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ABSTRACT. This study investigated the effects of microplastics (MPs) of various polymer types—poly-
styrene, polyvinyl chloride, polyethylene, and polypropylene — with a size range of 2-80 um on the
freshwater cladoceran Moina macrocopa. We conducted acute and chronic toxicity tests, and further
examined the ability of MPs to modulate the toxicity of copper, an insecticide (a suspension of thiame-
thoxam and lambda-cyhalothrin), and diesel fuel. Our results demonstrated that only polystyrene-based
MPs induced significant adverse effects, reducing survival (48h LC_, ~73,000 particles/mL) and impair-
ing reproductive performance (chronic effect concentration 10,000 particles/mL). While all MP types
were actively ingested by the animals, the effects of polyvinyl chloride, polyethylene, and polypropylene
were statistically insignificant. A key finding was the complex and unpredictable nature of MP-toxicant
interactions. The combined effect was critically dependent on the specific pollutant, MP polymer type,
and the duration of their contact prior to exposure. We observed both antagonistic effects, such as the
mitigation of copper toxicity following MP conditioning, and highly variable responses for the other
pollutants. The effect concentrations observed in this study are orders of magnitude higher than typi-
cal environmental MP levels. This discrepancy underscores the significant uncertainty in extrapolating
laboratory results to natural ecosystems and highlights the context-dependent nature of MP impacts.
Consequently, realistic ecological risk assessment necessitates further research employing environmen-
tally relevant concentrations and complex mixtures of stressors.

Keywords: microplastics, zooplankton, ecotoxicology, combined pollution, life-history traits

For citation: Zadereev E.S., Lopatina T.S., Yaskelyainen D.D., Lyubimtseva S.A. The effect of microplastics and co-occurring tox-
icants on survival and life-history traits of the cladoceran Moina macrocopa // Limnology and Freshwater Biology. 2025. - No 4.
- P.1083-1101. DOI: 10.31951/2658-3518-2025-A-4-1083

1. Introduction spheres. These ingested particles were not digested

but were excreted in fecal pellets, which themselves
became saturated with MPs, altering their density and
sedimentation rate. The study also reported reduced
feeding rates in MP-exposed individuals, likely result-
ing from gut blockage and a false sense of satiety.

These findings were corroborated and expanded
in a review by Botterell et al. (2019), which synthesized
evidence from both laboratory and field studies across
various zooplankton taxa. The authors emphasize that
MPs can not only cause mechanical obstruction of the
digestive tract but also reduce the dietary energy value
by displacing nutritious food with non-digestible syn-
thetic particles. Filter-feeding zooplankton, such as
copepods and cladocerans, were identified as especially
sensitive to these impacts.

The entries of microplastics (MPs) into fresh-
water ecosystems presents potential risks to the sus-
tainability of aquatic food webs. Zooplankton, which
serve as a critical link between primary producers and
higher-level consumers, are particularly vulnerable
to MP contamination. Disruptions to their physiology
and population dynamics can induce cascading effects
throughout entire ecosystems.

Numerous studies have demonstrated that zoo-
plankton actively ingest MPs, mistaking them for nat-
ural food sources such as phytoplankton, due to simi-
larities in size and shape. Seminal experimental work
by Cole et al. (2013) revealed that marine copepods
(Centropages typicus) ingest 20 um polystyrene micro-
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Furthermore, the formation of biofilms on MP
surfaces can enhance their palatability. Amariei et al.
(2022) demonstrated that Daphnia magna consumed
biofilm-coated MPs more readily than pristine particles.
This increased ingestion rate may amplify both the tox-
icological and mechanical impacts of MPs, while also
facilitating the uptake of secondary pollutants—such as
heavy metals and organic compounds—sorbed onto the
MP surfaces (Malinowski et al., 2023). Thus, MPs are
understood to affect zooplankton through a combina-
tion of physical impairment, nutritional deficiency, and
toxico-chemical mechanisms.

Despite a growing body of literature documenting
MP occurrence and concentrations in aquatic environ-
ments, several research gaps remain (Yu et al., 2020).
These include: (1) the interaction of MPs with co-occur-
ring chemical pollutants and their combined effects on
biological endpoints such as feeding and reproduction;
(2) the influence of MP characteristics (e.g., polymer
type, size, and shape) on toxicity, with most studies to
date focusing primarily on spherical particles; and (3)
the relative lack of studies on freshwater zooplankton
compared to marine species.

To address these gaps, this study investigates the
effects of naturally shaped microplastics—both alone
and in combination with pollutants—on the cladoceran
Moina macrocopa. We conducted acute and chronic tox-
icity tests to determine lethal (LC,) and effect concen-
trations for survival, lifespan, growth, and fecundity,
thereby contributing to a more comprehensive ecologi-
cal risk assessment of MPs in freshwater systems.

2. Materials and Methods

We investigated the effects of naturally shaped
and sized MPs, both alone and in combination with var-
ious toxicants, on the life-history traits of the cladoceran
M.macrocopa in acute and chronic laboratory experi-
ments. A laboratory culture of M. macrocopa, maintained
at the Institute of Biophysics SB RAS (Krasnoyarsk) for
over 15 years, was used for all experiments. The organ-
isms were cultured in a climate-controlled chamber at
25 *+ 1°C under a 16:8 hour light:dark photoperiod, con-
ditions optimal for growth and reproduction (Zadereev
and Gubanov, 1996). The culture medium consisted of
dechlorinated tap water (settled for at least 72 hours).
The cladocerans were fed a non-axenic culture of the
green alga Chlorella vulgaris, grown using a batch
method under constant illumination and aeration in 500
mL flasks containing Tamiya medium. Prior to use as
feed, algal cells were concentrated by centrifugation at
1200 g. Algal cell concentration was determined using
a previously established linear regression correlating
direct microscopic counts with chlorophyll “a” fluores-
cence (measured at 470/665 nm) using a SpectraMax®
M series microplate reader (Molecular Devices, USA).
The algal concentration was adjusted to experimental
levels by diluting the stock suspension.

MPs of diverse shapes and sizes were generated
from common household plastic items: polyethylene
(PE) tubing (industrial equipment), polystyrene (PS)
foam substrate (food packaging), polyvinyl chloride
(PVC) panels (construction and advertising), and poly-
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propylene (PP) disposable cups. These materials were
ground using an industrial mill with a series of sieves
(250-800 pm). Following grinding and sieving, 5-10
g of MP particles were added to 100 mL of water and
stirred intensively with a magnetic stirrer for at least
one week. The resulting suspension was then filtered
through an 80 pm mesh. The concentration and size dis-
tribution of MPs in the filtrate were analyzed using a
FlowCam imaging flow cytometer (Fluidimaging, USA)
by passing 1 mL of sample through a 100 um flow cell
(Fig. 1). The grinding efficiency varied by polymer
type, resulting in distinct particle size distributions. PS
yielded the smallest particles, with over 70% in the 2—4
um range and only 3.5% larger than 10 um. In contrast,
PP produced the largest particles, with 36% in the 2—4
um range and nearly 6% exceeding 10 um. Test concen-
trations were prepared by diluting the MP stock solution
with settled tap water.

The toxicants used in this study were: copper(II)
chloride dihydrate (CuCl,-2H,0), the commercial insec-
ticide “Kungfu Super” (a suspension containing 141
g/L thiamethoxam and 106 g/L lambda-cyhalothrin;
OO0 ZPF Agrorus-Ryazan, Russia), and diesel fuel
(DT-L, Rosneft, Russia). A stock solution of copper was
prepared at 1 g/L and serially diluted with settled tap
water to achieve the desired test concentrations. For
the insecticide, test solutions were based on the lamb-
da-cyhalothrin concentration; a 1 mg/L stock solution
was prepared and subsequently diluted. Water-dissolved
fractions (WDF) of diesel fuel were prepared accord-
ing to Miiller et al. (2019). Briefly, one part diesel was
mixed with nine parts water (v/v) and stirred with a
magnetic stirrer for 24 hours at a constant temperature,
ensuring the vortex did not exceed 25% of the liquid
column height. After a 2-hour settling period, the aque-
ous phase was collected from the mid-depth of the ves-
sel and diluted with settled tap water to create the test
solutions.

2.1. Acute toxicity tests

Acute toxicity tests were conducted on one-day-
old female M. macrocopa (body length 0.5-0.6 mm),
hatched under conditions conducive to parthenogene-
sis. Test individuals were from the second generation
of mothers that had been reared individually in 20 mL
of medium at a food concentration of 200,000 cells/
mL, with daily renewal of the medium (Lopatina et al.,
2020).

Acute tests were conducted for the following
exposure scenarios: A) MPs alone: A concentration range
of each MP type (1, 10, 100, 1,000, 10,000, and 100,000
particles/mL). (4 MPs X 6 concentrations 24 test
solutions); B) Toxicants alone: A concentration range of
each toxicant (Cu, insecticide, diesel WDF). (3 toxicants
X 6 concentrations = 18 test solutions); C) MPs + tox-
icants (fresh mixture): solutions containing MPs (10,000
particles/mL) with one of the toxicants added at its pre-
determined LC,, concentration. (4 MPs X 3 toxicants
= 12 test solutions); D) MPs + toxicants (conditioned):
solutions identical to (C) that were constantly stirred for
one week prior to the acute test to allow for interaction.
(4 MPs x 3 toxicants = 12 test solutions).
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Fig.1. (A) Representative images of MP particles derived from polyvinyl chloride (PVC), polystyrene (PS), polyethylene (PE),
and polypropylene (PP). (B) Size distribution of MP particles used in the acute and chronic toxicity tests.

For each test, twenty one-day-old females were
individually exposed to 20 mL of the test solution with-
out food. A control of tap water without food, MPs, or
toxicants was included for each test series. Mortality
was recorded at 24 and 48 hours. The median lethal
concentration (LC50) for each treatment was deter-
mined using the ‘drc’ package in R (Ritz and Streibig,
2005).

2.2. Chronic toxicity tests

Chronic toxicity tests were initiated with one-
day-old neonates (body length 0.5-0.6 mm) hatched
under optimal conditions. Individuals were placed sep-
arately in cups containing 20 mL of medium with C. vul-
garis at a concentration of 200,000 cells/mL (Lopatina
et al., 2020). For each MP type, three concentrations
(100, 1,000, and 10,000 particles/mL) and a control
were tested, with 20 replicates per treatment. The test
medium was renewed daily. The experiment continued
until the death of all individuals. For each female, the
following parameters were recorded: time of death,
number of clutches, and number of offspring per clutch.
From these data, the average lifespan and fecundity
(total offspring per female, number of clutches per
female) were calculated for each concentration.

An additional experiment was conducted to visu-
ally confirm MP ingestion. Fifty juvenile M. macrocopa
females were placed in 1 L of medium containing a food
concentration of 200,000 cells/mL and one of the MP
types at 10,000 particles/mL; a control without MPs
was also included. The medium was changed daily, and
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any neonates were removed. On days 2, 5, 7, 9, and 11,
three individuals were sampled from each vessel. Their
gastrointestinal tracts and excreted fecal pellets were
examined under a microscope at 10 X magnification.
To observe gut clearance, females were gently stimu-
lated with a dissection needle to promote excretion.

2.3. Statistical analysis

The LC,, values and their 95% confidence inter-
vals in the acute tests were determined by probit anal-
ysis using the ‘drc’ package in R (Ritz and Streibig,
2005). The proportions of surviving animals across dif-
ferent treatments were compared using a test for differ-
ences in proportions. For the life-table experiment, the
effect of MP concentration on each life-history param-
eter (e.g., lifespan, fecundity) was analyzed using a
one-way analysis of variance (ANOVA). The influence
of animals age on the presence or absence of MPs in the
gut or fecal pellets (a binary variable: 0 = absent, 1 =
present) was assessed using a factorial ANOVA for a
binomially distributed variable. All statistical analyses
were performed using STATISTICA 8.0.

3. Results and Discussion
3.1. Acute toxicity tests

Acute exposure tests revealed no significant effect
of MPs—with the exception of polystyrene (PS)—on the
survival of juvenile M. macrocopa females (Fig. 2). For
PS, the 48-hour LC50 was 73,000 = 100,630 particles/
mlL.
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The LC,, values obtained for the individual tox-
icants (Fig. 3) were consistent with existing literature.
The acute toxicity values were: copper (0.0139 =+
0.0004 mg/L), soluble fractions of diesel fuel (33.2 +
0.8%), and the insecticide (0.49 + 0.09 pg/L). The LC,,
for lambda-cyhalothrin (1.04 pg/L for D. magna; Mokry
and Hoagland, 1990) is substantially lower than that
reported for thiamethoxam (>100 mg/L for D. magna;
Finnegan et al., 2017). Given that the commercial for-
mulation that we used contained both active ingredi-
ents, the observed toxicity likely reflects the potency of
lambda-cyhalothrin. The LC, for diesel fuel water-dis-
solved fraction (WDF) was similar to the value of 40%
reported for D. magna (Miiller et al., 2019), and the LC,
for copper aligned with prior results for M. macrocopa
(0.0094 mg/L; Oskina et al., 2019).

The combined effects of toxicants (at their LC, )
and MPs (at 10,000 particles/mL) are shown in Fig. 4.
The addition of PVC, PE, or PP MPs did not signifi-
cantly alter copper toxicity. However, survival in the
presence of both PS and copper was significantly lower
than with copper alone. For diesel WDF and the insecti-
cide, no statistically significant (p > 0.05) modulation
of toxicity—either increase or decrease—was observed
for any MP type in freshly mixed solutions.

Notably, pre-conditioning the MP + toxicant
mixtures for one week under constant stirring mark-
edly altered their interactive effects. This conditioning
virtually eliminated copper toxicity for all MP types,
with survival rates matching the control. The effect on
diesel WDF toxicity was polymer-dependent: toxicity
remained high with PVC and PS but was significantly
reduced with PE and PP (survival increased from ~15%
to ~85-95%). For the insecticide, a general trend of
reduced toxicity was observed across all MPs, becom-
ing statistically significant for PS and PE, where sur-
vival after 48 hours was no different from the control.

A summary of these combined effects is pro-
vided in Table 1. A key finding is that the effect of MPs
on pollutant toxicity is not universal but is critically
dependent on: (1) the chemical nature of the toxicant
(e.g., heavy metal, petroleum product, insecticide); (2)
the polymer type (PVC, PS, PE, PP each elicited distinct
responses); and (3) the interaction time between MP
and toxicant, where sorption processes appear to radi-
cally alter the resulting bioavailability and effect.

3.2. Chronic toxicity tests

In chronic exposures, only PS at 10,000 parti-
cles/mL significantly reduced the lifespan and fecun-

dity (number of clutches and total offspring) of M. mac-
rocopa (Fig. 5). The other MPs tested had no significant
effect. Importantly, the ingestion assay confirmed that
animals actively consumed all MP types (Fig. 6). While
MPs were rarely observed in the digestive tracts of two-
day-old juveniles, the frequency of MP presence in the
gut and fecal pellets increased markedly in older indi-
viduals (4-5 days old and beyond; Fig. 7).
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Fig.2. Survival of M. macrocopa females exposed to four
types of MP over 24-hour (solid line) and 48-hour (dashed
line) acute tests. C — control.

Table 1. Characterization of the combined effects of toxicants and microplastics (MPs) on the survival of M. macrocopa

females in acute tests.

Toxicant MP Effect (Fresh Mixture)

Effect after 1 Week of Aging

Copper (Cu) PS: synergism; PVC/PE/PP: neutral/weak

antagonism
Diesel Fuel (D)

Insecticide (Ins)

Neutral for all MPs (toxicity remains high).
Neutral for all MPs.

Detoxification; copper toxicity eliminated for all MPs.

PE/PP: strong antagonism (detoxification); PVC/PS: neutral.

Antagonism for all MPs (toxicity reduced to control level);
most effective with PS.
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Fig.3. Survival of M. macrocopa females exposed to cop-
per, the dissolved fraction of diesel fuel, and the insecticide
Kung Fu Super in 24-hour and 48-hour acute tests.

Thus, PS-based MPs were uniquely detrimental,
affecting both survival in acute tests and key life-history
traits in chronic exposures. The MPs used in this study
differed in their size distributions (Fig. 1); PS particles
were the smallest, with over 70% of particles in the 2-4
um range. Paradoxically, M. macrocopa preferentially
ingests particles in the 6-12 um range (Zadereev et al.,
2023), a fraction that constituted only 8% of the PS MP
preparation—the smallest proportion among all MPs
tested. This suggests that the heightened toxicity of PS
is unlikely to be driven solely by ingestion rates and
may instead be related to its polymer-specific charac-
teristics, smaller particle size facilitating tissue interac-
tion, or other unidentified mechanisms. However, the
heightened toxicity of PS may be attributed to its small
particle size, potentially facilitating mechanisms such
as particle adhesion to tissues or external structures,
which could be more pronounced for smaller MPs.
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Fig.4. Survival of M. macrocopa females after 24-hour
(blue) and 48-hour (orange) exposure to combinations of MPs
(10,000 particles/mL) and toxicants at their 48-hour LC, val-
ues (see Fig. 3). Toxicants: Cu (copper), D (diesel fuel), Ins
(insecticide). Test medium: Cont - control, + - toxicant +
MP, 0 - mixed immediately; 1 - aged for one week before
experiment. See Table 2 for statistical differences between
treatments.

A critical consideration is that the effective con-
centrations in our experiments—an LC,, of approxi-
mately 70,000 particles/mL in acute tests and observed
chronic effects at 10,000 particles/mL—are orders of
magnitude higher than current environmental concen-
trations. Typical MP abundances in freshwater systems
are on the order of tens of particles per cubic meter,
reaching concentrations exceeding 50,000 particles per
liter only in severely polluted regions (Langenfeld et
al., 2024).

The literature on MP effects on zooplankton
life-history traits presents a contradictory picture. Some
laboratory studies report that MP exposure reduces fil-
tration rates, impairs feeding, retards growth, decreases
fecundity, and increases mortality in various zooplank-
ton species. For example, the freshwater cladoceran
D.magna exhibits negative effects, including reproduc-
tive impairment and delayed offspring production, at
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Table 2. Statistical significance of survival changes in M. macrocopa exposed to microplastic-toxicant mixtures (* - p < 0.05;
| - reduced mortality; 1 - increased mortality) in acute toxicity tests. Test mixtures denominations and survival values are at the

Fig. 4.
Cont Cu (0) D (0) Ins (0)
24h 48h 24h 48h 24h 48h 24h 48h
PVC
PS ) =1
PE
PP
Cu (0) *t !
Cu+PVC (0) ) )
Cu+PS (0) = *
Cu+PE (0) = )
Cu+PP (0) ) )
cu (1) "t *t 5| g
Cu+PVC (1) | *|
Cu+PS (1) *| *|
Cu+PE (1) *| *|
Cu+PP (1) *| *|
D (0) 1 "t
D+PVC (0) * )
D+PS (0) *1 *1
D+ PE (0) *1 *
D+ PP (0) * )
D (1) “1 "t
D+PVC (1) *1 * *|
D+PS (1) *1 *1 *
D +PE (1) * * “ *
D+PP (1) * *| *|
Ins (0) !
Ins+PVC (0) *1
Ins+PS (0) *1
Ins+ PE (0) )
Ins+ PP (0) *1
Ins (1) *1
Ins+PVC (1) 1 =}
Ins+PS (1) x|
Ins+PE (1) *|
Ins+PP (1) ) |

concentrations as low as 100 particles/L (Zhao and
Tian, 2024)—a threshold markedly lower than that
observed in our study.

Conversely, numerous studies, particularly those
conducted under near-natural conditions, report no
significant adverse effects. A mesocosm experiment
exposing freshwater zooplankton communities to
environmentally relevant concentrations of polyester
microfibers (10 and 50 particles/L) found no signifi-
cant impact on abundance, diversity, or community
composition over a 12-week period (Klasios et al.,
2024). Approximately 14% of studies on zooplank-
ton MP ingestion report an absence of negative effects
(Gunaalan et al., 2023), underscoring that MP impacts
are highly context-dependent. This dependency is influ-
enced by a suite of biological factors (e.g., species iden-
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tity, life stage) and physical factors (e.g., polymer type,
particle shape and size, co-occurring contaminants), as
well as experimental design.

Consequently, while some laboratory stud-
ies indicate adverse individual-level effects of MP at
concentrations around 100 particles/L, the threshold
for observable population- or community-level con-
sequences in complex natural ecosystems is likely to
be significantly higher. The frequent lack of negative
effects at ecologically relevant concentrations of MP
underscores the necessity for further research that
incorporates environmental realism—including multi-
stressor conditions and ecological interactions—to
enable a more accurate and holistic risk assessment of
MPs.
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4. Conclusion

This study underscores the complex and con-
text-dependent nature of microplastic (MP) impacts on
freshwater zooplankton, highlighting significant uncer-
tainties in current environmental risk assessments.
Our findings demonstrate that toxicological effects are
highly polymer-specific. Of the four types tested, only
polystyrene (PS) exerted statistically significant nega-
tive effects on the survival of M.macrocopa in acute tests
and on life-history traits in chronic exposures, while
polyvinyl chloride (PVC), polyethylene (PE), and poly-
propylene (PP) particles induced no significant adverse
effects at the concentrations investigated.

A primary source of uncertainty lies in interpret-
ing the mechanistic drivers of toxicity. The observed
differential effects among MP types may be attributed to
variations in particle size distribution, shape, polymer
chemistry, or a combination of these factors. Notably,
while PS—the most toxic polymer in our study—had
the smallest particle size distribution, its proportion
within the zooplankton’s preferential feeding range
(6-12 pum) was the lowest. This paradox suggests that
other mechanisms, such as particle adhesion or the
leaching of chemical additives, may play a critical role
and warrant dedicated investigation.

The greatest uncertainty involves MP interac-
tions with co-occurring pollutants. Our results indi-
cate that combined effects are governed by three key
factors: (1) the chemical nature of the toxicant (e.g.,
heavy metal, petroleum product, insecticide); (2) the
MP polymer type; and (3) the interaction time between
MP and toxicant prior to exposure. The effects ranged
from synergism to antagonism and were highly unpre-
dictable across different combinations. For instance,
one-week conditioning of MPs with copper completely
eliminated its toxicity, whereas the effects for diesel
fuel were polymer-dependent, and insecticide toxicity
was generally reduced across all MPs. These findings
point to complex, poorly constrained processes—such
as sorption, desorption, and transformative reactions
on MP surfaces—that complicate the extrapolation of
laboratory results to natural environments.

Furthermore, the effective concentrations in our
experiments (LC,, ~73,000 particles/mL for PS in acute
tests and observed effect concentration of 10,000 parti-
cles/mL in chronic tests) exceed current environmental
MP levels in freshwater systems by several orders of
magnitude. This discrepancy challenges the ecologi-
cal relevance of many laboratory studies, including
our own, and aligns with the inconsistent outcomes
reported in the literature, where numerous studies fail
to identify significant impacts at environmentally rele-
vant concentrations.

In light of these findings, we emphasize the high
context dependency and uncertainty in MP ecotoxicol-
ogy. To enable reliable risk prediction, future research
must prioritize: 1) identifying the specific physico-
chemical properties of MPs (size, shape, polymer type,
aging) that dictate their toxicity and sorptive behavior;
2) elucidating the kinetics and mechanisms of MP inter-
actions with diverse pollutants under environmentally
realistic conditions; 3) conducting long-term mesocosm
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experiments that incorporate ecologically relevant MP
concentrations and complex multi-species communities
to assess ecosystem-level outcomes.

Only by addressing these multifaceted uncertain-
ties can we advance from qualitative hazard identifi-
cation to a quantitative and realistic assessment of the
ecological risks posed by microplastics in freshwater
ecosystems.
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BAMAHME MUKPONAACTHKA U TOKCUKAHTOB
pa3HOH NPUPOABLI HA BLDKMBAEMOCTb

M napameTpbl XXH3HEHHOro LMKAA
BEeTBUCTOYyCOro pauka Moina macrocopa

3anepees E.C.}2*, JlomatuHa T.C.!, fAckensitnen [1.J].2, Jliooumuesa C.A.2

T Hncmumym 6uogu3suku, KpacHoapckutl HayyHelll yenmp CO PAH, Akademeopodok 50/50, KpacHospck, Poccus
2 Cubupckuti pedepartbHutii yHugepcumem, np. Cao60dHwil 79, KpacHoapck, Poccua

AHHOTAILIHSL. B paboTe oneHnBanu Bo3felicTBre Mukporutactuka (MII) paznmuHoi npupoas! (ojiu-
CTUPOJI, MTOJIMBUHWJIXJIOPU/I, TOJIUATUJIEH, TOJIUIPOIUIIEH) B pa3MepHOM Auana3oHe 2-80 MKM Ha mpec-
HOBOJHBIN 300IJTaHKTOH (Moina macrocopa) B OCTPhIX U XpOHUYECKHUX TecTaX, a Takxke BiausHue MII Ha
TOKCUYHOCTb MeJI1, MUHCEKTULIUAOB (CycneH3us ThaMeToKcaMa U JiAMOAa-IurajJoTpuHa) 1 AU3eJIbHOr0
TOILUIMBA. Y CTAHOBJIEHO, YTO TOJIbkO MII Ha OCHOBe MOJIMCTHPOJIA 3HAYMMO CHIDKAJ BBDKMBAEMOCTh
(LC,, ~73 000 yacTwiy/mMJ1) ¥ PENPOAYKTHBHBIE MOKA3aTe/M PAvYKOB (AEMCTBYIOU[AA KOHLEHTPALUA
10 000 yactuiy/min). OpdekTsl Apyrux Tumnos MII 6bUIM CTaTUCTUYECK HE3HAYMMBI, HECMOTPA Ha UX
aKTUBHOe NoTpebieHre opraHu3Mamuy. KioueBbIM pe3yIbTaTOM SIBJISIETCS IEMOHCTPAIsA CJI0XKHOTO U
HempeJckazyeMoro xapakrepa B3aumogericteusa MII ¢ TokcukaHTaMu. DDHEKT coueTaHHOro BO3Aei-
CTBUs KpUTHUYECKHU 3aBHCeJ OT Tuna 3arpssHutessa, MII u BpemeHU ux KoHTakTa. Habiomamuch Kak
3¢ dexTH aHTaroHn3Ma (CHUXeHUe TOKCMYHOCTY Meu Nocjie KOHAUIMoHupoBaHus ¢ MII), Tak u Bapu-
abeJibHBbIe peakUU JJisi APYTUX MOJUTIOTAHTOB. IloporoBeie KOHIIEHTPAI[UU BBIABJIEHHBIX 3G ()eKTOB Ha
MOPAIKY MpeBHIIAIOT (POHOBBIE YPOBHU 3arps3HeHUsa NpupogHbx Boa MII, uTo yka3bBaeT Ha Heollpe-
JeJIEHHOCTh B 3KCTPAIOJIANNU JJaO0paTOPHBIX JaHHBIX HA MPUPOAHBIE YCIOBUsA. Pe3yIpTaTsl HOAYepKU-
BalOT KOHTEKCTHO-3aBUCHUMBIN XapakTep Bo3felicTBus MII 1 HeoOXOAUMOCTh JaJbHEHNIINX HCCcieoBa-
HUI C 5KOJIOTMYECKU peJIeBAaHTHBIMU KOHILIEHTPAUUAMU U CJIOXKHBIMM KOMOWHAIMAMU 3arpsi3HUTENIEN
1A peaJIMCTUYHOU OLIEeHKH PUCKOB.

Kitiouegsie cj108a: MUKPOILUTIACTUK, 300TJIAHKTOH, )XU3HEHHBIN [IUKJI, 3aTPs3HEeHNe, TOKCUYHOCTD

Ja uutupoBaHus: 3aaepees E.C., Jlonatuna T.C., fAckesnainen [1.[1., JlloouMuesa C.A. BausHne MUKPONJIACTUKA U TOKCUKAH-
TOB Pa3HOI NPUPOABI HA BEDKMBAEMOCTD U ITapaMeTPhl XKU3HEHHOTO ITHKJIa BETBUCTOYCOro pauka Moina macrocopa // Limnology
and Freshwater Biology. 2025. - No 4. - C. 1083-1101. DOI: 10.31951/2658-3518-2025-A-4-1083

1. BBeAeH"e 3HAYMMBIX 3KCIIEPUMEHTAJIbHBIX I/ICCJ'Ie,E[OBaHI/Iﬁ B 3TOU

obusractu crajsa pabora Cole et al. (2013), B xoTopoi
OBUJIO TIOKa3aHO, YTO MOpckue komernofsl (Centropages
typicus) 3axBaThIBAIOT IMOJIMCTUPOJIbHbIE MUKpPOCHepHI
auamerpoM 20 MkM. ITornmoménnele yactunsl MII He

[Momagmanue wmwukportactuka (MII) B mpecHo-
BOJIHbIE 3KOCHCTEMBI CO3/TA€T MOTEHI[UATbHBIE PUCKU
OJA YCTOMYMBOCTU TMUILEBBIX I[erneil. 300IJIaHKTOH,

CBA3BIBAIONMI IEPBUYHBIX IIPOAYLIEHTOB U NOTpebuTe-
Jieli 6oJiee BBICOKOTO YPOBHS, II0 HEKOTOPHIM JAaHHBIM
0ocobeHHO ysA3BUM K Bo3ferictBuio MII. Hapymenus B
ero (puU3noJIOrMM U YMCJIEHHOCTU MOTYT IIPUBECTU K
KacKaJHBIM U3MEHEHUAM B DKOCHCTEMAX.
HccnenoBaHus IMOKasajy, 4YTO 300IIAHKTOH
aKTHBHO noryomaetr MII, ommb0YHO IpUHKUMAsA €ro 3a
HaTypaJIbHBIN KOpM, IIpex/[ie Bcero 3a GUTOIJIaHKTOH.
9T0 00ycJIoBJieHO cxojicTBoM MII-yacTuil ¢ nuieBbIMU
ob6bekTaMu 1o pasMepy U ¢popme. OIHMUM U3 MEPBHIX

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: egor@ibp.ru (E.C. 3agepees)

IHocmynwna: 27 wvtosnia 2025; IIpunama: 29 utoiia 2025;
Ony6tukoadana online: 31 aprycra 2025
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IepeBapuBaJINCh M BBIBOAWINCH C (deKajauaMH, IpU
3ToM camu (¢eKajbHble I'paHyJbl ObLIA HaCHIIEeHBI
MIT u oTsiMyasInch MO IJIOTHOCTA U CKOPOCTU ocena-
HUA. ABTOPB OTMETUJIU, YTO y 0CcO0el, oABeprinxcs
BosgericTBuio MII, HabGII04aI0Ch CHIDKEHUE TEeMIIOB
noTpebJieHUsA NHIIU [0 CPaBHEHUIO C KOHTpojIeM —
BEpOATHO, u3-3a OJIOKMpOBaHWA IpocBeTa MNUIEBa-
PUTEJIBHOTO TpakTa WU CO3JaHHUA JIOKHOTO YyBCTBA
HaCHbIILleHNA.
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OTu HabmogeHUsA ObUIN NOATBepXAeHb U 0600-
mieHsl B 063ope Botterell et al. (2019), rae npoaHau-
3MpOBaHbl JiabopaTOpHbIE U TOJIEBbIE SKCIIEPUMEHTHI
Ha pa3HbIX I'PyIIax 300IJIAHKTOHA. ABTOPH OTMEYaloT,
yto MII MOXeT He TOJIbKO MeXaHUYeCKU MpernsTCTBO-
BaTh HOPMAaJIbLHOMY IPOXOXJeHUI0 NMUIIM, HO U CHU-
KaTh OONIyI0 SHepreTUYeckyi I[eHHOCTb IUeTHl 3a
CYET 3aMellleHNs TPoprueckux 0ObeKTOB HelmUTaTe Ib-
HBIMM CHHTeTHYecKMMM uacTuuamMu. OcobeHHO YyB-
CTBUTEJIBHBIMU K 3TUM 3(ddeKTaM oKazauch MeJIKie
IUJIAHKTOHHBIE OPTaHU3MBI ¢ QUIIBTPAIMOHHBIM CIOCO-
O0M NUTaHUsA, TaKyle KaK BeCJOHOTHUE U BETBUCTOYyChIe
pakoobpa3Hble.

CorJstacHo ucciegosanuio Amariei et al. (2022)
nokpeiTie MII OGuonnéHKamMyd 3HAYUTESIbHO IIOBBI-
[IaeT ero «IpUBJIEKaTeJIbHOCTh» [J1 oTpebuTeneii. B
onbITax ¢ Daphnia magna 6bUI0 TOKa3aHO, YTO 06poC-
mue vactuubl MIT moefanuch ropasfio akTHBHee, yeM
«CTepUuJIbHble». YCUJIeHHOe NoTpebsieHre 0oOpOCIINX
YacTUI[ MOXeT YCUJIMBATh TOKCHUYeCcKHe U MeXaHuue-
ckue 3¢g@dexter MII, a Takxke crnocoOCTBOBaTh HAaKO-
IJIEHUI0O BTOPUYHBIX 3arps3HuTeseil, copOupOBaHHBIX
Ha ero NoBepXHOCTU (HampuMep, TSXKeJIBIX MeTaJlJIOB
U OpraHuvYecKux coenuHenuii). Takum obpazoMm, mpes-
nojiaraetcs, 4ro MII oka3plBaeT KOMIIJIEKCHOE BO3JIeM-
CTBUE Ha 300IUIAHKTOH, HauMHasA OT 3aTPyAHEHHOIO
nuiieBapeHrs OO0 HeXBAaTKU MUTATeJbHbIX BEIIECTB U
BJIMSTHUSA TOKCUYHBIX COeMHEeHUN, ocemanommux Ha MII
(Malinowski et al., 2023).

B nesoM, mpu OrpoMHOM MaccuBe CTaTed Io
obHapyXeHUI0 U olleHKe KoHIleHTpauuii MII B BOHBIX
3KocucTeMax, OOJBIIOMY KOJIMYECTBY OO30pHBIX CTa-
Tell MO TeMe 3arpsi3HeHUs BOOHBIX 3kocucTteM MII u
ero MpUCYTCTBUI0O B Pa3JIMYHBIX 3BEHbSIX Tpoduue-
CKOM ceTH, BBIAEJIAITCA HECKOJIBKO CJIabou3yYeHHBIX
HanpasiieHni (Yu et al., 2020): 1) peako usydaercs
B3aumojerictere MII ¢ XMMHUYeCKMMH BellleCTBaMU
MHorue 3sarpsAsHuTeNn MOryT cBsA3bBaTbcsa ¢ MII B
BoaHOU cpene. TpeOyloTcsa ucciieoBaHUA 1O OLleHKe
coBMecCTHOro Bo3jericTBuA MII 1 TOKCUKaHTOB Ha 6110-
JIoTUYecKUe TMoKa3aTesd, BKJI0Uas CKOPOCTbh MUTAHUSA
U pasMHOXeHUe; 2) xapakrepuctuku MII (Hanpumep,
pa3Mmep, ¢opMa U TUN MOJIMMepa) MOTYT BJIUATH Ha
ero BozfelicTBue Ha opraHusMsl. Chepuueckue MII B
HacTosilllee BpeMs fABJAIOTCA HauboJlee 4acTO U3yva-
eMoil ¢GopMoO#l B HcCJieOoBaHUAX TokcuyHocTu MIL
HeobxoquMbl McciIeJOBaHUA € HCIIOJb3oBaHueM MII
HenpaBUJIbHOU (POPMBI, pa3HOTO pa3Mepa U COCTaBa;
3) 10 cpaBHEHUIO ¢ MOPCKUM 300IJIAHKTOHOM BJIMsIHIE
MII Ha npecHOBOAHBINM 300IJIAHKTOH M3y4YeHOo cj1abo.

B manHOM uccieoBaHUU MBI C(HOKYCHPOBAINChH
Ha MHAWUBUAYAJIbHBIX SKCIIEpPUMeEHTaX C IPeCHOBOIHBIM
BUJIOM 300ILUIaHKTOHa (BETBUCTOYCHIII padok Moina
macrocopa) 1o olieHKe OTKJIMKOB IapaMeTpOB XU3HEH-
HOTO ITMKJIA )KUBOTHBIX Ha pa3JInyHble MUKPOILIACTUKU
ecTecTBeHHO! (pOpMEL, B TOM UMCJIe Harpy>XeHHbIe T0JI-
JII0TaHTaMU, AJiA ompefesieHus MOJTyJleTaJIbHBIX KOH-
neHTpauuii kak yrucroro MII, tTak u MII HarpyxeHHOT0
MOJUTIOTaHTaMU AJI8 BBDKUBAHMSA PAaukKOB B OCTPHIX OIIBI-
TaX, Noay3d@eKTUBHBIX KOHIIEHTpAIUil Ui MPOJO0JI-
KUTEJIBHOCTU XKU3HU, CKOPOCTU POCTA, MJIOAOBUTOCTU
B XPOHUYECKUX ONBITaX C )KUBOTHBIMU.
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2. MaTepuanbl U MEeTOADI

Mp1 wuccinegoBaau BiausHue MII «ecTecTBeH-
HOU» (OpMBI U pa3Mepa, Kak IO OTAEJIbHOCTH, TaK U
COBMECTHO C pAAOM TOKCHKAaHTOB, Ha MapaMeTphl X13-
HEHHOT0 IMKJIa BeTBUCTOycoro pauka M.macrocopa B
OCTPHIX M XPOHMYECKHUX JIabopaTOPHBIX 3KCIepHUMeH-
Tax. B skcnepuMeHTax KCIOJIb30Bajd J1abOPaTOPHYIO
KyJIbTYypy M.macrocopa, koTopas NOAAepXHBajach B
Huctutyte 6uodusuxu CO PAH (KpacHospck) B Teye-
HUe nocjiefHux 15 set. JKUBOTHBIX KyJIbTHBHPOBAJIN
B KJIMMaTH4ecKol kaMepe IIpu Temnepatype (25 =+ 1°C)
u dotonepuofe (16 yacoB cBeTsioro nepuoja:8 yacos
TEMHOIr'0 Ileprofa), ONTHMAaJIbHbIX [JIS pocTa U pas-
MHOXeHUsa M. macrocopa (3agepeeB u I'y6anos, 1996).
B kauecTBe KyJIbTYpaJIbHOI CpeAdbl NCIIOJIb30BaIU
BOJIONIPOBOAHYI0 BOJy, OTCTOSHHYI0O B TeueHUe He
MeHee 72 4YacoB. ’KMBOTHBIX KOPMWJIM HeaKCeHUYe-
CKOH KyJbTYpOIi 3es1eHo Bogopocau Chlorella vulgaris,
KOTOPYI0 KYJIbTUBUPOBAIN IEPUOAUYECKUM MeTOI0M
IIpU ITIOCTOAHHOM OCBelleHWU U aspauuu B Kojbax
o6vemoM 500 mu1 Ha cpefie Tamus. [lepen rcroab3oBa-
HHeM B KauecTBe KopMa BOAOPOC/IN KOHLIEHTPHPOBan
nyteMm IeHTpudyruposanusa (1200 g). [yia onpenesie-
HUA KOHI[eHTpaluu KJIETOK BOJOPOCJIell CI0JIb30BaIn
paHee NOJIyYeHHYIO JIMHEIHYI0 perpeccuio Mexay KOH-
neHTpanuen xierok C. vulgaris B mpofe, onpeneieH-
HOM IIyTeM NPSAMOT0 MHUKPOCKOINYeCKOro Mmojcuera, u
BeJIMYMHOU (piryopecrieHIUH XJI0podusia a, u3MepeH-
HOW IIpM AJIMHAX BOJIH 470/665 HM Ha MUKPOILJIaHIIeT-
HOoM pugiepe SpectraMax® M series (Molecular Devices,
CIIIA). KoHLleHTpanuio BOIOPOCIei B cpefie IOBOIUIIU
[0 dKCIIepUMEeHTAJIbHOI'O YPOBHA IIyTeM pa30aBJieHus
HMCXOJHOU CyCIIeH3U1 BOJOPOCIIEH.

Joa nonyuenuss MII pa3Hoii ¢popMbl U pa3Mepa
HCIOJIb30BaJI OBITOBOM IJIAcTUK (mosuatuiieH (PE)
— TpyOKa MOJINITUIeHOBas (MCIHOJIb3yeTCsA B IIPOMBIII-
JIleHHOM of6opynoBaHun), mnojuctupon (PS) - mnop-
JIOXKKa U3 BCIEHEHHOI'O MOJIUCTHpPOJia (KCIOJIb3yeTcs
I XpaHeHUs MSCHOM NPOJYKIUU, PBIOBI, moJiyda-
O6puKaToB, OBoLIlell U (PPYKTOB), MOJIMBUHUJIXJIOPU
(PVCQC) — manerp [1BX (ucnosb3yeTrcs OJis OTAEJIKUA CTEH
Y TIOTOJIKOB, U3TOTOBJIEHNS HAPYXXKHOW U MHTEPhePHOMN
pekJiamsr), nosurnpornuieH (PP) — ogqHOpa3oBeie Yaliku
151 yas ¥ kode) M3MeTbYEHHBIN C ITOMOIIBI0 TPOMBIIII-
JIEHHOU MeJibHULIbI ¢ HabopoMm cut (ot 250 mo 800
MKM). [Tocsie nomouta u npoceusanus 5-10 r MII nome-
maau B 100 M1 BOABI U OCTaBJIAINA B peXUMe UHTEH-
CHBHOrO IlepeMellVBaHWs C IIOMOIIbI0 MAarHUTHOM
MelllaJIK1 He MeHee 4eM Ha ofHy HefeJo. [Iociie aToro
[IOJIyYeHHBI KOHIIeHTpaT NpOIlycKajlu 4yepe3 CeTKy C
aunamerpoM mop 80 mkMm. KoHneHTpanuo u pasmep-
Hoe pacnpefeneHue yacturn MII B ¢unbTpaTe onpefe-
JIAZI C IIOMOIIBI0 IIPOTOYHOTr'O IIUTOMEeTpa C BU3YyaJlu-
saruent FlowCam (Fluidlmaging, CIIIA), npomyckas 1
M1 puibTpaTta yepe3 IPOTOUYHYIO A4eliKy NuaMeTpoM
100 mxm (Puc. 1). Tak Kak MCII0JIb30BaHHbIE IIJIACTUKU
U3MeJIbYaJINCh ¢ pa3HOH 3 PEeKTUBHOCTHIO, pa3MepHOe
pacnpefesienve yactul pasnuyHeix MII oTinuasnocs.
Haubosnee menxkum Ob1 MII, mosiyuyeHHBIE U3 u3[e-
JIUiA, cIeJIaHHBIX U3 noJjrcruposia (bosiee 70% wacTury
B pa3MepHOM JianasoHe 2-4 MM 1 Jvib 3.5% 4YacTuiy
pasMmepoM Oosiee 10 MxM), HauboJiee KPYIHBIM — U3
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Puc.1. XapaktepHble uzobpaxeHus yactur MII paznuysoro npoucxoxgeHus (PVC — nonuBuHuiIxIopug, PS — nosuctupos,
PE — nmonmatiiieH, PP — mosmunponuiieH) U UX pa3MepHoe paciipe/iesieHre B 06pasiiax, NCIOJIb30BAHHBIX JJIA IPOBENEHIUS OCTPHIX

Y XPOHUYECKHX SKCIIEPUMEHTOB.

nosiunponuieHa (36% vacTull B pa3aMepHOM Jilala3oHe
2-4 mxM, mouTtu 6% vactui pasaMepom Gosiee 10 MKM).
JlU1a mostyuyeHus TeCTUPYeMBIX KOHIIEHTpaLUi CTOKOBBIL
pactBop ¢ MII pa36aBJisin OTCTOAHHON BOAOIPOBOAHON
BOJIOM.

B KauecTBe TOKCHMKAHTOB MCIIOJIb30BAaJIA XJIOPHU/I
Menu aByxBofHbll (CuCl,*2H,0), MHCTeKTUIM/bINA TIpe-
napaT Kyurdy Cymnep (cycneHsusa Thamerokcama (141
r/n) u jgambpa-uurajgorpuda (106 r/m)), OO0 «3I1dD
Arpopyc-Pszanp», Poccus), ausesnbHoe TormuBo (T-J1,
Pocuedrts, Poccust). 1A co3gaHus TECTOBBIX PaCTBOPOB
Meay IPUTOTOBUJIM CTOKOBBIM PacTBOP C KOHIIEHTpanuen
ToKcukaHTa 1 r/n. Jlanee cMech U3 pacTBOpa pa3BoUIU
B OTCTOSAHHON BOJONPOBOAHOM BOAE OO MOCTHIXEHUA
TeCcTUpyeMbIX KOHIeHTpauuil. A co3gaHUsA TeCTOBBIX
PaCTBOPOB MHCEKTHUIINAA OPUEHTUPOBAJIUCH HA COZEpXKa-
HMe B HUCXOJHOM CyCIleH3uu JIAMOAa-uurajoTpruHa. Beut
TIPUTOTOBJIEH CTOKOBHIF PACTBOP C KOHI[EHTPAIUEH JIAM-
6a-uurasgorpuHa 1 mr/n. TecToBble pacTBOPHI TOTOBIIIH,
CMeIuBasi CTOKOBBIF PacTBOP C OTCTOSAHHOI BOIOIPOBO-
[OHOM Bojou. JJis co34aHUA TECTOBBIX PACTBOPOB AM3eJIb-
HOr0 TOIUTMBA CMEIUBAIIM OOHY YacCTh OU3EJIbHOTO
TOIUIMBA C AEBATHI0 YaCTAMU OTCTOSHHOI BOJOIIPOBO-
JHOU BOABI B 00beMHOM COOTHOILIEHUU U TlepeMelInBaIn
C TIOMOII[BI0 MarHUTHOM MeIIaysKi B TeueHUe 24 4acoB
MpU MOCTOAHHON TeMmneparype. CKOPOCTh MepeMenIBa-
HUA NOAJepPXXKUBAIN TaKoM, 4TOOBI 06pa3yromutics BUXpb
He npeBsima 25% BBICOTH XKUAKOCTHOrO cToJiba. ITocie
nepeMenBaHuA 00pas3i(bl OCTABJIAIN JJIs OTCTauBaHUA
Ha 2 vaca (Miiller et al., 2019). [Jasee cpeny c pacTBo-
PeHHBIMU ppaKIUAMU AU3eJIbHOr0 TOILIMBA OTOMpaJIU C
TTOMOIIIBIO JT03aTOpa M3 CEpPeAUHBI COCyAa M CMENINBAIIU
C OTCTOSIHHOI BOJIOIIPOBOAHOI BOJIOM [AJ1A NPUTOTOBJIE-
HUSA TECTOBBIX PACTBOPOB.
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2.1. TecTbl Ha OCTPYIO TOKCHUYHOCTD

Ui TecToB Ha OCTPYI0 TOKCHUYHOCThH MCIIOJIb30-
BaJI1 OJHOAHEBHBIX caMoK (mmHa Tega 0.5-0.6 mwm),
BBUIYNIUBIINXCA B yCJIOBUAX, OJIArONPUATHBIX OJIA Iap-
TeHoreHe3a. MBI HCIIOJIb30BaJIM BTOPOE TIOKOJIEHUE
Marepel, cofepXKaBIINXCA MHAUBUAYAJIbHO B KJIUMAaTU-
yeckol kamepe B 20 MJI cpelibl C KOHIIEHTpaluei MU
200 TeICAY KJIeTOK/MJI. Cpedy OOHOBJIAIN eXeOHEeBHO
(JlomatuHa u gp., 2020).

OcTpble TeCThl OBLIM IIPOBEEHbI AJIA CJIeQyIOMmnX
BUJIOB BO3AeNCTBUI: A) pacTBOpHI C AUANa3oHOM KOH-
IeHTpaIuil kaxjoro u3 MII (pacueTHble KOHIIEHTpAaLUN:
1, 10, 100, 1000, 10000, 100000 yacTtui/mia) (4 Tuma
MII X 6 koHIeHTpanuili = 24 TecTOBBIX pacTBopa); B)
pacTBOpBl € AUANa30HOM KOHIIEHTpAIMil KaXAoro u3
TOKCUKAHTOB (3 TOKCHKaHTa X 6 KOHIleHTpaluii 18
TECTOBBIX pacTBOpoB); B) pactBopnl ¢ MII (koHIleHTpa-
s 10 000 vactuiy/Mi1) B KOTOphele OB oOaBjieH OIUH
U3 TOKCHUKAHTOB B IMOJIyJIETAJIbHOM KOHIleHTpauuu (4
tumna MII X 3 TokcukaHTa 12 TeCTOBBIX pacTBOPOB);
I') pactBopsl ¢ MII (konieHTpanusa 10 000 wacTuiy/mi)
B KOTOpHIe ObLI fo6aBjieH OJJUH 13 TOKCUKAHTOB B IOJTY-
JleTaJIbHOM KOHILIEHTpAalliuM, KOTOphble B TeueHUe HeJesu
nepej HCIOJIb30BAaHHEM B OCTPOM TeCTe MOCTOSHHO
repeMelnBajIicCh C MOMOIIbI0 MarHUTHON Melnaaku (4
tumna MIT X 3 TokcukaHTa 12 TecTOBBIX PacTBOPOB).

JJ1s mpoBeieHUA TECTOB Ha OCTPYI0 TOKCUYHOCTh
JBajJllaTh OJHOJHEBHBIX CAMOK IOMeNIasii WHIUBUIY-
aJIbHO B CTakaHUYMKHU ¢ 20 MJI KaXJOro TeCTOBOTO pac-
TBOpa 6e3 muimu. B kauecTBe KOHTPOJIA AJIA KaXIOH
cepud TeCTOB Ha OCTPYH0 TOKCHUYHOCTb MCIIOJIb30BaJIU
BOJONPOBOAHYIO BoAy 6e3 muiiy, MII u/niu TOKCUKaHTA.
s ompepesieHus cpefHell MOJTyJIeTaJbHOU KOHI[EH-
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tpauyu (LC,) — KOHILEHTpalus Mpyu KOTOPO¥ morubaer
[I0JIOBUHA TECTHPYEMBIX PAyKOB) IOJCUYUTHIBAIN KOJIHU-
YyeCcTBO NOruodImmx ocobeil yepe3 24 yaca u 48 yacos.

2.2. XpoHuuyeckue Tecrtbl

OpHOOHEeBHBle HOBOPOXJEHHble ocobu (IiIuHa
Tena 0.5-0.6 MM), BBUIyNHBIIMECA B ONTHUMAJIbHBIX
YCJIOBUAX, NOMENAJNCh WHAWBUAYAJIBHO B CTaKaH-
yuku ¢ 20 M1 cpensl U gob6aeieHHoi Chlorella vulgaris
B koHneHTpauuu 200 Teics4 KiteTok/mMJi1 (JlomatuHa u
ap., 2020). Ina xaxaol KOHI[eHTpaluu KaXOoro BHAA
MII (10 000, 1 000 u 100 yacTui,/mJiI) U Uit KOHTPOJIS
TectupoBanu 1no 20 HOBOPOXAeHHBIX ocobeil. Cpena B
SKCIIepUMEHTAJIbHBIX COCYaX OOHOBJIAIACDH €XXEJHEBHO.
DKCIEPUMEHTHl MPOBOAWINCE JO CMEpPTU BCEX XUBOT-
HBIX. J[71A KaXOO! CaMKU MOACYUTHIBAIN KOJIUYECTBO
KJIaJJOK 1 NMOTOMKOB B KaXAOHN KJIaAKE U PETUCTPUPO-
Bamu Bpemsa cMepTu. CpeAHAsA NPOAOJDKUATEIbHOCTD
XU3HU (JHU) U IJIOAOBUTOCTH (KOJIMYECTBO OTPOXKIIEH-
HBIX PAuKOB Ha OJHY CaMKY, KOJIMYECTBO OTPOXAEHHBIX
KJIQ[I0K) pacCUMTHIBAJIMCh [JIA KaXOON KOHIleHTpauuu
Bcex BuaoB MII.

JlonosiHUTENBHO OBLJIO TNPOBEAEHO BU3yaJbHOE
TeCTUpPOBaHUE CIOCOOHOCTH padkoB morjomars MIIL.
Jlia storo no 50 10BeHUJIbHBIX caMOK M.macrocopa ObLIo
NIOMEIIEeHO B 1 JIUTP BOABI C KOHLIEHTPpAILMel KaXJ0T0 13
MII 10 000 wactui,/Mi U KOHIleHTpaluen kopma 200
TBHIC. KJI/MJI X B KOHTPOJIbHYIO Cpefly ¢ KOPMOM, HO 6e3
MP. Cpeny B cocyfax MEHsIN €XeCyTOYHO, OTpOXAae-
MBIX PAYKOB yhaysiid. PerysspHo (Ha 2, 5, 7, 9 u 11
CYTKM BO3pacTa payvkoB) M3 KaXIOoro cocyda oTOupasu
TpeX paykoB U BU3YaJIbHO MHCIEKTUPOBAJIN XEJIyAOK U
€ro coAepXxumoe noJ MUKpocKomoM rpu 10 X ysesnue-
HUHU. DKCKpeLM COAEPXHMOro XeayJaka JoOuBaJNCh
aKKypaTHBIM CTHUMYJINDOBAaHHMEM CaMKH C IIOMOUIBIO
npenapaTropcKoi UTJIBL.

2.3. CrtatTMcTHuecKMe aHanM3bl

TTomnyneranbubie KoHeHTpauun (LC,)) B OCTPhIX
TOKCHKOJIOTUYECKHX TeCcTax OIeHUBaJd C IIOMOIIbIO
maketa «drc» nmsa mporpammHoil cpeabnl R (Ritz and
Streibig, 2005).

JloJii BEDKHBIIMX PAYKOB B OCTPOM dKCIIepUMeHTe
B Pa3/IMYHBIX BapHaHTaX cpeJibl CPABHUBAJIN, UCIIOJIb3YS
kputepuii ais goiedt (difference test). B sakcnepumenTax
10 U3y4yeHuIo TabJInI] JOXKUTHUA BIIUAHNIE KOHLIEHTpaIun
MUKpPOIUJIACTHKA Ha Kax[Jbplll IapaMeTp >XH3HEHHOI'O
[[MKJIa OLIEHUBAJIM C MOMOIIbI0 OAHO(DAKTOPHOIO JucC-
nepcroHHOr0 aHanu3a (ANOVA). [lyia aHanmu3a BIUSHAS
BO3pacTa paykoB Ha HaJIMYMe 4acTUI] MHUKPOILJIACTHUKA B
KeJIyJOYHO-KUIIeYHOM TpaKTe WM 3KCKPeTHPOBAaHHOM
[IMIIeBOM KOMKe IPUMeHsIN (aKTOPHBIN AUCIepCHOH-
HBII aHaJNU3 [AJiA NepeMeHHON ¢ OMHOMHAJIbHBIM pac-
npefesienueM (rae 0 — OTCyTCTBHe 4acTULl MUKpOILIa-
cTyka, 1 — ux Hanmume). Bece craTucTuyeckue pacyeTs
OB BEINOJIHEHH! B mporpamMe STATISTICA 8.0.

3. Pe3ynabTatbl M 06Ccy)xpeHue
3.1. OcTpbie TecTbl

Octpele TecThl He 3adukcupoBanu BiusHuA MII
(3a uckiroyeHue PS) Ha BBDKMBAEMOCTh IOBEHUJIBHBIX
camok M.macrocopa (Puc. 2). lnsa nonuctuposia LC50 B

BepkuBamemocTs, % BrokuBamemMocTh, % BrpkuBamemocTs, %

BrpkuBamMeMoCTh, %
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48-yacoBoM TecTe cocTtaBuya 73000+ 100630 gactui/
MUJIL

[TonyyeHHble HaMU 3HAuYeHHs IOJIyJeTaJIbHBIX
KOHI[eHTpaluil B OCTpoM TecTe ¢ M.macrocopa IJisi TOK-
cukaHutoB (Puc. 3) (Megp — 0.0139+0.0004 mr/7, pac-
TBOpUMBIE Gppakunu ausesbHoro romusa — 33.2 + 0.8%,
nHCceKTUIUAHLBI npenapaT — 0.49+0.09 Mmkr/mn) ObUIN
6JIM3KU K JINTepaTypPHBIM JaHHBIM.

[MonyneranpHasA KOHI[eHTpaIusa THaMeTOK-
cama, MoJiydeHHas B OCTphIX TecTtax ¢ D.magna, mpe-
Beimraer 100 mr/n (Finnegan et al., 2017), Torga kak
LC,, mamGa-uuranorpuna s D. magna — 1.04 Mxr/n
(Mokry and Hoagland, 1990). Tak kaK B HCIIOJIb30BaH-
HOM HaMU MHCEeKTUI[MHOM Ipernapare cofepxarcsa oba
3TUX HWHCEKTHULNAA, MOJIydeHHOe HaMHu 3HaueHue 4YyThb
HHUXe JIMTepaTypHOIo 3HaueHuA [Ji 00Jiee TOKCUYHOTO
aaMmbpa-uurajgoTpuHa. [losyeTanbHas KOHLIEHTpauuA
pacTBOpUMBIX (pakiuil AU3eJbHOTO TOIUIMBA, IOJIy-
YeHHBIX 10 aHAJIOTUYHON C HaIIMMHU 3KCIepUMeHTaMH
MeToAvIKe, B OCTpoM TecTe ¢ D.magna cocrasuia 40%
(Miiller et al., 2019). IlosmysieTajbHasA KOHIIEHTPALU
Me[y, MOJydyeHHas B OCTPHIX TecTax ¢ M.macrocopa
cocrasiisiia 0.0094 mr/i (Oskina et al., 2019).
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Puc.2. BerxuBaeMocTh caMOK M.macrocopa B ocTpoM 24
yacoBoM (cruiomrHas JuHUA) U 48 yacoBoM (mpephiBUCTAs
JHUA) TecTe ¢ yeTblpbMsA Bugamu MII (K — KOHTpOJIB).



Badepees E.C. u dp. / Limnology and Freshwater Biology 2025 (4): 1083-1101

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

[Ipu wucciegoBaHMU COBMECTHOIO JeWCTBUA
TOKCUKAHTOB B IIOJIyJIeTaJbHOHN KOHIleHTpauuu u MII
B koHueHTpauuu 10 000 wacTull/mMJ MOJy4YeHHl cJie-
nyromue pesynbTaThl (Puc. 4). lobasnenue PVC, PE,
PP cratucTuyeckyd 3HaYMMO He MEHAJIO TOKCHUYHOCTb
Meau. BeokuBaeMocTh pauykoB B cpefie ¢ PS u Meapio
Obl1a JOCTOBEPHO HIXeE, YeM B cpefle C OJHON MeJblo.
Jua Bcex MIT (PVC, PS, PE, PP) npu coBMecTHOM BO3-
JEeNCTBUU C PacTBOPUMMBIMU (QpakIUAMU OU3eJIbHOTr0
TOIJIMBA U MHCEKTULMAHOrO Iipenapara CTaTHUCTHYe-
cku 3Hauumoro (p > 0.05) ycuseHus uiu ocyiabieHns
TOKCUYHOCTH He OOHapyXeHO.

HuTepecHble pe3yJsbTaThl ObLIM IOJIy4YEeHBl NpU
TeCTUPOBaHUU cMecell MUKPOILIACTHKa U TOKCUKAaHTOB
rocJjie HeJleJIbHOTO B3auMofelcTBUA (BbliepXUBaHue B
pexuMe nepememuBaHusa). [jiA BceX NpOTeCTUPOBAH-
HbIx MII HefesibHOe B3auMMOJENCTBHE Pe3KO CHU3WUJIO
TOKCHMYHOCTb Me[1 — BCe IPOTeCTUPOBAHHbIE )XBOTHEIE
OBLIY JKMBBI, YTO aHAJIOTUYHO KOHTpoJIto. [Ipu TecTupo-
BaHUU PACTBOPEHHBIX (PpakLUMil AN3EJIbHOTO TOIIMBA
npu B3aumogetictsuu ¢ PVC u PS TokcuyHOCTB OCcTaBa-
JIOCh BBICOKOH: B3aUMOJeliCTBHEe He OKa3blBaJIO JETOK-
cunupymwoiiero s¢pdexra. IIpu Bzaumopelicrsuu ¢ PE u
PP nHaGiiogasioch JOCTOBEPHOE CHIDKEHKE TOKCUYHO-
CTHU - BBDKMBaeMOCTh PayKoB BeIpociia ¢ ~15% no ~85-
95%. [Ipu TecTHpOBaHUM MHCEKTULMAHOrO IIpernapara,
1A Bcex BuAoB MII Habtogasach TeHAeHINA K CHIKe-
HUI0O TOKCHUYHOCTU MHCEKTHIMJHOIO Ipenapara (poct
BBDKMBaeMocTH K 484). IIpu aToM HauboJiee BbIpaXeH-
HbIN 3G dekT ObL1 MpU B3auMofeticteuu c PS. B 1iesiom
rocje HeAeJbHOTO B3auMMOMENCTBUA BBDKUBAEMOCTb
paykoB B TecTOBHIX cpenax ¢ PS u PE u mHcekTunua-
HBIM IIpernapaToM He OTJIMYaeTcs OT KOHTPOJA. JTO
yKasplBaeT Ha TO, YTO BCe BUABl MHUKPOILJIACTUKA TaK
WIN MHaYe CIoCOOCTBOBAJIM CHIXXEHUI0O TOKCUYHOCTHU
WHCEeKTULNHAA CO BpeMeHeM.

KpaTkas xapakTepucTHKa COBMECTHOIO BJIMA-
HUA MII ¥ UCnoJIb30BaHHBIX TOKCUKAHTOB INpHBeeHa
B Tabnuie 1. B xauecTBe MPOMEXYTOYHOIO BBIBOJA
MOXHO CKa3aTb, 4TO BjiugHue MII Ha TOKCHMYHOCTb
3arpssHuTesiell He yHHBepcaJbHO. OHO KpUTHYECKHU
3aBUCUT OT: 1. XMMHUYECKOH IPHPOABI CaMOro TOK-
cukaHTa (TaKesblli MeTaslsl, HeQTelpOAYKT, WHCEK-
tunua). 2. tuna MIT (PVC, PS, PE, PP Benyr cebs
no-pazHomy). 3. ¢pakropa BpeMeHU (B3auMoelcTBre/
copbuusA(?) kapAMHAJIBHO MEHSIOT pe3yJIbTaT).
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Puc.3. OcTpas TOKCUYHOCTb MeJU, pACTBOPEHHBIX (ppak-
OU JU3esbHOro TOIUIMBA WM MHCEKTULIMIHOIO IIperapara
«KyHroy Cynep» B ocTpoM TecTe ¢ M.macrocopa.

TaﬁJmua 1. KpaTKaH XapakKTepHUCTHKa COBMECTHOI'O BJIMAHNA NCIIOJIb30BAHHBIX TOKCUKAHTOB U MII Ppa3JIMYHOI'O MPONCXOXK-
JleHNs Ha BbDKMBaeMOCTh CaMOK M. macrocopa B OCTPBIX TeCTax

ToOKCHUKaHT

dddext MII (0 Hex)

dddexT crapenus (1 Hen)

Menp (Cu)

JuzenbHoe ToriuBo (D)

VHCEeKTUILUIHBIN [IpenapaT
(Ins)

PS — cuneprusm (ycusieHre TOKCUYHO-
ctu menu). Jpyrue MII — HeliTpanbHO/
cJ1abblll aHTaroHMU3M

HetitpansHo ayia Bcex MII (Tokcny-
HOCTh PACTBOPEHHBIX (PPAKIMIT JU3€ETTh-
HOTO TOIIMBA OCTAE€TCS BHICOKO)

HetitpanpHo g1 Bcex MII

JleTokcukanusa s BceX NporecTupoBaHHbIX MII.
TOKCHMYHOCTh MeIU MMOJTHOCTBIO Hcue3aeT

PE/PP — cuJIbHBII aHTaroHu3M (JeTOKCHKAaI[UA).
PVC/PS - HeliTpasibHO (TOKCMYHOCTb COXPaHAETCs)

AnTtaronusm mia Bcex MII (TOKCUMYHOCTh CHIKA-
eTcs 0 YpoBHA KOHTposiA). Hanbosee spdexTrBeH
PS
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3.2. XpoHuueckKHe Tecrtbl

B xpoHMYeckux TecTtax TOJIbKO PS B KOHIlEHTpa-
muu 10 000 wacTui/MJI OKasajl 3HAuMMOe BJIMSHUE
Ha CHIDKEHHUE MPOJOJDKUTEIBHOCTU XU3HU U ILJIOJO-
BUTOCTH (KOJINUECTBO OTPOXAEHHBIX KJIAZOK U oblee
KOJIN4eCTBO OTPOXAEHHBIX PAauyKOB) B3POCJIBIX PayKOB.
BiusHUEe ocCTasJbHBIX MCIOJIb30BaHHbIX MII 6bLIO He
3HauuMbIM (Puc. 5). [Ipu aTOM 3KCIIEpUMEHT MoKa3al,
YTO pPauykKy aKTUBHO NOTPeOJIAI0T BCe BHUBI MCIOJIb30-
BaHHoro MII (Puc. 6). Eciiu B Havajie XXU3HHU (chbeMKa
1 - Bo3pacT paukoB 2 CYTOK) B XeJlygKaX PaykoB He
Hab6ogasoce MII, To HauynHas co cbeMku 2 (Bo3pacTt
PauKoB 4-5 CyTOK) Bce yallle B XeJIyiKe U B 9KCKpeTHpO-
BaHHOM MUI[eBOM KoMKe npucyTcrsoBaa MII (Puc. 7).

Takum oOpasom, Tosbko MII Ha OoCcHOBe MOJH-
CTHUpOJIa OKa3aJl HeraTUBHOE BJIMAHME KaK Ha BBDKU-
BaeMOCTb PAyKOB B OCTPHIX JKCIIEPUMEHTAX, TaK U
Ha mapaMeTphl XM3HEHHOI'O IHKJIAa B XPOHUYECKUX.
Kak Mbl OTMeTWIM BBIlIe, UCIOJIb30BaHHBIE B pabore
MII otsmyanuchk pa3MepHBIM pacnpefesienveM. I[Ipu
aToM mMeHHO MII U3 mojamcTUpoJa, U3rOTOBJIEHHBIN
U3 UCHOJIb3YEMBIX I XpaHEHHs MHIIEBBIX MPOAYK-
TOB MOJUJIOXKEK, OTJINYAJICA Haubosiee MeJIKUM pasme-
poMm (Puc. 1). Ha nanHoM sTare uccjefOBaHUS Mbl He
MO>KeM CKasaTh, CBA3aHbI JIM HabJyrogaeMble pasjinuyus
B ToKkcruuHocTU MII ¢ uX pasMepHBIM pacrnpenejieHueM,
dopmoll WM KAaKUMU-TO JPYTUMHU OCOOEHHOCTSIMHU.
Ecsiu nocMoTpeTh Ha pa3MepHBIN Auana3oH noTpebsis-
€MOro Kopma, To M.macrocopa npeArnoYnuTaeT YaCTUIIBI
pasmepoMm 6-12 mkm (Zadereev et al., 2023). B atom
pa3MepHOM [uana3oHe WCIOJIb30BaHHBIN Hamu MII
U3 MOJINCTUPOJIA COJepXKaJl HauMeHblllee KOJIAYeCTBO
yactur] (8%) U3 Bcex KUCHOJIb30BaHHBIX MUKPOILJIACTHU-
koB. To ecTh 3a cyeT IpsAMOro NorpebseHUsA B cpefe
¢ PS pauku pgospkHBL ObUIM IOJIy4aTh HauMeHbllee
koymmvectBo MII. OpHako ecau IpeAmnosOXUThb, YTO
HeraTtupHbIe 3(pQeKThl CBA3aHbl, HaIlpUMep, C «HaJIUIa-
HueMm» MII, To B cpene c 6osiee menkum MIT MOXHO
0XUJaTh OOJIBIIEro NposABJIeHUA NOA00HBIX 3¢ GEKTOB.

Heo0xoqumo oTMeTUTh, YTO AeHCTBYION[Me KOH-
nenTpanuu MIT B Hamux skenepumenTax (LC, B 0CTpbIX
Tectax — nopsaaka 70 000 vacTtui/mi, 3apuUKCUpOBaH-
HbIM 3G @eKT B XpoHHUYecKoM sKcnepumeHTa — 10 000
YacTUI/MJI) Ha MOPAAKU MpPeBbIIaIN Hab0qaemMble B
NPUPOAHBIX 3KocrucTeMaxX. OOBIYHO KOHLeHTpauuu MII
B IIPECHOU BOJle HaXOAATCA B palioHe [IeCATKOB YaCTHUI]
Ha KyOudecKuil MeTp W JIMIIb AJIA CUJIBHO 3arps3HeH-
HBIX PETMOHOB [OCTUTAIOT KOHIeHTpauuu > 50 000
yactui/n (Langenfeld et al., 2024).

B mesmoM sKcneprMeHTasbHBIE MCCIIeOBAaHUA
BivsaHuA MII Ha napamMeTpsl XXU3HEHHOI'O LUKJIA 300-
IUJIAHKTOHA IIpoTHMBOpednBHl. HekoTopele sabopaTtop-
HBIe 1CCJleIOBaHuA AeMOHCTPUPYIOT, YTO BO3JelicTBIE
MIIT mMoxeT NpUBOAUTH K CHMXEHHUI0 CKOPOCTU (uIIb-
Tpaluy, HapylIeHUI0 NUTaHWsA, 3aMeJIEHUI0 pOCTa,
CHIDKEHUIO IUJIOJOBUTOCTA U YBEJIWYEHUI0 CMEpPTHO-
CTU y pasJMYHBIX BUJOB 300IJIaHKTOHA. Hanpumep, y
MPeCHOBOAHOTr0 pauka D.magna, HeraTusBHBIE 3O HEKTHI
HabJTI0jal0TCs1, HaunHasA ¢ KoHIeHTpauuil MII nopsaka
100 wactun/autp (YTO CYyIIeCTBEHHO IIpeBHIIAET
HaboaemMblii Hamu 1opor). Ilpu Takux KOHI[eHTpa-
[UAX PperucTpupyercs HapylleHHe pelnpoaAyKTHBHOMN
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Puc.4. CoBmectHOe BiusHue MII pa3inyHOro mpowuc-
xoxaeHus (koHreHntpanusa MIT — 10 000 wacTui/mi) u pas-
JIMYHBIX TOKCUKAHTOB (Cu — meqp, D — Au3ebHOE TOIUIMBO,
Ins — MHCEKTUIN]], B SKCIEPUMEHTE KCIIOJIb30BAHbI MOJIyJIe-
TaJIbHbIE KOHIIEHTPALNM TOKCUKAHTOB (cM. Puc. 3)) Ha BBIKU-
BaeMoCTb caMOK M.macrocopa B OCTpHIX 24 yacoBoM (cuHUE
croibup) u 48 wacoBoM (OpaHXeBBII CTOJIOIBI) TECTaXx.
Cont — KOHTpOJIb; + - cpefja cofepxajia TOKCHMKAHT u MIT;
0 - cpena Oblyta MPUTOTOBJIEHA HEMOCPEACTBEHHO Mepef dKC-
nepuMeHTOM; 1 — cpefa mepej] 3KCIIEPUMEHTOM B TEUYE€HUU
Hefequ TMOABeprajach WHTEHCHUBHOMY TNepeMeNINBAHUIO.
CpaBHeHUA BbDKUBaEeMOCTeH IpeJicTaByieHsl B Tabsmne 2.

dyHKIIMKU U 3ajepXKa B IMPOMU3BOACTBE IIOTOMCTBa
(Zhao and Tian, 2024).

C Opyro¥l CTOpPOHBI, PsA HCCJIEIOBAHUE, IIPO-
BeJIeHHBIX B YCJIOBUAX, OJIM3KHUX K €CTeCTBEHHBIM, He
BBIABIUJI ABHBIX HEraTHUBHBIX IocjaeAcTBUil MII fuia 300-
IIJIAaHKTOHA. Me30KocMeHHoe rccileJoBaHue, Ije cooo-
ImlecTBa IIPECHOBOJHOIO 300IIJIAHKTOHA IOABEPrajnch
BO3/IeHCTBHIO 5KOJIOTMYECKH peJieBaHTHbIX KOHI[eHTpa-
I[UH [MOJIN3CTEPOBBIX MUKPOBOJIOKOH (10 u 50 vacTuiy/
JUTp), He OOHApyXXWJIO 3HAYMTEJIbHOI'O BJIMAHUA Ha
obusue, pazHooOpa3sue, UM COCTaB coobIecTBa 300-
1aHKToHa B TeueHne 12 Hemens (Klasios et al., 2024).
[TpumepHo 14% wuccnegoBaHuii no norpebsenuo MII
300IJTAHKTOHOM He COOOLIalT O KaKux-JInbO HeraTus-
HbIX dbdekrax (Gunaalan et al., 2023). Oto moguep-
KHMBaeT, 4To Bo3jelicTBrue MII cuIbHO 3aBHUCHUT OT OHO-
Jioruyeckux U pusndeckux GakTOpoB (TUI MOJIUMEpA,
dopma, Hammume [pPyruxX 3arps3HUTEsIeN, BUIOBOU
COCTaB), a TaKXe OT YCJIOBUI 3KCIIEPUMEHTA.
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Puc.7. BerpeuaemocTs yactui MII B xkeJTyAKe MM S5KCKPeTHUPOBAaHHOM IMIEBOM KOMKe pauykoB M.macrocopa, KyJIbTUBUPY-
eMBIX B KOHTPOJIbHOMH cpefie (KoHTpoJib) uiu B cpefie ¢ Jo6aBKol ofHoro n3 yeteipex BuaoB MII (Tect). JJocToBepHO BIIMsIHUE
Bo3pacra (Homep cvemku) (p=0.002) u ycnosuii cogepxanusa (Kourposs/Tecr) (p<0.0001).
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Ta6suna 2. JJoctoBepHOCTh pasiuuus (¥ — p < 0.05) u xapakTepucTHKa U3MeHeHUs BEDKMBAEMOCTU CaMOK (| — yMeHblIIleHre
CMEpPTHOCTH, | — yBeJINYeHre CMEPTHOCTH) B OCTPOM TeCTe C PA3JINYHBIMU TECTOBEIMH cpeiamyl. O603HaueHNA TECTOBBIX Cpell U
CpaBHUBAaeMbIe [TOJIM yMePIINX PauKoB IpeJICTaBjIeHkl Ha PucyHke 4.

Cont Cu (0) D (0) Ins (0)
24h 48h 24h 48h 24h 48h 24h 48h
PVC
PS ) =1
PE
PP
Cu (0) *t !
Cu+PVC (0) ) )
Cu+PS (0) = *
Cu+PE (0) = )
Cu+PP (0) ) )
cu (1) "t “t g g
Cu+PVC (1) | |
Cu+PS (1) *| x|
Cu+PE (1) *| *|
Cu+PP (1) *| *|
D (0) 1 "t
D+PVC (0) * )
D+PS (0) *1 *1
D+ PE (0) *1 1
D+ PP (0) * )
D (1) 1 "t
D+PVC (1) *1 * *|
D+PS (1) *1 *1 *
D +PE (1) * * * )
D+PP (1) * *| *|
Ins (0) !
Ins+PVC (0) *1
Ins+PS (0) *
Ins+ PE (0) *1
Ins+ PP (0) =1
Ins (1) *1
Ins+PVC (1) 1 =}
Ins+PS (1) *|
Ins+PE (1) *|
Ins+PP (1) ) |

TakuMm oOpasoMm, HeCMOTps Ha TO, YTO HEKO-
TOphele JiabopaTOpHble HCCJIeJOBaHUA II0Ka3bIBAIOT,
uyTOo KOHIeHTpauuu MII okosio 100 wacTul,/nuTp yxe
MOTyT HEraTUBHO BJIMATb HAa WHAUBUAYAJIbHBIE XXM3-
HEHHO BaXXHble IPU3HAKU OIpeieJIeHHBIX BUI0B, II0PO-
roBele 3HaYeHUA A4 3G (¢eKTOB Ha YPOBHE COOOIIECTB
B IIPUPOJHBIX 3KOCHUCTEMAX MOTYT OBITb 3HAUYUTEJIBHO
Bhle. MHOTMe HccieqoBaHus He QUKCUPYIOT HeraTus-
HBIX nocjefncTBuil MII mpu 3KOJIOTMYEeCKU 3HAYUMBIX
KOHIIEHTpaluAX. JTO yKa3belBaeT Ha HEO00XOOUMOCThb
JaJIbHEHIINX M3BICKAHUI OJI1 0ojiee TOYHOU OILIEHKU
puckoB, cozgasaemMbix MII B peasibHBIX yCIJIOBUAX, C yUe-
TOM MHOX€CTBa COIyTCTBYIOUIMX HaKTOPOB cTpecca.
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4. 3aknioueHue

[TpoBefjeHHOE HCCIeOBaHNWE AEMOHCTpPUpYET
CJIOXHBIYI 1 HEOJHO3HAuHBIII XapakTep BO3[elCTBUA
MII Ha TUpPEeCHOBOJHBIN 300IUJIAHKTOH, II0/{YePKUBAs
BBICOKYI0 CTeNeHb HeONpe[esIeHHOCTH B OIIeHKe 3KO-
JIOTUYECKUX PUCKOB. OJKCIEPHUMEHTAJIbHO YCTaHOB-
JIEHO, 4TO TOKcHKoJjiormyeckue sdpdextsr MII cuabHO
BappUpYyIT B 3aBUCHUMOCTM OT Tuna nosjumepa. U3
YyeThIpex MIPOTeCTUpOBaHHBIX BUA0B MII cratucTuue-
CKM 3HAUMMO€ HeraTHBHOE BJIMsHNE Ha BBDKUBAEMOCTD
M. macrocopa B OCTPBIX ONBITAX M HA NMapaMeTphl XU3-
HEHHOTO [INKJIa B XpPOHUYECKNX SKCIIepUMEHTax OKa3aJl
Jumb nosmctupost (PS), B To BpeMs KaK YaCTHUIIBI U3
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[IBX, nosmaTiieHa U MOJIUIIPONUJIEHA B MCIIOJIb30BaH-
HOM [Mana3oHe KOHI[eHTpalull He MokKasajau cylile-
CTBEHHOT'0 OTPHULIATEJIBHOTO BO3JeCTBUA.

KilloueBBIM  MCTOYHHUKOM HeOoIllpe/ieJIeHHOCTU
SIBJIIETCSL  CJIOKHOCTb MHTEPIpPEeTaluy MOJyuYeHHBIX
pe3yibraToB. Habmiogaemele pasyinuusa B TOKCHUYHO-
ctu Mexnay Tunamu MIT MoryT ObITh 06yCJIOBJIEHBI UX
pa3JNYHBIM pa3MepHBIM paclipelieeHreM, (GOPMOLL
YacTUl], XMMHWYECKOU NPUPOAOMN MoJjuMepa WJIN HUX
xoMbOuHaiuenn. Hanpumep, Haubosiee TOKCUYHBIN PS
UMeJs HauMeHbBIINI pasMep 4acTull, OAHAKO HMEHHO
B MIPeANOYNTaeMOM 300MJIAaHKTOHOM IHUIeBOM Auana-
30He (6-12 MKkM) ero noJjig OblJla MUHMMAJIBHOU. DTO
MpOTUBOpeYNre yKa3blBaeT Ha MOTEeHIMNaJbHYI0 POJib
MHBIX MeXaHH3MOB BO3eHCTBHs, TAaKHMX KaK HajuIma-
HUe YacTHIl WM XHMMMUYeCKoe BhlleslaurMBaHue mgo0a-
BOK, TPeOyIOIUX OT/JIeJIbHOT'O U3yUeHUs.

Haubospiiasgs HeomnpenesieHHOCTb CBs3aHa C
B3auMmogericteueMm MII ¢ ApyruMu 3arpA3HAOMLINMU
BelllecTBaMu. Hammy qaHHble MOKa3bIBAIOT, YTO 3P deKT
COYEeTaHHOTO BO3AENCTBUS KPUTUYECKU 3aBUCUT OT
Tpex ¢pakTopos: (1) XuMHUUecKol MPUPOJIbI TOKCUKAHTA
(TsoKesibIi MeTasLT, HeTEePOAYKT, NecTUluL), (2) tuna
MII u (3) BpeMeHU MX B3aUMOJEICTBUA A0 NOoMafaHus
B cpefly ¢ TecT-opraHuaMamu. HampasyieHue addexra
(cuHeprusM, aHTaroHM3M WJIM €ro OTCYTCTBUE) He
OBLJIO YHUBEPCAJIBHBIM UM HelpeAcKa3yeMo MeHsJIOCh
B pa3HBIX KOMOHMHaIUsAX. B uacTHOCTH, HepdesibHOe
koHguUMoHupoBanue MII ¢ Mendpio mpuBeno K MOJI-
HOU [IeTOKCUKAIlMU, B TO BpeMs KakK [JJis JU3eJbHOI0
TormBa 3¢G¢eKT 3aBuces] OT TUIA NOJMMepa, a AJifd
MHCeKTHUNMAa HabJioaiach TeHIEeHIUs K CHIKEHUIO
TOKCUYHOCTU 111 Bcex MII. DTO cBUAETeNbCTBYET O
CJIOXHBIX U TIJIOXO MPOTHO3UPYEMBIX Mpoljeccax copo-
uun/necopOiuu U TpaHcpopManuy MOJUIIOTAHTOB Ha
noBepxHocTu MII, 4TO He MO3BOJIsIET 3KCTPANOJIUPO-
BaTh JlabopaTOpHble JaHHBIe Ha NPUPOLHbBIE YCJIOBUS
0e3 JOIOJTHUTEJIbHBIX MCC/IeJOBAaHHUM.

BakHO OTMeETUTh, YTO IOPOroOBble KOHIIEHTpA-
Iy, IpU KOTOPBIX ObUIU 3adurcupoBaHbl 3MOEKTH
(LC50 ~73 000 vactuu/miu aasa PS B ocTpoM oImbiTe U
10 000 gacTtui/ma B XpOHHYECKOM), Ha HECKOJIBKO
MOPsIAKOB TMPEBHIIAIOT TeKylire GOHOBBIe KOHI[eHTpa-
uuu MIT B GOJBIIMHCTBE MPECHOBOJHBIX 3KOCHUCTEM.
OTO CTaBUT BONPOC 00 3KOJIOTMYECKOH peJieBaHTHO-
CTU MHOTUX J1abOpaTOpHBIX MCCJIeOBaHUMN, BKJIIOYasd
HacToslllee, W COTJlacyeTcs C TPOTHUBOPEYHUBOCTHIO
JIMTepaTypHbIX JaHHBIX, I'Je YacTh paboT He BHIABJIAET
3HAYUMBIX 3(PHEKTOB MPU IKOJIOTNUYECKU peleBaHTHBIX
KOHI[eHTpalUsX.

TakuMm o6pa3oM, MOJTyueHHble pe3yJIbTaThl MOJ-
YepKUBAIOT BBICOKYI0 KOHTEKCTHYI0 3aBHUCUMOCTb U
HeomnpeeJIeHHOCTh B OlleHKe Bo3feiictBusa MII Ha
rUAPOOUOHTOB. [[Jisi JOCTOBEPHOI'O MPOTHO3UPOBAHUSA
pUCKOB Heo6XOAMMBI JajbHelne IjeJieHanpaBJieH-
Hble rccyieoBaHys, cGOKyCUpOBaHHBIE HA: BBISABJIEHNUU
KOHKPETHBIX (PU3NKO-XUMNYECKUX XapaKkTepucTuk MII
(pasmep, ¢popMa, TUIl ITOJIMeEpPa, BO3PACT), ONpemesis-
IOIIUX €ro TOKCUYHOCTbh U COPOLIMOHHBIN NOTEHINAaT;
U3yYeHUN KUHEeTUKU M MeXaHM3MOB B3auMOJENCTBUs
MII ¢ mUpOKUM CIEKTPOM NOJUTIOTAHTOB B YCJIOBUSX,
MaKCHUMaJIbHO NPUOJIMKEHHBIX K MPUPOAHBIM; IpOBe-
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JEHUU [IOJTOCPOYHBIX ME30KOCMHBIX 3IKCIIEPUMEHTOB
C DOKOJIOTUYECKH peJIeBAaHTHHIMU KOHIEHTPaIUAMU
MII ¥ CJIOXHBIMA MHOTOBUOBBHIMU COOOIECTBAMU
JUIA WHTErpaJIbHOI OIeHKHU MOCJIEACTBUII Ha YpPOBHE
9KOCHCTEMBL.

Tonpko y4yeT 3TOII MHOTOTpaHHOIl Heompee-
JIEHHOCTY TO3BOJIUT MEPENTH OT KOHCTATal[UU HOTEH-
[[MaJIbHOI OMAacCHOCTU K PeaJIMCTUYHO OlLleHKe 3KOJIO-
TUYECKUX PUCKOB, CO3aBAa€MBIX MHKPOILUIACTHKOM B
IPEeCHOBO/HBIX YKOCHUCTEMAX.

BaaropapHocTH

Pa6ora BeINOJIHEHA [TpU HoAepKe Poccuiickoro
Hay4Horo ¢gonHza (mpoext No 25-24-00163)

KoHpAUKT UHTEpecoB

ABTOpHBI 3aABJIAIOT 06 OTCYTCTBUM KOH(IIMKTa
VHTEPECOB.
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