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ABSTRACT. The widespread use of zinc oxide nanoparticles (ZnO NPs) in human economic activity
makes the issue of assessing their impact on the environment relevant. In the presented work, the
effects of ZnO NPs (10-60 pg/L) on Black Sea phytoplankton during long-term cultivation (17 days)
under experimental microcosm conditions were studied. A dose-dependent effect of nanoparticle impact
on the growth and functional state of phytoplankton of the Black Sea was established. The addition of
ZnO NPs led to inhibition of growth, photosynthetic activity, and a decrease in the species diversity of
phytoplankton. At 10 and 20 pug/L ZnO NPs, the community abundance maintained a positive trend.
However, suppression of the growth rate and a decrease in the final algal abundance to 60 and 21% of
control values were noted. At the same time, a decrease in the abundance of mass planktonic species,
an increase in the contribution of bentho-planktonic forms, and a change in the size structure of the
algocenosis toward the predominance of small-celled species were observed. At 30 and 60 pg/L ZnO
NPs, at the initial stage of the experiment, the development of acute toxic stress, suppression of pho-
tosynthetic activity and cell division, and a decrease in community abundance were noted. However,
further cultivation of the microcosms under these conditions led to the recovery of community growth
due to the restructuring of the species structure with subsequent dominance of a small number of toler-
ant species (mainly bentho-planktonic forms of diatoms, coccolithophores Emiliania huxleyi) capable of
withstanding a high level of toxic load. Thus, the phytoplankton community is capable of restoring its
abundance and photosynthetic activity after acute toxic stress. However, the ability of the community to
survive under conditions of chronic contamination is achieved at the cost of simplification of its struc-
ture, which leads to a loss of stability and self-regulation and, in the long term, reduces the production
potential of the ecosystem.
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1. Introduction plasticity or genetic changes that increase tolerance

to the stressor. A key indicator of such adaptation is
the transition from population decline to sustainable
unprecedented decline in biodiversity caused by a com- growth under continuing adverse environmental condi-
plex of anthropogenic factors (Hald-Mortensen, 2023). tions (Ipatova et al., 2015; Morrissey et al., 2015; Yang
Declining population sizes and species extinction lead et al., 2021; Ipatova and Lazareva, 2022).

to the degradation of ecosystem functions, threaten- The mechanisms of adaptation to adverse growth
ing the stability of natural communities. However, in conditions at the single-species level are quite well
some cases, biological systems demonstrate the ability studied (Low-Décarie et al., 2015; Wang et al., 2025).
to maintain viability even under conditions of signifi- In contrast, the mechanisms that ensure the survival of
cant external stress (Ebenman et al., 2004). A commu- multi-species communities remain poorly understood.
nity can avoid complete extinction in an environment According to the literature, the key factors increasing
initially unsuitable for its existence due to phenotypic the likelihood of adaptation to stressful conditions are

Modern ecology faces the challenge of an
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a high initial population size (Low-Décarie et al., 2015;
Cherabier and Ferriere, 2022) and prior adaptation to
sublethal concentrations of a pollutant (Shoman et al.,
2024; 2025). The first factor reduces the risk of sto-
chastic extinction during the critical period of popu-
lation decline, the second promotes the accumulation
of resistant genotypes and phenotypes, preparing the
population for adverse impacts in the future.

In the context of current environmental threats,
zinc oxide nanoparticles (ZnO NPs), widely used in
industry and consumer products, attract particular
attention (Hou et al., 2018b; Ghaffari et al., 2019).
When released into aquatic environments, these parti-
cles exert toxic effects both through the release of zinc
ions and through direct contact with algal cells, induc-
ing oxidative stress and membrane damage (Manzo et
al., 2013; Suman et al., 2015; Shoman et al., 2024). The
Black Sea basin is subject to significant anthropogenic
pressure, and the Black Sea phytoplankton communi-
ties, characterized by high species diversity, serve as
sensitive indicators of such pollution.

It is important to note that standard short-term
ecotoxicological tests (72-96 hours) only record acute
toxicity and the immediate response of a species/
community to stress. They do not allow assessment
of long-term adaptation processes, shifts in dominant
species, or evolutionary changes, which require time.
Assessment of the adaptive potential of a community
is only possible under prolonged experimental condi-
tions, since processes of structural reorganization of
species composition in favor of tolerant forms, fixation
of beneficial mutations, and activation of protective
physiological mechanisms require time (Ingrisch and
Bahn, 2018). Considering the time factor brings lab-
oratory models closer to real-world chronic pollution
scenarios, where adaptation processes play a key role.

In this regard, the aim of this work was to assess
the long-term adaptive response of Black Sea phyto-
plankton to the impact of different concentrations of
zinc oxide nanoparticles. A long-term experiment will
allow us to characterize changes in abundance, photo-
synthetic activity, and species structure of the commu-
nity depending on the level of toxic load and to deter-
mine the range of conditions under which community
resilience to this impact is maintained.

2. Materials and Methods
2.1. Sampling and primary processing

Seawater samples were collected from the sur-
face layer at a station located on the Sevastopol coast-
line between Karantinnaya and Sevastopolskaya bays
(Sevastopol, Black Sea, 44°38” N, 33°33’ E) in October
2025. Sampling was carried out into a 10-liter polycar-
bonate tank. The phytoplankton community in October
is characterized by high species diversity, which makes
this period the most suitable for conducting model tox-
icological experiments. The water temperature at the
time of sampling was 18°C. The intensity of photosyn-
thetically active radiation (PAR) reaching the sea sur-
face was 31 =2 E m™? day'. PAR values were obtained
from satellite observations taken from https://ocean-
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data.sci.gsfc.nasa.gov. Inorganic nitrogen and phospho-
rus concentrations in the water were 2.4 +0.29 pmol/L
and 0.42+0.03 pmol/L, respectively. The content of
inorganic nitrogen compounds (NO,**NH,*) and phos-
phorus (PO,*) was determined according to methods
described in detail in (Grasshoff et al., 1976) (The data
presented herein are intended solely to describe the
background hydrochemical conditions at the sampling
location and do not constitute a subject of detailed anal-
ysis in the present study). Immediately after collection,
seawater samples were transported to the laboratory,
where they were filtered through a nylon filter (300
pm) to remove mesozooplankton. Thereafter, primary
analysis of the samples was performed: determination
of cell abundance, functional state of the photosyn-
thetic apparatus using the PAM fluorimetry method,
and phytoplankton species composition.

2.2. Toxicological test

Zinc oxide nanoparticles (ZnO NPs) purchased
from Sigma-Aldrich (purity =99.8%, USA) were used
as the toxicant. Working solutions were prepared
by dispersing the nanoparticles in deionized water.
Immediately before use, the solutions were sonicated
for one hour in a Sapphire (China) ultrasonic bath to
achieve a homogeneous dispersion. The nanoparticles
were spherical, with an average size of 84 nm (range
54-117 nm). A detailed description of the ZnO NP
characteristics, including electron microscopy and EDS
analysis data, as well as the procedure for preparing
stock solutions, was published previously (Shoman et
al., 2024).

The toxicological test was conducted by creating
artificial model microcosms of the algocenosis. For this
purpose, the studied filtered seawater was transferred
into 250 mL glass flasks, and toxicant solutions were
added at concentrations of 10, 20, 30, and 60 pg/L.
The nominal concentrations of the toxicants were cho-
sen based on the results of our own preliminary studies
on their toxic effects on phytoplankton (Shoman et al.,
2025). Samples without toxicant addition were used as
controls. After the addition of the toxicants, the exper-
imental microcosms were cultivated in batch mode for
17 days, which allowed the assessment of the long-term
effects of NP exposure on the phytoplankton commu-
nity. The microcosms were incubated in a refrigerated
chamber equipped with an LED light source. During the
experiment, the chamber maintained a temperature of
18°C, an illumination of 31 E m2 day™, and a light:dark
cycle of 11:13 h. No nutrient medium supplements
were added. The specified abiotic conditions were sim-
ilar to those recorded at the time of water sampling.
Each experimental variant was replicated in triplicate.
Samples for cytometric and PAM-fluorimetric analysis
were taken throughout the experiment daily, except
weekends. The identification of dominant microalgal
species was performed on days 3 and 14 after toxicant
addition. The first temporal point (72 h) represents a
standard duration in ecotoxicological research and is
recommended for evaluating acute toxicity of contam-
inants. The second point (14 days) was selected on
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the basis of a preliminary analysis of growth dynam-
ics: it is at this time point that the population recov-
ery phase is observed in the experimental treatments
amended with the toxicant (see the Results section for
further details), thereby enabling the characterization
of long-term effects and the resilience of the Black Sea
phytoplankton.

2.3. Analytical methods

Phytoplankton abundance was determined using
a MACS Quant Analyzer flow cytometer (Miltenyi
Biotec, Germany) located at the Collective Use Center
“Spectrometry and Chromatography” of IBSS. The phy-
toplankton community was distinguished by gating on
two-dimensional cytograms constructed in dimension-
less logarithmic scales based on forward scatter (FS)
and chlorophyll autofluorescence in the red spectral
region (FL4 channel, 675 nm). FSC Express 7 Research
Edition software was used for data processing.

To identify the dominant microalgal species in
the initial phytoplankton sample (immediately after
collection), the water was concentrated by back-fil-
tration through Whatman GF/C filters with a pore
diameter of 1.2 um. During the experiment (on days 3
and 14), an aliquot was taken from thoroughly mixed
experimental samples, and the cells were pelleted by
centrifugation at 1000 rpm. The resulting pellet was
microscopically examined. Dominant species were
identified using a Mikmed-6 microscope (LOMO,
Russia) at X 1000 magnification, equipped with a digi-
tal camera MS-8.3C (LOMO, Russia) and MCVeiw soft-
ware (LOMO-Microsystems, Russia). Species were iden-
tified using taxonomic keys (Identifying..., 1996) and
the AlgaeBase online database (Guiry and Guiry, 2025).

Measurements of the fluorescence of the algal
pigment complex were performed using a Mega-25m
fluorimeter with pulsed modulation of the excitation
light at a wavelength of 455 nm (Genetic and Cellular
Therapy LLC, Russia) (Pogosyan et al., 2009). All fluo-
rescence parameters were determined in the red spec-
tral region at a wavelength of 680 nm. Prior to mea-
surement, samples were kept in the dark for 15 minutes.
After the dark adaptation period, the parameters Fo and
Fm were measured, where Fo is the chlorophyll a fluo-
rescence level with open reaction centers, measured 2.5
us after the start of irradiation with an intensity of 5000
umol photons/(m?*s) (pulse frequency 16 Hz); Fm is the
maximum chlorophyll a fluorescence with closed reac-
tion centers, measured 1 s after the start of irradiation
with an intensity of 5000 umol photons/(m?%s) (pulse
frequency 80 Hz).

The relative variable fluorescence (Fv/Fm), char-
acterizing the maximum quantum efficiency of light
energy utilization, was calculated using the formula:

Fv _ Fm-Fo
Fm Fm

The rETR value at a given constant light intensity
I was calculated using the formula:

FETR =710 1 0,002,
Fm
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where Fm’ is the maximum chlorophyll a fluorescence
yield under constant illumination Fo’ is the minimum
chlorophyll a fluorescence yield under constant illu-
mination; 0.002 is the instrumental coefficient of the
Mega-25m fluorometer.

Statistical data processing was performed using
standard software packages “Microsoft Excel 7.0”
(Microsoft Office), “Grapher-16” (Golden Software).
The values presented in the graphs and table repre-
sent the arithmetic mean of three measurements. Error
bars indicate standard deviations of the reported val-
ues. The significance of differences between samples
was assessed using the Tukey HSD test at a significance
level of p<0.05.

3. Results

3.1. Influence of ZnO NPs on the dynamics
of abundance and photosynthetic activity
of phytoplankton

The dynamics of the phytoplankton community
abundance during long-term cultivation depending
on the concentration of ZnO NPs (10, 20, 30 and 60
ug/L) were analyzed. The obtained data demonstrate a
pronounced dose-dependent effect of nanoparticles on
the growth and development of microalgae. In samples
without ZnO NPs, a typical growth curve of microal-
gae from the logarithmic to the stationary phase was
observed, with a regular increase in abundance from
1.53 to 24.68x10% cells/mL (Fig. 1). The obtained
growth curve indicates the absence of additional limit-
ing factors under cultivation conditions, which allows
it to be used as a control.

The addition of ZnO NPs led to a slowdown in
phytoplankton growth, while the severity of the toxic
effect increased with increasing concentration of the
pollutant. At 10 and 20 pg/L ZnO NPs, the community
abundance maintained a positive trend throughout
the experiment (Fig. 1a). However, suppression of the
growth rate and a decrease in the final algal abundance
were noted, which by day 17 amounted to 60 and 21%
of the control values. At high concentrations of ZnO
NPs of 30 and 60 pg/L, up to the 10™ day of the exper-
iment, the development of acute toxic stress, critical
inhibition of cell division, and a decrease in community
abundance to 0.9 and 0.48 x 10° cells/mL, respectively,
were observed. However, further cultivation of the
microcosms under these conditions led to the recovery
of community growth. At 30 pg/L, an increase in cell
number was recorded from the 11* day of the experi-
ment, and by the 17% day the final community abun-
dance reached 2.1 x 102 cells/mL (Fig. 1b). At 60 pg/L,
the growth recovery phase began on the 14" day of
cultivation; by the end of the experiment, the cell abun-
dance was 0.84 x 102 cells/mL (Fig. 1c).

Analysis of the variability of the fluorescence
parameters Fv/Fm and rETR allowed obtaining a com-
prehensive understanding of the functioning of the
photosynthetic apparatus of phytoplankton under con-
ditions of chronic contamination with ZnO NPs. The
results are presented in Fig. 2 and 3. The Fv/Fm param-
eter reflects the maximum quantum efficiency of pho-
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Fig.1. Influence of ZnO NPs on the abundance of phytoplankton in experimental microcosms during long-term cultivation
(a). Dynamics of community abundance recovery at 30 (b) and 60 (c) pg/L ZnO NPs.

tosystem II, characterizes the potential capabilities of
the light-harvesting complex and reaction centers. In
turn, the relative electron transport rate (rETR) demon-
strates the real functional activity of the electron trans-
port chain and the coupling of the two photosystems
(Suggett et al., 2010; Murchie and Lawson, 2013). In
the control sample, both parameters maintained sta-
bly high values throughout almost the entire experi-
ment (Fv/Fm = 0.60-0.64; rETR = 0.17-0.20), which
indicates a balanced and efficient functioning of the
photosynthetic apparatus of the algae. A decrease in
the parameter values on the 15-17% days indicates the
depletion of mineral nutrition in the medium and the
transition to the stationary growth phase.

The addition of ZnO NPs caused a dose-depen-
dent inhibition of the photosynthetic activity of algae.
At the same time, both studied parameters demon-
strated a coordinated downward trend. The most pro-

nounced inhibition of photosynthetic activity of cells
was observed at 30 and 60 pg/L ZnO NPs. On the 7-8®
days of the experiment, Fv/Fm values decreased to
0.44-0.45 and 0.40, and rETR to 0.11-0.12 and 0.10,
respectively, which indicates damage to the reac-
tion centers of photosystem II and disruption of elec-
tron transport. However, during further cultivation
of the microcosms under these conditions, the photo-
synthetic activity of phytoplankton recovered. At 30
ug/L, a significant increase in Fv/Fm and rETR values
was observed from the 9% day of the experiment. By
the 14™ day, the parameter values reached 0.60 and
0.15, respectively, which indicates an almost complete
functional recovery of the photosynthetic apparatus
(Fig. 2b, 3b). At 60 ng/L ZnO NPs, recovery of both
parameters was recorded from the 14t day. By the end
of the experiment, the quantum efficiency of photo-
synthesis increased to 0.52, and rETR to 0.13, demon-
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Fig.2. Influence of ZnO NPs on the maximum quantum efficiency of photosynthesis (Fv/Fm) of phytoplankton in experimen-
tal microcosms during long-term cultivation (a). Dynamics of Fv/Fm recovery at 30 (b) and 60 (c) pg/L ZnO NPs.
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Fig.3. Influence of ZnO NPs on the relative electron transport rate (rETR) of phytoplankton in experimental microcosms
during long-term cultivation (a). Dynamics of rETR recovery at 30 (b) and 60 (c) ug/L ZnO NPs.

strating a positive trend in photosynthetic activity,
although it did not reach control values (Fig. 2c, 3c).
The synchronous recovery of Fv/Fm and rETR indicates
that the adaptation processes affect both the structural
integrity of photosystem II and the functional activity
of the electron transport chain. Thus, during long-term
cultivation in a medium with a high content of ZnO
NPs, the photosynthetic activity of phytoplankton goes
through two successive stages. The first is the phase
of acute toxic stress, which is accompanied by inhibi-
tion of primary photochemical processes and electron
transport. The second is the phase of adaptive recov-
ery, characterized by gradual reactivation of photo-
system II and resumption of the functional activity of
the electron transport chain. Together, these processes
ensure the survival of the population under conditions
of chronic contamination.

3.2. Influence of ZnO NPs on the species
composition of the phytoplankton
community

The original sample exhibited significant phy-
toplankton species diversity, with a predominance of
diatoms (69%), dinoflagellates (20%), and the cocco-
lithophore Emiliania huxleyi (Lohmann) W.W. Hay &
H. Mohler 1967 (9%). Among the diatoms, large-celled
species such as Pseudosolenia calcar-avis (Schultze)
B.G. Sundstrém 1986 and Proboscia alata (Brightwell)
Sundstrom 1986 were recorded in large numbers,
along with representatives of the genera Chaetoceros
Ehrenberg, 1844, Thalassiosionema Proshkina-Lavrenko
1955, Thalassiosira  Proshkina-Lavrenko 1955,
Cyclotella Grunow 1878, Cerataulina (Cleve) Hendey
1937, Nitzschia, and Coscinodiscus A. Grunow, 1883. In
addition, mass development of bentho-planktonic spe-
cies was observed, including Cylindrotheca closterium
(Ehrenberg) Reimann & J.C.Lewin, 1964, Nitzschia lon-
gissima (Brébisson ex Kiitzing) Grunow 1862, Nitzschia
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tenuirostris Manguin 1952, and representatives of the
genera Licmophora C. Agardh, 1827, Navicula Bory,
1822, Tabillaria, and Striatella C.Agardh, 1832. The
dinoflagellates also demonstrated considerable taxo-
nomic diversity. The most numerous were represen-
tatives of the genera Prorocentrum (predominantly
P. cordatum (Ostenfeld) J.D.Dodge 1976), Ceratium
F.Schrank, 1793 (predominantly C. furca (Ehrenberg)
Vanhoeffen 1897, C. fusus (Ehrenberg) Dujardin 1841,
and C. tripos (O.F.Miiller) Nitzsch 1817), Gymnodinium
F.Stein, 1878 (predominantly G. simplex (Lohmann)
Kofoid & Swezy, 1921 and G. wulffii J.Schiller 1932),
Glenodinium, Gyrodinium (predominantly G. fusiforme
Kofoid & Swezy 1921), Protoperidinium, as well as the
species Scrippsiella trochoidea (F.Stein) A.R.Loeblich
1976: 25. Among the coccolithophores, absolute dom-
inance belonged to Emiliania huxleyi. Cryptophytes
and small flagellated microalgae were also recorded in
small numbers in the sample. After 3 days of incubation
in the experimental microcosms of the control sample,
the species composition of phytoplankton changed
only slightly. A decrease in the contribution of large-
celled diatoms P. calcar-avis, P. alata, and Coscinodiscus,
as well as dinoflagellates of the genera Ceratium and
Protoperidinium, was noted. By day 14, these species
had completely disappeared, which is likely associated
with a decline in the availability of mineral nutrients
for the algae.

The addition of ZnO NPs led to a change in the
species composition of the algocenosis with a restruc-
turing of the structure of the dominant complexes. At
the same time, the intensity of the observed effects
increased with increasing concentration of ZnO NPs in
the medium. At 10 and 20 pg/L ZnO NPs, the commu-
nity abundance maintained a positive trend through-
out the experiment. At the same time, a decrease in
the abundance of mass planktonic species, an increase
in the contribution of bentho-planktonic forms, and
a change in the size structure of the algocenosis
toward the predominance of small-celled species were
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observed. At high concentrations of ZnO NPs of 30 and
60 ug/L, on 3¢ days of the experiment, a pronounced
decrease in species diversity was noted. An almost com-
plete disappearance of dinoflagellates and planktonic
chain-forming diatoms was noted. By the 14® day, the
species composition of phytoplankton was represented
by only a few species. Absolute dominance in the micro-
cosms belonged to bentho-planktonic forms of diatoms
of the genera Licmophora, Navicula and Nitzschia. In
small numbers, the planktonic species Pseudo-nitzschia
delicatissima (Cleve) Heiden 1928 and the coccolitho-
phore E. huxleyi were recorded. Based on the obtained
results, it can be concluded that the observed recovery
of community growth at high concentrations of ZnO
NPs occurs due to the growth of a limited number of
tolerant species capable of withstanding a high level of
toxic load.

4. Discussion

The data obtained in this work indicate that the
acute toxic response of the phytoplankton community
to high concentrations of ZnO nanoparticles is not irre-
versible. By the 8th day of the experiment, a recovery
of the total abundance and photosynthetic activity of
the algocenosis was observed, indicating the activation
of adaptive mechanisms at both the population and
community levels.The recovery can be explained by
two groups of factors. Firstly, over time, aggregation,
sedimentation, and transformation of the nanoparticles
themselves occur in the culture medium, which reduces
their toxic effect (Peng et al., 2011). Secondly, and this
appears to be more significant, a directed restructuring
of the species structure of the community takes place:
sensitive forms are replaced by tolerant ones capable of
withstanding high levels of toxic stress.

An analysis of the species composition of the
experimental microcosms showed that the greatest
resistance was exhibited by bentho-planktonic species,
small-celled planktonic diatoms, and the coccolitho-
phore Emiliania huxleyi. The revealed tolerance of these
groups has a complex physiological and biochemical
basis. The key defense mechanisms include: activa-
tion of the enzymatic antioxidant system that neutral-
izes reactive oxygen species induced by nanoparticles
(Fazelian et al., 2019; Rezayian et al., 2019); produc-
tion of extracellular polymeric substances that create a
physical barrier and bind toxicants on the cell surface
(Naveed et al., 2019; Chen et al., 2019); as well as struc-
tural features of the cell wall that determine its per-
meability to pollutants (Sendra et al., 2017). For ben-
tho-planktonic forms, an additional protective factor is
the abundant secretion of extracellular polysaccharides
necessary for colonial existence (Moreno-Garrido et al.,
2003). In E. huxleyi, calcium coccoliths appear to serve
as a barrier, which is consistent with their previously
described protective function under exposure to heavy
metal ions (Solomonova et al., 2022).

Thus, the adaptive potential of the algoceno-
sis is realized through a shift in dominants in favor of
ecologically more plastic, but generally small-celled,
forms. However, it is precisely this restructuring, which
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ensures the survival of the community under conditions
of chronic pollution, that has profound ecological con-
sequences, since it affects not only the taxonomic struc-
ture but also the functional organization of the entire
pelagic community.

The key consequence of such restructuring is a
reduction in the contribution of large-celled microal-
gae (e.g., Coscinodiscus, Thalassiosira) to the total phy-
toplankton biomass. This change is fundamentally
important because large diatoms perform unique eco-
system functions that cannot be compensated by small-
celled species. Firstly, large cells serve as preferred food
for copepods—the main filter-feeders of zooplankton
(Gosnell et al., 2021)—whereas small pico- and nano-
phytoplankton are inaccessible to them and are con-
sumed primarily by microzooplankton, redirecting the
energy flow into the microbial loop. In this case, a sig-
nificant portion of organic carbon is lost through respi-
ration, failing to reach higher trophic levels (Pomeroy
and Wiebe, 1988; Wichard et al., 2007; Bulion, 2019).
Secondly, large diatoms are the primary producers of
long-chain polyunsaturated fatty acids, in particular
eicosapentaenoic acid (EPA), which is critically import-
ant for the growth, development, and reproduction of
zooplankton and juvenile fish (Taipale et al., 2020;
Fenyova et al.,, 2022). A reduction in the biomass of
large diatoms leads to a deficiency of these essential
lipids in the ecosystem, which negatively affects the
survival of higher-order consumers. Thus, the replace-
ment of large-celled species by small forms triggers a
trophic cascade, leading to the impoverishment of the
food web and a decline in its productivity.

The recovery in total cell abundance observed in
the experiment is not equivalent to the restoration of
ecosystem structure and functions. As shown previously
(Baert et al., 2016; Stockenreiter, 2025), a reduction in
species diversity decreases the community’s resistance
to additional stressors and undermines its capacity for
self-regulation. In our case, the simplification of species
structure in favor of small-celled tolerant forms means
that the community retains quantitative indicators but
loses qualitative ones—the ability to maintain efficient
energy transfer and essential lipid supply to higher tro-
phic levels.

In summary, it can be concluded that the phyto-
plankton community demonstrates the ability for com-
pensatory recovery of abundance after acute toxic stress
caused by ZnO nanoparticles. However, this compensa-
tion is achieved at the cost of simplification of species
structure, replacement of large forms by small ones,
and depletion of functional diversity. The obtained
results are consistent with a fundamental ecological
principle: the resilience of dominant species does not
guarantee the stability of the ecosystem, and quantita-
tive recovery of biomass does not compensate for the
qualitative degradation of the community. In the long
term, such restructuring leads to a decrease in the buf-
fer capacity of the ecosystem and its production poten-
tial, which must be taken into account when assessing
the risks of chronic pollution of marine waters by metal
nanoparticles.
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5. Conclusion

The results demonstrate the complex nature of
the phytoplankton community response to ZnO NPs
contamination. Concentrations of 10 and 20 pg/L exert
a moderate inhibitory effect on the phytoplankton com-
munity. Suppression of growth rate and photosynthetic
activity, a decrease in the final algal abundance, and
simplification of the species structure are noted. At
the same time, the community abundance maintains a
positive trend. ZnO NPs at concentrations of 30 and
60 pg/L exert an acute toxic effect on phytoplankton.
However, the ability of the community for adaptive
recovery due to restructuring of the species structure
with the dominance of a small number of tolerant spe-
cies capable of withstanding a high level of toxic load
has been revealed. The ability of the community to
survive under conditions of chronic contamination is
achieved at the cost of simplification of its structure,
which leads to a loss of stability and self-regulation
and, in the long term, reduces the production potential
of the ecosystem.
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Aonrocpounbie 3¢pPpeKTbl BO3AeUCTBUA
HAHOYAaCTHUL, OKCHAA LUHKA HA OCEHHUM
duTonrnaHkToH YepHoro mopsa

[ITIoman H.}O.*, ConomonoBa E. C., AkumoB A.H.

DedepanbHoe eocydapcmaeHHoe 6100dcemHoe yupedcOeHue Hayku PedepatbHelii uccsredogamestbekull yeHmp “HHcmumym 6uostoeuu
101cHbIX Mopeli um. A.O. Kosatedckoeo Poccutickoti akademuu Hayk”, Ceaacmono.ts, Poccus

AHHOTALUA. Illupokoe mprMeHeHKHe HaHouyacTUll okcuga nuHka (ZnO HY) B X03A1CTBEeHHOU Jes-
TeJIbHOCTH YeJIoBeKa JejlaeT akTyaJIbHbIM BOIIPOC OIIeHKH UX BJIUSAHKA Ha OKPYXalollylo cpeay. B npen-
cTaBjieHHON pabore ucciaefgoBayioch BauAHUA ZnO HY (10-60 MKr/j1) Ha 4epHOMOPCKUI (PUTOIIaH-
KTOH IIpU JINTEJIbHOM KYJIbTUBUPOBAaHUU (17 CyTOK) B YCJIOBUAX dKCIIEPUMEHTAJIbHBIX MUKPOKOCMOB.
YcTaHOBJIeH 10303aBUCUMEIN 3G@deKT BO3AeNCTBUA HAHOYACTUI] Ha POCT M (QYHKIMOHAJIBHOE COCTOS-
Hue ¢GuTolIaHKTOHa YepHOro MOps B oceHHUM nepuod. BHecenrne ZnO HY npuBoansio K MHT1OHUpoBa-
HUIO poCTa, POTOCUHTETUYECKON aKTUBHOCTU 1 CHIXKEHHIO BUAOBOr0 pasHOoOpa3usa (GpUTOIIaHKTOHA.
ITpu 10 u 20 Mxr/n1 ZnO HY uncyieHHOCTh cO00IecTBa COXpaHia MOJIOXUTEIbHYI0 AMHAMUKY. OJTHaKO
OTMeueHO [I0JjaBjieHle CKOPOCTU POCTa U CHIKeHNe KOHEeYHOH YK CJIEeHHOCTH Bogopociel Ao 60 u 21%
OT KOHTPOJIbHBIX 3HaueHuH. [Ipy 3ToM HabJII04aioch CHIDKEeHNe YUCIEHHOCTH MaCCOBBIX IIJIJaHKTOHHBIX
BU/IOB, yBeJIMUeHNe BKjajla OeHTO-IJIaHKTOHHBIX (GOpM, N3MeHeHle pa3MePHOU CTPYKTYPHl ajbroie-
HO3a B CTOPOHY IpeobJiafaHuA MeJKOKJIeTOYHbIX BUuAO0B. [Ipu 30 u 60 mkr/in ZnO HY Ha HavyajapHOM
JTamne 5KCIepuMeHTa OTMeYasioch pa3sBUTHE OCTPOr0 TOKCUYECKOro cTpecca, yrHeTeHre GOTOCUHTETH-
YeCcKOM aKTMBHOCTU U AeJIeHWA KJIETOK, CHIDKEHHe YMCJIEHHOCTH coobmiecTBa. OgHAaKo JaJjibHeliliee
KyJIbTUBHPOBaHNE MUKPOKOCMOB B 3TUX YCJIOBUSAX IPUBOAMJIO K BOCCTAHOBJIEHHUIO pOCTa COOOIIecTBa
3a cyeT IepecTPONKU BUAOBOM CTPYKTYPHEl C MOCJIEOYIOUMM AOMUHHUPOBaHKEM HeOOJIBIIOTO YHCIIa
TOJIEPAHTHBIX BUJIOB (IIperMyI[eCTBeHHO OeHTO-IIJIAHKTOHHbIE (POPMEI JUAaTOMOBBIX BOAOPOCIEH, KOK-
kosiutodopuasl Emiliania huxleyi), ctocOGHBIX BHIIEPXKUBATH BEICOKUI YPOBEHD TOKCUYECKOU HArPY3KHU.
TakuMm ob6pas3oM, (GUTOMIAHKTOHHOE COOOMIECTBO CIOCOOHO BOCCTaHABJIMBATHL CBOK YKWCJIEHHOCTb U
(pOoTOCHMHTETHYECKYI0 aKTUBHOCTDH IIOCJIE OCTPOr0 TOKCHMYECKOoro crpecca. OgHAKO COCOOHOCTH COOO-
IIeCTBA BBDKUBATh B YCJIOBUAX XPOHUYECKOr'0 3arps3HeHNs AOCTUraeTcs [[eHOH YIPOILIeH!s ero CTpyK-
TYPHI, 4TO BeZeT K MoTepe CTabUIbHOCTH, CAMOPETYJIALNY U B [IePCIEKTUBE CHIDKAET NPOAYKIMOHHBINI
MOTEHINAJI S5KOCUCTEMBI.
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1. Beepenne PVIOT CIIOCOGHOCTh K COXpPaHEHUIO KU3HECTIOCOOHOCTU

Jlae B YCJIOBUSX 3HAYUTEJIBHOTO BHEIIHETO BO3MAEH-
crBus (Ebenman et al., 2004). Coob11iecTBO CIIOCOOHO
n36exaTh OJTHOTO NCYE3HOBEHUS B Cpejie, M3HAYAJIbHO
HENpUrogHOMW [Jig ee CyllecTBOBaHHA, Ojaromaps
(beHOTHMITMYECKON TJIACTUYHOCTU WJIA T€HETUYECKUM
M3MEHEHUAM, MOBBIIIAIIAM TOJIEPAHTHOCTh K CTPEC-
copy. KimioueBbIM MPHU3HAKOM TAaKON afamTalUM CITy-
XUT TEPeXo[ OT COKpalleHUs YHUCIIEHHOCTU K YCTOH-
YMBOMY POCTY TPH COXpAaHEHUM HeOJIaronpuATHBIX

CoBpeMeHHas 3KOJIOTHS CTAJIKUBAeTCs C BBI3O-
BOM OecIpenieJcHTHOTO COKpalleHus OnopasHooOpa-
31, BBI3BAHHOT'O KOMILIIEKCOM aHTPOMOTeHHBIX (PaKTo-
poB (Hald-Mortensen, 2023). CHUXeHHE YMCIEHHOCTU
MOMyJIAIMN M MCYe3HOBEeHHe BUJOB BeAYyT K Jierpajia-
UM 3KOCUCTEMHBIX (PYHKLUHN, YTO CTABUT IOJ] YIPO3y
CTabMJIBHOCTD IPUPOAHEIX coobmmecTB. OQHAKO B HEKO-
TOPBIX CJIy4Yasx OMOJIOTMYecKUe CUCTeMBbl JeEMOHCTpPU-
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

ycioBui cpensl (MnatoBa u ap., 2015; Morrissey et al.,
2015; Yang et al., 2021; UmaToBa u Jlasapesa, 2022).
MexaHU3MBl afanTallui K HeOJIaronpUATHBIM
YCJIOBUAM POCTa Ha YpOBHE OTJEJIbHBIX BHIOB JOCTa-
ToyHO xOopomo usydeHsl (Low-Décarie et al., 2015;
Wang et al., 2025). B To BpeMs KaK MeXaHU3MBI, o0e-
crieyyBaloliye BbDKMBaHNE MHOTOBUAOBEIX COOOIIECTB,
nccyefoBaHel cjabo. CorjiacHO JMTepaTypHBIM [aH-
HBIM, KJII0YeBBIMU (pakTOpamy, IOBHILAIIINMU Bepo-
ATHOCTb aJjalTalliy K CTPECCOBBIM YCJIOBUAM, CITyXKaT
BBICOKAasg MCXOAHAsA 4YMCJIeHHOCTh mnomyyAanuu (Low-
Décarie et al., 2015; Cherabier and Ferriere, 2022) u
npejliecTBylollasa ajantanus K cy0JeTaabHBIM KOH-
neHTpanuaM 3arpsAasHutesia (Shoman et al.,, 2024;
2025). IlepBriii paKTOp CHUXKAET PUCK CTOXACTUYECKON
rubesy B KpUTUYECKUI [epHUOJ] CHIDKEeHUA 4KCJIeHHO-
CTU, BTOPON — CHOCOOCTBYyeT HaKOIJIEHUIO YCTONYU-
BBIX TeHOTHIIOB U (PEHOTHUIIOB, IOArOTaBJINBasA MOy JIA-
LU0 K HeOJIaronpruaTHOMY BO3/IeliCTBUIO B OyAyIeM.
B KOHTekcTe COBpEeMEHHBIX 35KOJIOTMYeCKUX
yrpo3 ocoboe BHHMaHNe IPUBJIEKAIOT HAHOYAaCTHULBI
okcyga nuHka (ZnO HY), mupoko ucnosib3yeMble B
IIPOMBINJIEHHOCTH U NoTpebuTesibckux ToBapax (Hou
et al., 2018b; Ghaffari et al., 2019). [Tonazgas B BOAHYO
cpenly, 3TH YaCTHUIIBI OKA3bIBalOT TOKCHYECKoe JelicTBIe
KakK 3a cueT BbIAeJIEHHWA MOHOB I[MHKA, TaK U BCJeMd-
CTBHE IIPAMOIO KOHTaKTa C KJIeTKaMH BOJOPOCJIEH,
BBI3bIBasA OKUCJIMTEJIBHEIH CTpPecc U MOBpeXxaeHnue MeM-
6pan (Manzo et al., 2013; Suman et al., 2015; Shoman
et al., 2024). UepHOMOpCKUI 6acceiiH MOABEPXKEH 3HA-
YNTEeJIbHOYM aHTPOIOTeHHOH Harpyske, U (UTOILIAH-
KTOHHBIe coobmiecTBa YepHOro Mops, OTJIMYaOLIecs
BBICOKMM BHJOBBIM pasHooOpasueM, ABJIAIOTCA YyB-
CTBUTEJIbHBIM MHUKAaTOPOM MOAOOHBIX 3arpA3HeHUI.
BaxxHo oOTMeTUTb, YTO CTaHAApTHblE KpaTKO-
CpOYHBIE 5KOTOKCUKOJIOrhuueckre TecTsl (72-96 yacoB)
UKCHUPYIOT JIUIIb OCTPYI0 TOKCMYHOCTb M HeMeJJIeH-
HyI0 peakiuio Bupaa/cooliiectBa Ha crpecc. OHU He
[I03BOJIAIOT OLIEHUTh AOJITOCPOYHBIE IIpOLlecchl afal-
Tanuy, CMeHB AOMHHUPYIONMX BHIOB WJIW 3BOJIIO-
LHOHHbIE H3MeHeHMsA, KOTOpele TpeOylT BpeMeHHU.
OueHka aJanTHUBHOIO IMOTeHNOMasia coobIiecTBa BO3-
MOXHa JINIIb B YCJIOBUAX JJINTEJIbHOIO 3KCIIePHUMEeHTa,
IIOCKOJIBKY IIPOLeCCHl IIepecTpPOMKU BHUAOBON CTPYK-
Typel B MOJIb3Y TOJIEPaHTHBIX (OpM, 3aKpelieHus
MOJIE3HBIX MyTaluil M aKTHUBaIlMM 3alllUTHBIX (U3HO-
JIOTUYeCcKUX MeXaHu3MoB TpebyoT BpeMmeHu (Ingrisch
and Bahn, 2018). YueT BpemMeHHOro (akTopa npubJiu-
’kaeT JlabopaTOpHBIe MOJeJIU K peasbHBIM ClieHapUusaM
XPOHUYECKOro 3arpsA3HeHus, Ie Npolecch ajanTaiun
WUrparoT KJII0YeBYIO0 POJIb.
B cBA3u ¢ 3TUM LieJiblo HacTosAmel paboThl ABJIA-
Jlach OlleHKa A0JITOCPOYHOr0 afanTalliIOHHOT'0 OTKJINKA
YepHOMOPCKOro (UTOIUIAaHKTOHA Ha BO3JelCTBUE
HaAHOYACTUI] OKCHJA LMHKA pa3HOH KOHIeHTpaluu.
JmuTenpHBIN SKCIIepUMeHT I03BOJIUT OXapaKTepH3o-
BaTh M3MEHEHUsA YHCJIEHHOCTH, (OTOCHUHTETHYeCKOMH
aKTHMBHOCTU U BUAOBOM CTPYKTYPHI COOOIleCcTBa B 3aBU-
CHMOCTHU OT ypOBHS TOKCHYECKOH Harpysku U oIpe-
JeJUTh Auana3oH yCJIOBUH, B KOTOPOM COXpaHseTcA
YCTOMYHUBOCTH cOOOIIecTBa K JaHHOMY BO3elCTBUIO.
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2. MaTepuanbl H MeTOAUKA UCCAEAOBaHUMH
2.1. OT60p ¥ nepBuuHan obpaborka npo6

[Tpo6b MOpPCKOU1 BOABI OTOMpaIM U3 IOBEpPX-
HOCTHOTI'O CJIOSl Ha CTaHILUM, PacloJIoXKeHHO! Ha ceBa-
CTOIIOJIbCKOM B3MOpbe Mexay OyxTamu KapaHTuHHas
u Cesacronosnbckaa (CeBacromosb, YepHoe Mope,
44°38’ c.m., 33°33’ B.A.) B okTsA6pe 2025 roga. OT6op
npo6 mnpoBoAusiu B 10-IUTPOBBEI IOJIMKAapOOHAT-
HBINT 6ak. DUTOILUIAHKTOHHOE COO0OIIeCTBO B OKTOpe
xapakTepusyercsi OOJBIIMM BHJOBBIM pa3HOOOpa-
3ueM, uTo 00ycJIOBJIMBaeT BHIOOp AAaHHOIO Iepuoja B
KauecTBe Haubosiee OJIaronpUATHOrO AJIs IOCTaHOBKU
MOJIeJIbHBIX ~ TOKCHKOJIOTUYECKHX  OKCIIepUMEeHTOB.
Temneparypa BoAbl B MOMEHT oT6opa Ipob cocTas-
Jisa 18°C. I'HTeHCUBHOCTh (POTOCHHTETHUYECKH aKTUB-
Houl pamuarnuu (DPAP), mocrurarmmieil MOBepXHOCTU
Mops, coctaByisuia 31 +2 D m? fenp”. 3Hauenuss GAP
[IOJIyYeHbl U3 CIyTHUKOBBIX HaOJIIOIeHUH, B3ATHIX U3
https://oceandata.sci.gsfc.nasa.gov.  KoHueHTpaiuu
HeopraHmnyeckoro asora u ¢ocdopa B BoAe COCTaBIIAIN
2.4+0.29 mxmosb/a u 0.42+0.03 MKMOJIB/JI COOTBET-
cTtBeHHO. CojiepxXaHKe HeOpraHWYeCKuX COeAUHeHUN
azora (NO,*+NH**) u ¢ocdopa (PO,*) onpenensanu
M0 MeTOoJuKaM, MoApoOHO omucaHHbBIM B (Grasshoff
et al., 1976) (mpuBedEHHbIE AAHHBIE MpPEICTABJIEHBI
HCKJIIOUNUTEIbHO [JIA XapaKTepUCTHUKU KCXOAHBIX
TUAPOXUMHYECKUX YCJIOBUN B MecTe 0TOopa Mpob u He
AIBJIAIOTCA NIpeIMEeTOM yIIyOJIEHHOI0O aHain3a B HacTo-
Ameil pabore). Cpa3sy nocjie orbopa 06pasisl MOPCKOH
BOJBI JIOCTaBJIANN B JlabopaTopuio, riae GujibTpoBaIn
yepe3 HeilsioHOBBIN GuiabTp (300 MkM) AJiA yAajieHUusA
Me30300IJIaHKToHA. [Tocsie aToro npoBoAusy NMepBUY-
HBII aHaIu3 Npoo6: onpejesieHNe YMCIeHHOCTH KJIETOK,
(QyHKIIMOHATIBHOTO COCTOSIHUA (HOTOCUHTETUYECKOTO
annapata, Mmetogom PAM ¢iyopumeTpun U BUOOBOTO
coctaBa GUTOIJIAHKTOHA.

2.2. TOKCHMKOAOrMYECKHUHN TEeCT

B kauvectBe TokcukanTa ZnO HY (Sigma-Aldrich;
qyucTtoTa =99.8%, CIIIA). PaGoune pacTBOpbl FTOTOBUIN
JyclieprupoBaHyieM HaHOYaCTULl B 1IeMOHU3HPOBAaHHOMN
Bofle. HenocpeacTBeHHO Iepe]l MCIIOJIb30BaHUEM MAJIA
JOCTUXXKeHUs TOMOTeHHO! AUCIIepCUM PacTBOPHL obpa-
6aTbiBajIM YJIbTPA3ByKOM B TeUeHHe OJJHOI'O JYaca B yJib-
TPa3BYKOBOMH BaHHe «Sapphire» (Kuraii). HaHouacTuIis
nmesin cepruueckyno Gopmy, CpeJHUN pa3Mep COCTaB-
a1 84 uM (quamnazoH — 54-117 um). JleTaJibHOE OIU-
canue xapakrepuctuk ZnO HY, BxioYas pAaHHBIE
3JIeKTPOHHOU Mukpockonuu u JJ[C-aHanusa, a Takxe
Ipoleaypy MNpPUTrOTOBJIEHWS HWCXONHBIX pacTBOPOB,
6bU10 omybJinkoBaHo paHee (Shoman et al., 2024).

TokcuKoJiornueckuil TecT NPOBOAWIICA IIyTeM
CO3[1aHNsA MCKYCCTBEHHBIX MOJEJIbHBIX MUKPOKOCMOB
asproreHosa. J{yis sToro uccjaegyemyio oTGuIbTPOBaH-
HyI0 MOPCKYI0 BOAY IIePEHOCUJIN B CTEeKJIAHHBIE KOJIObI
o6beMoM 250 MJI 1 106aBJIsUIN PaCTBOPHI TOKCUKAHTOB
B KoHIeHTpauuu 10, 20, 30 u 60 Mkr/j1. HoMuHanbHbIe
KOHIIeHTpaI[i TOKCUKAHTOB ObLIN BBIOpaHBI Ha OCHO-
BaHUU Pe3yJIbTaTOB COOCTBEHHBIX INpeJBapUTEe/IbHBIX
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rccjieJloBaHu 00 UX TOKCHMYeCKOM BJIMAHUMN Ha QuUTo-
wiaHkToH (Shoman et al., 2025). O6pa3up 6e3 106aB-
JleHVs TOKCHKaHTOB ObIM HMCIOJIb30BaHBI B KayecTBe
koHTpoJiA. Ilocsie fobaByieHNsA TOKCUKAHTOB SKCIEpH-
MeHTaJIbHble MUKPOKOCMEI KyJIbTUBHPOBAJIX B HAKOIIH-
TeJIbHOM peXuMe B TedeHUe 17 CyTOK, YTO II03BOJIUJIO
OLIeHUTb JoJirocpouHble 3ddekTel Bo3gelicteua HY
Ha cooOmecTBo ¢uTomiaHkToHa. HKy0OaIuo MUKpO-
KOCMOB IPOBOAWJINA BHYTPU XOJIOOWUJIBHOM BUTPHHEL,
000pyIOBaHHOM CBETOAUOAHBIM HCTOYHUKOM CBETa.
B xonme oskcreprMeHTa B KaMepe MOAAepXHBajlach
Temnepatypa 18°C, ocBemenHocth 31 O ™M? cyTl,
CcBeTO-TeMHOBOU pexuM 11:13 u. J[o6aBkU mUTaTEb-
HOM cpefpl He BHOCHJIMCH. 3afjaHHBle abuoTHyecKue
yciaoBuA OBUIM aHaJIOTUYHBL 3aUKCHUPOBAHHBIM Ha
MOMeHT oTbopa npob BoAsl. Kaxnapili BapuaHT 3KcIie-
puMeHTa AyOsupoBaicad B 3 MOBTOPHOCTAX. IIpoObl
U1 nuToMeTpudeckoro 1 PAM-¢uyopuMeTpryeckoro
aHasu3a OTOMpaJiCch Ha NMPOTHKEHUH BCEro dKCIlepu-
MEeHTa eXeCcyTO4YHO, 3a UCKJII0UeHNEeM BBIXOAHBIX AHEN.
OmnpefesieHre JOMUHHPYIOIIUX BUIOB MUKPOBOAOPOC-
Jey npoBoAusiu Ha 3 U 14 cyTku nocJjie BHeCeHUs TOK-
cukaHToB. [lepBas BpeMeHHAA Touka (72 4) sABJAETCSA
CTaHAAPTHON [JIA SKOTOKCHKOJIOTUYECKUX MCCIeo-
BaHUU U peKOMeHJ0BaHa JJIA OLeHKU OCTPON TOKCHY-
HOCTH NOJUTIOTAaHTOB. BTopas Touka (14 cyT) BeiOpaHa
Ha OCHOBaHUM IIpe[BApUTEJIbHOIO aHaJIu3a JUHAMUKU
pocTa: UMeHHO K JaHHOMY CPOKY B dKCIIepUMeHTaJlb-
HBIX BapuaHTax ¢ Jo0aBjieHMeM TOKCHUKaHTa (UKCH-
pyeTrcsa ¢asa BOCCTAHOBJIEHUA MOIYJIALIMOHHON 4YuC-
JleHHOCTU (MogpoOHO cM. pasfesl «Pe3ynbTaThl»), 4TO
[I03BOJIAET OXapaKTepu30BaTh JOJTOCPOYHEIE MOCTeN-
CTBUA BO3JIEHCTBUA U Pe3UCTEHTHOCTh YepPHOMOPCKOTO
puTOnIIaHKTOHA.

2.3. AHaAMTMYEeCKHEe MEeTOAbl.

YucrieHHOCTh  (QUTOIUIAHKTOHA  ONpelesisain
¢ nomompi nporoy”Horo nuroMerpa MACS Quant
Analyzer flow cytometer (Miltenyi Biotec, Germany),
pacrosyio)keHHOro B lleHTpe KOJIJIEKTUBHOI'O II0JIb-
30BaHuA «CrekTpomeTrpus U xpomartorpadpus» OUL]
WHBIOM. CoobijecTBo (PUTOIUIAHKTOHA BBIJEJIAIN
MeTOJOM TeWTHHra Ha [ABYMEpPHBIX IHUTOrpaMMax,
IIOCTPOEHHBIX B Oe3pa3MepHBIX JiorapupMUuecKux
mKasjax, no npamoMy cBeropaccesHuio (FS) u aBro-
dyopecueHiiun xJsiopodusyia B KpacHOU obJacTu
crekrtpa (xaHan FL4, 675 um). [lnsa obpaboTku naH-
HBIX HCIIOJIb30BaJId IporpaMMHoe obOecrieyeHue FSC
Express 7 Research Edition.

Jna omnpeneneHus JOMUHHPYIOIIMX BUIOB
MUKPOBOAOPOCJIEN B UCXOQHOM pobe PUTOIIaHKTOHA
(cpasy nocJjie orbopa) BoAy Crymiaju MeToAoM obOparT-
Hoil ¢ubTpanuu 4epe3 buwibTpel Whatman GF/C c
auaMeTpoM mop 1.2 MkM. B xome skcnepuMeHTa (Ha
3-u u 14-e cyTkHN) U3 THIATEJIBHO MepeMellaHHBIX JKC-
NepUMeHTaJIbHBIX 00pas3loB OTOMpajyu aJMKBOTY U
ocaxnanu KieTku ueHTpudyruposanueMm npu 1000
00./MuH. [loyiydeHHBII 0CaJOK MHUKPOCKONMPOBAJIU.
JlomuHupylomye BUAB HAeHTUPUIMPOBAIN C UCIOJIb-
3oBaHueM Mukpockoma Mikmed-6 (LOMO, Poccus) ¢
yBenuueHueM X 1000, ocHameHHoro nudpoBoil kame-
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poit MS-8.3C (LOMO, Poccus) u nporpaMMHBIM 00e-
crievenrieM MCVeiw (LOMO-Microsystems, Poccus).
WpenTudukanuio BUAOB NPOBOAWJIA C HCIIOJIb30Ba-
HueMm onpenaenutesied (Identifying..., 1996) u unTep-
HeT-pecypca AlgaeBase (Guiry and Guiry, 2025).

H3mepenue ¢JiyopeclieHIMN NUTMEHTHOIO KOM-
IJlekca BOJOpOCJell MNpOoBOOWJIM Ha GJiyopumerpe
«Mera—-25mM» ¢ UMITyJIbCHOM MOJYJIAIMeil Bo36yxaaro-
I[ero cBera Ha [jimHe BoJiHE 455 HM (OOO «I'eHHasa u
KJIeTOYHasA Tepanus», Poccus) (Pogosyan et al., 2009).
Omnpepenenue Bcex GyopeclieHTHHIX [TapaMeTpoB MIPo-
BOIWJIA B KpacHOM 00J1acTU CIeKTpa Ha JJIHEe BOJIHBI
680 M. Ilepen namepeHueM npoOHl BeIAepXUBaIUd 15
MHHYT B TeMmHoOTe. [locje mepuoja TeMHOBOM afal-
Tauuyu nusMepsanu napaMmerpsl Fo u Fm, raoe Fo — Benu-
yyHa (uyopecleHIU XJI0poduiiia a NpyU OTKPHITHIX
PeaKI[MOHHBIX LIeHTpaX, u3MepeHHas yepe3 2,5 MKC OT
HayaJia OOJIy4eHUs ¢ MHTeHCUBHOCThI0O 5000 MKMOJIBb
doton/(m? c) (vacToTa umIyibcoB 16 T'ty); Fm — Makch-
MaJibHasA (¢JiyopeclieHIUA XJI0poduiyia a Ipu 3aKpHl-
THIX peaKI[MOHHBIX LIeHTpaX, u3MepeHHas depe3 1 ¢ oT
HayaJia OOJIy4eHUsA ¢ MHTeHCUBHOCThI0O 5000 MKMOJIb
doton/(M? ¢) (qacTora ummysbcos 80 I'my).

OTHOCHUTEJIbHYI0 BapuabesibHyI0 (JiyopecleH-
nuio  (Fv/Fm), XapakTepusylollyl0 MaKCHUMaJIbHYIO
KBaHTOBYI0 3()(eKTUBHOCTh UCNOJIb30BAHUA CBETOBOM
SHEepruu, pacCUYuThIBaIU 110 GopMyJie:

Fv _ Fm-Fo
Fm Fm

Bennunny rETR mnpu onpefesieHHONM WHTEH-

CHBHOCTU IIOCTOSIHHOTO cBeTa [ paccuuTeiBajId IO

dopmyuJie:

B

M. 1-0.002,
m

rETR =

rae Fm’ — MakcuMaJibHBIN BbIxo[ (JIyopecLieHIIUU XJI0-
poduiiia a B ycJI0BUAX OCTOAHHOIO OCBeleHus; Fo’ —
MHHHMaJIbHBIN BbIXo[ dJiyopeclieHIIU XJIopoduiia a
B YCJIOBUAX NOCTOAHHOrO ocBelfenus; 0.002 — uHcrpy-
MeHTaJIbHBIN K03 duneHT piryopomerpa Mega-25m.

Cratucrtuueckass o6paboTka MaHHBIX BBINOJI-
HAJIACh C MCIOJIb30BaHUEM CTaHAAPTHBIX IIpOrpaMM-
HBIX 1MakeToB «Microsoft Excel 7.0» (Microsoft Office),
«Grapher-16» (Golden Software). 3HaueHus, MPeCTaB-
JleHHble Ha rpadukax U B Tabsulle, NpeACTaBJIAIOT
coboil cpenHee apudmeTnUecKoe Tpex U3MepeHUN.
[Inmanku mnorpemHocTell 0603HAYAlOT CTaHOAPTHBIE
OTKJIOHEHHsA OIMCaHHBIX 3HayeHuil. JIoCTOBEpHOCTh
pas3nyuuil Mexay BbIOOpKaMU OLIEHHBAJIM C IOMOIIbIO
kputepus Treioku (Tukey HSD test) mpu ypoBHe 3Ha4H-
mocTtu p<0.05.

3. Pe3ynbTarthbl

3.1. Bananme Zn0O HY Ha pAMvHaAMUKY
YUCAGHHOCTH U OTOCHUHTETHUECKYIO
AKTUBHOCTb PUTONAAHKTOHA

[lpoananu3upoBaHa [OUHAMMUKA YHCJIEHHOCTU
(uTONIAHKTOHHOrO coolllecTBa MpU JJIUTEJIbHOM
KyJIbTUBUPOBAaHUY B 3aBUCHUMOCTH OT KOHIEHTpa-
[ HAHOYaCTUI[ OKcuja IuHKa. [losyueHHble HaH-
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Hble JeMOHCTPHUPYIOT BBIpaXEHHBI [0303aBHUCHUMBIIN
3ddeKT Bo3IelicTBYA HAHOYACTUI Ha POCT U pa3BUTHE
MuKkpoBogopocyei. B npobax 6e3 ZnO HY nabmona-
Jjlach TUIMYHasg KpuBas pocTa MHUKPOBOJOPOCJEH OT
JorapupMuueckoil A0 CTallOHapHOH (a3l ¢ 3aKOHO-
MEpHBIM yBeJIMYeHUeM YUCIJIeHHOCTHU OT 1.53 no 24.68
ThIC. KJleToK/MJ (Puc. 1). [TonmydeHHass KpuBas pocTa
CBUJIETeJIbCTBYeT 00 OTCYTCTBHU JIOIOJHUTEJIbHBIX
JMMUTUPYIOIUX ($AaKTOPOB B YCJIOBUAX KYJIbTUBUPO-
BaHWsA, YTO IIO3BOJIAET MCIIOJIb30BATh €€ B KayecTBe
KOHTPOJIA.

Buecenue ZnO HY npuBoguio K 3aMesIeHUIO
pocTta GUTOIIAHKTOHA, IIPY 3TOM BBIPaXXE€HHOCTb TOK-
crueckoro s¢dexra ycuamBajiach IpU yBeJIUYEHUU
KoHLleHTpauuu nosunoradTa. [Ipu 10 u 20 Mxr/a1 ZnO
HY uncieHHOCTH cooOIIecTBa CoXpaHsia MOJI0XKUTeIb-
HYI0 AVHAMUKY Ha NPOTSKEHUU BCETro 3KCIIepUMeHTa
(Puc. 1a). OgHako OTMeYeHO IoAaBJieHHEe CKOPOCTU
pocTa M CHHXXeHMe KOHEeYHOU YHMCJIEHHOCTH BOAOpOC-
e, kotopasa K 17 cyrkam coctassia 60 u 21% ot
KOHTPOJIbHBIX 3HauyeHuil. [Ipu BBHICOKMX KOHIIEHTpa-
muax ZnO HY 30 u 60 mkr/n go 10 cyTok skcnepu-
MeHTa OTMEYasIoCh pa3BUTHE OCTPOr0 TOKCUYECKOI'O
cTpecca, KpUTUYeCKOe yrHeTeHue [eJIeHUs KJIETOK U
CHUXXEHMEe 4YMCJIeHHOCTH coobmectBa 10 0.9 u 0.48
ThIC. KJI./MJI COOTBeTCTBeHHO. OJHaKo AajibHellllee
KyJIbTUBUPOBAaHWE MHUKPOKOCMOB B 3THUX YCJIOBUAX
NPpUBOJMJIO K BOCCTAaHOBJIEHMIO pocTa cooOIlecTBa.
ITpy 30 MKT/J1 pOCT YMCIa KJIETOK 3aperucTPUpPOBaH C
11 cyToOK 3KCcIIepuMeHTa, a K 17 cyTkaM KOHeuyHas 4uc-
JIEHHOCTb cooOmiecTBa gocTurjia 2.1 ThIC. KJIETOK/MJI
(Puc. 16). ITpu 60 mkr/n ¢asa BocCTaHOBJIEHUS pocTa
HacTynuja Ha 14 cyTKu KyJbTUBUPOBAHUsA, K KOHIY
JKCIIepUMEHTAa 4YMCJIEHHOCTh KJIeTOK cocraBuia 0.84
ThIC. KJI./MJI (Puc. 1B).

AHanu3 U3MeHYNBOCTU (QJIyOpecClieHTHBIX Napa-
meTpoB Fv/Fm u rETR 1o3Bosini mojiy4uTs KOMILIEKC-
HoOe IpeficTaBjieHre O (PyHKUMOHNPOBAaHUU (POTOCHUH-
TETUYECKOro ammnapara (UTOIUIAaHKTOHA B YCJIOBUAX
xpoHuyeckoro 3arpsasHeHus ZnO HY. PesynbraTh

28

(a)

2 —0— 0 MKr/1

—6— 10 Mxr/n
—+— 20 mMxr/n
- - &- - 30 MKI/1
— ¢— 60 MKI/1

20

16

12

YueneHHOCTD: 103, KiTeTOK/MIT

npeacrasieHsl Ha Puc. 2 u 3. Ilokasartenr Fv/Fm
OTpakaeT MaKCUMAaJIbHYI0 KBAaHTOBYIO 3 GEeKTUBHOCTD
dotocucremsl II, xapakTepusyeT NOTEHI[HAIbHBIE BO3-
MOXHOCTH CBeTOCOOMpaloIlero KOMILJIEKCa U peak-
I[OHHBIX LIEHTPOB. B CBOIO ouepedb OTHOCUTEJIBHAA
CKOpPOCTh TpaHcmopTa 3JieKTpoHoB (rETR) memoHcTpu-
pyeT peayibHY10 (PYHKLIMOHAJIbHYI0 aKTUBHOCTb JJIEK-
TPOH-TPAHCIIOPTHO!N el U COIpPsXEHHOCTb pabOTHI
nByx dortocucteM (Suggett et al., 2010; Murchie and
Lawson, 2013). B koHTposibHOM oOpaslle oba mapa-
MeTpa COXpaHAJIN CTaOUJIBHO BBICOKHME 3HAYeHWsA Ha
IIPOTSDKEHUH IpaKTHU4YecKu Bcero skcnepumeHrta (Fv/
Fm=0.60-0.64; rETR=0.17-0.20 oTH. eJ.), YTO CBU-
JleTeJIbCTBYeT O cOasaHCUpOBaHHON U 3()hHeKTUBHON
paboTe (HOTOCHMHTETHMYECKOro amnmapara BOAOPOCIeH.
CHmXeHMe 3HaueHUI Mokasarejieil Ha 15-17 cyTku
yKasblBaeT Ha HcuepliaHWe MUHEPAJIbHOIO NMUTAHUA B
cpefie U Ilepexo] B CTalliOHapHYyIo a3y pocra.
Buaecenne ZnO HY BBI3BIBAJIO J0303aBHUCHMOE
MHruorpoBaHrie (OTOCHMHTETUYECKOH  aKTUBHOCTHU
BogopocJeii. IIpu aToM oba ucciegyeMbIx lapaMmeTpa
JeMOHCTPUPOBAJIM COIJIACOBAHHYIO JUHAMUKY CHIKe-
HuA. Haubosiee BhIpakeHHOe MHrubuposaHue (oro-
CHHTEeTUYeCcKOl aKTMBHOCTHU KJIeTOK HabJ10a10Cch Ipu
30 u 60 mkr/n ZnO HY. Ha 7-8 cyTku skcnepuMeHTa
3HaveHusa Fv/Fm cHmxkamuchk 10 0.44-0.45 u 0.40, a
rETR po 0.11-0.12 u 0.10 cOOTBETCTBEHHO, YTO YKa-
3bIBaeT Ha MOBPEX/eHNe PeaKIMOHHbIX LIEHTPOB GOTO-
cucteMbl II 1 HapyllleHue TpaHCIOPTa 3JIEKTPOHOB.
OpaHako Ipu AajibHeHIleM KyJIbTUBUPOBAaHHUU MUKPO-
KOCMOB B 3THUX YCJIOBUAX (POTOCUHTETHYECKAas aKTUB-
HOCTh (QUTONMIAHKTOHA BoOccTaHaBauBaiachk. [Ipu 30
MKT/J1 IOCTOBEpHOe IOBbIllleHHe 3HaueHuil Fv/Fm u
rETR otmeueHo ¢ 9 cyTok skcnepuMeHTa. K 14 cytkam
3HayeHusA napMmerpos pocturanu 0.60 u 0.15 cooTBet-
CTBEHHO, YTO CBUETEJIbCTBYET O IPAKTUYECKU [IOJTHOM
(pyHKLIMOHAJIBHOM BOCCTAHOBJIEHUU (HOTOCUHTETHYE-
ckoro ammnapara (Puc. 26, 36). I[Ipu 60 mxr/in ZnO HY
BOCCTaHOBJIEHHEe O0OMX IapamMeTpoB 3a(pHUKCHPOBAHO
¢ 14 cytok. K KoHIly dKcllepuMeHTa okKa3aTeslb KBaH-
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Puc.1. Bausanue ZnO HY Ha unciieHHOCTh GUTOIJIAHKTOHA B SKCIEPHUMEHTaIbHbIX MUKPOKOCMAaXx IpU JJIUTEJIbHOM KyJIbTU-
BupoBaHuM (a). [luHaMyKa BOCCTaHOBJIEHU YKicjaeHHocTU coobmectsa npu 30 (6) u 60 (B) mkr/n ZnO HY.
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Puc.2. Biuanne ZnO HY Ha MakcUMaIbHYI0 KBaHTOBYIO 3ddekTnBHOCTh doTocuHTe3a (Fv/Fm) dutoniaHKToOHA B KCIle-
PHMEHTaJIbHBIX MUKPOKOCMAX IIPY JUIUTEIBbHOM KyJIbTUBHpPOBaHUM (a). JluHamuka BocctaHosisienus Fv/Fm npu 30 (6) u 60 (B)

MKr/J1 ZnO HY.

TOBOU 3¢ @eKTUBHOCTH (POTOCHHTE3a MOBBICHJICA OO
0.52, a rETR no 0.13, geMOHCTpHPYs MOJIOXKUTEJIBHYIO
AVHaMUKY (POTOCHMHTETHYECKON aKTUBHOCTH, XOTS U
He JOCTUTIIYI0 KOHTPOJIbHBIX 3HaueHun (Puc. 2c, 3c).
CunxpoHHOe BoccTaHoBieHNe Fv/Fm u rETR ykaseiBaeT
Ha TO, YTO ajaNTaliOHHBIE IPOLIECCHl 3aTParuBaloT
KaK CTPYKTYPHYIO LIeJIOCTHOCTD ¢oTocucteMsl II, Tak u
(PyHKIMOHAIBHYI0 aKTHUBHOCTh 3JIEKTPOH-TPAHCIOPT-
HoU nenu. TakuM o6pas3om, IpU AJIUTEJIBHOM KYJIbTHU-
BUPOBAHUU B Cpefie C BRICOKUM cofepxaHueM ZnO HY
doTocuHTEeTHYECKas aKTUBHOCTH GUTOIJIAHKTOHA MIPO-
XOOUT ABe IocjefoBaTesibHble cTaauu. Ilepsas — ¢asa
OCTPOro TOKCHMYECKOI'0 CTpecca, KOTopasi COIIpOBOXIa-
eTcs MHrhOMpOoBaHMEM IepPBUYHBIX (HOTOXMMHYECKUX
MpOI[eCCOB U TPaHCIOPTa 3JIEKTPOHOB. Bropas — ¢asa
afanTalliOHHOI'O BOCCTAHOBJIEHUA, XapaKTepU3yIolla-

AcA TIOCTENeHHON peakTuBanueil dortocucteMsl II u
BO300HOBJIeHHEM (PYHKIIMOHAJIbHON aKTUBHOCTU 3JIEK-
TPOH-TPAHCIOPTHON I[enu. B COBOKYyMHOCTH 3TU MpO-
Ifecchl 00ecrneYnBalT BbDKMBaHME MOMYJIANNU B yCJIIO-
BUAX XPOHUYECKOTO 3arpA3HEeHUA.

3.2. Bauanue ZnO HY Ha BUAOBOM cOCTaB
coobwecTBa GUTONNAHKTOHA

B wucxomHoil mpobe OTMeUeHO 3HauyMTesIbHOE
BHJIOBOEe pa3HooOpa3ue (uTomIaHKTOHa C mnpeoba-
JaHueM OUaToMoBBIX (69%), AUHOGUTOBBIX BOAOPO-
cieit (20%) u kokkonutodopumsl Emiliania huxleyi
(Lohmann) W.W. Hay & H. Mohler 1967 (9%). Cpenu
JMaTOMOBBIX B OOJIBIIIOM KOJIMYECTBE PErMCTPUPOBA-
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Puc.3. Biusxue ZnO HY Ha OTHOCHUTENBHYIO CKOPOCTH 3JIeKTpoHHOro TpaHcnopra (rETR) duroriaHkToHa B SKCliepuMeH-
TaJIPHBIX MUKPOKOCMax IpU AJIMTeJbHOM KyabTHBUpoBaHUM (a). JuHamuka BocctaHoBiieHusa rETR npu 30 (6) u 60 (B) MKr/n

ZnO HY.
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JIUCh KPYMHOKJETOUYHbie BUAB Pseudosolenia calcar-
avis (Schultze) B.G. Sundstrom 1986 u Proboscia alata
(Brightwell) Sundstréom 1986, a Takxe npeicTaBUTEIN
ponos Chaetoceros Ehrenberg, 1844, Thalassiosionema
Proshkina-Lavrenko 1955, Thalassiosira Proshkina-
Lavrenko 1955, Cyclotella Grunow 1878, Cerataulina
(Cleve) Hendey 1937, Nitzschia, Coscinodiscus A.
Grunow, 1883. Kpome TOro orMeyeHO MaccoBoe pas-
BUTHE OEHTO-IJIAHKTOHHBIX BUIOB  Cylindrotheca
closterium (Ehrenberg) Reimann & J.C.Lewin, 1964,
Nitzschia longissima (Brébisson ex Kiitzing) Grunow
1862, Nitzschia tenuirostris Manguin 1952 u mpezcra-
Butesieit pogoB Licmophora C. Agardh, 1827, Navicula
Bory, 1822, Tabillaria, Striatella C.Agardh, 1832.
JuHOoUTOBEE BONOPOC/IM TaKXe JeMOHCTPUPOBAJIU
3HAUMTeJIbHOE  TaKCOHOMHYecKoe  pa3Hoobpasue.
Haubosiee MHOrOYMC/IEHHBIMH OBUIM IIPeJICTaBUTEIN
ponoB Prorocentrum (npeumyinectBeHHo P. cordatum
(Ostenfeld) J.D.Dodge 1976), Ceratium F.Schrank, 1793
(npenmymectBeHHo C. furca (Ehrenberg) Vanhoeffen
1897, C. fusus (Ehrenberg) Dujardin 1841, C. tripos
(O.F.Miiller) Nitzsch 1817), Gymnodinium F.Stein, 1878
(npenmymectBeHHO G. Simplex (Lohmann) Kofoid n
Swezy, 1921, G. wulffii J.Schiller 1932), Glenodinium,
Gyrodinium (npeumyinectBeHHO G. Fusiforme Kofoid u
Swezy 1921), Protoperidinium, a Taxxe Bun Scrippsiella
trochoidea (F.Stein) A.R.Loeblich 1976: 25. Cpenu
KOKKommTOoOopu abCoJIIoTHOe JOMUHHpOBaHUE HpU-
Haggexano suny Emiliania huxleyi. Takxe B HeGOJIb-
IIOM KOJIM4ecTBe B Ipobe pernucTprupoBaIlCh KPUIITO-
GbuTOBBIE U MeJIKHE XTYTUKOBBIE MHKDPOBOJIOPOCIIH.
Yepez 3 CyTOK HHKyOalUM B 3KCIepUMeHTaJIbHBIX
MMKPOKOCMAaX KOHTPOJIBHOrO o0pasiia BUIOBOU COCTaB
GUTOITIAHKTOHA MeHsICS He3HauuTesbHO. OTMeueHO
CHIDKeHUe BKJIaJla KPYIMHOKJIETOYHBIX OHUATOMOBBIX
P. calcaravis, P. alata n Coscinodiscus 1 TUHOPUTOBBIX
ponos Ceratium u Protoperidinium. Ha 14 cyTku 1aHHbIe
BU/IbI IIOJIHOCTBIO MICUe3aJii, YTO, BEPOATHO, CBSI3aHO CO
CHIKeHHeM o0ecIledeHHOCTH BOJOpOCjIell MUHepaslb-
HBIM NMUTAHUEM.

Job6aBnenue ZnO HY nmpuBoAMio K U3MeHEHUIO
BUJIOBOT'O COCTAaBA aJIbIOIIEHO3a C TePECTPONKON CTPYK-
Typbl JOMUHUPYIOIUX KOMILTIEKCOB. [Ipyu 3TOM UHTEH-
CUBHOCTb HabmofaeMbix 3¢ deKToB ycuinpaaach mpu
nosbillleHNU KoHIeHTpanuu ZnO HY B cpege. [Tpu 10 u
20 mxr/51 ZnO HY yncieHHOCTH coobIiecTBa COXpaHsiia
[IOJIOXKUTEJIBHYI0 JUHAMHUKY Ha MPOTSIKEHUU BCETro
aKcnepuMeHTa. [Ipu 3TOM HabJIIOAATIOCh CHIDKEHUe
YMCJIEHHOCTH MacCCOBBIX IJIAHKTOHHBIX BUJIOB, YBeJIH-
YyeHHe BKJIaJja OeHTO-IJIAHKTOHHBIX GOpM, M3MeHeHe
pa3MepHOIl CTPYKTYPHI aJIbroljeH03a B CTOPOHY IIpeos-
JIajaHusA MeJIKOKJIETOYHBIX BUIOB. IIpM BBICOKMX KOH-
nentpauuax ZnO HY 30 u 60 Mkr/i Ha 3 CyTKU dKcIie-
pUMEHTa OTMeuYeHO BhIpaXXeHHOe CHIDKeHMe BHIOBOTO
pasHoobpasua. OTMeueHO [paKTUYecKU MOJIHOe Hcye3-
HOBeHHe JUHOGMUTOBBIX BOAOPOCJIEHN U IIAHKTOHHBIX
LenovyeyHblx Auatomeii. K 14 cyTtkam BUJOBOI cOCTaB
duTonyaHKTOHAa OBUI Ipe/iCTaBJieH BCEro HeCKOJIb-
KUMU BufaMu. AGCOIIOTHOE TOMUHUPOBaHNE B MUKPO-
KOCMax NpUHaJJIexano 6eHTOo-IJIAHKTOHHEIM dopMam
JMaTOMOBBIX BoJjopociel ponos Licmophora, Navicula
u Nitzschia. B HeOOIBIIOM KOJIYECTBE PETHCTPUPOBA-
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JIUCh IUIAHKTOHHBIE BUABI Pseudo-nitzschia delicatissima
(Cleve) Heiden 1928 u xokkonutodbopuaa E. huxleyi.
Ha ocHOBaHMN TIOJIyY€HHBIX pe3yJIbTAaTOB MOXHO
chenaTh BBIBOZ, YTO HaOJro[jaeMoe BOCCTaHOBJIEHUE
pocTta coobIiecTBa MpU BRICOKUX KOHIIEHTpanusax ZnO
HY mpoucxoguT 3a CYeT pocTa OrpaHUYeHHOIo 4ucjia
TOJIEPAHTHBIX BUOB, CIIOCOOHBIX BHIJIePXXMBATh BBEICO-
KU ypOBEHb TOKCUYECKON Harpy3KH.

4. 06cyxpenue

[MostyueHHBIE B paboTe JaHHBIE CBUIETETBCTBYIOT
0 TOM, YTO OCTpas TOKCHYecKas peakius PUTOIJIAH-
KTOHHOTO COO0IIeCTBA HAa BRICOKME KOHLIeHTparuu ZnO
HaAHOYACTHI] He ABJIAeTcA HeoOpaTumoi. K 8-M cyTkam
dKCIlepUMeHTa HabJII01a/I0Ch BOCCTAHOBJIEHME OOIIEN
YUCJIEHHOCTY W (POTOCUHTETUYECKON AaKTUBHOCTHU
aJIProIieH03a, YTO YKa3blBaeT Ha 3aMycK afanTalroH-
HBIX MEXaHU3MOB KakK Ha MOMYJIALIMOHHOM, TakK M Ha
CO00IIleCTBEHHOM yPOBHE.

BoccTaHoBJIeHHE MOXET OBITH OOBACHEHO OBYMA
rpymnmnaMu GpakTopoB. Bo-niepBrIX, ¢ TEUeHHEM BpeMeHU
MPOUCXOAUT arperaius, ocaxieHue U TpaHchopMa-
[[MA caMHX HAHOYACTHI] B KyJIbTypaJIbHON Cpelie, 4TO
CHIXXaeT Ux Tokcuueckuil abdekt (Peng et al., 2011).
Bo-BTOpHIX, U 3TO TpeAcCTaBJiAeTcs 60Jiee 3HAYMMBIM,
MPOUCXOAWT HaNpaBJieHHas TNEepPecTpPolKa BUIOBOM
CTPYKTYPHl COOOIIECTBA: YyBCTBUTEJbHBIE (HOPMBI
3aMelalTCsA TOJIEPAHTHBIMU, CIIOCOOHBIMH BBIIEPXKU-
BaTh BBICOKUE YPOBEHb TOKCUYECKON HArpy3KH.

AHaJi3 BHOBOTO COCTaBa 3KCIEPUMEHTAJIbHbBIX
MHKPOKOCMOB IOKa3aJ, YTO HauboJiblIiell yCTONYMBO-
CThIO 00J1aa/I1 OEHTO-IIJIAHKTOHHBIE BU/IbI, MEJIKOKJIE-
TOYHBIE TJIAHKTOHHBIE TUAaTOMEN U KOKKoJIMTOdOopUaa
Emiliania huxleyi. BeiABJ€HHAs TOJIEPAHTHOCTD TAHHBIX
Py HMeEET KOMILUIEKCHYI0 (H3MO0JIOT0-OMOXUMHU-
YecKyr OCHOBY. K KJIIOUEBHIM MeXaHM3MaM 3allUThl
OTHOCATCA: AaKTUBAaIMA (PepMEeHTaTUBHOM aHTUOK-
CUJAHTHON CHCTEeMBI, HeHTpasu3ylomeill aKTUBHBIE
dopmbI kuCcIOpOAa, MHAYLUPYyEMblE HAaHOYACTULAMU
(Fazelian et al., 2019; Rezayian et al., 2019); nmpoayk-
[ BHEKJIETOYHBIX MMOJIMMEPHBIX BEI[ECTB, CO3/IAI0IINX
(dusnveckuii 6apbep U CBA3BIBAIOIIUX TOKCUKAHTHI Ha
noBepxHocTHU kieTku (Naveed et al., 2019; Chen et al.,
2019); a TakXxe CTPYKTYpHBIe 0COOEHHOCTU KJIETOYHOMN
000JI0UKH, OIpeesiAine €€ MNMPOHUIAEMOCTh MOJIA
nmoJutioTaHToB (Sendra et al., 2017). s GeHTO-ILJIaH-
KTOHHBIX ()OPM AOMOJTHUTEIBHBIM (PAKTOPOM 3aIUTHI
CITy’)XKUT OOWJIbHOE BBIFEJIEHNE BHEKJIETOYHBIX TOJIU-
caxapuIoB, HEOOXOAUMBIX IJIA KOJIOHHUAJBHOTO CyIIe-
ctBoBaHuA (Moreno-Garrido et al., 2003). Y E. huxleyi
posis  Gapbepa, MO-BUAMMOMY, BBIOJHAIT KaJIbIU-
eBble KOKKOJIUTHI, YTO COTJIaCcyeTcsl C paHee OIMMCAH-
HOU UX 3alIUTHON QYHKIMEN IpU BO3AeNCTBUU NOHOB
TAXKEIIBIX MeTasTIoB (Solomonova et al., 2022).

TakuM oOpa3oM, aJanTalMOHHBIA MOTEHI[UAT
aJIProIieHo3a peajiu3yeTcs Yepe3 CMeHy IJOMHUHAHTOB
B IOJIb3Y JKOJIOTMYECKH 0oJiee MJIACTUYHBIX, HO, KaK
MPaBUJIO, MEJIKOKJIETOYHBIX (popM. OOHAKO HUMEHHO
3Ta nepecTpoiika, obecrneunBamias BbDKMBaHUE CO00-
IIeCTBa B YCJIOBUAX XPOHUYECKOTO 3arpsA3HEHNS, UMEET
rJIyOOKYe DKOJIOTMYECKHE TOCJIEICTBUA, IMOCKOJIbKY



Llloman H.FO., Conomorosa Akumos A.U. / Limnology and Freshwater Biology 2026 (4): 5637-553

BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

3aTparmuBaeT He TOJIbKO TaKCOHOMUYECKYIO CTPYKTYPY,
HO 1 QYHKI[MOHAJIbHYIO OpraHMu3alliio BCero nejaruye-
CKOr'o coo0lIecTBa.

KitoueBoe mociencTBre Takoil IepecTpPOVKU
CHIXEeHHe BKJaJla KPYNHOKJIETOYHBIX MHUKPOBO-
nopociein (Hanpumep, Coscinodiscus, Thalassiosira) B
obmylo Onomaccy GUTOILUIaHKTOHA. JTO H3MeHeHHe
NPUHLIUNWAJIIBHO BaXHO, IOCKOJIBKY KpYyIHBIE ANATO-
MeH BBINOJIHAIOT YHUKaJIbHBIE JKOCHCTEMHbIe (PYHK-
LY, KOTOpBble He MOT'YyT OBITh KOMIIEHCUPOBAaHBEI MeJl-
KOKJIETOYHBIMU BHJAMU. Bo-NlepBbIX, KPYNIHEBIE KJIETKU
cJIy’kaT IpeANoYTUTEebHON NuIel AJA Kolernon —
OCHOBHBIX GUIBTPaTOpPOB 300IUIaHKTOHA (Gosnell et
al., 2021), Torga Kak MeJIKAM MTHUKO- ¥ HAHOPHUTOIJIAH-
KTOH He[JOCTyIleH AJIA HUX U NoTpebJiAeTcs Npeumylie-
CTBEHHO MHUKPO30OILIAHKTOHOM, IlepeKsiiodas IMOTOK
SHEpruu B MUKPOOHYIO IeTJiio. B aToM ciiyyae 3Hauu-
TeJIbHasA 4acThb OpPraHN4ecKkoro yrJjiepofa TepseTcs Ha
JAblXaHue, He AOCTUras BBICHIMX TPOPUUECKUX YpOB-
Hell (Pomeroy and Wiebe, 1988; Wichard et al., 2007;
Bynbon, 2019). Bo-BTOpHIX, KPYIIHBIE AUATOMEU SBJIA-
I0TCA OCHOBHBIMU IIPOAyIIEHTaMHU JIMHHOILIENIOYeYHBIX
MIOJIMHEeHaCHIIeHHBIX JKUPHBIX KUCJOT, B YacTHOCTHU
sliko3aneHTaeHoBoOM kuciaoTel (EPA), kotopas kpu-
TUYECKH BaXHA [AJIA poCTa, PasBUTUA U PeNpOAyKIUU
300IJIaHKTOHA M MoJiogu pei6 (Taipale et al., 2020;
®denéBa u Op., 2022). CHMXeHUe OroMacChl KPYIHBIX
JauaTtoMeil Bel€T K JeHUIUTYy 3THUX 3CCEHI[HaIbHBIX
JIMNUJ0B B 5KOCHCTEeMe, YTO HeraTuBHO CKa3blBaeTcA
Ha BBDKMBAEMOCTU KOHCYMEHTOB BBICHIMX ITOPAOKOB.
Takum o0pa3oM, 3aMellleHl e KPYITHOKJIeTOUYHbBIX BHU/I0B
MeakuMu dopMamu 3amyckaeT Tpoduueckuil Kackaf,
MPUBOIALINI K OOeJHEHUI0 MUILEBOM CeTU U CHIUXe-
HUIO e€ IIPOJyKTUBHOCTHU.

BoccraHoByieHHe oOmIel YKCJIEHHOCTH KJIETOK,
HabJ0jJaeMoe B dKcllepuMeHTe, He SKBHBaJIeHTHO BOC-
CTAHOBJIEHUIO CTPYKTYPHL M (QYHKLUHUHI 3KOCHCTEMEL
Kak mokasaHo panee (Baert et al., 2016; Stockenreiter,
2025), cokpailjeHrie BUAOBOTO pa3HOoOpa3us CHUXaeT
YCTOMYMBOCTb COOOIIeCcTBa K AOMOJHUTEIbHBIM CTpec-
copaM U NOJpBEIBaeT ero ClnocoOHOCTh K caMOperyJsis-
nuy. B Hamewm ciyyae ynpolieHue BUIOBOI CTPYKTYPHI
B II0JIb3Y MEJIKOKJIETOYHBIX TOJIEpaHTHHIX (GOpM O3Ha-
yaeT, 4YTO COOOIIECTBO COXpaHsAeT KOJIMYeCTBeHHbIe
IokasaTeJsiy, HO yTpaurlBaeT KaueCTBeHHble — CIIOCO0-
HOCTb NoAJepXuBaTh 3¢ PeKTUBHBIN [IepeHOoC SHepruu
Y 3CCEeHIMAaJIbHBIX JIMIMAO0B Ha BHICIIME Tpoduyeckue
YPOBHH.

PesomMupys, MOXHO 3aKJIIOUUTh, YTO (PUTOILIAH-
KTOHHOE COO0IeCcTBO JAeMOHCTPHPYeT CIOCOOHOCTD
K KOMIIEHCAaTOPHOMY BOCCTAHOBJIEHUIO YHCJIEHHO-
CTH IIOCJIE OCTPOrO TOKCHUYECKOIO CTpecca, BBI3BaH-
Horo ZnO HaHoyacTuiamMu. OJJHaKO 3Ta KOMIIeHcalus
JOCTHraeTcs LeHOU yIpOolleHus BUAOBOH CTPYKTYPHI,
3aMellleHds KpynHBIX (opM MeJkuMu U obelHe-
HUA QYHKIMOHAJIBHOTO pa3HooOpasus. IlosydeHHBIE
pe3yJIbTaThl corjiacyloTcsa ¢ GyHaaMeHTaJIbHBIM 3KO0JIO-
TMYecKUM NMPUHIMIIOM: YCTOHYUBOCTh JOMUHHUPYIOMNX
BUJOB He rapaHTUpyeT CTaOMJIBHOCTH 3KOCHCTEMEI, a
KOJIN4eCTBEHHOe BOCCTaHOBJIEHHe OHoMacchl He KOM-
IeHcUpyeT KayecTBEHHOH JAerpajanuu cooOllecTsa. B
J0JITOCPOYHO NepclieKTHBe Takas lepecTpoiika BeJeT
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K CHIWXeHU OydepHOUl EMKOCTU 3KOCUCTEMBI U eé
IIPOAYKLIMOHHOrO MOTeHI[Masia, YTO HeoOXOAUMO y4U-
THIBaThb IIPU OLleHKe PHUCKOB XPOHWYECKOI'O 3arpssHe-
HMA MOPCKHUX BOJ] HAHOYACTULIAMU MeTaJLIoB.

5. 3akniouenue

[TonyuyeHHble  pe3yJIbTaThl  JIEMOHCTPUPYIOT
CJIOXHBII XapakTep oTBeTa (PUTOMJIAHKTOHHOTO CO00-
njectBa Ha 3arpsasHeHue ZnO HY. Konnentpanuu 10 u
20 MKT/J1 OKa3bIBAlOT yMepeHHOe UHrUOupylolllee Jieii-
CcTBHe Ha (PUTOIJIAHKTOHHOEe coo0uecTBo. OTMedeHOo
MoJjaBjieHre CKOPOCTH pocTa U (POTOCUHTETUYECKON
AKTUBHOCTH, CHIDKE€HHE KOHEYHONH YMCJIeHHOCTH
BOJIOpOCJIel, YIpOIleHWe BUOBOM CTPYKTyphl. [Ipu
3TOM YMCJIEHHOCTb COOOIIecTBa COXpaHsAeT IOJIOXKU-
TeJbHYI0 AuHamMuKky. ZnO HY B koHneHTtpauuu 30 u
60 MKr/;J1 OKa3blBalOT OCTpOEe TOKCUYecKoe [elCTBue
Ha ¢uroriaHkToH. OJHAKO BBIABJIEHA CIOCOOHOCTH
coobImecTBa K aJanTaliOHHOMY BOCCTaHOBJIEHUIO 3a
CYeT IepecTPOVKU BUJIOBOU CTPYKTYPHI C JOMHUHUPO-
BaHUEM HeOOJIBIIOrO YKCJia TOJIEPAHTHBIX BUJIOB, CIIO-
COOHBIX BBIJIEPKUBATh BBICOKUN YPOBEHb TOKCUYECKOMN
Harpy3ku. Cmoco6HOCTh COOOIIeCTBA BBIXXKUBATH B YCJIO-
BUAX XPOHUYECKOTO 3arpsi3HeHUs [OCTUTaeTcs IeHOU
VIPOILleH!s ero CTPYKTYpHI, YTO BeJleT K MOoTepe CTa-
OUJIBHOCTH, CAMOPETYJIAIUU U B MIepCIeKTUBe CHUXaeT
MPOAYKIUOHHBIN MOTEeHIa 3KOCUCTEMBI.
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