaauAa ObUIa HENpoHoJl-
XUTEeJIbHOM, 1 MaKcHMMaJsibHasA 6uomacca cocrasuia 49
I M2, 4TO COMOCTAaBUMO C MaKCHUMAaJIbHOH GHOMAaccoi
B KOHTPOJIbHOM BapHaHTe W 3HAUUTeJIbHO HIXe MakK-
CcUMaJIbHOM 61OMacchl, JOCTUTHYTOM pu Ho0aBIeHu!
(60)

’ Taxxe, MPOOYKIINMOHHbIE XapaKTepUCTUKU
T. viridis B TeKyLeM UCCJIEJOBAHUU CXOOHBI C IPOJYK-
TUBHOCTBIO APYTUX BUOOB poaa Tetraselmis B yCJIOBUSX
€CTECTBEHHOI'0 OcBellleHUs. B OTKpHITBIX OacceliHax
TUMA PpIUCBEH NPOAYKTUBHOCTH Tetraselmis suecica
coctasJiisna 48-92 mr o1t cytl, uTro npu rirybuHe pabo-
yero cJiosg 20 CM COOTBETCTBOBAJIO MPOAYKTUBHOCTU Ha
enquHULY Tiomanu ot 9.6 1o 18.4 r m? cyr! (Cuello
et al., 2015). Tetraselmis sp. pu BeIpalIMBaHUU B 6ac-
ceiiHax Tuma pa3iicBell B OceHHee BpeMs B ABCTpajuu
JIeMOHCTPUPOBAJI MPOAYKTUBHOCTH 36 Mr 1! cyT! (Mu
7.2 M2 cyT?!) 6e3 mobaBieHUA CO,, 4TO OYeHb CXOAHO
C ToKasaTeJisiMU, MOJTy4eHHBIMUA HaMU B KOHTPOJIbHOM
BapuaHTe 6e3 OMOJIHUTEIBHOI'O YrilepoJHOro obecre-
yenus (Raes et al., 2014). IIpoaykTuBHocTh T. suecica
B ¢oToOMOpeakTopax MeELIOYHOIro Tvma B ABCTpainu
coctaByisima okoysio 110 mr ! cyr! (Moheimani,
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2013b). Chini Zitelli et al. (2006) coobijamoch, 4TO
MIPOAYKTUBHOCTDb KyJIbTYPHl T. suecica IIpu BhIpaliyBa-
HuM B Utanum aprycre gocturaia 36-38 r m2 cytl. Ho
3TOT MOKa3aTesb ObLI JOCTUTHYT IPU KYyJIbTUBHUPOBA-
HUHM B BepPTUKAaJIbHBIX TpPyOyaTheIX (oTOOHOpeakTropax
1py 6oJibIlIeM YPOBHE OCBEIIEHHOCTH.

[IpOOyKTUBHOCTh KYJIBTYP MHMKPOBOAOPOCJIEN
IIpM eCTeCTBEHHOM OCBell[eHWM oOlpefesigeTcsa Kak
YCJIOBUAMH MHHEpPaJbHOIO U YIJIEPOJHOro obecre-
YeHUs, TaK U KIMMaTH4YecKUMHU ¢akTopaMu MecTa
KyJbTuBHpOBaHuA. Hawnbosiee BaxHBIM (aKTOpoM
cpennl ABjAeTCs OOJIy4€HHOCTb KyJIbTYpHl B 00JIacTH
doTocuHTeTHYeCKH aKTUBHOI paguanuu. Hacrosmee
vccyiefjoBanue pocra T. viridis MpoBOUIOCH B BECEHHEE
BpeMsA B YCJIOBUAX CPeJHUX LIUPOT, U CpeAHAA CyTOuU-
Has obJiy4éHHOCTh B ob6actu @AP cocrasisna 3 M/[x
M2 cytl. IlonoxuTtenbHas KOppesAanusa JHEBHON Npo-
AYKIUU U CYTOYHOI OOJIy4EHHOCTU NpU A0OaBIeHUU
CO, mo3BOJIAET MPEAMNOJIOKUTD, YTO [JOMOJHUTEJIBHOE
yriaepogHoe obecrieyeHue npu OoJiee BBICOKOU 00JIy-
YE6HHOCTU OyJeT crmocoOCTBOBATh JOCTUKEHUIO OO0JIb-
IKUX NPOAYKIHMOHHBIX IOKasaTesiell IJiA 3TOro BHAA
MHKPOBOAOPOCJIIEH.

[Ipy [OMOJHWTEJBHOM BHECEHWM MCTOYHHKA
yrjepoga B KyJsibtype T. viridis Bo3pacTaja 4YKCJIEH-
HOCTb KJIETOK, CKOPOCTb [ieJieHus H OBbLJI OTMeueH
0oJiee HU3KUI IOKa3aTesib cCOOTHomeHuss B/N, cBupe-
TeJIbCTBYIOIIMI O MeHbIIeM CpelHEM pa3Mepe KJIeTOK.
CHIXeHHe CKOPOCTH AesIeHHWA U YKpYNHeHHe KJIeTOK
B KOHTPOJIbHOM BapuaHTe MOTyT OBITb 00yCJIOBJIEHBI
HeOJIaronpuATHEIMU YCJIOBUAME, OTpaHNYMBAIOIINMU
JlejleHre KJIeTOK, U3-3a He[oCTaTKa yIjepoJHoro cyo-
cTpara, a Takxe BEICOKOro ypoBHA pH.

Poct kysibTyphl T. viridis Habogasicsa B TeueHUe
BCEro CBeTOBOr'o AH:A, OAHAKO Jake B yCJIOBHUAX MaKCH-
MaJIbHOM IPOJYKTUBHOCTU HOYHAs MOTeps GHOMAacChHl
cocrasiisna oT 20 go 40% oOT AHEBHOM NPOAYKIIMU.
YuuTteiBas 310, Iesaecoo0pa3Ho MPOBOAUTL cOOp ypo-
’kas B BeuepHee BpeMs JJiA CHU)XKEeHUA [0Tepb.

HouHnas noreps 6uomaccel B KyJIbTypax MHUKpO-
BOJOPOCJIell 3ayacTyi0 BO3pacTaeT IIpY YBeJHM4YeHUU
CKOPOCTH pOCTa 3a CYET yBeJIM4YeHUs AbIXaHUA pOCTa.
Hampumep, Obula moka3aHa JIMHEHHasA 3aBUCHMOCTH
MeXJy CYTOYHBIM YypoxaeMm (IIPOAYKTHBHOCTBIO) U
HOYHOM ToTeper 6uomaccsl Ui KyabTyphl Tetraselmis
suecica (Michels et al., 2014). OgHako B JaHHOM HcCJIe-
JoBaHMHU OBLIIO MoKasaHo, uTo 1A T. viridis BHeceHUe
HMCTOYHMKA yTJiepofia Kak MOBBIIAJI0 JHEBHYIO U cped-
HECYTOYHYI0 IPOAYKLMIO, TaK U NPHUBOAWIO K CHH-
J)KeHUI0 HOYHOU moTepu OuoMaccel. [ia Limnospira
platensis cxogHBIM 06pa3oM OBLJIO [TOKA3aHO, YTO NpU
CHIXKEHUU KOHIIeHTpal[id KCTOYHMKA HeopraHmye-
ckoro yriyiepoqa (B dopme bukapboHaTa HaTpus) Mpo-
HCXOOWJIO yBeJuW4YeHHe HOYHOI IoTepu Ouomacchl
(ABcusH u I'eBoprus, 2025). BeposATHO, JIUMUTHUPOBA-
HHe pocTa KyJIbTYpHl 10 yrjlepoAy TpeOyeT JOIOJIHU-
TeJIbHBIX JHepreTU4YecKUX 3aTpaTr, B YaCTHOCTH, AJIA
pa6oTbl CO,-KOHIIEHTPUPYOIIUX MEXAaHU3MOB.

ITpu BHecenuu CO, noBbIIAIACH 2¢G(HEKTUBHOCTD
YTUJIN3alUN COJIHEYHOM SHepruu KyJIbTYpOH MHKpPO-
BogopocJieli, KIIJ xoHBepcun B OHOMAacCy COCTaBHUJI
no 17% (12% B cpefHeM), UYTO fABJAETCA AOCTATOYHO
BBICOKMM 3HayeHueM. JIJ1A cpaBHeHU:A, POCT KyJIbTYPHI
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Tetraselmis suecica B Tpy64aThiX (PoToOHMOpeakTopax
mo3BoJis1 gocturath KIII 9.4% (Chini Zittelli et al.,
2006).

B 1mesnom, B pesysibTaTe uccjiefOBaHUS ObLI
JIOCTUTHYT YCTOWYMBBIA POCT KyJabTyphl T. viridis B
OTKPBITHIX OacceiiHaXx B BeceHHee BpeMs B yCJIOBUSX
KJIUMaTa CpedHUX IIMPOT. YCTaHOBJEHO BJIMSAHUE
yrJiepofHoro obecnevenus B Buje nogauu CO, Ha mpo-
JYKIIMOHHBIE XapaKTepUCTHUKNM MUWKPOBOJOPOCIIU IpU
€CTeCTBEHHOM COJTHEYHOM OCBeI[eHUU, YTO MO3BOJIAET
MOBBICUTh NPOU3BOAUTEIBHOCTh CUCTEM KYJIbTHUBUPO-
BaHUs, a TaKXXe OTKPhIBAET MepCleKTUBLl OJHOBPEMEH-
HOU ceKBecTpalUHM YIJIEKHUCJIOTO rasa U NPOAYKIUU
6uoMaccel [Jis aKBaKyJIbTyphl, OMOTOILIMBA U APYTUX
610TeXHOJIOTMYeCcKuX npruMeHeHui. [Ipeamerom fab-
HeUmuX HCCIeOBaHUM MOXeT OBITh OlleHKa BJIVSA-
HHUA YTJIEPOAHOTO obecrieueHUs Ha MPOAYKTUBHOCTH
T. viridis Mo OTHOeJbHBIM KOMIIOHEHTaM OMOMAacChHI,
TaKUM KakK JIMIKUILl ¥ IUTMEHTEHl, a TakXe IIpoBeJieH1e
TEXHO-3KOHOMHUYECKOTO aHai3a, COIOCTABJIAIOLIETO
JIOTIOJIHUTEJIbHbIe ONepalUoHHble 3aTpaThl U CTOU-
MOCTh OHOMacchl AJiA KPYyIMHOMAacHITaOHBIX CHUCTEM
KyJIbTUBUPOBAHUSA.

5. BoiBOABI

HUccrienoBanue poctra T. viridis npya moJiympo-
MBIIIJIEHHOM KYJIPTUBUPDOBAHUU B YCJIOBUAX KJIMMara
cpelHUX IMIUPOT TI0Ka3ajo, YTO J[OIMOJIHUTEJbHOE
yriaepofHoe obeclieyeHure CIOCOOCTBYeT YBeIUYeHUIo
MPOAYKTUBHOCTU M MaKCHMaJIbHOUN Guomacchl u obe-
crleyrBaeT MoBbileHHe 3((PeKTUBHOCTU YTUIU3ALUU
COJIHEYHOU 3Hepruu. [jiA AayibHeliell onTUMU3aNun
(pyHKUIMOHUPOBAHUA OHOTEXHOJIOTUYECKUX  IIPOM3-
BOJICTB IO BhIpamuBaHuio T. viridis HEOGXOAUMO MPO-
BefleHUe Oojlee MOAPOOHOIO TEeXHO-3KOHOMUYECKOTO
aHa/M3a, YUYMTHIBAIOLIETO 3aTPaThl KaK Ha YIrJIeKHUCJIBIN
ras, Tak 4 Ha KallKUTaJIbHble pacxo/ibl Ha KOHKPETHYIO
cucteMy BHecenus CO, B KyJIbTyPy MUKPOBOJOPOCIIEN.
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