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ABSTRACT. The functional diversity of free-living aquatic protozoans is discussed with respect to the
feeding ecology, life strategies and water quality. Heterotrophic nanoflagellates (HNF) are known as
most important grazers of bacteria in many aquatic ecosystems. Recent studies of flagellate feeding
processes indicated that there are significant species-specific variability regarding the food uptake and
food selection of bacterivorous flagellates. The Choanoflagellida have an essential role in microbial
food webs contributing to a process of self-purification of water bodies as well as are used in monitoring
systems. We show that diversity and relative abundance of ciliates and other protozoans can be used
as indicators of toxic pollution and acidification. Multivariate statistics were used to design “the scale
of toxicity” across a gradient of toxicant stress and organic compounds. A new index of periphyton
flagellates (IPF) as indicator of the trophic status of a water-body and a simplified index for a sublethal

toxicity assessment were developed.
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1. Introduction

At the beginning of the 21st century, the world is
facing a global water quality crisis. The lack of waste-
water management has a direct impact on the biological
diversity of aquatic ecosystems, disrupting the funda-
mental integrity of our life support systems (Corcoran
et al., 2010). The earliest detection of hazardous events
in water supplies, and pollution prevention are the
most cost-effective. Many biological early warning sys-
tems have been developed in recent years that evaluate
the physiological and behavioral responses of whole
organisms to water quality, cell-or tissue-based biosen-
sors may be quite a bit less expensive (van der Schalie
et al., 2001).

But the absolute cost is less important than the
cost-benefit aspects. Physiological and behavioral
responses of whole organisms usually most robust for
acute toxicity, the more important for detecting haz-
ardous events in aquatic ecosystems is long-term moni-
toring of sublethal, chronic toxicity.
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The more favorable cost-benefit aspects could
provide microbial communities due to the role of
microbes as the basis of food webs and the primary
agents for global biogeochemical cycles. These com-
munities are forming a major part of microbial “loop”,
transforming up to 90% of primary production (Finlay,
2002).

2. Materials and methods

Studies of microperiphyton communities were
conducted in lakes of Karelia, the Rybinsk reservoir,
Lake Baikal, Ladoga, acidic lakes of Darwin National
Park, in temporal natural wetlands and in experimen-
tal microcosms. The basic problem in analysing aquatic
ecosystems is their complexity. The difficulty of locat-
ing, quantifying and replicating habitat types at various
stations along an environmental or pollution gradient
has led many investigators to use artificial substrate
samplers (Cairns, 1982). By far, the most commonly
used artificial substrate has been glass slides (76 x 26
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mm), which have the advantage that they can be col-
lected under water by placing them in a jar of water,
then transported to the laboratory and placed on the
stage of the microscope for direct observation. Glass
slides were used to detect the more fragile attached
protozoans in vital microperiphyton communities.
These substrates were suspended in the water in a ver-
tical position by means of plastic holders, nylon rope,
floats and anchors. Samples were collected by placing
exposed slides into jars under the water surface. Two
or four replicate substrates were generally harvested
from each site on a given day; samples were trans-
ported to the laboratory as soon as possible. Samples
that could not be analysed immediately were stored at
the ambient temperature of the sampling location. All
initial identifications and measurements of protozoans
were made on living samples usually in 3-5 h after col-
lection. Usually, direct counting was done under the
light microscope with 300x magnification, using phase
contrast.

3. Results and discussion

3.1. Holistic approach and integrity
of aquatic ecosystems: some basic
considerations

Scientists often use models to reduce the com-
plexity of intractable problems and to increase their
understanding of the natural world. According to M.
Kamshilov (Kamshilov, 1979), every ecosystem is a
kind of a biosphere model in small size, having appro-
priate integrity and reflecting the biotic circulation
of the Earth. Any ecosystem is arranged fractally, the
essentials of phenomena at one scale are repeated at all
smaller or larger scales (Mandelbrot, 1982). Biodiversity
of the whole aquatic ecosystem depends on the biodi-
versity of the microbial communities (Algae, Protozoa,
Bacteria) at the basis of the trophic pyramid. The term
‘indicator species’ is usual in literature on bioindication
of water quality, but we more tend to accept the term
‘indicator communities’, or ‘model communities’, that
could be robust both for biological monitoring and eco-
toxicology (Zolotarev, 2007).

Protists can be served as model organisms: from
the ground-breaking work of Gause in the 1930s to
modern studies, protists have acted as models to assess
fundamental ecological issues. Periphyton communities
that are formed on artificial substrates can be defined
as “periphyton model communities” (PMC). There are
all the main elements of the biotic circulation in the
PMC: phototrophs producing organic matter, hetero-
trophs, decomposers, and the substrate with adsorbed
chemicals. The chief functional role of substrate-as-
sociated protozoans appears to be the processing of
dead organic matter and its associated bacterial flora.
Metapopulations of microbial organisms smaller than
1 mm occur worldwide wherever their required hab-
itats are realised. This is a consequence of ubiquitous
dispersal driven by huge population sizes, and the con-
sequently low probability of local extinction (Finlay,
2002).
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3.2. Advantages of microorganisms in
biomonitoring

Microorganisms should be used in biomonitor-
ing for several compelling reasons. (1) A cosmopolitan
distribution facilitates comparisons of test results in
geographically different regions. (2) Problems of scale
are diminished. (3) Replicability is as good as, or bet-
ter than, tests with larger organisms. (4) Environmental
realism is higher than in tests using larger organisms.
(5) The number of test species is dramatically increased
when using microorganisms, thus displaying natural
variability much better than tests with a limited array
of larger organisms. (6) Testing with microorganisms
is less likely to antagonize animal rights activists. (7)
Validation of laboratory tests in field enclosures is facil-
itated and much less costly (Cairns, 2005).

3.3. Feeding strategies of hydrobionts and
water quality

New methods based on periphyton communi-
ties using polyurethane foam units (PFU) as artificial
substrates, was included into the monitoring system
of China and Korea, (Jiang et al., 2007). We have
found more than 120 species of heterotrophic nanofla-
gellates and more than 90 species of ciliates and sar-
codines inhabiting the PMC (glass slides) in different
water-bodies (Zolotarev, 2007). The chief functional
role of substrate-associated protozoans appears to be
the processing of dead organic matter and its associated
bacterial flora.

Choanoflagellates (collared flagellates) are the
typical periphytic protozoans characterized by an ovoid
or spherical cell body 3-10 pm in diameter with a single
apical flagellum surrounded by a collar. Movement of
the flagellum creates water currents that can trap bacte-
ria and detritus against the collar providing filter-feed-
ing Choanoflagellates have a huge impact on the food
chain, aiding the flow of carbon from primary produc-
ers to higher trophic levels (including ourselves!). They
comprise 5-40% of heterotrophic nanoflagellates and
may filter between 10% and 25% of coastal surface
water each day (King, 2005). The feeding strategies of
the protozoa were used to assign species to functional,
trophic groups.

The most widely distributed species at the ini-
tial stages of colonisation of glass slides (pioneer spe-
cies) in different lakes and other water-bodies were the
colonial choanoflagellates (C. botrytis), dominant in
mesosaprobic waters.

So, C. botrytis can be served as a model organ-
ism. In mesosaprobic waters the species diversity of
microperiphyton and the abundance of the colonial
choanoflagellates are maximal (from 1000 cells per sq.
cm to 50,000 cells per sq. cm), in oligosaprobic and
polysaprobic waters the species diversity and abun-
dance of choanoflagellates decreased.

Vagile bodonids feeding by active hunting, domi-
nant in polysaprobic waters. In polysaprobic waters the
abundance of the bodonids and other vagile flagellates
rapidly increased (from 1000 cells per sq. cm to 10,000
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cells per sq. cm), in oligosaprobic environments is min-
imal. A new simplified index of periphyton flagellates
(IPF) as an indicator of the trophic status of a water-
body was developed:

IPF = Sa/Sv (1)
where Sa — the number of attached nanoflagellate spe-
cies, Sv - the number of vagile species.

The index takes the greatest value in oligosapro-
bic waters (1.0-3.0), in mesosaprobic waters (0.3-1.0),
and lowest in polysaprobic waters (0-0.3). A close cor-
relation (r) between IPF and dissolved organic matter
and water colour was detected (r ranged from -0.823
to -0.744). The value of Sf (the number of all flagel-
lates species) highly correlated with primary produc-
tivity and pH on the other side (r ranged from -0.929
to -0.758).

3.4. Multispecies toxicity testing: Index of
sublethal toxicity

Difficulties in making accurate, ecosystem-level
predictions of environmental effects of chemicals, mix-
tures and effluents based solely on the results of sam-
pling single species have necessitated the development
of more environmentally realistic methods (Cairns,
2002; 2005). But usually such complicated monitor-
ing programs are very expensive. Model communities,
smaller in size and less complicated, could be employed
as the possible alternative.

The development of multispecies toxicity tests
has provided a good basis for making the first step in
developing comprehensive validation procedures. The
end points utilized in many of these laboratory multi-
species toxicity tests (such as colonization, respiration,
detritus processing and the like) also occur in natural
systems and involve higher levels of biological organi-
zation than single species.

Periphyton biodiversity and relative abundance
of ciliates and other protozoans can be used also as
indicators of toxic pollution and acidification. Naturally
derived periphyton communities were collected from
the natural water-body and transported to the labora-
tory for use in designed experiments. Also new simpli-
fied index for a sublethal toxicity assessment (IST) was
developed:

IST = Ns/Na (2)

where Ns is the abundance of Sessilida (attached cili-
ates), Na is the abundance of Amoebozoa, it takes the
minimal value in polluted waters (1.0 - 0). Multivariate
statistics were used to design the model of microbial
communities development across a gradient of toxicant
stress and organic compounds (Fig., Zolotarev, 1988;
2007).

4. Conclusion

“Ecosystem health” is the well-known term in
ecology (Costanza, 2012, Kruse, 2019). New infor-
mation technologies could be employed for interna-
tional project using robotics for microscale methods
development.
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Entering the information age requires integra-
tive methodology that employs a holistic view of the
multiple stresses and interactions in complex aquatic
ecosystems. Microscale testing methods and the ear-
liest pollution prevention are the most cost-effective.
So, microperiphyton communities can be very useful
indicators of the water quality. Their ability to rapidly
colonise artificial substrates, the cosmopolitan distri-
bution and other advantages, provide an assessment
capability not generally available for higher organisms.
Biodiversity and relative abundance of protozoans
at PMC can be used as indicators of toxic pollution,
trophic status and nanoparticles. For the foreseeable
future, with the development of online eco-sensors and
“ecorobots”, a major application of microscale methods
will be to predict, developing the new integrated stan-
dards, as a “Dow Jones” for water quality. As implica-
tions of the work, we developed some new methods
(two patents (Zolotarev, 1986; 1991) and project of
the Automated Biomonitoring International Network
(http://biomonitoring.narod.ru). Future on-line aquatic
monitoring systems will undoubtedly continue a trend
towards miniaturization, utilization of advanced data
acquisition and communication techniques (van der
Schalie et al., 2001). It can be concluded that the use
of modern digital technologies in the near future may
find the widest application in various areas of ecologi-
cal research and biological monitoring.
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KpaTtkoe coobuienune

LIMNOLOGY

Pa3paboTka coBpeMeHHbIX

MHUKPOOHONOrMYECKNX METOAOB OLeHKH FRESHTWATER
KauecTBa BOA B o3epax BIOLOGY
e —m

3onoTtapeB B.A.*, Ky3Henosa E.B., ®egopos P.A.
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AHHOTALIUA. O6cyxnaercsa QyHKIMOHAIBHOE pa3HooOpa3ue CBOOOMHOXUBYIMX BOAHBIX IIPOCTEN-
IIMX I10 OTHOIIEHUIO K DKOJIOTWY MUTaHNs, )KU3HEHHBIM CTpATerusaM U KayecTBy BOABL. ['eTepoTpodHEIe
HaHo®JIareJUIATHL U3BeCTHH Kak HauboJiee 3 deKTHBHBIE NOTpeduTenn 6akTepuii BO MHOTHUX BOJHBIX
sKocucTeMax. HegaBHue mccjiejoBaHUA NUTAHUA XKTyTUKOHOCIEB ITOKA3aJId, YTO CYLIECTBYIOT 3HA4Yu-
TeJIbHblEe BUAOCHelGUYHbIEe pas3jnduA BeIOOpa NUIA O0akTepuoTpOodHBIX GopM. XoaHO(DIaresyIATh
WrpaoT BaXXHYI POJib B MUKPOOHBIX MUILEBBIX CETAX, CIOCOOCTBYsA IPOILECCY CaMOOYMUIEHHs BOJOe-
MOB, UX TaKXe HCIOJIb3YIOT B CUCTeMax MOHUTOpUHra. Hamu nokasano, 4To pa3sHooOpasue U OTHOCU-
TejibHOe oOmrie NHGY30pUi 1 APYTrUX IPOCTEHIINX MOI'YT OBITh IPUMEHEeHHB! B KauecTBe IoKa3aTeJsieil
TOKCHMYHOCTH U 3aKHUCJIEHU BOA0eMOB. MeTosl MHOTOMEpPHO! CTaTHCTUKHU UCIOJIb30BaHk AJIA pa3pa-
00TKYM MOJieJIi Pa3BUTUA COOOIEeCTB MPOCTENMNX («IIKaJIbl TOKCUYHOCTH») B rpaJiieHTe TOKCUYeCKOro
crpecca. PazpaboTansl HOBBIE IIOKa3aTes Il TPOoPUUecKoro craTryca BogoeMoB (MHAEKC NeprudUTOHHBIX
(arensAT) M yOpoIeHHbH UHAEKC Cy0JIeTaIbHON TOKCUYHOCTH.

Kiioueavie citoga: pyHKIMOHAIBHASA MOP()OJIOTHs, BOJHEIE IPOTHUCTH, TeTepoTpodHble HaHOdIAreJUIATH,
nHGY30pUH, rojisle ameobl, MHAeKC MepudUTOHHBIX (JiareuIAT, MPOTO30MHBIN UHAEKC
cy6JieTaabHON TOKCUYHOCTH

Ana purupoBaHuA: 3osioTapeB B.A., KysneunoBa E.B., demopoB P.A. Pa3zpaboTka COBpeMeHHBIX MUKPOOHOJIOTHYE-
CKUX MEeTOIOB OILIeHKH KadecTBa BojA B o3epax // Limnology and Freshwater Biology. 2024. - No 4. - C. 1180-1187.
DOI: 10.31951/2658-3518-2024-A-4-1180

1. Beepenue 1esioM. Bosee peHTabesibHBI MeTOAB MOHUTOPUHIA C

HCIIOJIb30BaHKeM CO000IecTB MUKPOOHAIbHON Tpodu-
YeCKOU CeTH, MOCKOJIBKY OHU, TpaHchopMupys go 90%
[epBUYHON IPOJYKIIUY, ABJIAIOTCS HEOTheMJIEMOH CTy-
[IeHbI0 B [IOTOKE SHepruy BOAHBIX 3KOCHCTEM U IJIO-
6apHBIX 6roreoxuMudeckux nukiIoB (Finlay, 2002).

Cpenu riobanbHBIX IpoOJsieM Havana 21 Beka
ocoboe MeCTO 3aHUMAaeT yXy[AlleHWe KavyecTBa BOJIbI,
CBA3aHHOe C OBICTpOI ypOaHM3aIiell U pPOCTOM IIpo-
u3BojicTBa U motpebnenus (Corcoran et al., 2010).
Haubosnee skoHoMuuecku 3dGeKTUBHA paHHAA aua-
THOCTHUKA OIIaCHBIX BO3MEHCTBMI Ha >KOCHCTEMEBI. B
COBpPEMEHHBIX CHCTEeMaX OI[eHKU Ka4eCTBA BOJIBI TOPO/-
CKHUX BOJIONIPOBOHBIX CTAHIIMHU HCIIOJIb3YIOTCA OOBIYHO
(usrosiornueckre M TOBEJIEHYECKUE PeaKIuU Opra-
HU3MOB HA CTPECCOBBIE BO3/IEHCTBUsA, OMOCEHCOPH HA
OCHOBe OHOJIOTMYECKUX TKAHEH NJIU KJIETOK MOTYT CTO-
uTh HamHoro gemessie (van der Schalie et al., 2001).
OpmHako, COOTHOIIEeHME I[eHa — 3()GEKTUBHOCTh MOXET
OBITH OOJiee CyIeCTBeHHO, YeM abCOJTI0THAsA CTOUMOCTD
ycTaHOBKU. DU3NOJIOTNYECKUE U TIOBE/IEHYECKHE PeaK-
UM OTAEJIbHBIX OPTAaHU3MOB OOBIYHO WICTIOJIB3YIOT IJIsS
OIIEHKU OCTPON TOKCHUYHOCTHU, HO OIleHKa MeHee TOK-
CUYHBIX, CyOJIeTaJbHBIX U XPOHUYECKUX BO3EHCTBUI
OTpaXXaeT 3KOJIOTUYECKUE PUCKHU IJIsi DKOCHUCTEMBI B

2. MaTepuanbl 1 MeTOAbI

C6op MaTepuasia IPOU3BOAUIN Ha PHIOMHCKOM
BOZIOXpaHWINIIe U o3epax BepxHeii Bosry, a Takxe Ha
o3epax Kapesuu, Ha Balikasie 1 3KcleprMeHTaJIbHBIX
MUKpOKOcMax. OCHOBHBIE ITPOOJIEMBI NPU HCCJIeAO0Ba-
HHU BOJAHBIX 3KOCUCTEM - 3TO UX CJIOXHOCTb U TPYJAHO-
CTU BEIOOpA penpe3eHTaTUBHBIX CTaHIMI 0TO6opa Ipoo.
MHorue uccyiefoBaTesy pemanT NoJ00HbIe IPOOJIeMBb
IIyTeM HCIOJIb30BAHNUA WCKYCCTBEHHBIX CyOCTpaToB
(Cairns, 1982). Msl uCHOJIb30BaJM B KauyecTBe CyO-
cTpaTa CTeKJIAHHBIE ITACTUHB CTAHAAPTHOTO pa3Mepa
(76 x 26 MM), OOBIYHO HEKOPPO3UOHHEBIE IIpeAMeTHEIe
CTeKJIa AJ1A MUKPOCKONOB. Bribop cyberpara 00yciioB-
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JleH HeOoOXOAUMOCTBI0 TNPUXU3HEHHBIX HabOJI0AeHUuN
3a Meakumu (06s19HO 0 10 MM) opraHu3Mamu, JIerKo
MOBpeXJaeMbIMU TPU KaKOM-JIUOO KOHILIEHTPUPOBa-
Huu npob6. IlnacTmaccoBble MITaTUBH C 3aKperieH-
HBIMM B HUX CTEKJITHHBIMU IJIAaCTUHAMMU JJIS N3y4eHUs
neprudUTOHHBIX COOOIIECTB MOrPYXXalT Ha 33aJaHHBIE
rJIyOUHBI Ha LIHYpax, CBA3aHHBIX C MOIJIABKOM U SIKO-
pem. IlnmactuHBl OOpacTaHusA BBIHMMAIOT M3 KacceT
u noMemaioT B 6aHouku (100-250 mu) mop moBepx-
HOCTBIO BOJbl, 3aTeM [IOCTaBJIAIOT B JiabopaTopuio.
KosiuecTBeHHBII yYeT XIYTUKOHOCIEB ITPOU3BOLAT
MoJT MMKPOCKONOM ¢ (ha30BOKOHTPACTHBHIM YyCTPOM-
CcTBOM, ipu yBeanueHuu 300x.

3. Pe3ynabTaTtbl M 06Ccy)xpeHue
3.1. XoAnucTHUYECKHUH NOAXOA U LLEeNAOCTHOCTDb
BOAHbBIX 3KOCUCTEM

Mogesnu 4acTo UCNOJIb3YIOTCA B HayKe IS YIIPO-
IIeHs CJIOXKHBIX Ipo6JieM U JIyulllero NoHUMaHUA Npo-
1leccoB, NMpOTeKaIuxX B IpupoAe. Jlrobas skocrcrema
MOXeT OBITh IIpeJicTaBjIeHa B Buje Mofesau 0rocdepsl B
YMeHbIIIEHHOM Macitabe, oTpaxaomuil 61M0THYeCcKnil
KpyroBOpOT 3eMJIM C OllpeieJIeHHON A0Jiel 11eJIOCTHO-
ctu (Kammmusnos, 1979). ®paKTajibHOCTh 3KOCHUCTEM
NpOsABJIAETCA B MOJEJIAX C KM3MeHeHHeM peajlbHOIOo
MacmTaba, oTpaxas OCHOBHble (YHKI[UM, OHU JAEMOH-
CTPUPYIOT caMoIloAo0ye IPU U3MeHeHUH YHCIeHHOCTH
coo6mectBa (Mandelbrot, 1982).

BcemupHO wu3BecTHble pabOTHI HalIero cooTe-
yecTBeHHHKa l'ayse (30x romoB) MHOJIOXKWIM Hadasa
HCIIOJIb30BAaHUIO IIPOCTEHIINX B KayeCTBe MOJIeJIbHBIX
OpraHu3MoB [JIA HccjefoBaHUA (yHAaMeHTaJIbHBIX
SKOJIOTUYECKUX 3aKOHOB. OCHOBaHMe MUIEBHIX ceTel
BOJIOEMOB COCTAaBJIAIOT MUKpOOHasbHBIE COOOIIeCTBa
(Bomopocy, mpocTeiinive, 6akTepyun), onpeaesissa 6uo-
pasHooOpasyre 3KOCHUCTeMB! B 1LleJloM. brosiornueckuii
MOHMTOPUHI BOAOEMOB OCHOBaH I'JIaBHBIM 00pa3oM Ha
KOHIIeNIIMM MHAWKAaTOPHBIX BUAOB, OoJjiee MHTErpab-
Hyl0 KapTUHY KadyecTBa BOABl MOTYT JaBaTb METOJBL,
OCHOBaHHbBIE Ha «MHJWKaTOPHBIX COOOIlecTBax», WJIN
«MOJIeJIBHBIX coobIrecTBax» (Zolotarev, 2007).

Cnernuduueckre Tpynnsl T'MAPOOMOHTOB, ¢oOp-
MUpyloII{ecs Ha HCKyCCTBEHHBIX cyOcTpaTax, Mbl
HasBaJld MOJeJIbHBIMU cooOlecTBaMu Iepu@uToHa
(MCII), 3mech MNpPUCYTCTBYIOT OCHOBHBIE 3JI€MEHTHI
OMOTUYECKUX UUKJIOB: (OTOTPO(dHI, TreTepoTpodHl,
YTUJIN3aTOphl OpPraHUKH, a Takxke cyOcTpaT C ajacop-
O6upoBaHHBIMU BellecTBaMy. OCHOBHas QyHKI[MIOHAJIb-
HasA poJjib CyOCTpaT-acCOLMMPOBAHHBIX NPOCTEHIINX
3aKJroyaeTcs B NepepabOTKe pacTBOPEHHBIX OpraHu-
YeCcKUX BellecTB U AETPUTA, a TaKXke COIMyTCTBYIOMNX
bakTepuii.

3.2. Mpenmywecrea UCNOAb30OBaHUA
MHUKPOOPraHu3NMoB B 6MOMOHUTOPHHIE

MuKpoopraHusMbl pasMepomM MeHee 1 MM ABJIA-
I0TCA KOCMOITOJIUTAMU, T.€. OOUTAIOT Be3Je, IIe Cylle-
CTBYIOT TOJXOJAIIMAE YCJIOBUA IJiA UX oOuTaHuA. Hx
Ha3BIBAlOT TakXe ybOukBucraMu (OyKBaJbHO: «IOBCe-
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MECTHO paclpOCTPAHEHHBIMU»), MOCKOJIBKY HX IIOIY-
JiAnuy 06J1aal0T OTPOMHEIMU pa3MepamMy, U, cJiefjoBa-
TeJIBHO, HU3KOH BepOsITHOCTHIO [TOJTHOT'O MICUe3HOBEHMU S
B maHHOH skocucteMe (Finlay, 2002).

EcTh HECKOJIBKO BeCKUX IPUYMUH I KCIIOJIb-
30BaHUS MUKPOOPraHM3MOB B OHOMOHUTOpHHTre: 1)
KOCMOIIOJINTHOE paclipocTpaHeHUe obJieryaeT cpaBHe-
HUe pe3yJbTaTOB TeCTHPOBAHMA B pasHBIX reorpadu-
YecKUX permoHax; 2) mpobseMsl Maciitaba yMeHbIa-
I0TCSI — KaK B IIPOCTPAHCTBEHHOM, TaK U BpeMeHHOM
(cMeHa nokoJieHUI) acnekTax; 3) 4McJIo MOBTOPHOCTEHN
1 JIOCTOBEPHOCTb TECTOB JIETKO YBEJIMYUTH; 4) 5KOJIO-
rUYeCcKUll peayii3M BHIIIE, YeM B TeCTax C HCIIOJIb30-
BaHNeM Oojiee KPYIIHBIX OPraHMU3MOB; 5) KOJIHMYeCTBO
TeCTHUPYEeMBIX BUJIOB Pe3KO BO3pacTaeT IPU HCIO0JIb30-
BaHUM MUKPOOPraHMU3MOB, OTpaxas TeM CaMbIM ecTe-
CTBEHHYI0 U3MEHYMBOCTh ropasfo JIyyllle, YeM TeCTHI
C orpaHnMYeHHOU BBIOOPKOIT GoJjiee KPYITHBIX OpraHu3-
MOB; 6) pabOTH C MHKPOOPraHU3MaMH HeE BBI3BIBAIOT
nporecTa y 60pI[OB 32 [IpaBa XUBOTHAIX; 7) BaJIALNA
JIabOpaTOPHBIX TECTOB B IMOJIEBBIX MUKDPO- U ME30KOC-
Max JIerKO BBIIOJIHMMA U ropasfio Jeimesie (Cairns,
2005).

3.3. MuueBble cTpaTeruu rMAPOGHOHTOB K
KayecTBO BOAbDI

B HacTosiee BpemMaA MeTOABL C UCIOJIb30BaHHEM
coo0IlecTB MHKpOIleprupUTOHA Ha MCKYyCCTBEHHBIX
cybcTpaTax ychemHoO paboTalT B TroCydapCTBEeHHOMN
crucTeMe MOHHUTOpPUHTa BOJHBIX pecypcoB Kwuras, a
Taxxke ucnosnsyTes B CIIA, Kopee 1 Apyrux crpaHax
(Jiang et al., 2007).

B nepudutoHe NpecHOBOJHBIX 5KOCHUCTEM Ha
HUCKyCCTBEHHBIX cybcTpaTtax (cTekia oOpacTaHus)
HaMM BBIABJIEHO OoJiee 120 BuAoB U GOpM reTepoTpo-
¢HbIX HaHOGaresAT, 6osiee 70 BUOOB HUHODY30pUi
u okoJio 27 BunoB u Gopm capkomoBeix (Zolotarev,
2007). OcHoBHas QyHKIMOHAJIbHAasA POJIb MPOCTEHNIINX
nepu@uUTOHA COCTOUT B IlepepaboTKe JeTpUTa U COIyT-
cTByromux Oakrepuil. XoaHo(arenATsel (BOPOTHUY-
KOBBIE XXT'YTUKOHOCIIBI) - TUIHNYHBIE IIpefCTaBUTesIN
IIPOCTEHIINX MepUPUTOHA, WrpalT CyLeCTBEHHYIO
poJib B XXKU3HU BOJAOEMOB, 00jiafjas HMIMPOKOH 3KOJIO-
rMYecKOl BaJIeHTHOCTBIO, OOJIBIION CKOPOCTBIO pas-
MHOXEHUA U ABJIAACh aKTUBHBIMM OakTepuodaramu.
OHU uMerT ANLEBUIHYI0 WiIu chepudeckyio dhopmy
kJieTkd 3-10 MKM B JUaMeTpe, ¢ aluKaJbHON CTOPOHEI
OAMH XT'YTHUK, OKpYXXeHHBIII BopoTHHYKOM. Habromas
B CBETOBOM MHMKPOCKOII, MOXXHO 3aMeTUThb OllpejeJieH-
Hble TOKM XUAKOCTU, KOTOPhIe BO3HUKAIOT BCJIEACTBUE
OueHUA XIyTUKa. [IBrKeHHe XUAKOCTU HampasjieHO
TakUM oO0pa3oM, YTO yBJeKaeMble UMM OakTepuu u
JeTpUT NPUJINNAIT K HapyXXHOU IOBEpXHOCTH TEHTa-
KyJa (UMUTOIJIa3MaTU4YeCKUX BBIPOCTOB, OKPYXKAIOMIMX
XKTyTUK), cO3[aBasd WJUIIO3UI0 IJIOTHOTO BOPOTHHYKA.
XoaHodJiaresIATH COCTaBJIAIT CYLIECTBEHHYIO HOJIIO
reteporpodHbix HaHODarennAar (5-40%), oHu urpamT
0co0yI0 poJib B Ipoljeccax caMOOYHIIEHNA BOJOEMOB,
oTGUIBTPOBLIBAA A0 25% MNOBEpXHOCTHHIX BOJ €Xe-
nHeBHO (King, 2005). Msl yuuThIBaIM NMUIIEBBIE CTpa-
TerMy IPOCTEHUIINX JJI BblAeeHNUs 0COOBIX (PYHKINO-
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HaJIBHBIX Tpynn (3KoMopdOTUIIOB), WU 3K061OMOPP.
KononnanbHbIe XoaHO(pJIaresIATH (Codonosiga
botrytis) ABisIOTCA «IHMOHEPHBHIMM BHUIAaMU» Nepudu-
TOHA, T.e. 3acejiAI0T HCKyCCTBeHHBle cyOcTpaThl Ha
PaHHUX CTaAuAX KOJIOHW3aLWUW, JOMUHUPYIOT B Me30-
canpoOHBIX 30HaX.

Kak yxe oTMeueHO BhIle, XoaHOQJIaresyIATH
OTJINYAIOTCA BBICOKON CKOPOCTBI0 pa3MHOXEeHHUs, M03-
TOMy HeoOXOOWMO HCIOJIb30BaTh CYKIIECCOHHBIN
noaxond, oT6op npo6 MuUkKponepudUTOHa cielyeT Mpo-
W3BOJUTH [BA-TPU pasa B Hejeao. Takad MeTOAHKa
[I03BOJIMJIA HAM €O3[aTh rpaduiecKyio Mofesb pa3Bu-
TUA XoaHodJIareJUIAT B pa3jIMYHbBIX CalpOOHBIX 30HaX
(Puc.) u momyuuTs nateHT Ha «Crnocob GHoJIornyecKoi
OIleHKH KauecTBa BOJbl» (3osiorapeB, 1986). Takum
obpasom, Bup Codonosiga botrytis Mmoxet GbITh TIped-
CTaBjleH KaK MOJeJIbHBIIL OpraHusM, IMOCKOJIBKY OH
OOBIYHO JOMUHUPYET B HavaJIbHOU cTaguu obpacra-
HUA, HasbiBaeMOH TakXe IIepBUYHOM CyKIeccuei
nepuduToHa. B OGonHauKanuy cyllecTBeHHOe 3Haue-
HUe uMeeT npobseMa «(PU3NMOHOMUYHOCTU MHAUKATO-
POB», UX XapaKTepHOIo «00JIMKa», JIETKO JOCTYIHOI'O
A7 oOHapyXeHUs U HaOJIogeHui, XxoaHO(JIaresIATh
OTBeYalT U 3TOMy TpeboBaHuo. KosimduecTBo Henpu-
KpeIUleHHbIX HaHodJiareuiaT TakXe MOXeT CIIyXHTb
rokasaTeJjieM CalpoOHOCTH.

DTO elle pa3 rOBOPUT O BaXKHOCTU ydyeTa MOp-
podyHKIMOHAJIBHEIX 0COOEHHOCTEN OpraHM3MOB IpU
HCIOJIb30BaHUM MHJEKCOB pa3HooOpasusd, 6oJiee cra-
OWJIbHBI 3TU ITOKa3aTesy [AJiA PYIIbl HelpUKpeIlJieH-
HbIX ¢uiaresnar. [lokasaTenn yncia BUAOB U BUAOBOIO
pasHooOpa3us MpocTedmux IepuPUTOHA NPUHU-
MalT MUHHMaJbHble 3HaUYeHUA KaK B OJIUTO-, TaK U B
[0JIMCanpoOHBIX 30HAX, YTO XapaKTepHO WU AJA ApY-
TUX Ipynn rmapoO0uoHTOB. Ha ocHOBe MHOTOJIETHUX
HccjIeIoOBaHU HaMU IpeJyIo)KeH HOBBIM IOKa3aTeJib
OpraHn4ecKoro 3arpsA3HeHus - NHAeKC NepudUTOHHBIX
(draresiar:

IPF = Ss/Sm (1)

rge Ss — YWCJIO BUJOB CECCUJIbHBIX (IIpUKpeIJieH-
HBIX) HaHodJIareyyiAaT, Sm - YMCJIO BUJAOB MOOHJIBHBIX
(menpukperieHHbX) popM. MHAekc mpuHUMaeT Hau-
BBICIIME 3HaueHUA B ourorpodHsix Bogax (1,0 - 3,0);
PaBHOMEPHO CHUXaeTcA C yBeJIMYeHUeM 3arps3HeHuA
B Me3oTpodHbx Bogax (0,3 - 1,0); B mosucanpoOHBIX
30Hax yobiBaeT f10 0.

3.4. MyasTHBHAOBOE 6MOTECcTHpOBaHUe
U pa3paboTKka uHAeKca cybneTanbHOM
TOKCUYHOCTH

Psang coBpemeHHbBIXx ucciiefgoBaresieii (Cairns,
2002; 2005) cumTalT HeeCcTeCTBEHHBIM TaKoOe IO0JIO-
’keHMe feJl, Korjja MHOI'0 BpeMeHU TPaTUTCA Ha pas-
paboTKy pa3INYHBIX «CTaHAAPTHBIX « TOKCHUKOJIOTH-
YyecKMX MeTOJIOB, a TJIaBHBII BOMPOC - B KaKOU Mepe
nabopaToOpHble TeCcThl Ha BUJIOBOM YDOBHE COOTBET-
CTBYIOT IpolieccaM, MPOUCXOAANIMM B 3KOCHUCTEMax,
OCTaeTcs HepaspellleHHBIM. BO3HMKAOT BO3paxeHUsd,
YTO IIPU OT’POMHOM pPa3HOOOpa3uu BOLHBIX 3KOCUCTEM
HEBO3MOXHO onpefennuTs 3pdeKkT HeOOIbIINX aHTPO-
MOTr'eHHBIX BO3IEHCTBUIM.
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PC2 (263 %)

TOXICITY

: : A PC1 I(Oso,s 0/1) l 3

Puc. Mojens u3MeHeHUs] NPOTO30MHEBIX COOOIIECTB B
rpajiueHTe cy06JieTaJbHON TOKCUYHOCTU (MlepBasg M BTOpas
rJIaBHble KOMITIOHEHTHI).

T T T
4 5 6 2

PaboTH mocjieAHUX JIeT [oKa3aju, YTO TOKCUKO-
Jioruueckye TecThl Ha yPOBHE COOOIIECTB - BO3MOXHAasA
ajbTepHaTHBa. B KauecTBe KpuUTepus TOKCUYHOCTHU
KelipHc ¢ coaBTOpamMu HCHOJIB3YIOT He IOKa3aTesu
CMepTHOCTY, a AWHaMu4eckue (PYHKIMU - IPOLeCcCHl
KOJIOHM3AIuU U cykieccuu. [IprMeHeHne Takux MeTo-
0B TI03BOJIA€T OJHOBPEMEHHO TeCTHpOBaTh MHOXe-
CTBO BUJOB, OOBIYHBIX [JI palOHA WCCJIEJOBAaHUIL.
Eciu OBl 3k0cucTeMB! GyHKIIMOHUPOBAJIN KaK NpocTas
CyMMa COCTaBJIAINIMX BUAOB, pe3yJIbTaThl BO3Jeil-
CTBHA TOKCHMKAaHTOB MOXHO OBLJIO OBbI IpecKa3aTh MO
peaknuu HauboJiee YyBCTBUTEJIBHBIX BUI0B. Ho Giaro-
Japs vepapxuieckol opraHu3aluy peajbHBIX 3KOCH-
cTeM, UX CJIO)KHOCTb HaXOJUTCA B 3KCIIOHEHI[HAaJIbHOMN
3aBUCUMOCTH OT YHCJIa COCTaBJIAIINX 3JIEMEHTOB.
HenoctaTok «3KOJIOTMYECKOr0 peajii3Ma» IPOCTHIX
O61oTeCTOB OOYCJIOBJIEH HECKOJIBKHMMH NpUYNHAMU:
(1) B ecTecTBEHHBIX yCJIOBUAX BUJBI He XHUBYT B H30-
sy, (2) mpeanovYnTaeMble TECT - OObEKTH HE MOTYT
OBITh pacIpocTpaHeHHl BO Bcex akocucTteMax; (3) TOk-
crYecKye BelllecTBa 0OBIYHO IIpeTepIieBaloT U3MeHeHUA
B peasibHOU 3KocucTeMe; (4) TOKCHYeCKUe BellecTBa
yamie BCTpedalTcs B KoMILlekce. [ ycTaHOBJIeHUA
peasIbHOI OIIaCHOCTHU TOKCHUYeCKHX BellecTB Heo0Xo-
UM UCXOAHBIN 3KCIIepUMeHTAaJIbHbIN MaTepuasi, OTHO-
cAmumiics K npolieccaMm, IPOUCXOANMM B 3KOCHCTeMax
Ha HaJOpraHU3MeHHOM YPOBHe, T.e. Ha YpOBHe B3au-
MOJIEHICTBYS COCYL[eCTBYIOUUX IOy JIAIUN.

B ToKcHKOJIOrI4ecKUX SKCIIepUMEeHTaX MBI TaKxKe
ucrnosb3oBaiu MCII u MeToOs! MHOIOMEDHOM CTaTu-
CTHUKU IS CO3[IaHusA MOJeN pa3BUTHUA MUKPOOHaIb-
HBIX COOOIIeCcTB B rpajjieHTe TOKCUYHOCTU U OpraHu-
YeCcKUX BellecTB, pa3paboTaju HOBBHII YHIPOIIeHHBIN
[oKa3areJb — UHJAEKC Ccy0JieTaaIbHON TOKCUYHOCTU:

IST = Ns/Na (2)
rae Ns - umcieHHocTh Sessilida (mpuKpenieHHBIX
nHdysopuii), Na - umciensHocts Amoebozoa (1060-
3HBIX ame0), MHJeKC NMpUHUMaeT MUHUMAaJIbHble 3Ha-
yeHus B 6oJiee TokcuyHbIX Bojgax (1,0 - 0). Ha ocHoBe
IIpOBeIEHHBIX 3KCIIepUMEHTOB B MUKPOKOCMax HaMu
TakXe MOJIy4eH naTeHT Ha «Crnocob OIeHKU TOKCUYHO-
ctu BoAbl» (3os10TapeB, 1991). Mupaekchl pa3HOooOpa-
3uA OTJeJIbHBIX (QYHKINOHAJIBHBIX I'PYMI NPOCTENIIIX
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TaKXe ABJIAITCA XOpPOIIMMU KOJIMYECTBEHHBIMU ITIOKa-
3aTeJIAMU OJ14 6I/IOMOHTOpI/IHFa. HauboJiee ToueH nHTe-
rpaanbe?I CTaTUCTUYECKUH IoKa3aTeJib, BBIYHCJIAEMBI
METOJOM TIJIaBHBIX KOMIIOHEHT (PI/IC., o 30n0TapeB,
1988; 2007).

4. BoiBOADI

«3TOPOBbE SKOCUCTEM» — YCTOSBIINICA yXKe TepP-
MUH B HayuyHoul nurtepartype (Costanza, 2012, Kruse,
2019, u AOp.), U coBpeMeHHBle MeTOJbl OMOMOHUTO-
pUHra J[AOJDKHBL COOTBETCTBOBATh MeXAYHapOJHOM
nmpakTuke. Bojiee TOro, yepe3 CHCTeMBl KHCKYCCTBEH-
Horo uHTesslekTa (W) oHM OOJDKHBI COOTBETCTBOBATD
Y COBpeMeHHBIM MOHATUAM WHAWBUAYAJIbHOTO 3[0pO-
Bbs YeJIoBeKa U «3J0poBoe 0011ecTBO». MUKpPO-MeTO bl
OMOMOHUTOPHHIAa U OMOTeCcTHPOBHUA Haubojiee peH-
TabesbHBI AJ1A paHHel AUarHOCTHUKU aHTPOIOTeHHBIX
BO3/I€MCTBUI Ha BOJOEMHI.

Takum o6pa3oM, MeTOJibl C IpUMeHeHHeM Cco00-
mecTB MUKponepupUTOHA 006JaJaioT ILeJbIM pAIoM
CBOICTB, II€HHBIX J[Jii OMOMOHMTOPUHIA, BBITOJHO
OTJIMYasACh OT MHOT'OKJIETOYHBIX aHAJIOI'OB OTCYTCTBUEM
pervoHa’sibHBIX OapbepoB, OBICTPOI peakiyell Ha 1oJI0-
CTpBIe BO3/EHCTBUA CTPECCOBLIX (PaKTOPOB, IO3BOJIAIOT
pasnnyaTth TpoHHOCTh BOJOEMOB U BJIMAHNE TOKCHY-
HBIX BelllecTB, a Takke HaHouyacTul. Hamu paspaboTaH
IIPOEKT CO3[JaHuA HOBOIO IIOKOJIEHHS OHOCEeHCOpPOB
(3K0-CeHCOpPOB U 3KOPOOOTOB) U aBTOMAaTHU3UPOBAaHHOMI
nHGOPMaIMOHHON ceT’ OMOMOHTOPHHTA BOAOEMOB Ha
ocHoBe MCII (http://biomonitoring.narod.ru).

B panbpHelimeli pa3paboTKe cHUCTeM OH-JIAH
MOHMTOPUHIa BOOHOM Cpefbl, HeCOMHEHHO, OyAeT Npo-
J0JDKaThCA TeHAeHINA K MUHUATIOpU3aliuy, UCII0JIb30-
BaHUIO [TIepeIOBbIX METOA0B cOopa AaHHBIX U KOMMYHHU-
KaI[MOHHBIX TeXHOJIOTMI, WHTerpajbHBIX CTaHAApPTOB,
Hanogo6ue «Jloy JIkoHC» AjA KadecTBa BOABI (van
der Schalie et al., 2001). MoXxHoO cfejaTh BBIBOL, UTO
HCIOJIb3yeMble COBpeMeHHble IM(POBble TEeXHOJIOIMU
B OmkarinieM OyayiieM MOTYT HaliTU camMoe IIUPOKoe
IIpYMeHeHNe B pa3jIMYHBIX HalpaBJIeHUAX 3KOJoruye-
CKUX HCCJIeJOBaHUI 1 OMOMOHUTOPUHTeE.
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