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On February 12-14, 2024, the Russian scien-
tific conference “Limnology in Russia” was held in St.
Petersburg (Fig. 1). The conference took place as part of
events dedicated to the 80th anniversary of the Institute
of Limnology, the Russian Academy of Sciences and the
300th anniversary of the Russian Academy of Sciences. The
conference was organized by the Institute of Limnology,
the Russian Academy of Sciences - St. Petersburg Federal
Research Center of the Russian Academy of Sciences, the
Department of Earth Sciences of the Russian Academy
of Sciences and the St. Petersburg branch of the Russian
Geographical Society.

During 80 years the Institute of Limnology has
been working as an interdisciplinary one and unites spe-
cialists from different fields of study, which determined
the conference themes. General problems of limnology
and applied research; hydrobiological and ichthyological
studies of lakes; chemistry of water and lakes sediments;
paleolimnological studies; modern climate changes and
hydrological processes in large lakes; modeling of hydro-
logical and biogeochemical processes in lakes were
discussed.

The topics of the presentations covered stud-
ies of freshwater and salt, lowland and mountain lakes.
The problems of protection and use of water resources,
legal, organizational and technical issues of conserva-
tion and restoration of aquatic ecosystems and popula-

N

tions of aquatic organisms were covered. Aspects of the
study of hydrobiocenoses from the taxonomy and faunis-
tic of aquatic organisms to the use of various methods of
mathematical and statistical analysis for processing the
obtained data were discussed. The results of hydrochem-
ical and geochemical studies of different-scale freshwa-
ter ecosystems were presented. Contemporary climate
changes and climate reconstructions of the past were dis-
cussed, including hydrological problems of the past and
present. Many presentations were devoted to the lake’s
history, including both the results analysis of existing
research and the presentation of new materials made out
at a new modern level. Modelling issues were considered
using both lakes and reservoirs as examples.

The geography of the research presented at the
conference covered a significant part of the Russia terri-
tory, as well as the Republic of Belarus and Germany (Fig.
2). The reports included to studies of both large (Ladoga,
Onega, Baikal, Aral, Caspian Sea, Khanka, Kronotskoye)
and small lakes (lakes of the North-West, North-East and
center of the European part of Russia, the Kola Peninsula,
Taimyr, Siberia, Central Asia). Among the large lakes,
especially many research results of Lakes Ladoga and
Onega were presented; presentations on them were made
at all sessions of the conference. Interesting presen-
tations were devoted to the island lakes of the Valaam
and Solovetsky archipelagos and the Arctic islands. The

Fig.1. In the conference “Limnology in Russia”. Russian Geographical Society, St. Peterburg, 12.02.2024
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Fig.2. The geography of the research presented at the conference “Limnology in Russia”.

problems of reservoirs were discussed using the examples
of Rybinsk, Bureya, Cheboksary, Mozhaisk and others
reservoirs.

The conference was mainly held in person, some
reports were presented remotely. A live broadcast of
all sessions was also organized. 124 presentations were
heard (91 oral presentations, 9 online presentations and
24 poster presentations). The total number of partici-
pants at the meetings was more than 200. The conference
included participates from Belarus University.

The presented special issue of the journal includes
together publications mainly prepared based on the
materials of the last conference. The topics of the arti-
cles represent current problems that aroused great inter-
est during discussion at the conference. Thus, the vertical
distribution of annual maximum water temperatures in
the southern coastal zone of Lake Baikal is discussed in
an article by researchers of the Institute of Limnology of
the Russian Academy of Sciences-St. Petersburg Federal
Research Center of the Russian Academy of Sciences,
the Limnological Institute of the SB RAS and Irkutsk
State University. In the article by M.A. Naumenko and
his colleagues established various features of the verti-
cal distribution of annual maximum water temperatures
and constructed empirical functions to assess the relation-
ships between them and the dates of their occurrence and
depth. It is concluded that often an extreme event, such as
a temperature maximum, has a greater impact on a lake
ecosystem than changes in average conditions.

The article by A.A. Tkach is devoted to paleolim-
nological studies from Moscow State University. At the
Paleolimnological session of the conference the need to
study the surface layer of lake sediments to obtain data on
the modern distribution of pollen, algae and microfauna
in the studied lakes was repeatedly discussed. These data
are the basis for paleoreconstructions. The presented arti-
cle is dedicated to the modern coastal ostracod complex of
the Caspian Sea. The ostracodological method is import-
ant for studying the largest lake in the world, because it
perfectly captures, first of all, the lake levels dynamics.
However, the possibility of this method hasn’t yet been
sufficiently used to the Caspian Sea history study.

Article by N.A. Belkina from the IVPS Karelian
Research Center of the Russian Academy of Sciences is
dedicated to hydrochemical studies of Karelian lakes. The
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results of the study are relevant for both hydrochemistry
and paleolimnology. The studied patterns of formation of
the chemical composition of lake sediments can be used
both for the modern state of lakes and for reconstructing
changes in the geochemical background of the lake in the
past.

Assessing the nutrient load on a reservoir based on
the results of modeling the runoff and removal of nutri-
ents from watersheds is the topic of the article by S.V.
Yasinsky et al. The article was prepared by researches
of the Institute of Geography of the Russian Academy of
Sciences and the Institute of Limnology of the Russian
Academy of Sciences. Modeling data made it possible to
estimate the total nutrient load on the Cheboksary reser-
voir and the contribution of natural removal of nitrogen
and phosphorus from the catchment area.

Hydrobiological studies are presented in an arti-
cle by researches of Nizhny Novgorod State University.
Article by E.M. Sharagina with co-authors is devoted to
the dominant species identifying and functional com-
plexes of phytoplankton in the Middle Volga basin karst
lakes. The characteristics of the composition, ecologi-
cal-geographical and functional structure of the domi-
nant phytoplankton species of three different types of the
Nizhny Novgorod Volga region lakes Klyuchik, Svetloyar
and Svyatoye Dedovskoye were obtained.

As a result, almost all topics of the conference
are represented in this special issue. The article by
V.N. Sinyukovich from Limnological Institute of the SB
RAS is devoted to hydrological problems, the high and
low inflows into Lake Baikal and the flow of its main
rivers are discusses. In the article by L.I. Marinaite et al.
authors assessed a spatiotemporal pattern of pollutant
distribution (PM,, PAHs and GEM) in the air above the
water area of Lake Baikal and estimated fluxes of pollut-
ants onto the water surface of the lake.
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12-14 deBpana 2024 r. B Cankrt-IleTepOypre mpo-
uwta Beepoccutickas HayuHas kKoHepeHIMA «JIMMHOJIOTUSA
B Poccun» (Puc. 1). KondepeHuus cocrosyiach B paMKax
MepOonpuATHI, ocBAeHHbIX 80-1eTuio HCTUTyTa 03epo-
Befilenna PAH u 300-setuto Poccuiickoil AkaeMuu HayK.
OpranusaTopaMu KoHGpepeHIUU ABJAINCh UHCTUTYT o3e-
posenenusa PAH-CII6 ®UL] PAH, OTheseHue HayK o 3eMiie
Poccutickoii akagemun Hayk u Caskt-IleTepOyprckoe
otaeneHue Pycckoro reorpadgudeckoro obujecta. B Teue-
Hue 80 jietr UHCTUTYT 03epoBefileHns paboTaeTr, KaKk MexX-
JUCLMIUIMHAPHBINA U OObeAUHSAET CIelHaiCTOB Pa3HBIX
npodusieii, YTo M OIpeJleINJI0O TEeMaTHUKy HampaBJIeHUH
KoHpepeHnuu. O6¢cyxaannch obiye npodJieMbl JIMMHOJIO-
MU U IPUKJIaHble UCCIeAOBaHUs; TMAPOOMOJIOTUYeCcKe
1 UXTHUOJIOTUYECKUE MCCIIENOBAaHUA 03€p; XMMUA BOAbI U
JOHHBIX OTJIO)KEHHUI 03ep; NaJIe0JIMMHOJIOrYecKue nccie-
JIOBaHUs; COBpeMeHHbIe N3MeHeHUs KJIMMaTa U TUAPOJIO-
rUyecKrie TMpOoIecchl B KPYMHBIX 03epax; MOAEeJIMpPOBaHKE
TUJIPOJIOTUYECKUX U OHOTeOXUMHUYECKUX IIPOLeCCOB B
o3epax.

TemaTuka [JOKJIa[IOB OXBaThlBajla HCCJIEOBa-
HUA TIPeCHBIX U COJIEHBIX, PABHUMHHBIX U TOPHBIX 03ep.
Ocgemanych npo6eMbl OXpaHbI U MCIIOJIb30BAHNA BOJHBIX
pecypcoB, IpaBOBble, OpPraHU3AIMOHHO-TEXHUYECKHe
BOIIPOCHl COXPaHEHUs M BOCCTAHOBJIEHUA BOIHBIX 3KOCU-
CTeM U TOMyJIALUN ruApo6ruoHTOB. OOCYXAaIMCh aCIeKThI
U3ydeHus TUAPOOHOIIEHO30B OT CHUCTeMAaTUKu U dayHU-
CTUKU BOJHBIX OPTaHU3MOB IO UCIIOJIb30BAHUA PA3IMYHBIX
METOJIOB MaTeMaTU4ecKoro M CTaTUCTUYECKOro aHaym3a

\

A7 00pabOTKU MOJIyYeHHBIX JaHHBIX.

IIpencTtaByieHbl  pe3yJibTaThl  TI'MAPOXMMUYECKUX
U TeoXMMUYECKHX MCCIeJOBAaHUN pa3HOMacIITaOHbIX
IIPECHOBOAHBIX 3KocucTeM. OOCyXAaiuch COBpPeMEeHHbIe
W3MeHEeHUs KuMara U KJIMMaTudeckyhe PeKOHCTPYKLIUHU
[IPOLLJIOTO, B TOM 4YHCJIe THUAPOJIOTHYecKue IpoOJieMbl
IIPOILJIOTO U HacTosAmero. Victopuu o3ep 0510 OCBAIEHO
MHOT'O [IOKJIa[]OB, BKJIIOYAIOIIMX Kak 0000IIeHue pe3yJib-
TaTOB MMEIOLIMXCA HCCJIeJOBaHUI, TaKk U NpeAcTaBjIeHue
HOBBIX MaTepuasioB, BBIIIOJHEHHBIX HAa HOBOM COBpEMEH-
HOM YpOBHe. Bonpocsl MoJieIMpOBaHUsA paccMaTPUBAJINCh
Kak Ha [puMepe 03ep, TaK ¥ BOJAOXPAHUJIULII.

leorpagua mnpeAcTaBeHHBIX Ha KOH(epeHUUn
rccyieJOBaHUM OXBaThIBaJIa 3HAUUTEJIbHYIO YaCTh TEPPUTO-
puu Poccun, a takxe pecnybsmku Benapyces u I'epmanumn
(Puc. 2). Hoxjaapl ObUTHM TOCBAMIEHBI HCCIIEJOBAHUAM
kak Oospmmx (JIagoxckoe, OHexckoe, Barikan, Apad,
Kacmiuiickoe Mope, XaHka, KpoHOI[Koe), Tak U MaJIbIX
o3ep (o3epa CeBepo-3amazga, CeBepo-Boctoka u lleHTpa
EBponeiickoii wyactu Poccun, Kosbckoro mnosyocTposa,
Tatimelpa, Cubupuy, LleHTpasbHOl Asun). Cpeau 60Jib-
X 03ep 0COOEHHO MHOTO OBLIO IMpPEeACTaBJIEHO pPe3yJib-
TaTOB HccJiefoBaHui mno JlagoxckoMy u  OHEXCKOMY
o3epaM, JOKJIAABl MO0 HUM IIPO3BydYa/ I Ha BCEX CEKI[UAX
KoHbepeHIUN. MHTepecHble AOKJIA[bl OBLIA MOCBSAIIEHBI
OCTPOBHBIM O3epaM Bajtaamckoro, CoJIOBEIKOTO apxurie-
JIaroB U apKTUYeCKUX OCTPOBOB. OOCyxaannch NpoOsieMsbl
BOJIOXpaHWJIMI Ha mpuMepax PrIOMHCKOro, Bypeiickoro,
Yebokcapckoro, Moxarickoro u Aap.

Puc.1. Ha xorndepennuu «JIumuosorusa B Poccun». Pycckoe reorpadudeckoe obmectBo, CaHkT-Iletepoypr, 12.02.2024
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Puc.2. Teorpadus rcciieoBaHuil, pecTaBjieHHBIX Ha KoHbepeHnuu «JIumHosorus B Poccrn»

KondepeHua B OCHOBHOM IIpOXOAWJIA B OYHOM
pexuMe, HECKOJIBKO AOKJIAA0B ObLIO CAeJIaHO AMCTaHLU-
oHHO. Taxxe OblJIa OpraHU30BaHa IpsMas TPAHCJIALYS BCeX
3aceqanuil. 3acaymanol24 poxsaga (91 ouHbI OOKJIAM,
9 mucTaHIIMOHHBIX U 24 CTEHIOBHIX AokJiajga). OOiree
YHCJIO YYACTHUKOB Ha 3acefaHuAX cocrtaBusio Oosiee 200
4yeJIoBeK. B KoHGepeHIY IpUHAIN yyacTre yueHble u3 48
Hay4YHBIX OpraHMU3alMi M yHUBEpCUTeTOBl8-Th ropojos
Poccuu u fBoe kosuier us besopycckoro YHusepcurera.

IIpencTaByeHHBI CHIELBBIIYCK >XypHajla OObedu-
HAeT MyOJIMKaIy, B OCHOBHOM NOATOTOBJIEHHBIE 110 MaTe-
puaysiaMm npomieamell koHdepeHuuu. TemaTuka craTei
npejACTaBjAeT aKTyaJjibHble NpPOOJIeMBbl, BhI3BaBIINE IMPHU
0o0CyxieHNU Ha KOH(pepeHI[UU OOJIbIION NHTepec.

Tak, BepTHUKaJbHOMY pacOpefesieHUI0 TOJ0BbIX
MaKCHMyMOB TeMIlepaTyphbl BOJBI B I0)KHOU NPUOPEXHON
30He o3epa balikas nocssleHa crtaTbs cOTpyAHUKoB MHO3
PAH-CII6 ®UL] PAH, JlumHoyiornyeckoro nHeruryra CO
PAH u HpKyTCKOro rocyapCTB€HHOIO yHUBepcuTeTa. B
cratbe M.A. HaymeHKO ¢ KoJIjleraMy YCTaHOBUWJIM Pa3Jiny-
Hble OCOOEHHOCTH BEPTHKAJIbHOIO paclpeleseHus Tofo-
BBIX MAaKCMMyMOB TeMIlepaTyphsl BOJbI ¥ IOCTPOUJIN SMIIU-
puueckrie QYHKIUU [JJi OLEHKU 3aBUCUMOCTEN MeXAy
HUMU U JaTaMy UX HaCTyIUIeHUs u riayouHoin. CheyaH
BBIBOJ] O TOM, 4TO 4acCTO dKCTpeMaJibHOe COOBITHE, TaKoe
Kak TeMImepaTypHBIII MakCUMyM, OKa3blBaeT HaubOoJibllee
BJIMAHUE HA 3KOCHCTEMY O3epa, yeM HM3MEHEeHUsA CPeJHUX
YCJIOBUH.

[TaneoIMMHOJI0TUYEeCKUM HCCJIeJOBaHUAM
nocpsmeHa cratbsd A.A. Tkau u3 MIY. Ha Ilaseo-
JIMMHOJIOTUYECKON CceKIUM mpollednieill KoHdepeHINU
HEOJIHOKpaTHO obcyxJajach HeoOXOAUMOCTb H3yueHU:
BEPXHEro HeKOHCOJIMANPOBAHHOI'O CJIOA O3€PHBIX OTJIOXE-
HUH JJ1 I0JIy4YeHNs JaHHBIX O COBPeMeHHOM paclipejiesie-
HUU DOBUIBIBL, BOAOPOCIEll U MUKpOodayHB B M3yyaeMbIX
o3epax. DTU AaHHbIE ABJIAIOTCA OCHOBOH [JIA [TaJIeOPeKOH-
cTpykuuii. IlpencraBieHHas padoTa MOCBsIeHa COBpeMeH-
HOMy NpuUOpexHOMy KOMILIeKCy ocTpakof Kacmuiickoro
Mops. OCTpakoAOJIOTUYECKUIT MeTOJl SBJIAETCA BaXXHBIM
JJ1 U3y4eHUs caMoro OOJIBIIOrO O3epa B MUpe, T.K. Ipe-
KpacHO GUKCHUpYeT IIpex/e Bcero AMHAMHUKY YPOBHSA 03ep.
OpaHako A0 CUX ITOP BO3MOXHOCTH 3TOTO MeToJa HeJloCTa-
TOYHO MCIOJIb30BaHbI AJIA U3ydeHus ucropuu Kacnus.

Cratbsa H.A. Benkunoit u3 UBIIC KapHL] PAH nocBs-
ImeHa TMAPOXMMUYECKHX HccilefloBaHuAM o3ep Kapenum.
PesynpTaThl HcCCIeOBaHUA aKTyaJbHBI Kak [AJiA THUJPO-

XMMUU, Tak U JJiA NaJeoJMMHOJIOrUK. M3y4yeHHBIE 3aKO-
HOMepHOCTU (POPMHUPOBAHUA XMUMHYECKOIO COCTaBa JJOH-
HBIX OTJIOXKEHUI 03€P MOTYT OBITh MCIOJIb30BaHbl KaK AJIf
COBPEMEHHOT0 COCTOSIHUA 03€eP, TaK U JJIA PEKOHCTPYKIUU
M3MEeHEeHUs reoXMMUYecKoro ¢GoHa osepa B IPOILIOM.

OrjeHKka OMOTeHHON Harpy3ku Ha BOJOXpPaHUJIMIIE
0 pe3yJibTaTaM MOJeJINPOBaHNUsA CTOKA U BEIHOCA OUOreH-
HBIX 3JIEMEHTOB C BOA0COOPOB sABjAeTcA TeMol ctaThu C.B.
fAcuHckoro ¢ coaBTopamu. CTaThs MOATOTOBJIEHA COTPYI-
Hukamu HHctutyTta reorpadpuu u MHO3 PAH. laHHble
MOJEeIMPOBAaHUsA IO3BOJWIM [AaThb OLEHKY CyMMapHOH
O1oreHHON Harpy3ku Ha YeOokcapckoe BOJOXpaHUIINILIE U
BKJIaJla IPUPOJHOI0 BbIHOCA a30Ta U pocdopa co CTOPOHBI
BojocOopa.

T'uapobuosiornyeckue HccieoBaHUA TpefCcTaB-
JIeHBl cTaTbell COTPYAHMKOB HIDKeropojckoro rocynap-
cTBeHHOro yHupepcurera uM. H.1. JlobayeBckoro. CraThs
MIaparunon E.M. ¢ coaBTOpaMu MNOCBALIEHA BBIABJIEHUIO
JOMUHUPYIOMNX BUAOB U (QYHKI[MOHAJIBHBIX KOMILJIEK-
coB (UTOIJIAHKTOHA KapCTOBHIX 03ep OacceiiHa CpenHell
Bosru. IlosiyueHa XapaKTepHCTHKa COCTaBa, 5KOJIOTO-Te-
orpaduueckoil 1 GYHKIHOHAJIBHON CTPYKTYPHl AOMUHM-
pYIOIUX BUAOB (PUTOIJIAHKTOHA TpPeX Pa3HOTHUIIHBIX O3ep
Hwuxeropopckoro IToBosrkbsa: Kimtounk, Ceetsiosap u CaToe
JlenoBckoe.

B pesysnbrare B INpeACTaBJIEHHOM  CIEIBBIIY-
CKe OTpakeHBl IIOYTU BCe HampaBJieHUsa KoHQepeH-
uu. 'maposiornyeckuM IpoGjeMaM IOCBAIIeHa CTaThA
B.H. CuHIOKOBHYA, B KOTOPOH 06CykAaloTcs MokasaTesu
BBICOKOT'O M HM3KOTO IIPUTOKA B 03epo baiikas u cToka ero
IJIaBHBIX pek. B cratbe Mapunatite L.U. ¢ coaBTOpamu
paccMmaTrpuBaeTcs NpOCTPAHCTBEHHO-BpeMeHHasA KapTUHa
pacnpejesieHus 3arpAsHsaomux npumeceid (PM,, TIAY un
razoo0pa3Hoil sjieMeHTapHOI PTyTU) B aTMocdepe Haf
akBaTopuell o3. Balikas, oljeHeHbl UX IOTOKU Ha BOJHYIO
MOBEPXHOCTh 03epa.

baaropapHocTH

MBe1 6J1arofapHbI BCEM aBTOpaM, KOTOPbIe IIPefoCTa-
BUJIU Pe3yJIbTAaThl CBOUX HCCJIEOBAHUU AJIA 3TOTO CIIeLU-
AJIPHOTO BBINIyCKa, a TaKXke BCEM pelleH3eHTaM U pedak-
TOpY >XypHasa, 6jarogaps KOTOPBIM CcCTajla BO3MOXXHA
myOIMKanusA CrelBblTycka KoHGepeHIUU «JINMHOJIOTUSA B
Poccun».
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ABSTRACT. The territory of Karelia is a unique geographical region, where currently more than 62,000
lakes function in a humid climate, being at different stages of the evolution of their ecosystems. In this
study, we analyzed the data on the chemical composition of the bottom sediments of Karelian lakes
collected during the period 1965-2020. The patterns of the formation of the chemical composition of
the bottom sediments of lakes are discussed. It is shown that in the lakes of the southeastern part of
the Fennoscandian Crystal Shield, the bottom sediments of a mixed type are currently being formed:
iron-humus-silicon, iron-silicon-humus, or humus-iron-silicon. There are small lakes where the bottom
sediments accumulate either silicon (diatomite), iron (lake ore), or organic matter.

Keywords: Fennoscandian Crystal Shield, formation of lake sediments, chemical composition

For citation: Belkina N.A. Surface sediments of Karelian lakes: their formation peculiarities and chemical composition //
Limnology and Freshwater Biology. 2024. - No 3. - P. 111-129. DOI: 10.31951/2658-3518-2024-A-3-111

1. Introduction

The lakes of Karelia (63°49’00” N and 33°00°00”
E) are young in geological terms. Their age does not
exceed 15 thousand years (Subetto, 2009). They were
formed at the turn of the Late Pleistocene and Holocene
(15-11 thousand years ago) in the process of deglacia-
tion of the territory in the direction from the southeast to
the northwest. Since their origin, lakes have developed
as freshwater reservoirs with individual characteristics
of sediment accumulation, depending on their location
on ice-dividing upland, on lake plains, or in zones of
denudation-tectonic relief (Paleolimnology..., 2022).
Geological and geochemical (Alabyshev, 1932; Bucke,
1959; Biske et al., 1971; Perfiliev, 1972; Sinkevich and
Ekman, 1995; Lukashov and Demidov, 2001; Demidov,
2003; Demidov and Shelekhova, 2006; Slukovsky and
Medvedev, 2015; Slutkovsky and Dauvalter, 2020),
paleolimnological (Lac and Lukashov, 1967; Martinson
and Davydova, 1976; Davydova, 1985; Devyatova,
1986; Shelekhova, 2006; Shelekhova et al., 2021;
Filimonova and Lavrova, 2017; Filimonova, 2014;
Subetto et al., 2017; 2020; Lavrova and Filimonova,
2018; Gromig et al., 2019; Hang et al., 2019; Zobkov et
al., 2019; Strakhovenko et al., 2020a;b; 2022) and lim-
nological (Semenovich, 1973; Vasilyeva and Polyakov,
1992; Vasilyeva et al.,, 1999; Belkina, 2017; 2019;
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E-mail address: bel110863@mail.ru (N.A. Belkina)
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Belkina et al., 2018; 2022) studies of the bottom sedi-
ments of Karelian lakes have allowed to collect a huge
amount of factual material on the limnogenesis of the
eastern periphery of the Fennoscandian Crystal Shield
in the Lateglacial and Postglacial period. However, lit-
tle attention has been paid to the issues of studying
modern lake sedimentation.

Today, Karelian humid climate has resulted in
a unique system of lakes connected by small water-
courses to form a single hydrographic network, 96%
of which are lakes with an area of less than 1 km?
The area of the region occupied by lakes is one of the
highest in the world (21%, including lakes Onego and
Ladoga) (Lakes..., 2013). The water remains mainly in
the liquid phase throughout the year, creating the con-
ditions for many processes of physical, chemical, and
biological differentiation of matter at all stages of the
lake's sedimentation.

The aim of the study was to generalize data on
the chemical composition of the bottom sediments of
Karelian lakes and to identify patterns of lake sediment
formation under current conditions.

2. Materials and methods of the research

The paper uses archival materials from studies
of the bottom sediments of 139 lakes in Karelia col-
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lected at NWPI KarRC of RAS for the period 1965-2020,
including the participation of the author. The compar-
ison was performed on 8 indicators of chemical com-
position: organic carbon (C_ ), carbon of humic and
fulvic acids (C, , C,), mineral phosphorus (P_. ), ammo-
nium and organic nitrogen (N-, ., Norg), iron, manga-
nese, and ash content (Ash). In the bottom sediments
of the model objects (lakes: Yuzhnoye Haugilampi,
Vendyurskoye, Korytovo, Polevskoye, Golubaya Lamba,
Ladmozero, Shotozero, Padmozero, and Syargozero),
the following values were additionally determined: pH
and Eh, physical properties: density (d), natural and
absolute humidity (Wet,,.., Wet ..), porosity (por),
specific gravity (d), losses in ignition (LI_..), pigment
composition of Chl , , total phosphorus content (P ),
daily oxygen demand of the sediment (OD,) (Belkina et
al., 2023).

3. Results and discussion

Currently, Karelian lakes function in a humid
climate (marine-continental transition) with relatively
warm winters, short cool summers, and unstable spring
and autumn weather (Nazarova, 2015). The follow-
ing climatic features control the formation process of
a modern lake. (1) Relatively low temperatures and a
significant amount of atmospheric precipitation (600-
650 mm per year, 60% of which falls between May and
October) ensure the development of surface runoff,
which plays an important role in the process of weath-
ering and the transfer of substances of various genesis
along the slopes of the terrain to the lakes. (2) Due to
the location of the lakes in a temperate climate zone,
the surface temperature of the lakes is above 4°C in sum-
mer and below 4°C in winter, with significant seasonal
variations. As a result of this temperature distribution,
the reservoirs are characterized by two complete con-
vective mixing of the water mass throughout the year:
in spring and late autumn. The hydrological and ther-
mal regimes of lakes and water dynamics determine the
uneven nature of sedimentary matter entering the bot-
tom sediments and changes in its qualitative and quan-
titative composition depending on the season (Kulik et
al., 2023a). (3) The long summer solstice (the longest
day lasts about 20 hours) creates a favorable environ-
ment in the lakes (low water temperature, sufficient
light, and transparency) for the development of phyto-
plankton, the main supplier of autochthonous organic
matter to the bottom sediments. (4) Steady winds from
the northwest during most of the year and from the
west, south, and southwest during cold periods contrib-
ute to the penetration of aeolian dust into the bottom
sediments.

Modern sedimentogenesis in the lakes of the basin
is mainly determined by geological factors. The geo-
morphologic features of the territory (relief, horizontal
and vertical dissection of the surface, thickness of the
covering rocks, lithologic composition of Quaternary
deposits) determine the conditions of water runoff
and sediment transport to the lakes. Tectonic struc-
tures, Archean and Proterozoic rocks of the crystalline
Fennoscandian Shield, loose Quaternary sediments,
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and Upper Devonian and Lower Carboniferous rocks of
the Russian platform, which differ in structure and time
of formation, determine the composition of the mineral
part of the bottom sediments. Thus, the predominance
of silicate rocks in the basin ensures the accumulation
of silicon in the bottom sediments, which enter as part
of a terrigenous suspension, and also creates conditions
for the presence of silicic acid in the lake water, stimu-
lating the development of a diatom complex of phyto-
plankton with the subsequent accumulation of biogenic
silicon in the bottom sediments. The relatively low
phosphorus content in rocks determines the limitations
of aquatic ecosystems of phosphorus and consequently
affects the quantitative and qualitative composition of
organic matter in the bottom sediments.

Podzolic soils play an important role in the immo-
bilization and transfer of metals to lakes. Thus, the high
content of Fe and Mn in rocks capable of complexation
reactions with soluble humic organic matter formed in
the soil is the reason for their active migration into nat-
ural waters and accumulation in the bottom sediments
(Belkina et al., 2018).

The influence of the anthropogenic factor on the
accumulation of lakes is mainly manifested in reservoirs
with direct anthropogenic impact (domestic and indus-
trial wastewater discharge, surface runoff from residen-
tial and agricultural areas, fish farming, aeolian inputs
from open-pit mining, shipping, building of hydraulic
structures, etc.). The effects of forestry on sedimento-
genesis are indirect. A change in the water balance of
the lake’s catchment area as a result of deforestation
leads to a change in the hydrological regime. This, of
course, affects the inflow of water into the lake and, as
a result, the processes in the lake itself.

All of the above factors determine the functioning
of the hydrographic network. The location of the terri-
tory in the zone of excessive moisture, where precipita-
tion prevails over evaporation, determines the presence
of surface and underground runoff. The hydrological
regime of this system is greatly determined by tecton-
ics and topography. A significant part of the substances
involved in the deposition process in lakes are trans-
ported from the catchment area by water in dissolved
form. Drainage from the catchment area of surface and
underground river runoff is significantly influenced
by different depths of bedrock under the thickness of
Quaternary sediments, extremely fragmented relief and
the proximity of watersheds to erosion bases. Surface
runoff is not typical only for reservoirs with an area of
less than 1 km?.

The predominant type of groundwater in the
region is calcium bicarbonate, which is formed inde-
pendently of the composition of rocks in the zone of
active water exchange. This is due to the fact that
leaching of rocks under conditions of saturation with
carbon dioxide (the source of which is the soil) already
at the first stage leads to the formation of solutions of
the siliceous-calcium type, which are characterized by
a nonequilibrium state with primary aluminosilicates
and carbonates, but they are already saturated with
respect not only to kaolinite, but also to other second-
ary aluminosilicates (montmorillonite, illite, pyrophyl-
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lite). The conditions of short-term residence of water in
rocks and short distances from the aquifer feeding area
to groundwater discharge zone provide general geo-
chemical features of the surface waters of the region
(Borodulina, 2011). Low-mineralized calcium-siliceous
groundwater enters the lakes and watercourses of the
basin, which are the product of leaching of primary
aluminosilicates enriched with organic substances and
carbon dioxide washed out of the soil.

The main features of surface waters formed
in Karelia are low mineral content, high color, and
noticeable iron content. The waters of the region are
ultra-fresh (the average value for Karelia is 31 mg/1).
Most of the studied lakes have a mineralization of less
than 50 mg/1, a hardness of 0.2-0.4 mg-eq./1. Ca?*
prevails among cations, Mg?* is rare, and K* is even
rarer. Alkaline earth metals prevail over alkaline ones.
Among the anions, the lowest content was noted for Cl-
(1.7 mg/1) and SO,* (3.5 mg/1), especially in humified
waters, where their concentrations are lower than in
atmospheric precipitation. Bicarbonates predominate
in the anionic composition. The alkalinity ranges from
0 to 276 mg/1, but for most reservoirs and watercourses,
its value is less than 30 mg HCO, /1. The concentrations
of organic acid anions range from 0.01 to 0.4 mmol/I1.
As arule, lake water is characterized as medium-humus
(color is 35-80 degrees, COD,, . is 8-15 mgO/1), while
river water is characterized as high-humus. The CO,
content is usually 2 times higher in rivers than in lakes
and ranges from O to 46 mg/l. In the water column,
its concentration increases with depth, unlike oxy-
gen, whose concentration decreases with depth. The
pH value varies greatly (from 4.07 to 8.34) depending
on the content of HCO,, CO,, organic acids, and their
salts, and generally rises with increasing alkalinity of
the water. Most lakes have slightly acidic (5.5-6.5) and
neutral (6.5-7.5) waters. Rivers with heavily swampy
areas and small reservoirs with atmospheric feeding
have the lowest pH. Concentrations of iron, phospho-
rus and manganese vary widely (from O to 4.6 mg/1
Fe, from 6 to 26 micrograms/1 P and from 0 to 2.1
mg/l Mn). Their content depends on the alkalinity and
the presence of organic matter of a humic nature (The
current..., 1998; Lozovik et al., 2020). As mentioned
above, humic acids of soils contribute to the transfer
of metals to surface waters. Organic acids enhance the
leaching of carbonates and phosphates of Ca and Mg,
which, in turn, leads to higher concentrations of phos-
phorus, and carbon dioxide in surface waters with a
high humus content compared with surface waters with
a low humus content. Part of the phosphorus can bind
to soluble forms of iron (organometallic complexes) or
be sorbed on iron hydroxo compounds migrating as
part of suspended solids, which leads to the entry of
phosphorus into bottom sediments not only as part of
detritus but also as part of iron humus suspension.

The content of other chemical elements in sur-
face waters, including silicon (in rivers, its concentra-
tion ranges from 1.2 to 4.9 mg/l, in lakes, it is from
0.2 to 2.6 mg/1), is quite stable and does not strongly
depend on the type of water and season. The content
of suspended solids in river waters depends on the sea-
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son and ranges from 0.2 to 13 mg/1. The waters of the
vast majority of rivers are of the alkaline type with a
high humus content. Most lakes have alkaline waters,
with an average humus content; small reservoirs have
slightly alkaline waters, with a high humus content
(Lakes..., 2013).

Geomorphological differences in the catchment
areas of the lakes in the basin largely determine the
diversity and uniqueness of the sedimentation regimes
of the small lakes. The uneven distribution of river flow
into large reservoirs, combined with the complex mor-
phology of the basins and the irregularity of the coast-
line, leads to the existence of local basins (limnic areas)
with different sedimentation patterns (Belkina, 2021).
A significant part of the mineral component in the bot-
tom sediments of the lake is formed due to suspended
matter containing detrital rock material of the catch-
ment area. In conditions of humic, low-mineralized sur-
face waters, poorly soluble compounds of silicon, iron
and manganese are formed and deposited directly in
the reservoir itself, and as a result, phosphorus or met-
als are co-deposited (as a result of sorption processes
on hydroxo-compounds) (Kulik et al., 2023b). Insoluble
humates deposited in the bottom sediments are formed
in the water mass during the biochemical oxidation of
dissolved organic matter.

Biological communities in lake ecosystems are
suppliers of organic matter to the bottom sediments.
The main factors affecting ecosystem productivity
are water temperature, its salt composition, and the
presence of biogenic elements (Konstantinov, 1986).
The growth of aquatic organisms is limited by a short
vegetation period and a low water temperature. The
flora and fauna of the lakes of the region are based on
cold-loving representatives: diatom plankton, deep-sea
relict crustaceans, coregonine, and salmonid fishes in
ichthyocenoses. The dominance of the most taxonom-
ically diverse diatoms, green, blue-green, and golden
algae in the algoflora of lakes (93.5% of the total
list) is a zonal feature of the northwestern territories.
Quantitative indicators of phytoplankton development
(abundance and biomass) change significantly during
the growing season. In spring and autumn, diatoms are
quantitatively predominant in the lakes, and mixed
plankton develops in the summer. Phytoplankton bio-
mass increases significantly with an increase in the
trophicity of lakes. The average annual production of
phytoplankton is from 11 g C/(m?/year) (Succozero,
oligotrophic) to 160 g C/(m?/year) (Svyatozero, eutro-
phic), and in most of the lakes it does not exceed 50 g
C/(m?/year) (average of 45, median 38) (Chekryzheva,
2011).

The structure of the zooplankton community also
depends on the trophic status of the reservoir and var-
ies depending on its thermal and dynamic modes. In
the early spring period (early June), infusoria occupy
a dominant position in the community. As the water
warms up and the food conditions change, rotifers
become the main complex. In the summer, cladocer-
ans dominate. In autumn, the role of rotifers increases
again. Winter zooplankton is mainly represented by
copepods and rotifers. The biomass of zooplankton
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ranges from 0.18 to 27 g/m?, and the number ranges
from 1 thousand to 5 million individuals/m?® (Lakes...,
2013).

The modern fauna of the seabed is very diverse
in taxonomic terms and, according to recent data, has
more than 1,000 species and forms of invertebrates.
The dominant complex of benthic cenoses is formed
by three systematic groups: chironomids, oligochaetes,
and mollusks. The lakes of South Karelia are more pro-
ductive: the average benthic biomass of the lakes of the
Shuya River basin is 4.36 g/m?, the Vodla River basin
is 2.26 g/m?, and the lakes of the Zaonezhye Peninsula
are 3.92 g/m? (Lakes..., 2013).

Macrophytes make a significant contribution to
the formation of organic matter in the bottom sedi-
ments only in small, shallow eutrophic reservoirs with
a developed littoral zone. Lakes of tectonic and gla-
cial-tectonic origin, whose littoral is characterized by
stony-boulder, rocky, stony-sandy, or sandy bottom,
are unfavorable for the growth of aquatic plants. The
increased content of humic substances in the water also
suppresses their development. The value of annual pro-
duction varies from 0.5 to 6 g C/(m?/year!) and usually
does not exceed 1g C/(m?/year!) (Lakes..., 2013). The
values of biomass and algae abundance decrease as the
pH level declines (Komulainen et al., 2006).

Low water mineralization is important for reg-
ulating the water-salt balance of aquatic organisms
(Konstantinov, 1986). It affects both the number of
species and the biomass of phytoplankton, as well as
the presence of marine glacial relics in deep lakes. The
most sensitive to salt deficiency are mollusks, whose
shells become thin and their sizes become smaller
(Kalinkina et al., 2013). For aquatic invertebrates, the
low hydrogen index also acts as a toxic factor that vio-
lates the integrity of cell membranes (Kalinkina et al.,
2017). The high color of the waters affects the structure
and vertical distribution of microalgae. In meso- and
polyhumous reservoirs, the photic layer narrows due to
the weakening of the penetration of photosynthetically
active radiation into the water column, which reduces
the productivity of plankton. Accordingly, an insuffi-
cient food supply provides low natural fish productivity
in lakes — 10 kg/ha (Lakes..., 2013).

Part of the phosphorus entering reservoirs,
which is necessary for the energy metabolism of organ-
isms, is bound in complex with humus and iron and,
therefore, is in a form that is of low accessibility to
aquatic communities. The gradual transformation of
humic substances as a result of their photooxidation
and the activity of heterotrophic microflora (which,
with a lack of easily mineralized organic substances,
uses them as a substrate) requires additional time,
which is also a deterrent to production processes. The
amount of bacterioplankton is a fairly stable indicator
and ranges from 1.5-2 million/ml increasing in contam-
inated areas (Gashkina et al., 2012). The amount and
biomass of bacteria during the growing season vary by
1.5-2.5 times depending on the trophicity. For most
reservoirs, there are two peaks in the seasonal devel-
opment of bacterioplankton: spring and summer. The
bulk of bacteria in the water column is in the form of
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single cells, whose vital activity is based on complex
organic substrates (actinomycetes, oligotrophic bacte-
ria). In reservoirs exposed to anthropogenic influence,
groups of bacteria reflecting one or another type of
contamination (nitrifying, cellulose-destroying, oil-ox-
idizing, phenol-oxidizing, coliform) have a noticeable
development. The biomass of bacteria in its raw form in
the summer reaches values of 0.1-0.5 mg/l, expressed
in carbon: 10-54 mkg C/1, in contaminated reservoirs,
its values increase 1.5-2 times. The dark assimilation of
carbon dioxide as an indicator of the biosynthetic activ-
ity of bacterioplankton in the summer in oligotrophic
reservoirs does not exceed 0.5, in mesotrophic reser-
voirs it has limits of 0.8-3.1, in eutrophic reservoirs it
reaches 7.8 mkg C/(l/day) and above (Lakes..., 2013).

Thus, temperature, salt composition, humus
content, and alkalinity of surface waters are key envi-
ronmental factors limiting the development of liv-
ing organisms in the lakes of the eastern margin of
the Fennoscandian Shield. Phytoplankton is the main
source of autochthonous organic matter in the bottom
sediments. Apparently, the low productivity of lakes is
the reason that the bulk of easily oxidized organic mat-
ter is actively consumed and mineralized in water, and
difficult-to-oxidize, little biodegradable organic matter
accumulates in the bottom sediments. The quantitative
and qualitative composition of organic matter in lake
water, which depends on the production of phytoplank-
ton and the mass of humus coming from the catchment
area, determines the rate of accumulation and inten-
sity of the transformation processes of organic matter
in the bottom sediments. The significant contribution
of higher aquatic vegetation to the organic matter of
the bottom sediments is typical for small, well-heated,
productive lakes with a developed littoral zone.

Allochthonous organic matter enters lakes with
the river runoff in the form of dissolved humic sub-
stances formed in the soils of the catchment area, and
in the form of leaf litter of terrestrial vegetation of the
shores.

The intensity of the soil formation process, which
depends on the chemical and granular composition of
the parent rocks, controls the flow of amorphous sil-
icon, humic substances, and chemical elements into
surface waters prone to the formation of complex com-
pounds and colloidal systems with silicon and humic
acids, which affects both the chemical composition of
the water and the biological characteristics of lakes and,
ultimately, the composition of bottom sediments. The
role of soil cover in the formation of bottom sediments
increases with the growth of the lake’s catchment area.
It should also be noted that since 1989 in Russia there
has been a steady excess of the norm of the average
annual air temperature (Gruza and Rankova, 2012).
An increase in the duration of the vegetation period
and an increase in precipitation inevitably lead to an
increase in the intake of allochthonous organic matter
into the lake from the catchment area, an increase in
the production of the lakes themselves, and, as a result,
an increase in the intake of organic matter into the
sediments.
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Analysis of the chemical composition of the sur-
face sediments of Karelian lakes has shown that lakes
with different types of accumulation (accumulators of
mineral and organic matter by different genesis) are
found in the region (Table 1). Differences in the hydro-
logical and morphometric characteristics of lakes, var-
ious areas, and the composition of catchment rocks, as
well as the different trophic status of reservoirs, deter-
mine differences in the chemical composition of sed-
iments. Most lakes in the region are characterized by
an uneven distribution of sedimentary material at the
bottom of the reservoir, which is naturally controlled
by the morphology of the basin and the dynamics of the
waters: sandy-gravel bottom sediments form the littoral
zone, and clay silts prevail in deep-water zones.

The variety of sedimentological trends in the
lakes of Karelia is associated with the local landscape
conditions of the catchments. Its most significant char-
acteristics are equally important: the area and relief of
the catchment, the morphology of the lake basin, and
the chemical composition of the water (Belkina, 2021).
It is difficult to draw a clear conclusion about the pre-
dominance of a certain type of lake accumulation,
depending on the position of the reservoir in the relief.
The chemical composition of precipitation in accumu-
lation zones shows that in large lakes (S_, > 10 km?),
the mineral type prevails, and in small lakes (S, <1
km?), the organic type of accumulation prevails. Both
mineral and organic sediments are found in lakes with
S, o Of 1 to 10 km? (Fig. 1).

As a rule, the content of organic matter in the
bottom sediments increases in proportion to the tro-
phic level of the reservoir, from oligotrophic to eutro-
phic (Belkina, 2021). Organo-accumulating lakes are
found in all modern landscapes of the region (terminal
moraine uplands, ice-dividing accumulative uplands,
lake plains). According to the macrocomposition, the
deposits of such lakes are characterized as iron-sil-
icon-humus. One illustrative example is Yuzhnoye
Haugilampi Lake (West Karelian upland, 63°33 N,
33°20 E), an eutrophic, shallow lake (average depth
4.1 m) with a well-developed coastal zone. The altitude
above sea-level is 153 m. S, is 0.329 km? S_,_ is
0.276 km?). It has been functioning as an independent
reservoir for about 12,000 years. The surface deposits
are represented by brown silts. The mean values of the
chemical composition are as follows: LI .. is 60%, C
is 26%, Ash is 38%, OD, is 4 mg0,/(g/day), 2Chl_,
1000 mkg/g, pheophytm is 1200 mkg/g, N is 1. 9%,
Ny, 18 0.02%, P is 0.3%, P_. is 0.2%, Mn is 0.04%,
and Fe is 2.5%. The redox cycle of iron and manga-
nese controls the decomposition of organic substances
in the bottom sediments. The distribution of biogenic
elements (N_ NNH4 .» P, P, Fe, and Mn) along the
vertical column is nonmonotonic (Fig. 2). The chemi-
cal composition of the water in Yuzhnoye Haugilampi
Lake corresponds to the mesohumic medium-alkaline
neutral weakly alkaline bicarbonate type of the waters
of the calcium group. The mineralization of the water
in the lake is high (90 mg/1). In the ionic composition,
bicarbonates predominate among the anions (95%),
calcium (54%) among the cations, alkalinity is 71.12
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mgHCO, /1, pH is 7.1, color is 25 deg. The ratio of PO
is 2.96 mgO/1 and COD is 12.2 mgO/!l and indicates
an autochthonous origin of organic matter (Lakes...,
2013).

We should note that organic matter of various
origins accumulates in small lakes, regardless of the
features of the landscape, the trophic status of the res-
ervoir, and the chemical composition of the waters. For
example, a high content of organic matter is observed

in the eutrophic lake Korytovo (S_, _ is 0.1 km?
S,.iror 18 0.003 km?, LI__ .. is 86%, Ash is 11%) and in
mesotrophic lake Polevskoye (S_ ... is 31.8 km?

S, ;e 18 0.45 km?, LI .. is 66%, ash content is 33%),
which was formed 12-11 thousand years ago within the
lake-glacial plain, and in oligotrophic lake Golubaya
Lamba (S is 0.21 km?, S is 0.04 km?, LI

catchment mirror 550°C
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Table 1. — Generalized chemical composition of the surface layer (0-5 cm) of the bottom sediments according to the data of
139 small Karelian lakes, % (Belkina, 2021).

Sediment type* | Number Value Organic matter The mineral matter
of samples c. |l c. [ ¢ [P, [Ny, [ N_ | Ash [ Fe | Mn

Sand 147 minimum 0.03 0.01 0.03 0.01 | 0.001 | 0.06 | 94.86 | 0.00 0.00
maximum | 2.40 | 1.35 | 0.64 | 0.04 | 0.004 [ 0.77 | 99.80 | 6.73 | 0.08

average 0.98 | 0.36 | 0.29 | 0.03 | 0.002 | 0.22 | 97.52 | 0.50 | 0.02

Silt 510 minimum | 1.30 | 0.04 | 0.00 [ 0.03 | 0.003 | 0.01 [ 9.02 [ 0.17 [ 0.00
maximum | 42.50 | 11.60 [ 9.10 | 5.00 [ 0.170 [ 3.99 | 94.32 | 42.20 | 1.02

average 1543 | 1.79 | 1.52 | 0.17 | 0.027 | 1.17 | 78.67 | 4.18 | 0.23

Clay 75 minimum 0.71 0.14 0.07 0.06 | 0.000 | 0.08 | 75.52 | 0.03 0.04
maximum 5.58 0.66 0.79 0.12 | 0.030 | 0.97 | 97.74 | 1.68 0.45

average 2.64 0.45 0.44 0.09 | 0.009 | 0.34 | 92.34 | 1.15 0.17

Note: «*» — By the prevailing granulometric fraction (sand 0.05-2 mm; silt 0.005-0.05 mm, clay < 0.005).

is 89%, and Ash is 9%), which was formed on the
Vokhtozersk upland with an area of 7.9 thousand years
ago. Sedimentation rates in lakes Korytovo, Polevskaya,
and Golubaya Lamba differ by more than an order of
magnitude (10, 1, and 0.1mm/yr, respectively). The
sources of organic matter in the bottom sediments are
also different. In Lake Polevskoye, the main source is
humic substances coming from the catchment area: in
Lake Korytovo, there is higher aquatic vegetation, and
in lake Golubaya Lamba, there is terrestrial and higher
aquatic vegetation and phytoplankton. These small
lakes have different chemical compositions of water
(mesohumus, bicarbonate class of the calcium-magne-
sium group with ions X, is 60 mg/1in Lake Polevskoye;
carboxylate class of potassium group waters with X
is 30 mg/1 in Lake Korytovo; oligohumic sulfate class
of the calcium group with X is 3 mg/I in Golubaya
Lamba) (Lakes..., 2013).

In lakes where mineral deposits are formed, the
most common type of accumulation is iron-humus-sil-
icon. A typical representative of such a reservoir is
mesotrophic lake Vendyurskoye (Vokhtozerskaya
upland, 62°13 N, 33°16 E, S_ , _ is 79.8 km?, S__ is
10.1 km?, altitude above sea level is 143.8 m, average
depth is 6.1 m). A reservoir of accumulative-residual
genesis, the total capacity of Quaternary deposits is 3.50
m. Current bottom sediments are formed in the condi-
tions of oligohumus waters of the bicarbonate class of
the Ca group and are represented by gray-brown silt
(LI, is 29%, Ash is 68%, and Fe is 7.8%). The range
of fluctuations of physico-chemical parameters along
the vertical surface layer (up to 40 cm) is one pH unit
(from 4.3 to 5.6) and 600 mV Eh (from 25 to +600
mV). The variability of the Eh values, in our opinion,
is determined by seasonal oxygen deficiency in the bot-
tom waters, which causes diagenetic restructuring of
the surface layer due to the development of anaerobic
processes of organic matter transformation. As a result,
interlayers with different metal content and quantita-
tive and qualitative composition of organic matter and,
consequently, with different microflora processing, this
organic matter is formed and buried. The LI .C value
changes slowly and monotonously down the column,
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which indicates a significant transformation of organic
matter in the water column of the reservoir before it
reaches the bottom. OD, values are low (1-1.8 mgO,/
(g/day). The distribution of phosphorus along the ver-
tical axis of the sediments correlates with the distribu-
tion of iron and manganese, with values ranging from
0.06 to 0.3% (Fig. 3).

Monotypic (siliceous or ferruginous) deposits are
rarely found in the lakes of South Karelia compared to
the northern part. Humus-silicon sediments were found
in lakes on the territory of the Zaonezhye Peninsula
(Lakes Nizhnee Myagrozero and Syargozero), in small
reservoirs of the Shuisky lowland (Lake Lindozero),
and in the northern part of the Onega Lake catchment
(Lake Munozero, Lobskoye settlement area) (Demidov
and Shelekhova, 2006). For example, diatom sediments
of the mesotrophic lake Sargozero (S_, _ is17.4 km?
S,.iror 18 0.65 km?) have a light green color and are char-
acterized by high porosity values (0.94) throughout the
thickness, low specific gravity (1.1 g/cm3), and very
low iron content (0.5%). The ratio of organic matter
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Fig.3. — Vertical distribution of chemical, physical and
physico-chemical characteristics in the surface layer of bot-
tom sediments of Lake Vendyurskoye. 1- Eh, mV; 2 — pH;
3 - solid matter mass in 1 ml of wet soil, g/ml; 4 - Wet, ., %;
5-Wet, .., %; 6 — por; 7 —ds, g/cm?; 8 — Corg, %; 9 - LI .., %;
10 - OD,, mgO,/g; 11 — N, ., %; 12 -N_ , %; 13 - Fe, %;
14 — Mn, %; 15 - Ash, %; 16 - P_, , %; 17 - P_.
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(C, org is 21%, LI, is 45%, N org is 1.35 % and P, is 0.05
%, C:N is 18, C:P is 1029) and the mineral part of the
sediment (ash is 51%) is close to unity. The distribu-
tion of pH, Eh, and elements of chemical composition
along the vertical of the sediment in the surface layer
is monotonous.

Humus-iron-silicon bottom sediments, as a rule,
are formed in an oxidizing environment in reservoirs
with a developed littoral zone and a large catchment
area (significantly swamped, where illuvial-humus-fer-
ruginous podzols are common). Deposits of this type
are formed in oligotrophic lakes with low color of
water and deeply embedded basins (Lake Ladmozero,
S aichmen: 18 120 km?, S is 24 km? H__ is 52 m, water
class is bicarbonate) and in shallow, high-flowing reser-
voirs with high color of water (Lake Shotozero, S_ ,
is 5540 km? S_. is 74 km? H__ is 10 m, carboxylate
water class is carboxylate). A feature of such reservoirs
is the accumulation of lacustrine iron ores in the form
of crusts, nodules, oolites, and coins in the littoral zone
(at a depth of 1 to 5 m) (Perfiliev, 1972). These biogeo-
chemogenic sediments, containing up to 40% Fe and
2% Mn, are mineral mixtures of a non-crystalline struc-
ture (Strakhovenko et al., 2020a; Ovdina et al., 2018;
Belkina et al., 2018). The sediments consist mainly of
iron hydroxides (goethite, lepidocrocite), manganese
oxides, and also contain a small amount of clay min-
erals, quartz, and rarely carbonates. They are formed
in the presence of oxygen during the deposition of sus-
pended and colloidal substances containing excess iron.
Bacteria contribute to the deposition of colloids. The
thickness of ore deposits lying in the coastal zone of
lakes up to 300 m wide ranges from 1 cm to 1 m. At the
same time, the iron content in silt sediments lying in
deep-sea zones is usually lower than the Clarke value.
The accumulation of iron in silts (up to 40%) is also
typical for small, shallow forest lakes with a swamped
catchment area. In Karelia, until the 19th century,
humans employed the use of lacustrine iron ores for
iron mining (Kuleshevich et al., 2010).

Current carbonate bottom sediments are rare in
the territory of Karelia. For example, in Lake Padmozero
(S, i, 18 10 km? S is 78 m? H__ is 15 m, tecton-
ic-glacial basin, Onego ice Lake relict), located in the
eastern part of the Zaonezhye Peninsula. The reservoir
accumulation zone contains light, cream (beige) silts
formed by clastic weathering products of carbonate
rocks common in the catchment area. The content of
organic matter, nitrogen, and phosphorus is relatively
low (LL .. is 13.9%, COr is 7.1%, OD, is 0.32 mg0,/ (g/
day), N, is 0.80%, P_, is 0.13%, C: N is 10, Chla is 0.5
mg/g). The physico- chemical conditions and chemical
composition of the lake water differ from other reser-
voirs of the peninsula in gas composition and higher
pH and mineralization values (CO, varies from 0.8 to
20 mg/l, pH is 8, HCO, is 89 mg/l, 2 is 150 mg/1
(Lakes..., 2013)), however, do not imply the formation
of chemogenic calcium and iron carbonates in the res-
ervoir. Carbonate sediments can be deposited in the
bottom sediments as a result of subaqual discharge
of groundwater, as is observed in Lake Rahoylampi
(Vokhtozersk upland).
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It is important to note that the chemical com-
position of the bottom sediments of small forest lakes
with small catchment areas has changed little over the
past 100 years, as evidenced by the profiles of chemical
characteristics in the columns of the bottom sediments
that do not change vertically, as well as the results of
periodic observations, for example, on the lakes of the
Zaonezhye Peninsula, studies on which have been con-
ducted since 1929 (Belkina and Kulik, 2019). Lakes
with settlements and agricultural lands in their catch-
ment area are characterized by a higher share of the
terrigenous component in the bottom sediments as
well as the presence of toxic substances. For example,
in the bottom sediments of Lake Suoyarvi, the con-
tent of oil products in the urban area (0.55%) exceeds
background values by 2 orders of magnitude or there
are high concentrations of heavy metals in the reser-
voirs of the town of Petrozavodsk (Chetyrehverstnoe,
Sulazhgorskaya lamba), etc. (The current..., 1998;
Slukovsky and Medvedev, 2015). Pronounced accu-
mulators of sediments are reservoirs located within
residential areas or reservoirs with a high coefficient
of water exchange that are part of lake-river systems
(for example, Lake Logmozero). Most of the territory of
Karelia is occupied by forests: therefore, no significant
anthropogenic anomalies were found in the bottom
sediments of the lakes.

4. Conclusion

Climatic conditions and the composition of rocks
of the Fennoscandian Crystal Shield determine the
chemical characteristics of the bottom sediments com-
mon to all lakes in the region (macro composition): sili-
con, humus (organic matter), and iron make up the bulk
of the substance of the current bottom sediments, and
their ratio determines the type of lake accumulation.

In the lakes of the southeastern part of the
Fennoscandian Crystal Shield, the bottom sediments
of a mixed type are currently being formed: iron-hu-
mus-silicon, iron-silicon-humus, or humus-iron-silicon.
There are small lakes where the bottom sediments
mainly accumulate either silicon (diatomites), iron
(lake ores), or organic matter.

The general patterns of the sedimentary process
in the region are: (1) geological and geomorphological
conditions and the area of the catchment determine the
entry of the mineral component of bottom sediments
into the lake; (2) deposition of sediments occurs mainly
in conditions of bicarbonate-calcium waters; (3) mor-
phogenetic characteristics of lake basins determine the
accumulation of organic matter in bottom sediments;
(4) the entry of iron into the sediments determines the
direction of the processes of early diagenesis in the sed-
iment itself.
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Hnecmumym 8odHuix npobtem Cegepa Kapesbckoeo HayuHo2o yeHmpa Poccuiickotl axademuu Hayk, np. Anexcandpa Heackoeo, 50,

ITempo3zasoock, 185030, Poccus

AHHOTALIMA. Teppurtopusa Kapenun - yHUKaJIbHBIN reorpa®uuecKuil PervoH, Tie B HaCTosAlee BpeMs
BO BJIQXXHOM KJInMaTe (YHKIMOHHPYIOT Oosee 62 000 o3ep, HAXOAAIIMXCA HA Pa3HBIX CTAaAUAX 3BO-
JIIOLUM CBOMX 3KOCHCTeM. B xole mcciienoBaHusA ObUIM NMPOAHAIM3WPOBAHBl JaHHBIE O XMMUYECKOM
cocTaBe OOHHBIX OTJIOXXeHUI o3ep Kapenuu, coOpaHHble 3a mepuof 1965-2020. O6cyxgatoTcs 3aKo-
HOMepHOCTU (pOPMHPOBAHUA XMMHYECKOTO COCTaBa O3€PHBIX JOHHBIX OTJIOXKeHWH. IlokazaHo, 4TO B
03epax ro-BOCTOYHOM YacTu MeHHOCKaHJWHABCKOI'O0 KPUCTAJJINYECKOro IMUTa B HACTOAIIEe BpeM:A
dbopMupyrTCA AOHHBIE OTJIOXKEHUS CMEIIeHHOI'O0 THUIIA: XeJle30-TyMyCO-KpeMHUEBBIE, JKeJie30-KpeM-
He-TYMYyCOBBIE WJIM T'yMyCO-XeJjle30-KpeMHeBhle. BeTpeuaroTesa Masible 03epa, Iie JOHHBIE OTJIOXeHHA
MPENMYIIIECTBEHHO HAKAILJIMBAIOT JTUOO KPEMHUN (AUATOMUTHI), JINOO XKejre30 (03epHbIe PY/bL), JTUOO0

OpraHHU4Y€CKO€ BEIIECTBO.
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s nutupoBaHuAa: benkuna H.A TloBepXHOCTHBIE JOHHBIE OTJIOKeHUs Kapesnbckux 03ep, 0cOOeHHOCTH (POPMUPOBAHUA U
xuMuveckuil cocras // Limnology and Freshwater Biology. 2024. - No 3. - C. 111-129. DOI: 10.31951/2658-3518-2024-A-3-111

1. BBeapenue

Osepa Kapesmu (63°49’00” c. m. 33°00°00” B. 1.)
SIBJISIIOTCS MOJIOJIBIMU C T€O0JIOTUYECKOUN TOYKU 3PEeHUs.
Hx Bo3pacT He npeBeiniaeT 15 Tric. JeT (Cy6eTrTo, 2009).
Onu ¢dopMupoBaauch Ha pybexe NO3QHEro ILIEHCTO-
neHa u roJsiorjeHa (15-11 Teic. JI.H.) B TIpoliecce JerJisi-
HUanuy TEePPUTOPUN B HANpaBJIEHUN C IOT0-BOCTOKA
Ha ceBepo-3anajl. O3epa ¢ MOMEHTa CBOEro BO3HUK-
HOBEHUsI Pa3BUBAJIMUCh KAaK IMPECHOBOAHBIE BOJOEMBI,
objafjaronie  WHAUBUAYAJIBHBIMU  OCOOEHHOCTSMU
HaKOILJIEHUA 0CA/IOYHOTO BEI[eCTBa, B 3aBUCUMOCTU OT
UX pacIoJIoXKeHUs Ha Jiefopa3feJibHbIX BO3BHIIIEHHO-
CTAX, WJIM Ha O3epHbIX PaBHUHAX, WJIU HA TEPPUTOPUAX
pPa3BUTUA AeHyJalMOHHO-TEKTOHUYECKOTO pesibeda
(IMaseosmmMHOIOTUA..., 2022). 'eosioruvyeckre U reo-
xuMmuueckue (Asabeimen, 1932; bucks, 1959; Brcks
u ap., 1971; Ilepounbes, 1972; CuHbKeBUY U DKMaH,
1995; JlykamoB u Hemunpos, 2001; Hemwnpos, 2003;
Jemunos u lllenexosa, 2006; CirykoBckuii u MenBeses,
2015; Caykosckuii u Jaysasnbsrep, 2020), najeoanMm-
HoJsiornueckue (Jlak u Jlykamos, 1967; MapTHUHCOH U
HaseigoBa, 1976; HaseigoBa, 1985; IeATtoBa, 1986;
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[lenexosa, 2006; lenexoBa u ap., 2021; ®dunuMoHOBa
u JlaBpoBa, 2017; ®uiuMoHoBa, 2014; Subetto et al.,
2017; 2020; JlaBpoBa u ®unamuMonHona, 2018; Gromig
et al.,, 2019; Hang et al., 2019; Zobkov et al., 2019;
Strakhovenko et al., 2020a;b; 2022) u JuMHOJIOrHMYe-
ckue (CemenoBuy, 1973; BacuibeBa u Ilojskos, 1992;
BacusbeBa u ap., 1999; Benkuna, 2017; Belkina et al.,
2018; 2022; Benkuna u Kynuk, 2019) uccienoaHus
JIOHHBIX OTJIOXeHUI o3ep Kapesnu no3Bosiuiam cooparb
OrpOMHBIN (akTHuecknii mMaTepuasl O JIMMHOTeHe3e
BocTouyHO! mepudepun DeHHOCKaHAWHABCKOTO KpU-
CTaJLTMYECKOr0 IIATA B MO3[HE- U IOCJiejieJHUKOBOe
Bpemsa. OpHako BompocaM H3yYeHHs COBPEMEHHOI'O
03epHOT'0 0CaJKOHAKOILJIEHUS He Y/IeJIAJIOCh TOJIKHOTO
BHUMAaHUA.

B HacTos1Iee BpeMs B yCJIOBUAX T'YMUIHOTO KJIU-
MaTa Ha Tepputopuu Kapesnuu cjioxuiach yHUKajabHasA
cucTeMa o3ep, CBA3aHHBIX MeXIy c00010 HeOOJIbIINMU
BOJIOTOKaMH B eAWHYI0 THJporpauyeckyio CceTb,
rAe o3epa IUTOL[A[bl0 MeHee 1 KM? COCTaBJIAIT 96%.
[Toka3aTesb O3€pHOCTU pPEruoHa — OJUH W13 CaMbIX
BBICOKHUX Ha 1uiaHeTe (21% c ydyetom OHEXCKOTO U
Jlagoxckoro o3ep) (O3epa..., 2013). [IpebriBaHie BOOBI
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B TedyeHHe roja IpPerMMyIlecTBEHHO B XHAKOM ¢a3o-
BOM COCTOSIHUM CO3ZaeT MpeJOChUIKY AJ11 MHOXeCTBa
npoueccoB (puU3nYeckon, XMMHUUECKOU U Ouosioruye-
ckoii muddepeHIMaIMU BelleCTBA Ha BCEX CTAAUAX
03epHOro ceqMMeHTOoreHe3a.

[enplo uccaeqoBaHUA ABJIAJIOCH 000OIIeHNE
JaHHBIX O XMMHWYECKOM COCTaBe JIOHHBIX OTJIOXKEHUH
o3ep Kapesuu u BeisABIeHIEe 3aKOHOMepHOCTel popMu-
POBaHUA 03epHBIX OCAJKOB B COBPEMEHHBIX YCJIOBUAX.

2. MaTepuanbl U MEeTOAbI HCCAEAOBAHUA

B cTraTbe NCH0JIb30BaINCh APXUBHBIE MAaTepHAJIbI
rccieJoBaHU JOHHBIX oTji0XkeHu! 139 o3ep Kapenuu,
cobpanHsle B BIIC KapHI] PAH 3a nepuop 1965-2020
IT. B TOM 4YHCJIE U C y9acTheM aBTopa. CpaBHeHMe Npo-
BOAMJIOCH MO 8 MOKasaTesasAM XHUMHYECKOro COCTaBa
(opraHuueckuil yrijepof - C,p YIJI€POJ TYMHHOBBIX
u QynbBoBbix kucior - C , C., ¢pochop muHepasb-
HBIiA - P_. , aMMOHWIHBIN U OPraHU4ecKuil a3or N- ..,
Norg, JKeJie30, MapraHel ¥ 30JbHOCTh - Ash). B JOHHBIX
OTJIOXKEHUSAX MOJIeJIbHBIX 00BheKTOB (o3epa HOxHoe
Xayrunamnu, Benaiopckoe, KopwitoBo, [losesckoe,
Tonmybas mamba, Jlagmoszepo, IlloTozepo, ITagmoszepo,
Csiprosepo) IONOJIHUTEJIBHO ompefnesisuiick: pH u Eh,
dusnueckre xapakTepucTuKy (IJIOTHOCTH - d, ecte-
CTBeHHas U abcosioTHasA BiaaxHocts — Wet, .., Wet, .,
MIOPUCTOCTh - POr, yJeJibHas macca - ds), morepu mpu
npokamuBanuu (LI ..), MTUTMEHTHBINA COCTaB Chla!b,c,
¢docdop obmwmii - P, cyTouHoe moTpebsieHne KUCJIOo-
pona uiom (OD)) (Belkina et al., 2023).

3. Pe3yabTaTtbl M 06cy)xpeHue

Osepa Kapenuu (QyHKIIMOHMPYIOT B HacTosllee
BpeMs B YCJIOBHUAX BJIQXXHOrO KJinMarta ([epexogHOro
OT MOPCKOTO K KOHTHHEHTAaJIbHOMY) C OTHOCUTEJIbHO
TEIUIOW 3WMOH, KOPOTKHMM TMPOXJIAAHBIM JIETOM U
HEYCTONYMBBIM PEXHMOM IOTOJbl BECHOU U OCEHbBI0
(Hazaposa, 2015). IIporecc coBpeMeHHOI'O 03epHOTO
HaKOIUIEHUSI KOHTPOJIUPYETCS CJIEAVIOMMNMH KJIHMMa-
TUueckuMU ocobOeHHocTAMHU. (1) HeBrpicokue Temiie-
paTyphl U 3aMeTHOe KOJIMYEeCTBO aTMOC(epHBIX ocajl-
koB (600-650 MM B rog, 60% u3 KOTOPHIX BHIIAAAeT
B Iepuoj C Masd MO OKTAOPb) oOecrneunBalT pa3BUTUE
MMOBEPXHOCTHOT'O CTOKA, WIPAIOIIEro BaXHYH POJIb B
npoifecce BHIBETPUBAHUSA U TPAHCIIOPTHUPOBKE BEIECTB
Pa3HOro reHe3uca MO YKJIOHY MECTHOCTU B o3epa. (2)
HaxoxeHre B yMepeHHOM KJIMMAaTHUYEeCKOM IIOsiCe
ornpefesifeT TeMIepaTypy MOBEPXHOCTHU O3€p JIeTOM
BBIIIIe, a 3UMOM Hike 4°C cO 3HAYUTEJIbHBIMHU CE30H-
HBIMHU KoJiebaHuAMU. Kak cienctBue momoOHOToO pac-
npefieyieHus TeMIePaTyp, BOAOEMBI XapaKTePU3YIOTCs
JBYMs TOJTHBIMU KOHBEKTUBHBIMU TIE€PEMEINBAHUSIMU
BOOHOM MacChl B TeueHHe Tofa — BECHOU U MO3OHeH
oceHbl0. ['MOpOJIOrHYecKUil U TepMHYEeCKUl PeXUMBI
03ep U JUHAMHUKaA BOJ ONPEEJISIIOT HEPAaBHOMEPHBIN
XapakKTep MOCTYIJIEHUs OCAa[OYHOT'O BEIIEeCTBA B JIOH-
HbIe OTJIOXKEHUSA U HN3MeHeHHEe ero KaueCTBEHHOrOo U
KOJIMYECTBEHHOI'O COCTaBa B 3aBHCUMOCTH OT Ce30Ha
(Kulik et al., 2023a). (3) dauTesibHOE JIETHEE COJIHIlE-
crosiHUe (CaMBbIi JOJITUI JIeHb JJIMTCS OK0J10 20 YyacoB)
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co3llaeT B o3epax OJIaronpuATHYIO cpedy (HeboJibInas
TeMIlepaTypa BOJbl, AOCTaTOYHAsA OCBEL[EHHOCTb U
NIpO3PavyHOCTh) AJIA pa3BUTUA (PUTOIIAHKTOHA, ABJIA-
IONIerocsi OCHOBHBEIM IOCTaBIIMKOM aBTOXTOHHOTO
OpraHMYecKoro BelllecTBa B JIOHHble OTJIOXeHU:A. (4)
YcroliunBele BeTpa CeBEpO-3allaJHOTO HalpaBJIeHUs
00JIBIIYI0 YacTh rofla M 3amagHoro, I0XXKHOT0 U I0ro-3a-
[IaIHOT'0 HalpaBJIeHUH B XOJIOAHBIE ITepPUO/bl CO34AI0T
yCJIOBUA [JI IOCTYILJIEHYS B IOHHBIE OTJIOXKEHHU 50J10-
BBIX B3BeCer.

CoBpeMeHHbIN CeMMEHTOreHe3 B 03epax Oac-
celiHa BO MHOI'OM OIlpefiesisieTcss TeoJIOTHYeCKUM
daxropom. I'eomopdosiornyeckue OCOOEHHOCTH Tep-
putopuu (ApycHOCTH pesibeda, FOpU30HTaIbHASA U BEP-
THUKaJIbHas pacyjleHeHHOCTb MOBEPXHOCTH, MOIIHOCTh
TMOKPOBHBIX OTJIOXKEHUH, JINTOJOTUYECKUN COCTaB U
TUINl pa3pe3a PBIXJIBIX YeTBepPTUYHBIX OCAJIKOB) OIpe-
JIeJIAI0T YCJIOBHS BOJHOIO CTOKA U TPaHCIOPTHUPOBKY
0CaJIoOYHOro Marepuasjia B o3epa. PasHooOpasHble IO
CTPOEHHI0 M BpeMeHH oO0pa3oBaHUA TeKTOHUYeCcKHe
CTPYKTYPBI, apxelcKure 1 TpOTePO30KCKUe MOPOIBI KPU-
crajuinyeckoro ®eHHOCKaHANHABCKOI'O LIUTA, PhIXJIble
yeTBepTHUYHbIEe OTJIOXKEHUA U IOPOJbI BEpXHEro AeBoHa
U HIKHero kapboHa Pycckoil riaTopmel oripeiessaoT
COCTaB MUHEPaJIbHON 4acTU JOHHBIX OTJIOXKeHui. Tak,
npeobJiafjaHe CUJIMKAaTHBIX IOPOJ Ha TeppUTOpPUH
OacceliHa obecrneurBaeT HAKOILJIEHHE B JOHHBIX OTJIO-
KEHUAX KpeMHUs, 0CTyNalolero B cocTaBe TeppureH-
HOTO B3BellIeHHOI'0 BeIleCcTBAa, a Takke CO3[JaeT yCJIo-
BUA IUIA IPUCYTCTBUA KPEMHEKUCJIOTH B BOJie 03ep,
CTUMYJIUPYA pasBUTHe JUaTOMOBOr'0 KOMILIekca puTo-
IJIAHKTOHA C NOCJIeAyIOIIMM HaKoIIeHHeM OuoreH-
HOT'O KpeMHUs B JIOHHBIX OTJIOXXKeHUAX. OTHOCUTEJIBHO
HeBBICOKOe cofiepkaHue docdopa B TOpHHIX Nopoaax
onpejessAeT JUMUTHPOBaHUE BOAHBIX 3KOCHCTEM IIO
(ochopy, n Kkak cjeAcTBUE BINAET Ha KOJINYECTBEH-
HBII 1 KaueCTBEHHBIN COCTaB OPraHUYeCKOTo BelllecTBa
JIOHHBIX OTJIOXKEHUI.

[Tog3osioo6pa3oBaTesibHble  [TOYBEHHBIE  IPO-
IlecChl MIpaloT BaXHYI0 pOJb B HMMOOWIM3aLUN U
TPaHCIIOPTUPOBKE MeTaJUIOB B o3epa. Tak, BBICOKOE
comepxaHue B nmopofax Fe u Mn, cnocoOHBIX K peak-
IUAM  KOMIUIeKCOOOpa3oBaHUA C  PpacTBOPUMBIMU
TYMYCOBBIMM OpraHHWYeCcKHMMH BelllecTBaMH, 0Opasy-
IONIMMUCA B [TOYBE, ABJIAETCA NPUYMHON aKTUBHOW HX
MUTpalUi B IPUPOJHBIX BOAAX M HAKOIJIEHUIO B JOH-
HbIX oTJiokeHusax (Belkina et al., 2018).

BiusHue aHTponoreHHOTro (pakTopa Ha IPOLeCCh
03epHOT0 HaKOIJIEHUA B NIEPBYI0 OYepe/ib POsBJIIAETCA
B BOJ0eMax, MCHBITHIBAIOLIIUX IIPsAMOEe aHTPOIOreHHOe
Bo3jlelicTBUe (MOCTYIJIEHHUE XO3SHCTBEHHO-OBITOBBIX
CTOYHBIX BOJ, IJIOIQHBIN CTOK C CEJIUTEOHBIX Teppu-
TOPUHM W CeJIbXO3YroAuii, phibOpa3BefeHNe, 30JI0BBIE
[IOCTYIJIEHUA OT JOOBIYM TOPHBIX IOPOJ OTKPHITHIM
criocoboM, CyAOXOACTBO, CTPOUTEIBCTBO THAPOTEXHU-
YeCKUX COOPYXeHUH W Np.). BimsAHMe Ha ceIMMEHTO-
reHe3 JIECHON IPOMBIIIJIEHHOCTU IHPOsBJAETCA OIO-
cpefoBaHo. Mi3MeHeHNe BOAHOr0 H6ajaHca TeppUTOPUN
BogocOopa o3epa B pe3yJibTaTe JIECHBIX BEIPYOOK BeJleT
K N3MEHEHUI0 THAPOJIOTHUYECKOro pexxuma. J1o, besyc-
JIOBHO, OTpaXkaeTcs Ha IOCTYIJIEHUU BelllecTBa B 03€pO
1 Ha [IPOAYKLUMOHHBIX IIpolleccaxX B caMOM O3epe.
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Bce mnepeunciieHHble Bbile (PAKTOPBHI BIIHAIOT
Ha GYyHKUUOHUPOBaHUE TIHUAporpauieckoil ceTu.
PacriosioxxeHrue TeppuUTOpPUU B 30HE U3OBITOYHOTO
YBJIQXXHEHU:A, TAe KOJINYEeCTBO OCAAKOB Ipeobsagaer
Haj ucnapeHueM, oOyCJOBJIMBAaeT Hajyle IOBEpX-
HOCTHOTO U MOJ3eMHOro CTOKa. I'maposioruyeckuii
PeXUM 3TON CHUCTEeMBI BO MHOTOM MOJYUHAETCA TeKTO-
HUKe U penbedy. 3HAUUTEbHAA YaCTh BEIecTBa, yda-
CTBYIOIIETO B OCaJIOYHOM IIpoIiecce B 03epax, ¢ BOAOC-
Oopa mepeHocuTcs BOLOH B pacTBOpeHHOM Buje. Ha
JpeHupoBaHue ¢ BOAOCOOPHOM IUIOUIaay [TOBEPXHOCT-
HOT'0 Y NOJ3E€MHOTO CTOKa peK CyIeCTBEHHOE BJIMAHNE
OKasblBaeT pasjiMyHas IJIyOMHa 3ajieraHus KOPeHHBIX
MOPOJ, MOJ] TOJIIEN YeTBEPTUYHBIX OTJIOXKEHUH, Ype3-
BBIYAIHO pacCUJIeHEHHBI pesbed U OJIM30CTH BOJIO-
pasfesioB K 6asucaM 3po3uu. IIoBepXHOCTHEIN CTOK He
XapaKTepeH TOJIbKO JIJI BOAOEMOB C ILJIOI[a/Ibl0 MeHee
1 kM2

[TpeoGsiajaomM TUIOM NOA3€MHBIX BOJl peru-
OHa sBJIsIeTCS TUAPOKApOOHATHO-KAJIbIUEBBIH, KOTO-
pBIil dopMupyeTcs He3aBUCUMO OT cCOCTaBa IOPOJ
B 30HE aKTHUBHOro BogooOMeHa. CBA3aHO 3TO C TeM,
YTO BBIIIeJIaYMBaHNe MOPOJ B YCJIOBUAX HACHIIeHUA
YIJIEKUCJIBIM ra3oM (MCTOYHUKOM KOTOPOTO ABJIAIOTCA
MOYBBI) y’ke Ha IMepBOM 3Talle MPUBOAUT K ob6pa3oBa-
HUIO pPacTBOPOB KPEMHUCTO-KaJIbLII€BOrO THIA, AJIA
KOTOPBIX XapaKTepHO HepaBHOBECHOE COCTOSHUE C Ilep-
BUYHBIMU aJIIOMOCHJIMKaTaMU U KapOoHaTaMy, HO OHU
yKe HacblllleHbl OTHOCUTEJIbHO He TOJIbKO KaOJIMHUTA,
HO U JpyTUX BTOPUYHBIX aJIIOMOCHUJIMKATOB (MOHTMO-
PUWJUIOHUTA, WLINTA, NUpoPuiLInTa). YCJIOBUA Kpat-
KOBpEeMEeHHOI'o NpeObBaHuA BOABl B TOPHBIX NOpoAax
U HeOOoJIbIIINe pacCTOSAHUA OT palioHa MUTAHUA 10 pail-
OHa pasrpy3Ky NMOJ3eMHBIX BOJA o0ecrnedynBaT obuiue
reoxyMu4eckue OCOOEHHOCTH IIOBEPXHOCTHBIX BOJ
peruona (Bopoaynmua, 2011). B o3epa u BoAOTOKHU
OacceliHa NIOCTyNawT cj1a00MUHepaIu30BaHHbIE Kajlb-
[[EeBO-KPEMHUCThIE TOA3eMHbIE BOJBI, ABJIAIOIINECA
MMPOAYKTOM BBIIIeJIAYMBAHUA TEPBUYHBIX AJTFOMOCHIIH-
KaToB, o0oraiieHHble BEIMBIBAEMBIMH M3 MTOYB OPraHU-
YeCKUMHU BeleCTBAMU U YTJIEKHCIIBIM Ta30M.

I'1aBHBIMU OCOOEHHOCTSAMU MTOBEPXHOCTHBIX BOJ,
dopmMupymomuxcsa B yciaoBUAX Kapenuu, ABIAOTCA
HU3KOe cojiepXaHhe MHUHEpPAaJIbHBIX BeIlecTB, BBICO-
Kas I[BETHOCTh M 3aMeTHOe cofepxaHue xeses3a. [lo
MUHepaJM3auy BOABl PErroHa OTHOCATCA K YJIbTpa-
npecHbIM (cpenHee 3HaueHue Jia Kapemuu 31 mr/oi).
BOJIBIIMHCTBO UCC/IeJOBAaHHBIX BOAHBIX 00BEKTOB UMeeT
MuHepasmsanui MeHee 50 mr/i, xectkocts 0,2-0,4
MT-3KB./J1. Cpeu KaTUOHOB TNpeBaympyeT Ca?*, peako
Mg?*, eme pexe K*. IllenouyHo3emesibHbIE MeTaJLJIbl
JOMMHUPYIOT Haj IejoyHbIMU. Cpeau aHHMOHOB Hau-
MeHblllee cofepxkanue otMmeueHo aas Cl (1,7 mr/m)
u SO,> (3,5 mr/m), 0coGeHHO B IyMUDUIMPOBAHHBIX
BOJlax, Ile UX KOHI[eHTpaluu HIXe, YeM B aTMOC-
depnbIx ocaakax. JJOMUHHPYIOT B aHMOHHOM COCTaBe
ruapokap6oHarsl. IllenoyHocTs mM3MeHsierca oT 0 Ao
276 Mr/ma, HO s OOJIBIITMHCTBA BOJIOEMOB 1 BOJOTO-
KoB ee 3HaueHue meHee 30 mr HCO,. KoHieHTpanuu
aHNOHOB OpPraHUYeCKUX KHUCJIOT uaMeHswTca ot 0,01
no 0,4 mmoub/i. Kak npasuiio, Bojia 03ep XapakTepu-
3yercs Kak cpefHerymycHas (uBeTHocTb 35-80 rpaf.,
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10 = 8 - 15 mrO/n), Bofja peK — BBICOKOI'YMYCHasl.
Copepxanne CO, nusmensiercs ot 0 10 46 mMr/J1, B pekax
OHO OOBIYHO B 2 pasa BhIIIe, YeM B o3epax. B BogHON
TOJIII[e ero KOHIIEHTPAalMs YBeJINUNBAETCA C TJTyOMHOU,
B OTJIMYME OT KUCJIOPOAA, Ube COAEePKaHue C rITyOnHON
CcHUXaeTcs. Besencrsue notpebsieHNsA Ha OMOXUMUYe-
CKO€e OKHCJIeHHEe OPTraHUYeCKOro BelleCTBa, I0Ka3aTeslb
PpH, 3aBucCANMIA OT cofepXxaHus HCO,, CO,, opranuye-
CKHUX KMCJIOT U UX COJIel, MeHseTCA B NIMPOKUX Npeje-
nax (ot 4,07 no 8,34) u, Kak IPaBUJIO, yBEJTUINBAETCS
C POCTOM MIEJIOYHOCTH BOJBL. BOJIBIIMHCTBO BOJHBIX
00BEKTOB MOXHO OTHeCTH K cjabokucybsim (5,5-6,5) u
HeHnTpasbHbM (6,5-7,5). Hanbosee Huskue pH nmeroT
PEUYKH CHUJIbHO-32a00JIOUEHHBIX TEPPUTOPUN U MaJible
BoAoeMHbl ¢ atMocdepHbIM nuTaHueM. KoHieHTpanuu
xkese3a, Gocdhopa 1 MapraHiia KojaebITCsa B IMUPOKUX
npenenax (ot 0 go 4,6 mr/n Fe, or 6 1o 26 mkr/n P
u ot 0 o 2,1 mr/n Mn). Ux comepxxaHue 3aBUCUT OT
IeJIOYHOCTU U MPUCYTCTBUS OPraHUYECKOro BellecTBa
rymycoBoi npupofs! (CoBpeMeHHoe..., 1998; JIo30BUK
u ap., 2020). Kak yxe yrnoMHHAJIOCh BbIIIE, T'yMyCOBBIE
KHUCJIOTHI TIOYB CIIOCOOCTBYIOT IMEpPEeHOCYy METAaJIJIOB B
TOBEPXHOCTHBIX BoAax. OpraHuyeckre KHUCJIOTHI yCH-
JIMBAIOT BhIllleslaurBaHue kapOoHaTtoB U ¢docdatos Ca
u Mg, 4yTO B CBOIO ouepeb IPUBOUT K O0JIee BBICOKUM
KoHLleHTpauuam ¢ocdopa 1 yrjIeKucioro rasa B BbICO-
KOTYMYCHBIX TOBEPXHOCTHBIX BOJ[aX [0 CPaBHEHUIO C
HU3KOTyMyCHBIMU. YacTb pocdopa MOXeT CBA3BIBATHCA
¢ pacTBOpUMBIMU hopMaMU xeJie3a (MeTasiopraHmuye-
CKIe KOMILJIEKCHI) WJIM cOpOMPOBaThCs Ha TUAPOKCO-CO-
eIUHeHNAX XeJjle3a, MUTPUPYIOIMIMMU B COCTaBe B3Be-
IIEHHOT'O BelecTBa, YTO, NPWUBOJUT K TMOCTYILIEHUIO
docdopa B JOHHBIE OTJIOXEHHs He TOJIbKO B COCTaBe
JIeTpuTa, HO U B COCTaBe XeJjie30-TyMyCOBOI B3BeCH.

CopepxaHue JpyruxX XUMUUYECKHUX 3JIEMEHTOB B
TIOBEPXHOCTHBIX BOJIaX, B TOM YKCJIe U KpeMHUs (B peKax
ero KOHIeHTpauusa usMeHsercsa oT 1,2 no 4,9 mr/in,
B o3epax — or 0,2 fmo 2,6 mr/j), AOCTaTOYHO CTa-
OMJIBHO U MaJio 3aBHCUT OT TUIA BOJ U Ce30Ha roja.
CopepxaHue B3BelIEHHOTO BelllecTBAa B pPeuHbIX BoAaxX
3aBHCHUT OT ce30Ha u usMeHsercs ot 0,2 go 13 mr/im.
Boap! nopassisiomero GOJIBIIMHCTBA PeK OTHOCATCA K
II1eJIOYHOCTHOMY BBICOKOTYMYCHOMY THUIY. Bosbiias
yacThb O3ep HMeeT IeJIOYHOCTHBIe CpeJHEeryMyCHbIe
BOJIbI, MaJible BOJJOeMBI — CJIabOoIeJIOYHOCTHBIE BBICO-
korymycHsle (O3epa..., 2013).

Feomopdosiornueckye OTJINUYUA BOAOCOOPHBIX
TeppuTOpuil 03ep OacceilHa BO MHOIOM OIpelesAloT
pasHooOpa3re M yHHUKaJIbHOCTb CeQUMEHTAI[IOHHBIX
peXHMOB MaJbix o03ep. HepaBHoMepHoe pacmpefe-
JIeHWe PEeYHOro CTOoKa B OoJiblliie BOAOEMBI BKyIle CO
CJIOXKHOUM MopdoMeTprel KOTJIOBUH U U3Pe3aHHOCTHIO
OeperoBoil JIMHUU O0YCJIABJIMBAIOT CyIIEeCTBOBAaHUE B
HUX JIOKQJIbHBIX 6acCeHOB (JIMMHUYECKUX PAalOHOB) C
pasHbIMU pexumamu ceguMeHTauuu (Benkuna, 2021).
3HauuTesbHasg 4YacTh MMHEpaJIbHOU COCTaBJIAOLIEH
03epHBIX AJOHHBIX OTJIOKEHUI ¢dopMupyeTcsa 3a cueT
B3BEIIEHHOT'O BEIEeCTBA, COEpXkaIero 06JOMOYHBIN
MaTepuaJl TOPHBIX TOPOoJ BOAOCOOPHOI TeppuTopun. B
YCJIOBUAX T'yMYCHBIX MAaJIOMUHEPAIN30BAHHBIX TIOBEPX-
HOCTHBIX BOJI HENOCPeJCTBEHHO B CaMOM BOJOeMe
00pa3yTcs M O0CaXJalTCAd Ha JHO MajlopacTBOPU-
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MBle COeVHeHUIl KpeMHUsd, XeJjie3a, MapraHua 1 Kak
cJIe[ICTBUE coocaxpawTcA (B pe3yJibTaTe COPOLMOH-
HBIX TPOI[ECCOB Ha THJIPOKCO-COeqUHEHUSIX) Gdocdop
i Metasutel (Kulik et al.,, 2023b). HepactBopumbie
rymaThl, ocefaioliyie B JOHHBIe OTJIOXeHHUs, oOpasy-
I0TCA B BOJHOI Macce B Ipoliecce OHOXUMUYECKOIO
OKUCJIEHHS PACTBOPEHHOTO OPraHN4eckKoro BellecTBa.

BuoJsiorndeckue coobIiecTBa O3€pHBIX 3KOCHU-
CTeM ABJIAIOTCA MOCTAaBIIMKaMU OpraHUYeCcKOoro Bellle-
CTBa B JOHHBIE OTJIOXKeHUA. ['J1aBHBIe (GAKTOPHI IIPO-
JYKTUBHOCTU 5KOCHUCTEMBI — 3TO TeMIleparypa BOJBL,
ee COJIeBOM COCTaB U Hayiuune OMOTeHHBIX 2JIeMEHTOB
(KoncrantuHoB, 1986). PocT W HPOAYKIIUIO BOIHBIX
OpraHu3MOB OI'PaHUYMBAaeT KOPOTKUI BereTallllOHHBIN
nepuoA M HU3KasA TemiepaTrypa Bojbl. OCHOBY (JIOPHI
u dayHbl 03ep permoHa COCTABJIAIT XOJIOAOJIIOOUBEHIE
[IpeJICTaBUTENIN: AUATOMOBBII IIJIAHKTOH, IJIyOOKO-
BOJHble peJINKTOBble pakooOpasHble, B UXTHOLEHO-
3aX — CUTOBBIE U JIOCOCEBBble PbHIOBL. JIOMHHHpOBaHHE
B anbrodJiope o3ep HauboJjiee TaKCOHOMHYECKU pas-
HOOOpa3HbIX AUATOMOBBIX, 3€JIeHBIX, CHHe3eJIeHbIX U
30JIOTUCTBIX Bogopocen (93,5 % ot obulero crmcka)
ABJIAETCA 30HAJIBHON OCOOEHHOCTBIO MJiA CeBepo-3a-
nagHeIx Tepputopuil. KosmyecTBeHHbIe IOKa3aTesn
pa3BuTUA (YUCJIEHHOCTh U OGroMacca) GUTOIIaHKTOHA
3HAuUMTeJIbHO BapbUpylOT B TeuyeHUe BereTaliOHHOI'O
ce30Ha. BecHO! U oceHbI0 B 03epax YMCJIEHHO Ipeod-
JlafjalT JUaTOMOBBIE BOJOPOCJIY, a B JIETHUN Iepuoa
pas3BUBaeTCsA CMellaHHBIN [JIaHKTOH. buomacca ¢uro-
IJIAHKTOHA CYyIeCTBEHHO BO3pacTaeT C yBeJIMYeHUeM
TpodHOCTU O03ep. CpenHerofgoBas NpoAyKUUA (PuUTO-
1aHKToHa u3meHseTcsa ot 11 r Cm2roxg! (Cykkosepo,
osiurorpopHoe) ao 160 (CeATo3epo, 3BTpodHOE) T
C-v2rom! m B GOJBIIMHCTBE 03ep He InpeBbimaeT 50 T
Cwm2ron?! (cpenuee 45, memuanHoe 38) (Uekphixena,
2011).

CTpyKTypa coo0IliecTBa 300IJIAHKTOHA TaKxe
3aBUCUT OT TPO(PHUUECKOro craTyca BojgoeMa U U3MeHs-
eTcs B 3aBHCHMMOCTU OT €r0 TEPMUYECKOro U JUHAMMU-
YecKOro pexxrMoB. B paHHeBeceHHUH nepuo (Havasio
WIOH:A), TJIaBEHCTBYIOI[ee IOJIOKEHHEe B COOOIIeCTBe
3aHuManT uHQy3opun. [Io Mepe mporpeBaHUs BOJBI
U M3MeHeHMA YCJIOBUI MUTAHUA PYKOBOAAMIUM KOM-
IJIEKCOM CTaHOBATCA KOJIOBpaTKu. B yieTHUii nepuof
JOMHUHHUPYIOT BeTBHCTOYChle pakoobOpasHble. OCeHbIo
BHOBbB BO3pacTaeT poJib KOJIOBPAaTOK. 3UMHUI 300I1JIaH-
KTOH IIpeJicTaBJIeH B OCHOBHOM BeCJIOHOTUMU payKaMu
U KoJIOBpaTKaMu. Bromacca 300ILUIaHKTOHA H3MeHs-
etcs B npefesax ot 0,18 mo 27 r/M3, a YUCIEHHOCTh —
ot 1 TeIC. 10 5 MUTH 3Kk3./M° (O3epa..., 2013).

CoBpeMmeHHas ¢ayHa [OHA AOCTAaTOYHO Pa3HO-
obpazHa B TaKCOHOMUYECKOM OTHOLIEHUM U HaC4U-
TBHIBAeT 110 MOCJeAHUM JaHHbIM cBbilie 1000 BUIOB U
dpopm 06ecrno3BOHOUHBIX. JIOMUHUPYIOMUN KOMILJIEKC
OeHTOLeHO30B 00pa30oBaH TpeMsA CHUCTeMaTHUYeCKUMU
rpylnoaMu: XUPOHOMMABI, OJIUTOXEThl M MOJUIIOCKHU.
O3zepa 10xHOI Kapesnuu 6ojiee NpOAYKTUBHBL: CpeqHAA
6uomacca OeHtoca o3ep Oacceiina p. llyu — 4,36 r/
M2, GacceliHa p. Boasbsl — 2,26 T/M2, 03ep 3a0HEKCKOTO
nmosryoctpoBa — 3,92 r/m? (Ozepa..., 2013).

MaxkpoduTs BHOCAT 3HAYUTEJIbHBIN BKJIAJ B
dopMupoBaHre OpPraHHWYEecKOro BellecTBa JOHHBIX
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OTJIOXXEHUH TOJIBKO B MaJIBIX MEJIKOBOJJHBIX 3BTPO(DHBIX
BOJIOEMAax C pas3BUTOU JmTopasbio. O3epa TEKTOHHYe-
CKOTO0 U JIEJHUKOBO-TEKTOHNYECKOI'0 T'eHe3uca, B JIMTO-
paJii KOTOPBIX TNpeJcTaBJIeHbl KaMeHUCTO-BaJIyHHBIE,
CKaJIMCThle, KAMEHHUCTO-TIecYaHble 1 IecyaHble TPYHTHI
ABJIAIOTCA HeOJaronpuUATHBIMU [JIA MpOU3pacTaHusAd
BOJHBIX pacTeHuil. IloBhIllIeHHOe cofepXaHUe B BOJe
TYMHHOBBIX Bell[eCTB TakXe CIAepXHUBaeT UX pa3BUTHE.
BenmuuHa rofoBoil NpOAyKIMU HM3MeHseTcs B Ipefe-
nax oT 0,5 10 6 T CM2roa! ¥ OGBIYHO HE TMpEBHINIAeT
1 r Cm2rog?! (Ozepa..., 2013). 3HaueHUss GOMACCH U
YMCJIEHHOCTH BOAOPOCJIEN CHUXAIOTCA NMPU yMeHbIIle-
uusa pH (Komymatinex u fp., 2006).

Huskasa mMuHepasnusaius BoJbl uMeeT 60JiblIoe
3HaueHue [JIA peryJjAluyd BOJHO-cOJIeBoro OasiaHca
BoHBIX opranu3MoB (KoHcranTuHoB, 1986). OHa ByN-
sleT MHa KOJINYeCTBO BUIOB U OroMaccy pUTONIaHKTOHA
1 Ha [IpUCYTCTBHE MOPCKUX IJIALMAJIbHBIX PEJIUKTOB B
ry1y0oKux o3epax. Haubosiee yyBCTBUTE/IbHB K Aedu-
IUTY COJIel ABJIAIOTCA MOJUIIOCKH, PAKOBUHBI KOTO-
PBIX CTAQHOBATCA TOHKUMHU, a pa3Mephl — MaJIeHbKUMU
(Kalinkina et al., 2013). [[Jis1 BOAHBIX 6€CIIO3BOHOYHBIX
HU3KUN BOJIOPOIHBIN IOKa3aTesjb TaKXe BHICTYyMaeT
KaK TOKCUYHBIN (PaKkTOp, KOTOPHI HapyllaeT LeJIOCT-
HOCTbh KJIeTOYHbIX MeMbpaH (KanunkuHa u fp., 2017).
Bricokas 11BeTHOCTD BOJ BJIMAET HA CTPYKTYPY U BepTU-
KaJIbHOe paclipejieJieHre MUKPOBoopocJiell. B me3o-u
IIOJIMTYMO3HBIX BofoeMax (GOTUYeCKUN CJION cyXaeTcs
3a cueT ocjabjeHHusA INPOHUKHOBeHUA (OTOCHHTETU-
YecKd aKTUBHOM pagualydy B TOJIy BOJBI, YTO CHU-
XaeT NPOAYKTUBHOCTh IJIaHKTOHA. COOTBETCTBEHHO,
HeJloCTaToOYHas KopMoBas 06a3a obecnieunBaeT HU3KYIO
€CTEeCTBEHHYIO PhIOONPOAYKTUBHOCTh 03ep — 10 Kr/ra
(Ogzepa..., 2013).

YacTh mnocTynamouiero B BojoeMbl (docdopa,
HeoOXOAMMOIo [JI dHepreTHYeckoro obMeHa opra-
HU3MOB, CBA3aHHA B KOMILJIEKC C TYMYCOM U KeJIe30M,
a, cjefoBaTeJIbHO, HAXOAUTCA B MaJlo AOCTYIIHOU AJiA
BOJHBIX cooOmiecTB dopme. [locTeneHHasas TpaHcOp-
MalisA TyMyCOBBIX BEI[eCTB B pe3yJibTaTe UX GOTOOKUC-
JIEHUA U AeATEeJIbBHOCTU reTepoTpodPHON MUKPOGDIIOPHI
(koTopasa mpu HedocTaTKe JerKOMHHepPaJIN3yeMOoro
OpraHMYecKoro BellecTBa MCIOJb3yeT UX B KauecTBe
cybcTpaTa) TpebyeT MOIMOJHUTEJIbHOTO BpeMeHU, UYTO
Takxe fBJIAETCA CAEPXUBAIMM (aKTOPpOM IPOAYK-
LIMOHHBIX MpolfeccoB. KosmyecTBo 6aKTepHOIJIAaHKTOHA
ABJIAETCA [AOCTAaTOYHO YCTOMUYMBBIM I[IOKaszaTejgeM U
kosebiercss B mpepdesiax ot 1,5-2 mutHMIuT!, BO3pac-
TasA B 3arpsA3HeHHbIX pavioHax (l'amkuHa u Ap., 2012).
UYucsieHHOCTDh U 6uoMacca 0akTepuil B TeueHue BereTa-
LIMOHHOTO ce30Ha BapeupyeT B 1,5-2,5 pasa B 3aBUCHU-
MOCTH OT TPOGHOCTH. [71A OGOJIBIINHCTBA BOJOEMOB B
Ce30HHOM pa3BUTHU OAKTEpUOIIJIAHKTOHA OTMeYaTcsAa
OBa IUKa — BeceHHUH U jeTHUi. OCHOBHAs mMacca 6ak-
Tepuil B TOJIlle BOABl HAaXOOUTCA B BUJEe OOUHOYHBIX
KJIETOK, XA3HeAeATeJIbHOCTh KOTOPBIX 0asupyeTcs Ha
CJIOXKHBIX OpraHHYecKux cybcrpaTtax (aKTHHOMMIIETH,
onurotpodHbie HGakTepun). B Bomoemax, moaBepKeH-
HBIX aHTPOIIOTeHHOMY BJIMAHMIO, 3aMeTHOe pa3BUTHE
MMeIOT Tpynnbl 6aKTepuii, OTpakaloluX TOT UJIUM UHOMN
BUJ 3arpsAsHeHus (HUTpuUUUpYIOLYe, [esI0j030-
paspymarwmue, HedTeokucaawnye, (GeHOJTOKNUCIAI-
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mue, konudopMHbe). bruomacca 6akTepuil B CBIpOM
BUJE B JIeTHUI Iepuoj pAocturaetr Beauuud 0,1-0,5
MrJrl, BelpaxeHHasA B yriepoge — 10-54 mkrC.rl, B
3arpsA3HAeMBbIX BOJOEMax ee 3Ha4YeHUs YBeJInuyluBa-
orea B 1,5-2 pasza. TeMHOBasA acCUMMWJIALUA yIJIEKHC-
JIOTHI, KaK NoKa3aTeJib OMOCUHTETHYeCKON aKTUBHOCTU
0aKTepUOIIaHKTOHA, B JIETHUH NEPHOL B OJIUTOTPO-
¢HbIX BomoeMax He mpesbimaeT 0,5, B Me30TPODHBIX
uMeer mpepesnsl 0,8-3,1 , B 3BTpPOQHBIX JOCTUTAET
7,8 mkr C.rl-cyT! u Boime (O3epa..., 2013).

Takum o6pazoM, TeMIlepaTypa, COJIeBOI COCTaB,
TYMYCHOCTb U I[E€JIOYHOCTb ITOBEPXHOCTHBIX BOJ ABJIA-
I0TCA KJII0YeBBIMU (akTopaMu Cpefdnl, OrpaHNu4uBa-
IOIIMMY pa3BUTHE XUBBIX OPraHMW3MOB B BoJoOeMax
BOCTOYHOM OKpauHbl (DeHHOCKaHANHABCKOro IIUTA.
['71aBHBIM HCTOYHHUKOM aBTOXTOHHOT'O OPraHHUYEeCKOI'o
Bell[eCTBA B JJOHHBIX OTJIOXKEHUAX ABjAeTcsa GUTOIIaH-
KTOH. JIOBOJIPHO HU3Kas IPOAYyKTUBHOCTh 03€ep, [10-BU-
JAUMOMYy, fABJAeTCs NPUYMHON TOro, 4TO OCHOBHAaA
4acTh JIETKOOKHCJIAEMOIO OpPraHH4eckoro BellecTBa
aKTHMBHO NOTpebJifeTcA U MUHepaJu3yeTcsa B BoAe, a
B JIOHHBIX OTJIOXXKEHUAX HaKallJIuBaeTcs TPYAHOOKMC-
JisileMoe, MaJjio nojjaleecs 61M0J0rn4eckoMy pasJio-
JKEHUI0 OpraHmuyeckoe BellecTBO. KojnuecTBeHHBIN U
Ka4yeCcTBEHHBIN COCTaB OPraHNYecKoro BelllecTBa B BOJe
o3ep, KOTOpBIII 3aBHUCUT OT MNPOAYKIMU (GUTOIJIaH-
KTOHa M Macchl IOCTynamwlero ¢ Bogocbopa rymyca,
KOHTPOJIUPYeT CKOPOCTb HAKOIUIEHWA U WHTEHCUB-
HOCTb IIpolieccoB TpaHcopMaluy OpraHUYecKoro
Bell[eCTBA B [JIOHHBIX OTJIOXeHuAX. CyliecTBeHHBIN
BKJIa[ BhICIIENl BOAHOM PacTUTEJIBHOCTU B OpraHuye-
CKOe Bell[eCTBO JOHHBIX OTJIOXKEHUI XapaKTepeH MJiAd
MeJIKUX, XOPOLIO ITporpeBaeMbIX NPOAYKTHUBHBIX 03€p C
Pa3BUTON JIUTOPAJIBIO.

ANnoXTOHHOE OpraHnyeckoe Bel[eCTBO IOCTY-
IaeT B 03epa C PeYHbIM CTOKOM B BHUJI€ PaCTBOPEHHBIX
TYMYCOBBIX BellecTB, 00pa3yomuxcsa B [I0YBaX BOJOC-
6opa, 1 B BU/Ie JIMCTOBOTO Olaja Ha3eMHOU pacTUTeIb-
HocTu OeperoB. MHTEHCHMBHOCTh MOYBOOOpa3oBaTesIb-
HOTrO IIpoIiecca, KOTopas 3aBUCHUT OT XMMHYECKOro U
rpaHyJIIPHOTO COCTaBa MAaTEePUHCKUX MOPOA, KOHTPO-
JMpyeT NOCTYIUIeHHe B IOBEPXHOCTHbIE BOABI aMop-

(HOrO KpemHUs, TYyMYCOBBIX BeIIeCTB U XUMUYECKUX
3JIEMEHTOB, CKJIOHHBIX K 00pa30BaHUI0 KOMILJIEKCHBIX
COeqVHEeHU!I U KOJUIOMAHBIX CHUCTEM C KpeMHHeM U
TYMHHOBBIMM KHUCJIOTaMU, YTO BJIMAET UM Ha XUMUYe-
CKUI cOCTaB BOABI U Ha OHOJIOrMYecKUe XapaKTepu-
CTHUKHU 03ep, a B KOHEYHOM HTOre U Ha COCTaB JOHHBIX
OTJIOXeHUH. PoJjib MOYBEHHOIO MOKPOBA B CeAMMEH-
TOreHe3e BO3pacTaeT ¢ POCTOM IUIom[aaAu BopocOopa
o3epa. Heobxoqumo Takxe OTMETHUTb, YTO HaYMHasA C
1989 r. Ha Tepputopun Poccuu HabII0AAETCA YCTOMYU-
BOe IpeBBIIeHNe HOPMBI cpefHell IoJIoBOI TeMIiiepa-
Typh! Bo3ayxa (I'py3a u PanbkoBa, 2012). YBenuueHue
JJINTEeJIbHOCTH BereTaliOHHOTO IIeprojia U pocT KOJIU-
YecTBa OCAAKOB Hen30eXHO MPUBOAUT K yBeJINYeHUI0
IIOCTYILJIEHUA aJIJIOXTOHHOT'O OpPraHu4ecKoro BellecTBa
B 03epo ¢ BoAocOOpa, yBeJIMUeHUI0 IPOAYKINN CaMUX
03ep U Kak cJIe[ICTBUE K POCTY MOCTYIJIEHUs OpraHuye-
CKOTr'0 BelllecTBa B JJIOHHbIE OTJIOXKEeHUA.

Ananu3 JaHHBIX XUMHUYECKOIo COCTaBa MOBepX-
HOCTHBIX JIOHHBIX OTJIOXeHul ozep Kapenuu nokasad,
YTO B PervoHe BCTPedYaloTcs o3epa C pasHbIM TUIIOM
HakonJleH!s (KOHLIeHTpaTOphl MUHePaJIbHbIX BellecTB,
HaKONMTEeJIY OPraHUYeCcKoro BellecTBa, aKKyMyJIATOPHI
HaHocoB) (Tabmuua 1). OTAUYMUA THUIAPOJIOTUYECKUX
1 Mop(oMeTpHUYecKUX XapaKTepUCTUK 03ep, pas3Hble
IJIOIAAX U COCTaB IIOPOJ BOAOCOOPOB, a Takxe pas-
HBIII TpOoQUYeCcKUil CcTaTyc BOJOEMOB OIpeAesAloT
pasinuusd B XMMHUYECKOM cocTaBe OcagkoB. J[yia 60Jb-
HIMHCTBA O3ep peruoHa XapaKTepHO HepaBHOMEepHOe
pacrpefieJieHle 0CaJlOYHOr0 MaTepuasia Ha JHe BOJO-
emMa, KOTopoe 3aKOHOMEPHO KOHTpoJiupyeTcsa Mopdo-
Jlorueyl KOTJIOBHMHBI U AWHAMHUKON BOJ: IlecYaHO-Ipa-
BUIHbIe JOHHBIE OTJIOKEHUA CJIaralT JINTOPaJIbHYIO
30HY, a TJIMHUCTbIe WJIBI FOCIOACTBYIOT B I'IyOOKOBO-
JHBIX 30HaX.

Pa3zHooOpasue ceAMMeHTAI[OHHBIX 0OCTaHOBOK
B o3epax Kapesmmu cBsA3aHO C JIOKQJIbHBIMU JIaHAIadT-
HBIMHU yCJIOBHAMH BomocOopoB. Haubosiee BaXHBIMU
€ro XapakTepucTUKaM{d B PpaBHOH Mepe ABJIAIOTCA:
IJIomaab M peybed BOOOCOOPHOU TeppUTOPHU, MOP-
(dosiorua 03epHOI KOTJIOBHUHBI U XMMUYECKUI COCTaB
Bonbl (benkuHa, 2021). ChoesaTh OJHO3HAYHBIN BBHIBOJ

Tab6smna 1. O600IeHHBII XUMHUYECKHUI COCTAB MOBEPXHOCTHOTO ¢J10s1 (0-5 ¢M) JOHHBIX OTJIOKEHUH MO JaHHBIM Ay 139

MaJsbix o3ep Kapenuwn, % (Benkuna, 2021).

Tun Yucio 3HayeHHe Opranunyeckoe BeliecTBO MunepaJjibHas 4acTh
ocaaKa* npo6 c. | c | c | P, [Ny.|N_ | Ash | Fe | Mn
ITecox 147 MUH. 0,03 | 0,01 | 0,03 | 0,01 | 0,001 | 0,06 (94,86 | 0,00 | 0,00
MaKc. 2,40 | 1,35 | 0,64 | 0,04 | 0,004 | 0,77 | 99,80 | 6,73 | 0,08
cpen. 0,98 | 0,36 | 0,29 | 0,03 | 0,002 | 0,22 | 97,52 | 0,50 | 0,02
Wn 510 MUH. 1,30 | 0,04 | 0,00 | 0,03 | 0,003 | 0,01 9,02 | 0,17 | 0,00
MakKc. 42,50 | 11,60 | 9,10 | 5,00 | 0,170 [ 3,99 | 94,32 | 42,20 | 1,02
cpen. 15,43 | 1,79 | 1,52 | 0,17 | 0,027 | 1,17 | 78,67 | 4,18 | 0,23
I'muaa 75 MUH. 0,71 0,14 | 0,07 | 0,06 | 0,000 | 0,08 | 75,52 | 0,03 | 0,04
MaKC. 558 | 0,66 | 0,79 | 0,12 | 0,030 | 0,97 | 97,74 | 1,68 | 0,45
cpen. 2,64 | 0,45 | 0,44 | 0,09 | 0,009 | 0,34 | 92,34 | 1,15 | 0,17

IIpuMeuanue: «*» — I[To npeo6sajawiell rpaHyjaoMerpuyeckoi dpaxmuu (necox 0,05-2 mm; min 0,005-0,05 MM, rymHa <

0,005).
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0 JOMUHUPOBAHUU OMPENEJIEHHOIO0 THIIA O3€PHOI0
HaKOILJIEHWs B 3aBHCHMOCTU OT ITOJIOXEHHUS BoJoeMa
B pesibede TPyAHO. XMMHUYECKHI COCTaB OCAJKOB B
30HAX aKKyMYJIAIUM TIOKA3bIBAET, YTO B KPYIHBIX O3e-
pax (SBepKam > 10 xM?) mpeob1alaeT MUHEPAJIbHBIN, A B
MaJIbIX (SBepKam < 1 KM?) — OpraHUYeCKUI TUIT HAKOILIe-
HuA. B osepaxcS, . orl kM? 1o 10 km? BcTpevaroTcs
U MUHepaJsIbHble U opraHnyeckue ocagku (Puc.1).

Kak npaBuio, cojiep>kaHre OpraHuvIecKoro Berie-
CTBa B JIOHHBIX OTJIOXKEHUSAX YBEJIUYMUBAETCS C POCTOM
TpoprUECKOTO YPOBHS BOAOEMA OT OJIMTOTPO(PHOTO K
sBTpodHOMYy (Besikuna, 2011). O3epa - opraHoHaKo-
MATEJI BCTPEYAIOTCS BO BCEX COBPEMEHHBIX JIaHmad-
Tax permoHa (KOHEYHbie MOPEHHbBIE BO3BHIIIEHHOCTU,
Jefopa3ziesibHble aKKyMYJIAITUBHBIE BO3BBIIIEHHOCTU,
O3epHble paBHUHBI). [0 MakpococTaBy OCaJKd TaKUX
03ep XapaKTepUusylTCA KaK XXeJie30-KpeMHe-TYMYyCO-
Bole. [IpuMepom siByisieTcsi 9BTPOMHOE, MEJIKOBOJHOE
(cpennsasa ray6uHa 4,1 M) ¢ XOpOIIO Pa3BUTOH JIUTO-
pasibHOI 30HOM 03epo lOxHoe Xayruiammnu (3anagHo-
Kapesibckasg BO3BBINIEHHOCTh, 63°33° c.m., 33°20°
B.A. Beicota Hag ypoBHeMm mopsa 153 m BC. SMOcﬁop =
0,329 xkm?, SBEIDKZUIO = 0,276 km?). OHO (QYHKIIMOHU-
pyeT Kak CaMOCTOATEJIbHBIN BOJIOEM OKOJIO 12 TEhIC.
J1. H.. [loBepXHOCTHbIE JIOHHBIE OTJIOXKEHUs IpeJiCTaB-
JieHbl niaMu Oyporo upera. CpefHUe XapaKTepUCTUKU
XUMUYECKOro cocrasa ciefyromue: LI .. = 60%, Cor

= 26%, 3osbHOCTH = 38%, OD, = 4 mMrO,/t, 2Chla,b,c
= 1000 wmkr/r, pheophytin 1200 MKr/r, N,
1,9%, N, = 0,02%,P_ = 0,3%,P . = 0,2%, Mn =
0,04%, Fe = 2,5%. Peqokc-uukiI xejie3a U Maprasua
KOHTPOJIUPYET pa3JioXKeHUe OpraHuvyecKoro BelllecTBa
B JIOHHBIX OTJIOXeHUsX. PacmpepesieHre OHOTeHHBIX
2JIEMEHTOB (Norg, Nyiass P P F€ M) 10 BepTHKATH
KOJIOHKHU - HeMOHOTOHHO (Puc. 2). XumMmnueckuii coctas
Bob 03epa HOxxHOoe Xayrunamnu COOTBETCTBYeT Me30-
TYMyCHOMY CpeJHel[eJIOYHOCTHOMY HEeNTPaJIbHOMY
cJ1aboM[eJIOYHOMY THAPOKApOOHATHOMY THITY BOJ
rpyInsl Kajpiusa. MuHepanu3anus BOJb 03epa BBICO-
kasa (90 mr/im). B MOHHOM cocTaBe cpelu aHNOHOB
npeobsafaoT ruapokapboHartsl (95%), cpeau KaTHo-
HOB — Kasibui (54%), mesounocts 71,12 MmrHCO, /7,
pH=7,1, usetHocts Boasl 25 rpaa. CootrHomeHue PO
= 2,96 mrO/n1 u COD = 12,2 mrO/n yka3elBaeT Ha
aBTOXTOHHOE TPOUCXOXJEHNEe OPraHuYecKoro Bellle-
ctBa (Osepa..., 2013).

Heo6Xx0aquMoO OTMETUTH, UYTO B MAaJIbIX O3epax
He3aBUCUMO OT OcoOeHHOCTeH JyaHamadTa, Tpoduue-
CKOT'O CTaTyca BOJOeMa W XUMHYECKOTO COCTaBa BOJ
HaKaIlJIMBAETCsI OPTaHUYECKOe BEIECTBO PA3HOTO reHe-
3uca. Hanmpumep, BRICOKOE COEepXKaHNE OPTaHUYECKOTO
BellecTBa Habsomaercsa B 3BTPOoGHOM 03. KophITOBO

(SBOAOCGOP = 0’1 KM2, SsepKa_no = 0’003 KMZ’ LIsSO”C = 86%:
Ash = 11%) u B me3oTpodHOM 03. [TosieBcKoe (5,00 s0p
= 31,8 kMm% S = 0,45 kM2, L. = 66%, Ash =

3epkajia

33%), obpasoBaBmuxcsi 12-11 Teic. J1. H. B mpejesiax
03epHO-JIe JHUKOBOH paBHI/IHbI U B oJUrorpodHOuU
TosyGoir mambe (S, ., = 0,21 kMm% S 0,04

pKajio
km% LI .. = 89%, Asﬁ 9%), xoTopas obpa3oBa-
J1ach Ha BoxTo3epckoil BO3BBIIIEHHOCTH 7,9 THIC. JI. H..
CkopocTu ocagkoHakonseHusa B Kopeitoso, ITosieBckom

u l'osry6oit tambe pazmvaioTcs 60Jiee yeM Ha OPSZIOK
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Puc.1. PacnpepesieHue o3ep € pasIMYHBIMU TUIIAMU
OCaJIKOHAKOIJIEHUA: 3eJIeHbI 1IBeT — OpraHoMUHepaJbHOe
(3os1bHOCTH < 80%), CMHUH I[BET - MHHepabHOe (30JIBHOCTD
>80%); I — xesye30-KpeMHUI-TyMycoBoe, Il — xene3o-rymy-
coBo-kpeMHUeBoe, III — rymMycoBo-kejie30-KpeMHUIEBOE) B
3aBHUCHUMOCTH OT OT MecTonosioxeHus (H — BblcoTa HaJl ypoB-
HeM Mopsi, M) U pa3Mepa (S — mIomaap 3epkaja o3epa, KM2).
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Puc.2. BeprukasibHOe paclpefesieHne XUMUYECKUX,
dusnyeckux U GU3NKO-XUMUYECKUX XapaKTepPUCTHK B TOBEPX-
HOCTHOM CJIoe JOHHBIX OTJIoXeHHUi 03. KOxHoe Xayruiammnu.
1- Eh, MB; 2 — pH; 3 — macca TBepjoro BemectBa B 1 M1
BJIQXXHOI'O IpyHTa, r/Mi; 4 — Wet %; 5 — Wet, .., %;
6-por;7-d,r/cm*8-C__,%;9-1I .., %;10-0OD,, mrO,/r;
11-Ny..,%; 12—Norg, %; 13 —Fe, %; 14 —Mn, %; 15 — Ash, %;
16 -P_ ,%;17 -P_,

20°C?

min’

(10, 1 u 0,1 MM B roJi, COOTBETCTBEHHO). MCTOUHUKU
OpraHMyYecKoro BellecTBa B JOHHBIX OTJIOXEHUAX
Takxe pasHble. B 03. [IojileBCKOM OCHOBHBIM HMCTOYHU-
KOM ABJIAIOTCA T'YMYCOBBIE BeIlleCTBa, MOCTyIAloIe ¢
Bogocbopa, B 03. KopeITOBO — BhHICIIass BOAHAA pacTU-
TEeJIBHOCTh, B I'oJiyOoi jlambe — Ha3eMHasl U BBICIIAA
BOAHAA PaCTUTEJIBHOCTh U (GDUTOIIAHKTOH. DTU MaJible
BOJIOEMBI MMEIOT PA3HBII XUMHUUYECKHUU COCTAB BOJIbI
(Me3orymMycHBIN, THAPOKapOOHATHBIN KJlacC TIPYIIIBI
Kayplyst Maruus ¢ £ = 60 mr/a B 03. [loeBcKoe;
KapOOKCUJIATHBIM KJIACC BOJ| TPYIIbl Kalusa ¢ 2

30 Mr/n B 03. KOpBITOBO; OJIMTOIYMYyCHBIN CyJibdart-
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HBIM KJIACC TPYIIBI Kayblius ¢ 2 = 3 Mr/n1 B ['omyGoit
nambe (Osepa..., 2013)).

B o3epax, rae GopMUPYHOTCS MUHEpajbHbIE
ocajky, HanuboJjiee paclpoCTPaHEHHBIM TUIIOM HaKoO-
IUIeHUA  ABJIAETCA  JKeJIe30-TYMyCO-KpeMHUEeBHIH.
TUNUYHEIM NpecTaBUTeIEM TaKOI'0 BOJOeMa ABJIAETCA
Me3oTpodHOoe 03. Benaropckoe (BoxTo3epckasi BO3BHI-
IeHHocTh, 62°13” c.m., 33°16” B.1., SMOCﬁop = 79,8
km? S ., = 10,1 KM’ BbICOTA HaJ yPOBHEM MOps
143,8 m BC, cpenusisa raybuHa 6,1 m). Bogoem akky-
MYJIATHBHO-OCTATOYHOI'O TeHe3rca o0Ias MOIIHOCTb
YeTBEPTUYHBIX OTJIOXKEHUI KOTOpPOro cocrasiisieT 3,50
M. CoBpeMeHHble JOHHBIE OTJIOXKeHUS (POPMUPYIOTCA
B YCJIOBUSIX OJIUTOTYMYCHBIX BOJ| TUAPOKApPOOHATHOTO
kiacca rpynnel Ca U TpefCTaBJIEHBl CEPO-KOPUYHE-
BoIM mioM (LI, .. = 29%, Ash = 68%, Fe 7,8%).
Juana3oH kosebaHuii GU3NKO-XUMUYECKUX MTOKa3aTe-
JIef TI0 BEPTUKAJIN MOBepXHOCTHOro cJjios (10 40 cm)
cocrasJifgeT onHy enununy pH (ot 4,3 1o 5,6) u 600 MB
Eh (ot 25 go + 600 MB). MsmeHunBOCTh 3HaueHuil Eh,
10 HaleMy MHEHUIO, ONpedesisieTcs Ce30HHbIM Aedu-
LUTOM KHUCJIOPOJa B MPUOHHBIX BOJAX, YTO BBI3bIBAET
JVareHeTUYecKyi0 epecTPoUKy MOBEPXHOCTHOTO CJIOs
BCJIEJICTBME PA3BUTUSA aHAdPOOHBIX IMPOIECCOB TPAHC-
dopmarnuu opraHuueckoro BelecTBa. PesysbraToM
sBJissleTcsi 00pa3oBaHUE U 3aXOpOHEHHe IPOCJIOeB C
pa3HBIM coAepXXaHUEM MeTaJJIOB, KOJNYeCTBEHHBIM
U KayeCTBEHHBIM COCTAaBOM OPraHUYeCKOro BelllecTBa,
a, cjeJioBaTeJIbHO, U C pa3HON MUKpodI0poii, mepepa-
OaTsIBaloleil 3TO OpraHUYeckoe BellecTBO. 3HaueHUe
LL,,. MeQJIeHHO U MOHOTOHHO MEHsETCA BHU3 TIIO
KOJIOHKE, YTO CBUJIeTEIbCTBYET O 3HAUYUTEJIbHOM TPaHC-
¢popmarnuu opraHvMky B BOLHOW TOJIIIe BOJOeMa, Ipe-
XJe YeM ToCTymaeT Ha AHO. 3HaueHus OD, He BeJMKH
(1-1,8 mrO,/r). Pacnpenenenue ¢ocdopa mo BepTH-
KaJI 0CaJika COOTBETCTBYET pacIlipe/ie/IeHUI0 XeJjie3a U
Maprasrna u Bapsupyet oT 0,06 no 0,3% (Puc. 3).

MoHoTumnHble (KpeMHUEBblE WJIU JKeJIe3UCThIe)
OCaJKi BCTpeYalTcsa B oO3epax [okHOM Kapemnu
pexe IO CPAaBHEHUIO C CEBEPHOH ee yacThio. ['ymyco-
KpeMHUeBble OcaAku ObUIM OOHapyXeHbl B O3epax
Ha TEppUTOpPUN 3a0HEeXCKOro IoJiyocTpoBa (o3epa
HirxHee Msarposepo u CAprosepo), B MaJIbIX BoJoeMax
[ytickoit Hu3uHHI (03. JINHA03EpO), B CEBEpPHON YacTU
Bogoc6opa OHexckoro o3epa (03. MyHo3epo, palioH II.
Jlo6ckoe) (demupoB u IllenexoBa, 2006). Hampumep,
AUaToOMOBEIE OcaAku Me30Tpo¢dHOro 03. Caprosepo
(SWloc60p = 17,4 xm?, Speprare = 0,65 KM? UMEIOT CBET-
JI0-3eJIeHBI!I I[BeT W OTJIMYAIOTCA BBICOKMMU 3Haye-
Husamu nopuctoctu (0,94) mo Bcell TOJIIE, HU3KOU
ynesibHON Maccou (1,1 r/cm®) u oueHb MaJIbIM COZEp-
xxaHueMm xenesa (0,5%). CooTHOIIEHNE OPraHUYECKOTO
BelllecTBa (COrg = 21%, LL .. = 45%, NOrg = 1,35%
uP_ = 0,05%, C:.N=18, C:P=1029) u muHepasb-
HomM 4vactu ocagka (Ash= 51%) OGJM3KO K eqUHUIIE.
Pacnpenenennie pH, Eh u 3/1eMeHTOB XUMHIYECKOTO
cocTaBa IO BepTUKAJIM 0CaJika B IOBEPXHOCTHOM CJIOE
rMeeT MOHOTOHHBIH XapakTep.

I'ymyco-xesie30-KpeMHUeBble JJOHHBIE OTJIOXe-
HUA, Kak [paBusio, GOpMUPYIOTCA B OKHUCJIUTEJIbHOMN
00CTaHOBKE B BOJOEMAaxX C pPAa3BUTON JIMTOPAJIBHOU
30HOM, C BBICOKUM Y/IeJIbHBIM BOJOCOOPOM U GOJIBIION
IUIOM[A/IbI0 BOAOCOOPHON TEPPUTOPUM (CYI[eCTBEHHO
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Puc.3. - BeprukasibHOe paclpejesieHrue XUMUYECKUX,
dusnueckux W PU3MKO-XUMHYECKHX XapaKTEPUCTUK B
ITOBEPXHOCTHOM CJIOE€ JOHHBIX OTJIOXKEHUH 03. BeHmropckoe.
1- Eh, MB; 2 — pH; 3 — macca TBepzoro BemectBa B 1 M1
BJIQXHOTO TpyHTa, r/Mmi; 4 — Wet, .., %; 5 — Wet .., %;
6—por;7-d,r/cm® 8- Corg, %;9-1I ., %;10-0D,,mr O,/r;
11-Ny,, ., %; 12—N0rg, %; 13-Fe, %; 14 -Mn, %; 15— Ash, %;
16-P . ,%;17-P,_.

3a00JI0YeHHO, TAe PpacIpOCTPAaHEHBl WJLIIOBUAJIb-
HO-TYMYCOBO-XXeJIE3UCThbIe MOA30J1b1). OTI0XeHUA JaH-
HOro tuna GopMHPYIOTCA B OJUTrOTPOGHBIX 03epax C
HU3KOU I[BETHOCTHIO BOJABI C TJIyOOKO Bpe3aHHBIMU
koTsoBuHaMmu (o03. Jlagmosepo, Smlocsop = 120 kM2,
Speprane = 24 kM% H = 52 M, Kj1acc BOJBI THAPOKap-
OOHATHBIN) U B MEJIKUX BBICOKOIIPOTOYHBIX BOJ0EMax
C BBICOKOI LIBETHOCTHIO BoABl (03. IlloTo3epo, Smmcﬁop
5540 km?, Smmm= 74 xm?, H = 10 M, kiacc
BOJIbl KapOOKCHJIaTHBII). OCOOEHHOCThI0 TaKUX BOJO-
eMOB ABJIsIeTCA HaKOIUJIeHNEe B JIMTOPAJIbHOM 30He (Ha
riybuHe oT 1 70 5 M) 03epHBIX XKeJle3HbIX PY/l B BHUJE
KOpOK, KOHKpeuui, oosutoB, MoHeT (Ilepdusses,
1972). DTtu OuoreoxemMoreHHble OcaJikKu, coAepxaliue
no 40% Fe u 2% Mn, ABJIANTCA MUHEpPAJIbHBIMU CMe-
cAMHU HeKpucTasuimdeckoro crpoerusa (Ovdina et al.,
2018; Belkina et al., 2018; Strakhovenko et al., 2020a).
OcafKyd COCTOAT TJIaBHBIM 00pa3oM M3 T'HUIPOKCH]IOB
Fe (retur, 1ennJOKPOKUT), OKCHJIOB MapraHiia, Takxe
cofilepXaT HeOOJIbIIOe KOJINYEeCTBO TJIMHUCTHIX MUHe-
paJjioB, KBapla, pexe kapboHaTtoB. OHU 00pa3yloTcs B
MIpPUCYTCTBHE KUCJIOPOJa B Mpoliecce ocaxxJeHus B3Be-
IIEHHBIX ¥ KOJUIOWIHBIX BELIECTB, COAepXaux HU30bI-
TOK JXeJjie3a. BhIMajleHrI0 KOJIJIOMJIOB B OCA[OK CIIO-
CcoOCTBYIOT OakTepuy. MOIIHOCTD PyAHBIX OTJIOXEHU!,
3aJIeraloinx B MPpUOPEXHON M0JIOCe 03ep MUPUHON [0
300 M, usaMmeHnserca or 1 cm o 1 M. B TO ke Bpemsa
cojiepXaHue XKejle3a B MJIOBBIX OTJIOXKEHUSX, 3ajieraio-
IMX B TJTyDOKOBOIHBIX 30HAX, OOBIYHO HIKE KJIapKa.
Haxomnnenune xese3a B mwiaax (mo 40%) cBoOMCTBEHHO
TakXe MaJIEHbKUM HerJIyOOKHM JIECHBIM JIaMOYIIIKaM,
UMeroImuM 3a00J10ueHHbIN Bogocbop. B Kapenuu go 19
BeKa O3epHbIe PY/Ibl WCIIOJIb30BAJICh YEJIOBEKOM MJIA
no6eruu xesie3a (Kynemesuu u gp., 2010).
KapbGoHaTHbIe JJOHHBIE OTJIOXEHUs HAa TEPPUTO-
pum Oaccerina OIIO BcTpewatoTces penko. Hanpumep, B
03. ITagmozepo (S, .. = 10 xkm? S = = 78 km?,
H 15 ™M, TeKTOHUKO-JIeJHUKOBas KOTJIOBHHA,
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peaukT OIIO), pacrojio)keHHOM B BOCTOYHOWM YacCTU
3a0HEXCKOTO TMOJIyOCTPOBA. B  akKyMyJIAIMOHHON
30He BojJioeMa 3aJjleraloT CBeTJjible, KpeMoBble (0ex)
uiel, copmMUpoBaHHBIE OOJOMOYHBIMM IIPOAYKTAMU
BBIBETPMBAHUA KapOOHATHBIX IIOPOJ, pacIpocTpa-
HEHHBIX Ha Bogocbope. CoaepxaHue OpPraHUYECKOTO
BelllecTBa, azora U (pochopa CpaBHUTEBHO HEBEJINKU
(LL,,. = 13,9%, C _ = 7,1%, OD, = 0,32 mrO,1"-
cyrku’, N = 0,80%, P_ = 0,13%, C:N=10, Chla
= 0,5 mrr!). ®U3NKO-XUMHYECKHE YCJIOBUS U XUMU-
YeCKUI COCTaB BOJBI 03epa, XOTSA U OTJIMYAITCA OT
APYrUx BOAOEMOB IIOJIyOCTPOBA I'a30BBIM COCTAaBOM U
0oJsiee BBHICOKMMU 3HaueHUsAMU pH m MuHepanusanuu
(CO, usmensercs ot 0,8 go 20 mr/i1, pH = 8, HCO, =
89 mr/m, 2 = 150 mr/in), He npeanosaraT obpa-
30BaHUe XeMOTeHHBIX KapOOHATOB KaJsblluA U Xejie3a
B BogoeMe. KapOoHaTHbIe OCaKU MOTYT OTJIaraTbCsA
B JIOHHBIX OTJIOXEHUAX B pe3yJbTare cyOakBaJIbHOMN
pasrpy3ku IoJ3eMHBIX BOJ, Kak 3TO HalOsioAaeTcs B
03. Paxoiiymammu, pacnosio)keHHOM Ha BoxTozepckoii
BO3BBIIIEHHOCTH.

Heo6xXoguMO OTMETHTh, YTO XHUMUYECKUN
COCTaB JOHHBIX OTJIOXKEHUI HeOOJIBbIINX JIECHBIX O3ep
C MaJIbIMH IUIOHIA[AMH BOJOCOOPOB MaJjio MeHsJICA
B TeueHHe nocjegHux 100 JieT, 4YTO AOKa3bIBAlOT He
HU3MeHAIIYecs 110 BepTUKaIN NpOoUIN XUMUYECKUX
XapaKTepUCTUK B KOJIOHKAaX [OHHBIX OTJIOXKEHHH, a
TakXe pe3ysjbTaThl IepuoauYecKux HabJoeHuH,
HanpuMep, Ha o3epax 3a0HeXCKOro I0JIyOCTpOBa,
UCCJIeJOBAaHUA Ha KOTOPBIX NpoBomATca ¢ 1929 r.
(benkuna u Kynuk, 2019). [ina o3ep, Ha Bogocbope
KOTOPBIX pacliojiaraloTcs HaceJIeHHble IIYHKTH U CeJlb-
X03yroaus, oTMedaeTrcs OoJjiee BbICOKasA A0JIA Teppu-
TeHHOH COCTaBJIAoIIel B COCTaBe OCaAKa, a Takxe IIpu-
CyTCTBHe TOKCMYECKHX BelllecTB. Hanpumep, B JOHHBIX
oTJIoKeHUsAX 03. CyosApBu coAepkaHue HedTenpoAyK-
ToB B patioHe ropoza (0,55%) Ha 2 mopsaka IMpeBbI-
maeT (OHOBble 3HAUEHUs, WM BBICOKHE KOHI|eHTpa-
LUK TSOKeJIBIX MeTaJlJIoB B BofgoeMax I. [leTpo3aBojcka
(YeTnIpexBepcTHOE, CyJiaxropckas Jamba)
(CoBpemenHoe..., 1998; CnykoBckuii u MenaBenes,
2015). fpxo BBIpa)X€HHBIMM aKKyMyJIATOPaMH HaHO-
COB AIBJIAIOTCS BOJOEMBI, paclojIOKeHHble B Mpejesiax
CeJIUTeOHBIX TEPPUTOPHUI, JIMOO BOJOEMEBI C BBHICOKUM
k053G GUIMEeHTOM BOJI00OMeHa, ABJIAIINMICA YacThiO
03epHO-peyHbIX cucTteM (Hampumep, o3. Jlormosepo).
Bospmias gacte Tepputopun Kapenuu 3aHsATa jecamy,
MI03TOMY 3HAUYWTEJIbHBIX aHTPOIIOT€HHBIX aHOMAaJIMU B
JOHHBIX OTJIOXKEHHUAX 03€p He BBIABJIEHO.

4. BbiBOAbDbI

KinmaTtuueckue ycjaoBHUA M COCTaB TOPHBIX
moposy @DeHHOCKaHAWHABCKOTO  KPHUCTAJLJINYECKOTO
muTa OIpeAesAlT ofmue JJid BCeX 03ep perruoHa
XUMHUYECKHe  XapaKTePUCTHUKU JOHHBIX OTJIOXEHUN
(MakpococTaB): KpeMHUM, TyMyc (opraHuyeckoe Belle-
CTBO) U KeJIe30 COCTABJIAIT OCHOBHYIO Maccy BellecTBa
COBpPeMEeHHBIX JJOHHBIX OTJIOXKEHUM, a UX COOTHOIIeHNe
onpezesifeT THUI 03epHOI0 HaKOILJIEeHUA.

B o3epax ro-soctouHon uactu DeHHO-
CKaHJVWHABCKOTO KPUCTAJUINYeCKOro MIUMTa B HACTO-
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sAmee BpeMs (GOPMUPYIOTCS JIOHHBIE OTJIOXKEHUS
CMENIEHHOT'0  THUIA:  JXeJIe30-TYMYyCO-KpeMHUEBBIE,
JKeJIe30-KpeMHe-TYMYCOBBIE HJIU T'yMyCO-XeJIe30-KpeM-
HeBble. BcTpeuarTcs: Masisle 03epa, Tae JOHHbBIE OTJIO-
KEHWs TPEUMYIECTBEHHO HAKAIJIMBAIOT JIMOO KpeM-
HUN (QUaTOMUTHI), JIMOO Xeje30 (O3epHbIe PY/IbL),
100 OpraHUvecKoe BelecTBO.

O0uMN 3aKOHOMEPHOCTSAMHU OCaAOYHOrO IIPO-
1ecca B peruoHe spisetcs: (1) reosoro-reomopdoJio-
ruyecKre yCcJaoBUs U IJIOMAAb BOAOCOOPHOI TEPPUTO-
pUM OTIPeeSIAIT MOCTYIUIEHUE B 03€P0O MUHEPAJIbHON
COCTAaBJIAIOIIEH JOHHBIX OTJIOXKEHUI; (2) ceMMeHTas
0CaJIOYHOTO BeleCcTBa MPOUCXOAUT MPENMYIECTBEHHO
B YCJIOBUSIX THPOKAapOOHATHO-KAJIbLUEBBIX BOA; (3)
Mop@doreHeTUYECKME XapAKTEPUCTUKU O3€PHBIX KOTJIO-
BUH ONpEEsAT HAKOIJIEHUE B JIOHHBIX OTJIOKEHUSX
OpPraHMYecKOro BelecTBa; (4) MOCTyIJIeHne Xejie3a B
JIOHHbIE OTJIOXKEHHUS ONpe/IeIsieT HalpaBJIeHHOCTH MPO-
I[ECCOB PaHHEro JuareHe3a B CaMOM OCA/IKe.

BbaaropapHocTH
HccnemoBaHue  BBINOJIHEHO 1npu  (uHaH-
COBOII  TOAJEpXKe TOCyJapCTBEHHOTO  3aJaHusAd

WnHctutyTa BomgHbix npobiiem CeBepa KAPHI[ PAH No
FSZN-2021-0006.
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ABSTRACT. The paper presents the results of an approximate assessment of the nutrient load on the
Cheboksary reservoir of the Volga Cascade from the right-bank and left-bank parts of the catchment
basin. The main solution tools are the recognition of the underlying surfaces in the catchment and
mathematical modeling. The catchment basins of the Kudma (right-bank tributary) and Linda (left-bank
tributary) rivers have been identified as pilot sites. The catchment basins of the Kudma (right-bank trib-
utary) and Linda (left-bank tributary) rivers have been identified as pilot sites. The representativeness
of the selected pilot sites for the catchment basins of the Cheboksary reservoir is demonstrated. The
mathematical basis of the research was the “precipitation-runoff-removal” model describing the forma-
tion of runoff and removal of biogenic elements from the catchment basin. To calibrate the mathemat-
ical model, the materials of observations of water discharges and the content of chemical agents in the
gauging sections of the pilot catchment basins were used. The modeling data provides an approximate
estimate of the total nutrient load on the Cheboksary reservoir, as well as the contribution of natural
nitrogen and phosphorus removal to the load from the catchment basin.
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1. Introductioon The aim of the paper is to provide an approxi-

mate assessment of the loading of total nitrogen (N, )
and total phosphorus (P__) on the Cheboksary reser-
voir formed in the catchment area, based on mathemat-
ical modeling using available observational data on the
formation of runoff and removal of chemicals in pilot
catchment basins.

The Cheboksary reservoir is formed on the Volga
River by the Cheboksary hydroelectric plant, located in
the city of Novocheboksarsk. The length of the reser-
voir is 341 km, the area is 2190 km?, the total volume
of water is 13.9 km?, the area of its own catchment
basin without the upstream Volga basin is 131.9 thou-

Anthropogenic eutrophication is one of the sig-
nificant issues in the Volga Cascade reservoirs (Mineeva
et al., 2020). The reason is the intense anthropogenic
nutrient load from the catchment basin. At the final
stages of anthropogenic eutrophication in eutrophic
and hypereutrophic water bodies, a disbalance may
occur in the ratio of productive and destructive pro-
cesses within the aquatic ecosystem. This leads to the
emergence of oxygen-free (anaerobic) zones, fish kills
phenomena, a reduction in fish stocks, and water pol-
lution with toxic substances as a result of the develop-

ment of certain species of phytoplankton, “blooming”
the water (Rossolimo, 1977; Anthropogenic eutrophi-
cation..., 1982). At the same time, the current monitor-
ing system is unable to provide an accurate assessment
of the nitrogen and phosphorus inflow to the reservoirs
from tributaries due to the limited number of measure-
ment points for water discharge and hydrochemical
characteristics.
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sand km? The Linda (left tributary of the Volga, its
length is 122 km, its catchment area is 1682 km?) and
the Kudma (right tributary of the Volga, its length is
144 km, its catchment area is 3248 km?) catchments in
the basin of the Cheboksary reservoir were selected as
pilot sites reflecting the main patterns of biogenic ele-
ment removal on the basis of expert assessment (Fig.1).

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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The catchment basins are representative of the forested
left bank and the agriculturally developed right bank of
the Cheboksary reservoir. Moreover, karstic phenom-
ena are widespread in the Kudma basin, which also
influence the formation of runoff and the removal of
nitrogen and phosphorus. There are gauging sections
of state hydrological and hydrochemical monitoring of
the Russian meteorological service in the selected riv-
ers, which enables using these data for the calibration
of mathematical models.

2. Research methods

At the initial stage of the study, the hypothesis
concerning the suitability of the selected pilot catch-
ments was tested. As is well-known, the removal of
nutrients, namely nitrogen and phosphorus, from the
catchment area is mainly determined by the structure
of the underlying surface (Kondratyev and Shmakova,
2019; Khrisanov and Osipov, 1993). This applies to
both natural (background) removal, which is formed
in the parts of the catchment not affected by human
impact (forest), and to anthropogenic removal (agricul-
tural and urbanized areas). Therefore, the criterion for
the correct selection of a pilot catchment is the similar-
ity of their underlying surface structure with the struc-
ture of the basin as a whole.

In the present study, the differentiation of the
land cover was carried out using global archives of sat-
ellite data of the underlying surfaces. The land cover
classification of the Cheboksary reservoir basin and
pilot catchments was based on the Copernicus Global
Land Service Collection 3 (CGLS) (Buchhorn et al.,
2021a; Buchhorn et al., 2020b). The CGLS collection is
formed from satellite imagery from PROBA-V (PROBA-
Vegetation) and Sentinel-2 with spatial resolutions of
100/110/300 m. The depth of the archives of satel-
lite images used to create the CGLS data collection is
from 2015-01-01 to 2020-12-31. The UN Land Cover
Classification System (LCCS) was used to classify the
land surfaces, which are in the CGLS archive. The main
data source is PROBA-V multispectral satellite imag-
ery with a temporal resolution of 5 days and a spa-
tial resolution of 100 m of surface reflectivity at the
Top-of-Canopy (TOC). The secondary data source is the
daily PROBA-V multispectral satellite imagery with a
spatial resolution of 300 m of surface reflectivity. Their
median composite is made to archive regular 5-day
images at 100-meter and 300-meter spatial resolution
of the PROBA-V time series. This is necessary because
the PROBA-V satellite provides daily global coverage
for data with a spatial resolution of 300 m, which cor-
responds to 5-day coverage for the same data with a
spatial resolution of 100 m. The identification of the
types of underlying surfaces of the CGLS collection is
based on spectral indices (Mousaei Sanjerehei, 2014),
other global data archives (Pekel et al., 2016), and the
WorldDEM™ digital elevation model. The detailed clas-
sification algorithm used to obtain the CGLS data col-
lection is given in (Buchhorn et al., 2020a).

This study area includes 15 land cover classes
that are necessary for calculating the load on a water
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Fig.1. The location of the Kudma and Linda pilot catch-
ments: 1 — hydrographic network, 2 -Linda River catchment,
3 -Kudma River catchment.

body (Table 1). The Table 1 demonstrates that the dif-
ference in the percentage of different surface classes of
the pilot sites and the corresponding parts of the whole
reservoir basin does not exceed 6%. The above corre-
spondence of the land cover classes of the pilot catch-
ments with the structure of the right- and left-bank
parts of the Cheboksary reservoir basin confirms the
legitimacy of the chosen objects as pilot ones. Besides,
for the main classes of the underlying surface, based
on the analysis of literature data (Rossolimo, 1977,
Anthropogenic eutrophication..., 1982; Pozdnyakov et
al., 2020), the emission characteristics of the intake of
nutrients into the runoff are approximately estimated.

The main mechanisms for attaining the goal were
amathematical model of runoff formation of ILHM and a
model of biogenic elements removal of ILLM developed
at the Institute of Limnology RAS and modified with
the participation of Federal State Budgetary Scientific
Institution “Federal Scientific Agroengineering Center”
(Kondratyev and Shmakova, 2019; Yasinskiy et al.,
2020).

The runoff model, ILHM (Institute of Limnology
Hydrological Model, Certificate of State Registration
No. 2015614210) (Kondratyev and Shmakova, 2019),
is designed for calculations of hydrographs of snowmelt
and rainfall runoff from the catchment area, as well as
water levels in the waterbody. The model has a concep-
tual base and describes the processes of snow accumu-
lation and snowmelt, evaporation and soil moisture in
the aeration zone, runoff formation, as well as runoff
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Table 1. Comparison of land cover classes of the pilot catchments with the right- and left-bank parts of the Cheboksary

reservoir basin

Land cover classes Kudma River | Right Bank, % | Linda River Left Bank, %
catchment, % catchment, %
Shrubs 0.00 0.00 0.00 0.00
Herbaceous vegetation 10.49 16.38 3.18 2.94
Cultivated and managed vegetation / agriculture 37.96 37.00 11.96 8.85
Urban / built up 3.73 2.15 1.73 0.52
Bare/sparse vegetation 0.00 0.00 0.00 0.00
Permanent water bodies 0.24 0.72 0.07 1.19
Herbaceous wetland 0.01 0.07 0.01 0.06
Closed forest, evergreen needle leaf 1.88 4.03 10.49 12.23
Closed forest, deciduous broad leaf 23.00 23.28 33.07 37.78
Closed forest, mixed. 10.04 6.96 25.22 25.32
Closed forest that not matching any of the other 1.45 1.63 1.71 3.61
definitions
Open forest, evergreen needle leaf 0.00 0.02 0.01 0.04
Open forest, deciduous broad leaf 0.20 0.05 0.53 0.44
Open forest, mixed 1.76 1.56 1.69 0.30
Open forest that does not correspond to any of the 9.22 6.15 10.33 6.72
other definitions
Total catchment area, km? 3248 75687 1682 56176

within a homogeneous catchment, the characteristics
of which are assumed to be constant for the entire area.
The model can function with a monthly time step and
with an annual time step. During the simulation, the
catchment is represented as a homogeneous simulated
storage, accumulating incoming water and then grad-
ually allowing it to flow way. The values of the basic
parameters of the hydrological model, determining the
shape of the hydrograph of the runoff, are determined
depending on the percentage of water body, that is, as
the ratio of the area of the water area to the overall
area of the catchment. The model has been verified in
a lot of catchments located in Russia (Tigoda, Lizhma,
Syanga, Olonka, Sunah, Shuya, Ojat, Sjas, Vuoksa,
Svir, Velikaya, Kazanka, Svijaga, and Neva Rivers) and
Finland (Mustajoki and Harajoki Rivers) (Kondratyev
and Shmakova, 2019).

The model of nutrient removal, ILLM (Institute
of Limnology Loading Model, Certificate of State
Registration No. 2014612519), was developed based on
existing modeling of runoff and the removal of biogenic
elements from the catchment areas and nutrient inputs
into the water bodies (Kondratyev and Shmakova,
2019; Behrendt and Dannowski, 2007; Behrendt and
Opitz, 1999). The recommendations of the HELCOM
for assessing the load on water bodies in the Baltic Sea
were also built into the model (Guidelines..., 2015). The
model is designed to solve problems associated with
the quantification of nutrient loading formed by point
and nonpoint sources of pollution and the forecast of
its changes under the influence of possible anthropo-
genic and climatic changes. The model incorporates the
existing capabilities of data input from the state moni-
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toring system of water bodies as well as data from state
statistical reporting on wastewater discharges and agri-
cultural activities in the catchment areas. The model
also allows the calculation of the removal of biogenic
elements from the catchment under the influence of
hydrological factors and retention by the catchment.
The final result of the modeling is an evaluation of the
nutrient load and its components on the received water
body from the catchment. The model of nutrient load
has been verified at several catchment basins in Russia
(Velikaya, Luga, Mga, Izhora, Slavyanca, Sestra, Shuya,
Vodla, Sunah, Kazanka, Svijaga, and Irtysh Rivers)
(Kondratyev and Shmakova, 2019; 80 years of limno-
logical research..., 2023). The materials of the Helsinki
Commission (Applied methodology..., 2019) describe
models that can be used to calculate the external load
on the water objects of the Baltic Sea basin. These
include the ILLM model.

The combination of ILHM and ILLM models is
a “precipitation-runoff-removal” model that trans-
forms meteorological parameters (precipitation and
air temperature) into runoff (water discharges) and
the removal of biogenic elements from the catchment
area, depending on the characteristics of the land cover
classes and the intensity of external influences of a
natural and anthropogenic nature. At the same time,
the ILLM model provides for the calculation of natural
(background) load. In accordance with the HELCOM
definition (Guidelines..., 2015), the natural load of
biogenic elements is formed due to their removal from
non-cultivated lands and part of the removal from cul-
tivated lands, which occurs independently of economic
activity.
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3. Results and Discussion

Inputs to the calculations require information
on precipitation and air temperature, areas of various
types of underlying surface forming a diffuse removal
of nutrients, the intensity of point sources of nutrient
loading, the atmospheric load of nitrogen and phospho-
rus, the number of animals and poultry in the catchment
area, as well as applied mineral and organic fertilizers.

As noted earlier, in order to inform the model,
a classification of the underlying surface types in the
catchment was carried out. The values of phosphorus
and nitrogen concentrations in runoff from various
types of underlying surfaces were set according to field
studies conducted in 2018 and 2019 by employees of
the Institute of Limnology RAS (Pozdnyakov et al.,
2020). To assess the contribution of point sources to the
nutrient load on the lake, data from statistical forms of
state reporting 2TP (vodkhoz) were used. Sufficiently
high values of emission coefficients and concentrations
in runoff from urbanized areas are an expression of the
contribution of a dispersed rural population without
connection to sewerage networks and treatment facili-
ties (Behrendt and Opitz, 1999). The atmospheric load
was set in accordance with the research materials of
Kazan Federal University (Minakova et al., 2019), and
no separation into natural and anthropogenic compo-
nents was made. To calibrate the model, data from
observations of runoff and water quality at the corre-
sponding posts of the state monitoring of the Russian
meteorological service in the closing reaches of the
Kudma and Linda Rivers for the period from 2008 to
the present were used.

The agricultural nitrogen and phosphorus load-
ing on the catchments was estimated by the methodol-
ogy presented in (Bryukhanov et al., 2016). According
to this method, the following main factors in the forma-
tion of nutrient load on agricultural fields were taken
into account in the calculations:

a) Runoff, mm/month
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« content of nitrogen and phosphorus in the soil, the
share of their removal from the total content in
the soil;

« amount of nitrogen and phosphorus in the com-
position of mineral fertilizers and their emission
coefficient;

« amount of nitrogen and phosphorus in the com-
position of organic fertilizers and their emission
coefficient;

« distance of the contour of agricultural land from
water objects;

+ soil type by origin;
+ soil type by mechanical composition;

e structure of farmland (ratio of arable land and
perennial grasses, meadows, pastures, and
deposits).

Calculations of the agricultural nitrogen and
phosphorus load were performed only for pilot catch-
ments. For the right- and left-bank parts of the reservoir
catchment, the load values were recalculated in propor-
tion to the area ratio.

The calibration of the “precipitation-runoff-re-
moval” model on the pilot catchments of the Kudma
and Linda rivers is presented below. Figure 2 shows the
observed and calculated runoff from the catchments of
the Linda River (gauge Vasilkovo) and Kudma River
(gauge Kstovo). The Nash-Sutcliffe criterion is 78% for
Linda and 67% for Kudma, which confirms the ade-
quacy of the model for the described processes of runoff
in the catchment area.

Table 2 shows the results of calibration of the
ILLM model according to the correspondence of the
average long-term values of the removal of biogenic
elements with the runoff in the gauge-stations of the
Kudma and Linda Rivers, which also confirms the cor-
respondence of the simulation results to the available
monitoring data.

b) Runoff, mm/month
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Fig.2. The observed (1) and calculated (2) average monthly runoff layers from the Kudma (a) and Linda (b) catchments.
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When calculating the nitrogen and phospho-
rus removal from the right- and left-bank parts of the
Cheboksary reservoir catchment, a model calibrated on
the corresponding pilot catchments was used. As input
information about the structure of the underlying sur-
face of the reservoir catchment, data from the satellite
image recognition mentioned above were used. The
missing information on the sources of anthropogenic
load was set based on the assumption that the load is
proportional to the areas of the considered catchments
exposed to anthropogenic impact. The results of an
approximate assessment of the nutrient load on the
Cheboksary reservoir based on data from modeling the
runoff and nitrogen and phosphorus removal from pilot
catchments are presented in Table 3.

According to the calculation results, the average
long-term nutrient load on the Cheboksary reservoir is
approximately estimated at 31320 tN/year and 725 tP/
year. At the same time, the specific load from the right-
bank part is 222 kg N/km? year and 5.6tP/km? year;
from the left-bank part, it is 262 kg N/km? year and 5.4
tP/km? year. The presented modeling data do not con-
tradict the results of other studies on nutrient removal
by tributaries of the reservoir (Yasinskiy et al., 2020).

4. Conclusion

Thus, an approximate assessment of the nutrient
load on a large water body from a catchment area that
is not sufficiently sanctified by monitoring observations
is possible under the following conditions:

+ A reasonably well-studied analogue pilot catch-
ment has been identified that has a point of hydro-
logical and hydrochemical measurements at the
trailing gauge-station and a similar land surface
structure to the main catchment (e.g. % area of the
main land surface classes);

« The selected mathematical model “precipitation -
runoff — removal” is provided with information on
the main sources of nutrient load on the hydro-
graphic network and is calibrated for the closing
gauge of the pilot catchment.

In this case, the lack of information on the
sources of anthropogenic load on the whole catchment
in the calculations can be compensated by data on the
pilot site. In this case, the assumption of proportional-
ity of catchment area parameters is made.

At the same time, it should be remembered that
in future studies, in order to increase the degree of reli-
ability, the modeling results should be compared with
regular ground-based monitoring of runoff and water
quality, which should be carried out on the main tribu-
taries of the reservoir.
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Table 2. The results of the model calibration in the Kudma
(a) and Linda (b) catchments according to the annual nitro-
gen and phosphorus removal in the closing gauge-stations

Source of information [Kudma - gauge| Linda - gauge
Kstovo Vasilkovo

Ntot’ t/ Ptot’ t/ Ntot’ t/ Ptot’ t/

year | year | year | year
Average annual values |715.69( 18.00 |443.73| 9.16

(according to monitoring
data)

Calibration results 717 | 18.00 | 442 9.11

Table 3. The results of an approximate assessment of the
nutrient load on the Cheboksary reservoir, based on nitrogen
and phosphorus removal modeling for the pilot catchments

Calculation results N | P
Right bank of the Cheboksary reservoir (area — 75,687 km2,

average long-term runoff - 100 mm/year)

Nutrient load on the reservoir (t/year) 16729 | 425

Natural (background) component (t/year) | 2287 | 80.8

Removal module (kg/km? year) 222 | 5.6

Left bank of the Cheboksary reservoir (area — 56176 km2,
average long-term runoff — 188 mm/year)

Nutrient load on the reservoir (t/year) 14591 | 300

Natural (background) component (t/year) | 4111 | 118

Removal module (kg/km? year) 262 5.4
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OueHka 6MoreHHOM Harpy3kKu Ha
Yebokcapckoe BoAOXpaHUAMLLE NO
pe3yAbTaTaMm MOAEAMPOBaHMA CTOKA
M BbIHOCa 6MOreHHbIX 3NeMEeHTOB C
NUAOTHBIX BOAOCOOpOB

Acunckuii C.B.'", Kongpatees C.A.2", lllmakoBa M.B.%, Kamytuna E.A.'", PacysoBa A.M.>*

THHucmumym zeoepaguu Poccutickoti akademuu Hayk, CmapomoHemHwlil nepeysiok, 0. 29, cmp. 4., Mockea, 119017, Poccua
2HHcmumym o3epogedeHus PAH — o6ocob.teHHoe cmpykmypHoe nodpasdesieHue Cankm-ITemepoypeckoco ®@edepabHOe0
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AHHOTAILIUA. B pabote npeacTaBiieHbl pe3yJsbTaThl IPUOJIMXEeHHON OLleHKH OMOreHHOI HarpysKu Ha
Yebokcapckoe BoAoxpaHuInie Boypkeckoro kackaga ¢ npaBoOepeXXHO! 1 JieBoOepexXHO! yacTell BoAoC-
6opHOI TeppuTopuln. OCHOBHbIE MHCTPYMEHTHI pellleHrs 3ajauu — Aemin@prpoBaHye MOACTUIAIOMINX
MIOBEpPXHOCTel Ha BoAocOOpe U MaTeMaTUYeCKoe MoJesupoBaHue. B kauecTBe MUJIOTHBIX OOBEKTOB
onpeesieHbl BogocOoprl pek KyapMmbl (mpaBoOepexHbIi IPUTOK) U JIMHAE (JIeBOOEpEeXHBIN IIPUTOK).
IMTokazaHa penpe3eHTaTUBHOCTH BEIOOPA YKA3aHHBIX MIJIOTHBIX 00bEKTOB U1 BogocOopa YebokcapcKoro
BOAOXpaHWINIA. MaTeMaTH4ecKyl0 OCHOBY HCCJIEOBAHUS COCTABLJIA MOJEJb «OCAJKU-CTOK-BBIHOC,
omnuchBawmas GopMUPOBAaHIE CTOKA W BRIHOC OMOTEHHBIX 3JIEMEHTOB ¢ Bogocbopa. s KaIubpOBKU
MaTeMaTUYeCcKOoN MOJEIHN HCIO0JIb30BaHbBl MaTepuassl HAOJIO[AeHUH 3a pacXodaMy BOJBI U COJIepxKa-
HUeM XUMUYECKUX BelleCcTB B 3aMBIKAMOIMINX CTBOPAaX HMUJIOTHHIX BOHoc60poB. [1o JaHHBIM MOZEINpPO-
BaHMA JaHa NpUOJIIDKEHHAs OIleHKa CyMMapHOH OHMOTreHHOI Harpy3ku Ha YeGokcapckoe BOAOXpaHU-
JIIIe, a TakXe BKJIaJla MPUPOJHOTO BEIHOCA a30Ta U (ocdopa B Harpy3Ky Co CTOPOHEI BogocHopa.

Kitiouegsie citoga: Yebokcapckoe BOAOXpaHUINIIe, AelinpUpOBaHNEe CIIyTHUKOBBIX CHUMKOB, CTOK, OMOTreHHaA
Harpyska, MaTemMaTuueckas MoJeJsib

Jna mutupoBanusa: fcuHckuii C.B., KouapateeB C.A., IlImakoBa M.B., Kamyrtuna E.A., PacysoBa A.M. OreHka 61OreHHOMN
Harpy3ku Ha YebGokcapckoe BOJOXpAaHWJINIIE MO pe3yJibTaTaM MOJEIVMPOBAHUA CTOKA U BBIHOCA OMOTEHHBIX JJIEMEHTOB C
MAJIOTHBIX Bogoc6opoB // Limnology and Freshwater Biology. 2024. - Ne 3. - C. 130-141. DOI: 10.31951/2658-3518-2024-A-3-130

1. BBeAeH“e MOHUTOPHUHI'A HE ITO3BOJIAET BBIIIOJIHUTH aJJ€KBATHYIO

OILIeHKY IOCTYIUIeHUs a3oTa u docdopa B BOAOXpPaHU-
JINIIA CO CTOKOM IPUTOKOB BBUY MaJIOYHMCJIEHHOCTHU
MyHKTOB M3MEPEHHIT pacXo/ioB BOJbI U THIPOXUMIYE-
CKUX XapaKTePUCTUK.

Llesibio pabOTHI ABJISAETCS MPUOJIMDKEHHAS OL[eHKA

AHTponoreHHoe 3BTpoUpOBaHLe — OJJHA U3 IIPO-
61em BomoxpaHmInI Bosmkekoro kackana (MuHeeBa u
ap., 2020). TIpuunHOM CIYy’KUT UHTEHCHBHas OHOTeH-
Hasg Harpyska aHTPONOTeHHOTO0 IIPOMCXOXAEHHA CO

CTOpPOHBI Bojjocbopa. Ha 3aBeprmaromux cTagusax pas-
BUTUA IpOIlecca aHTPONOTeHHOIo 3BTPOMUPOBAaHUA B
SBTPOMHBIX U rUNep3BTPODHBIX BOJHBIX OOBEKTaX BO3-
MO’XHO BO3HHKHOBeHHe JucOajaHca B COOTHOILIEHUU
MPOAYKIIMOHHO-AECTPYKIOHHBIX MPOI[€CCOB B BOAHOM
9KOCHCTeMe, UTO MPUBOJUT K BO3HUKHOBEHUIO OeCcKuC-
JIOPOOHBIX (aHA’POOHBIX) 30H M 3aMOPHBIX ABJIEHUMH,
YMEHBIIEHUI0 PhIOHBIX 3allacoB, a TaKXe 3arpsA3HeHUI0
BOJIBI TOKCUYHBIMU BeIleCTBaMU B pe3yJibTaTe pa3BH-
TUA Olpe/ieJIeHHBIX BUAOB (PUTOIIAHKTOHA - «I[BETe-
HUs» Boasl (PoccoimMo, 1977; AHTpPOIIOTEeHHOE 3BTPO-
duposanue..., 1982). [Ipu 5TOM coBpeMeHHas cucreMa
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Anpec e-mail: arasulova@limno.ru (A.M. PacysoBa)

INocmynwna: 26 mas 2024; IIpunama: 31 mas 2024;
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Harpysku obmum asotoMm (N ) u obmum docdopom
(P,) Ha YeGokcapckoe BOJOXpaHUIHIE, CPOPMHU-
pOBaHHOU Ha BOJAOCOOPHOI TEpPPUTOPHU, HAa OCHOBE
MaTeMaTHUYeCKOro MOJIETMPOBAHUS C UCIIOJIb30BaHUEM
VMEIOITMXCS JaHHBIX HaOJTI0jeHni 3a GopMHUpOBaHUEM
CTOKa M BBHIHOCA XMMHUYECKHX BEIIeCTB HA MUJIOTHBIX
Bogocbopax.

Yebokcapckoe BOAOXpaHWUIMIEe 0Opa3oBaHO
Ha peke Bousre mimotuHou Yebokcapckoii I'OC, pacmo-
JIo)xeHHOU B ropojge HoBoueGoxkcapcke. J[yimHaA BOMO-
xpa"Hwmma — 341 kM, mwiomaap — 2190 xkm?, moJ-
HBII 00BEM BOIb — 13.9 kM3, mIomagh COOCTBEHHOT'O

© ABTop(s1) 2024. DTa paboTa pacnpocTpaHs-
eTCs 0] MeXAyHapoJHOI iuneH3uel Creative
Commons Attribution-NonCommercial 4.0.
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Bogocbopa 6e3 BomocOOpa  BHINIEPACIOJI0XKEHHON
Bosirt — 131.9 Thic. kM2, B KauecTBe MUJIOTHBIX OObEK-
TOB, OTPaXaloINX OCHOBHbIE 3aKOHOMEPHOCTH BBIHOCA
OMOTeHHBIX 3JIEMEHTOB C MPaBOOepeXHON 1 JIeBOOepex-
HOHI 4YacTell BOJOXpaHUJIMIA Ha OCHOBE 3KCIIEPTHOM
OLleHKH, BEIOpaHbl BOA0COOpH! pek JIMHAB (J1eBBI pU-
TOK Bosiru, gsuHa pexku — 122 kM, niomnaas Bogocoop-
Horo 6accetiHa — 1682 km?) u Kyapmel (IIpaBblii IPUTOK
Bousiru, anmuHa — 144 kM, ntoniaab BogocOopHOro dac-
ceiina — 3248 km?) B Gacceiiie YeGoKcapcKOro BOJO-
xpaHwmma (Puc.1). Bopgoc6opsl perpe3eHTaTHUBHEI
AJIA JIECHOTO JIeBOOEpeXbsi U CEeJIbCKOXO3SMCTBEHHO
OCBOEHHOTO TMpaBobepexbs YeOOKCAapCKOro BOJOXpa-
Huuma. [Ipu aTom B GacceiiHe KyabpMel pacripocTpa-
HEHBbI KapCTOBbBIE fABJIEHMSA, YTO TAaKXXe CKa3bIBaeTCs Ha
¢dopMHpoBaHMU CTOKA U BBIHOCA a3zota u ¢ocdopa. B
3aMBIKAOIIMX CTBOPAX BHIOPAHHBIX PEK UMEKTCS IMyH-
KThI TOCYyJAPCTBEHHOTO TH[POJIOTUYECKOTO U TUIPOXU-
MHYECKOT0 MOHUTOpUHra Pocruppomera, YTO MO3BO-
JIIeT WCIOJIb30BaTh 3TU JJaHHbIE I KaJMOPOBKU
MaTeMaTHU4YeCKHUX MOJEJIEH.

2. MeToabl MCCAEAOBaAHUA

Ha nepBom osrame ucciiefoBanusA Oblia NpoBe-
peHa rumnore3a 00 afeKBaTHOCTU BbIOOpa MUJIOTHBIX
Boj1ocO0poB. Kak 13BeCTHO BBIHOC OHMOTE€HHBIX dJ1eMeH-
ToB (azora u (ocdopa) ¢ BOAOCOOPHOU TeppUTOPUU
onpejesseTca IJIaBHBIM 00pa3oM CTPYKTypoH IOA-
cruiaromeil nosepxHoctu (KonaparteeB u Illmaxosa,
2019; XpucanoB u Ocunos, 1993). CkazaHHOe OTHO-
CUTCA Kak K npupoAaHoMmy (GOHOBOMY) BBIHOCY, KOTO-
pBIii  QopMupyeTCsA Ha He 3aTPOHYTBIX XO3AHCTBEH-
HBIM BO3JeMCTBHEM 4acTAX BojgocOopa (jiec), Tak U K
aHTPOIIOTEHHOMY BBIHOCY (CeJIbCKOXO3ANCTBEHHbBIE U
ypbaHusupoBaHHble Tepputopuu). I[losTomy Kkpurte-
pUeM IpaBUJIBHOCTU BBIOOpa MUJIOTHBIX BOAOCOOpPOB
ABJIAETCS CXOXECTh WX CTPYKTYPHl TOJCTUJIAONei
MMOBEPXHOCTHU CO CTPYKTYPOH HCCIIeyeMoro Bogocbopa
B LI€JIOM.

B mHacrosamem wucciegoBaHuu auddepeHLma-
M 3eMHOT0 IIOKpPOBa IPOU3BOJWJIACH C IIOMOIIBIO
r7100aJIbHBIX apXUBOB CIYTHUKOBBIX aHHBIX MOJACTU-
JaImuyx noBepxHocTed. Kiaccuukamusa 3eMHOro
MOKpoBa BoAocOopa YeOGOKCApCKOTO BOAOXPAHUJINILIA
U MUJIOTHBIX BOAOCOOPOB CTPOMJINCH Ha OCHOBE KOJI-
nexiuu Copernicus Global Land Service Collection
3 (CGLS) (Buchhorn et al., 2020a; Buchhorn et al.,
2020b). Kosutekuuss CGLS chopmupoBaHa U3 CHUM-
KoB co cnyTHUKOB PROBA-V (PROBA-Vegetation) u
Sentinel-2 ¢ nmpocTpaHcTBeHHBIMU pa3pemieHUAMH 100
/ 110 / 300 M. I'mybrHa apxXuBa CIyTHUKOBBIX CHUM-
KOB, HCIIOJIb3YEeMBIX IIPU CO34aHUM KOJIJIEKIINN JaHHBIX
CGLS, ¢ 2015-01-01 mo 2020-12-31. B xauecTBe KJjac-
cudukanuyu MNOACTUJIAIONINX IIOBEPXHOCTE!l apXuBa
CGLS wucnosnp3oBaHa Cucrema kjaccudukanuy 3eM-
Horo nokposa OOH (Land Cover Classification System
— LCCS). OCHOBHBIM HMCTOYHHMKOM [JAHHBIX SBJIAIOTCS
MHOTOCIIEKTpaJIbHble CIYTHUKOBbIE CHUMKU PROBA-V
¢ maroM 5 JHeH U MPOCTPaHCTBEHHBIM paspelleHueM
100 M oTpaxaTeJIbHOM CIIOCOOHOCTH IOBEPXHOCTU Ha
BepxXHell rpaHuie pactutenbHoro mnokposa (Top Of
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Canopy, TOC). Bropu4HBIM UCTOUHHUKOM JAHHBIX SABJISA-
I0TCA eXeJJHeBHble MHOTOCIeKTpaJIbHble CIIyTHUKOBBIE
canMKY PROBA-V ¢ mpocTpaHCTBEHHBIM paspelleHreM
300Mm oTpaxaTeJabHOH CHOCOOHOCTH IIOBEPXHOCTH.
Vx MequaHHBINI KOMIIO3UT JejlaeTcA AJiA apXUBUPO-
BaHUA peryJIAPHBIX S5-JHEBHBIX BpPEMEHHBIX IIarosB B
100-metpoBoM n 300-MeTPOBOM IIPOCTPAHCTBEHHOM
paspemeHuu BpeMeHHoOro psaaa PROBA-V. Oto Heo6-
XOAUMO, TTOCKOJIBKY cIyTHUK PROBA-V obecrneuuBaer
eXeJHEeBHBII IJ1I00aJIbHBIN OXBAT JJIA JAHHBIX C IpO-
cTpaHcTBeHHbBIM paspemeHueM 300 M, 4TO COOTBET-
CTBYeT 5-AHEBHOMY OXBaTy AJIA TeX Xe MNaHHBIX C Mpo-
CcTpaHCTBeHHBIM paspeuieHreM 100 M. UnenTuduxanusa
TUNOB MOJACTWIAKIINX TOBEPXHOCTEN KOJUIEKINU
CGLS ocHoBaHa Ha CleKTpabHbIX MHAeKcax (Mousaei
Sanjerehei, 2014) u npyrux rjio6ajbHBIX apXUBOB JaH-
Hbix (Pekel et al., 2016) u 1udposoit Mmojaenu peabeda
WorldDEM™. TToapoGHBIiT aaroput™ KiiaccubuKarmm,
HCIOJIb30BAaHHBIN 1A MOJIyYeHUA KOJUIEKIIUNU AaHHBIX
CGLS npusegieH B (Buchhorn et al., 2020a).

Ha wuccrenyeMoli TeppuUTOpPHH BbljeJiseTcs
15 xJytaccoB HeOOXOAMMBIX [JIs pacdyeTa Harpyskd Ha
BoHBIN oOBekT (Tabmuma 1). Kak cienmyer w3 mpef-
CTaBJIeHHON TabJIMIIBl pa3HULla B IPOIIEHTHOM COOTHO-
IIEHUM Pa3JINYHBIX KJIACCOB MOBEPXHOCTU IMJIOTHBIX
00BEKTOB U COOTBETCTBYIOIUX YaCTeH BCcero Bogocbopa
BOAOXpaHUJIUIIA He mpeBocxoguT 6%. I[IpuBeneHHOE
COOTBETCTBIE CTPYKTYPHI IOACTHUIAOIIel IOBEPXHOCTH
MIUJIOTHBIX BOAOCOOPOB CO CTPYKTYPOH ITpaBoOepexXHOM
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Ta6usunia 1. CpaBHeHNe CTPYKTYPHI MOJICTUJIAIONIEN TOBEPXHOCTU NMUJIOTHBIX BOJOCOOPOB C MpaBobepexHOH U JieBoOepex-

HOM YacTsaMu Bogoc6opa YeGoKcapcKOro BOJOXpaHUIIUIIA.

Kiacc mogcruiiaonieii moBepXHOCTH Bongoc6op IIpaBoGepexne, % Boagoc6op JleBobGepexnbe, %
p. Kyabmsl, % p. JIunael, %
Kycrapuuku 0.00 0.00 0.00 0.00
TpaBsHMCTasA paCTUTEIIBHOCTb. 10.49 16.38 3.18 2.94
BosnenpiBaemasi pacTUTEJIBHOCTD / CeJlb- 37.96 37.00 11.96 8.85
CKO€ XO3HCTBO
T'Opo/ICKOI1/3aCTPOEHHBIN 3.73 2.15 1.73 0.52
l'onas/penxas pacTUTEIbHOCTD 0.00 0.00 0.00 0.00
[TocTosiHHBIE BOZIOEMBI 0.24 0.72 0.07 1.19
Tpassanucroe 60J10TO 0.01 0.07 0.01 0.06
COMKHYTBHIH Jiec, BeUHO3eJIEHbII UT'0JIb- 1.88 4.03 10.49 12.23
YaThIH JIUCT
COMKHYTBHIH Jiec, JINCTBEHHBIH 23.00 23.28 33.07 37.78
MIMPOKOJINCTBEHHBIH
COMKHYTHI Jiec, CMelIaHHbIH. 10.04 6.96 25.22 25.52)
3aKphITHIH Jiec, He COOTBETCTBYIOUUI HU 1.45 1.63 1.71 3.61
OAHOMY U3 APYTUX OIpeAesIeHUN
OTKPHITHIN JIeC, BeYHO3€JIEHbI UT0JIbua- 0.00 0.02 0.01 0.04
TBHII JIUCT
Penkuii jiec, JIMCTOMNAHBIN 0.20 0.05 0.53 0.44
IIMPOKOJIMCTBEHHBIN
Penxwuii jiec, CMeIIaHHbIN 1.76 1.56 1.69 0.30
OTKPBHITHIH JIec, He COOTBETCTBYIOIUI HU 9.22 6.15 10.33 6.72
OJHOMY U3 APYTUX OIpe/ieIeHUi
O611as mwiomaab Bogoc60poB, KM? 3248 75687 1682 56176

U JieBoOepexXHOH uacTell BomocGopa UYebGokcapcKoro
BOJOXpaHWINIIA  MOATBepXAaeT  IIPaBOMEpPHOCThb
BBIOOpa yKa3aHHBIX OOBEKTOB B KAauyeCTBE INJIOTHBIX.
Kpome TOTO, /U1 OCHOBHBIX KJIACCOB IOJ[CTUJIAIOIIEN
[IOBEPXHOCTH Ha OCHOBe aHaJIN3a JIMTepaTypHBIX aH-
HbiX (Poccosimmo, 1977; AHTpomoreHHOe 3BTPO(HUpO-
BaHUe..., 1982; [To3nHsakoB u Ap., 2020) npubImKeHHO
OlleHeHbl YMHUCCHOHHBIE XapaKTePUCTHUKY IOCTYIIJIEHUA
O1OTeHHBIX 2JIEMEHTOB B CTOK.

OCHOBHBIMU  HHCTPyYMEHTaMM  [IOCTHXeHUsd
[IOCTaBJICHHOM LieJIU ABUJINCh MaTeMaTudeckas Mofiesib
¢popmupoBaHusa croka ¢ Bogocbopa ILHM u mopess
BBIHOCA OMOTEHHBIX 3JIEMEHTOB ¢ Bogocbopa u hopmu-
poBaHUsl OMOTeHHOW Harpy3kyd Ha BOJHbIE OOBEKTHI.
ILLM, pa3paboTaHHble COTPyJHUKaMU MHCTUTYTa O3e-
poBenenusa PAH u moauduuypoBaHHbIe PU yYaCTUU
COTPYAHUKOB MHCTUTYTa arpouH)XeHepHBIX 1 9KOJIOTH-
YyecKHxX NpoOJieM CebCKOXO3AHCTBEHHOTO IPOM3BOJI-
crBa (Kongpatees u lllmakosa, 2019; AcuHckuii u ap.,
2020).

Mogesnb croka — ILHM (Institute of Limnology
Hydrological Model, CBuieTeIbCTBO O rocyJapCTBeH-
Hoil peructpanuu Ne 2015614210) (KouapaTbeB u
[MImakoBa, 2019) npegHa3HaueHa JJis pacuera I'MIpo-
rpadoB Tajoro M AOXOEBOro CTOKa ¢ Bojgocbopa, a
TakXe ypoBHell BOAbI B Bofgoeme. Mojeab uMeeT KOH-
L[eNITyaJIbHyl0 OCHOBY U OIIMCBHIBAaeT IIPOL[eCcChl CHEeroHa-
KOIJIEHUA U CHEroTasHHUs, UCIApeHUsa U yBJIAKHEHUA
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IIOYBHI B 30HE a’panuu, GopMUPOBaHUA CTOKA, a TaKxe
CTOKa B IpejeJjiax OOHOPOAHOIro BojocOopa, xapak-
TEpUCTUKU KOTOPOr0 IPUHUMAIOTCA IOCTOSHHBIMU
U1 Bcell TeppuTopun. MoJiesib MOxeT paboTaTh Kak
C MeCAYHBIM IIaroM, Tak U ¢ rofoBHIM IIaroM. B xope
MOJIeJINPOBaHus BOJOCOOPHBIN GacceiiH IpejicTaBiif-
eTcs Kak OAHOPOJHOE MojesnpyeMoe XpaHUJIUIIE,
HakaluIMBalllee IOCTyNaIlyl0 BOJAy, a 3aTeM IocTe-
[IeHHO I03BOJIA0IIee el cTekaTh. 3HaueHHsA OCHOBHBIX
IlapamMeTpoB TUAPOJIOTMYECKOI MOJesu, OIpelesisiio-
uux popMy rugporpada CToka, onpefesATCsA B 3aBU-
CHMOCTU OT IIPOLIEHTHOI'O0 COAEepXXaHuA BOOHOTO O0b-
€KTa, TO eCcTb KaK OTHOIleHUe IJIOMaJu aKBaTOpUU K
obmeli miom@aau Bogocbopa. Mopesp anpobupoBaHa
Ha psfie Bogoc60poB, pacnoyioxkeHHBIX B Poccun (peku
Turopa, Jlmxma, Canra, Osionka, CyHa, Ilysa, OATs,
Csacep, Byokca, Ceupb, Benukas, Kaszanka, CBusara u
Hesa) u ®unnanauu (peku Mycratioku u Xapaiioku)
(KonpgpatsesB u IllmakoBa, 2019).

Mopens 6uoreHHoi Harpy3ku — ILLM (Institute
of Limnology Load Model, CBuzeTesbcTBO O TOCyAap-
cTBeHHOU peructpauuu Ne 2014612519) paspaboraHa
Ha OCHOBe CYILIeCTBYIOUIMX MOJeJiell CTOKa W BBIHOCA
OMOreHHBIX BelLIecTB C BOJOCOOPHBIX IJIOIaAel U uX
noctymyieHusa B BogoeMsl (KonapateeB u Illmaxosa,
2019; Behrendt and Dannowski, 2007; Behrendt and
Opitz, 1999). B Moaesnp Takke OBbLIN 3aJI0KEHBI PEKO-
Mmenaauuu XEJIKOM mno oneHke Harpy3ku Ha BOAHEBIE
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o6bekTsl Banmruiickoro mops (Guidelines..., 2015).
Mogersnp mpefHa3HaueHa AJIA pelleHus 3ajJad, CBA3aH-
HBIX C KOJINUECTBEHHO! OI[eHKOU OMOreHHOM Harpy3Ky,
(popmrpyemMoil TOUeYHBIMU 1 HETOUYEYHBIMU MCTOYHU-
KaMM 3arpsA3HeHUs, M IPOTrHO30M ee U3MeHEHUs IMOJ
BJIMAHUEM BO3MOXHBIX AQHTPOINOI€HHBIX U KJIMMaTU-
4YecKUX H3MeHeHuil. B mopesnu peasn3oBaHBI Cylle-
CTByIOLI[ieé BO3MOXHOCTH BBOAA [JaHHBIX Trocynap-
CTBEHHO! CHCTeMbl MOHUTOPUHTa BOOHBIX OOBEKTOB, a
TakXe MaTepuaJioB rocyJapCTBEHHOHN CTaTHUCTUYECKON
OTYETHOCTH O cOpocax CTOYHBIX BOJA U CEJIbCKOXO3M-
CTBEHHOU J[eATEJIbHOCTH Ha BOAOCOOPHBIX OacceiiHax.
Mogesnp Takxe II03BOJIAET PACCUUTHIBATH BHIHOC OHO-
TeHHBIX BelllecTB U3 BogocOopa MoJ BIWAHUEM THIpo-
joruyecknx (PakToOpoB W yAepXkHBaHHE BOAOCOOPOM.
KoneuHbIM pe3yJIbTaTOM MOJeJNMPOBAaHUs ABJIAETCA
olleHKa OMOTeHHON Harpy3Kd U ee KOMIIOHEHTOB Ha
[IOCTYyIAaIMN BogoeM ¢ Bogocbopa. Moesib Harpy3ku
OMOTreHHBIMU BelllecTBaMM IIpOoBepeHa Ha psfie BOJOoC-
6opoB Poccum (pexku Benukas, Jlyra, Mra, Wxopa,
CrnaBanka, Cectpa, Illysa, Bopama, CyHa, Ka3zaHka,
Csusra u HMpreim) (Kouapatees u IlImakosa, 2019; 80
JleT pa3BUTUA JMMHOJIOTUU..., 2023). B matepuasax
XenbcuHKckow komuccun (Applied methodology...,
2019) mpencTaBjeHO oOmNucaHue Mofesiel, KOTo-
pble MOTYT MCIOJIb30BaThCA MJIA pacueTa BHeNIHeN
Harpy3KHu Ha BOJiHble 00beKThl OacceliHa BanTuiickoro
MopsA. B ux yucsio Bxoaut u mogaess ILLM.

CoBokynHocTh Mopeseri ILHM u ILLM npepn-
crapjsieT coOOM MoOAesb Tuma «precipitation-runoff-
removal», TpaHchoOpMUPYIOIIYyI0 MeTeonapaMeTphl
(ocapku 1 TeMIepaTypy Bo3Ayxa) B CTOK U BBIHOC OHO-
TeHHBIX 3JIEMEHTOB C BojocOopa B 3aBUCHMMOCTU OT
XapaKTepUCTHK NTOACTUIIAIONel] IOBEPXHOCTH U NHTEH-
CHUBHOCTHA BHEIIHWX BO3JEMCTBUI eCTeCTBEHHOI0 U
aHTPOIIOreHHOoro xapakrepa. I1pu atom B Mmogesnu ILLM
npeyCcMOTpeH pacueT (poHOBOI Harpysku. B cooTBeT-
ctBun ¢ onpefeneHreMm XEJIKOM (Guidelines..., 2015)
npupoaHas (poHoBas) Harpyska OMOreHHBIMU Bellle-
ctBaMu (dopMHpyeTcs 3a cUeT MX BbIHOCA ¢ HeoOpaba-
ThIBaeMbIX 3eMeJIb M YacTH BBIHOCA ¢ 0OpabaThiBaeMbIX
3eMeJib, KOTOpas MPOUCXOOUT HEe3aBHUCHMO OT XO3fMH-
CTBEHHOU JIeAATeIbHOCTH.

3. Pe3yabTartbl U 06cy)xpeHue

B xauecTBe BXOJHOU MH(OpMAaNUU IJIA BBIIOJ-
HEeHUsA pacyeToB HeoOXOOUMBI cBefleHus 00 ocaAkax U
TeMIlepaType BO3[AyXa, IJIOWAAAX PAa3JIMYHBIX THUIIOB
MOACTUJIAOIIEN TOBEPXHOCTH, GOPMUPYIOINX paccpe-
JOTOYEHHBI BBIHOC OMOT€HHBIX 3JIEMEHTOB CO CTOKOM,
WHTEHCUBHOCTY TOYEYHBIX KCTOYHUKOB OHOTeHHOU
Harpy3kKH, aTMoc@epHBIX BBIAJIEHUAX aszoTra U ¢oc-
dopa, komuecTBe JOMAIIHUX XXUBOTHBIX W NTUIBI Ha
BoJiocOOpe, a TakXe BHECEHHBIX MUHepaJIbHBIX U Opra-
HUYeCKUX yAoOpeHu.

Kak oTmeuanoch paHee, ¢ Hesjibi0 MHpOpMaLU-
OHHOT0 ofecredeHns MOJeJIN IpoBeieHa Kilaccupuka-
[ TUIOB MOJCTUJIAIONINX [TOBEPXHOCTEN Bojocbopa.
3HaueHus KoHIeHTpaluil azora docdopa B cTOKe C
Pa3JIMYHBIX TUIIOB MIOACTHJIAONIEN TOBEepXHOCTU 3aja-
BaJIOCh 110 JaHHBIM II0JIEBBIX MCCJIeJOBAHU, IPOBOIUB-
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muxes B 2018 u 2019 ropax corpyaHukaMmu MHcTUTyTa
oszepoBenieHuss PAH (ITo3guskoB u ap., 2020). dia
OI[eHKU BKJIaJla TOYEYHBIX MCTOYHUKOB B (popMHUpOBa-
HYe OMOreHHOM HAarpy3kKu Ha 03epOo HCIIO0JIb30BAJIHCh
JaHHBIE CTaTUCTAYeCcKUX (opM TrocyAapCTBEHHOU
otuetHocTu 2TTI(BOoax03). JOCTAaTOYHO BBICOKHE 3HA-
yeHUA KO3(P(PUIMEHTOB SMHUCCHUM U KOHI[eHTpaluil B
CTOKe ¢ ypOaHM3UPOBAHHBIX TEPPUTOPUN ABJIAIOTCA
BBIpaXEHHEM BKJIaJla pacCpefOTOYEHHOI'O CeJIbCKOTO
HaceJIeHUs, He UMeol[ero NOAKII0YeHNsA K KaHain3a-
I[MOHHBIM CETsM U OYHCTHBIM coopyxeHusam (Behrendt
and Opitz, 1999). AtmocdepHas Harpy3ka 3agaBa-
Jlach B COOTBETCTBHM C MaTepuajiaMy HccJieJOBaHUN
Kazanckoro ¢enepanpHoro yHusepcurera (MuHaKoBa
u 1p., 2019), ipu 3ToM pasfeJieHre Ha eCTeCTBeHHYIO
1 aHTPOIIOTeHHYI0 COCTaBJIAIOIINE He IPOBOJUJIOCKH.
Jna xanuOpoBKU MOAesIM UCIOJIb30BaJICh [daHHBIE
HaOJII0JeHUH 32 CTOKOM U KauyeCcTBOM BOJIbl HA COOTBET-
CTBYIOI[MX IIOCTaX TrOCYJapCTBEHHOIO MOHUTOPHHIA
PocruapoMera B 3aMbIKalOIIUX cTBOpax pek KyapMmel u
JIunpel 3a nepuop ¢ 2008 o HacTosAIlee BpeMs.
Ce/lbCKOXO3ANCTBEHHAs Harpyska asoToM U
dochopoM Ha BOOOCOOPH! OLleHUBAIACh IO METOAUKE,
npejcTraBjeHHON B pabote (BpioxaHoB u np., 2016).
CorjlacHO 3TOY MeTOJMKe, B pacueTaX YYUTBHIBAJINCh
cjeayionie OCHOBHBIEe (aKToOphl popMHpoBaHuA OHO-
reHHOU Harpy3KU Ha CeJIbCKOXO03ANCTBEHHBIX MOJIAX:
* cojepxaHue asora u docdopa B mouse, J0JIA UX
BBIHOCA OT OOIero cofAepxaHusA B I10YBE;

* KoJInuecTBO a3zoTa u ¢docdopa B cocraBe MHUHe-
paJIbHBIX YI00peHNH 1 KOAMOUITNEHT UX SMUCCHUU;

* KOJMYeCcTBO a3zoTa u ¢ocdopa B cocTaBe OpraHU-
YecKuX yJ100peHul u Ko3pOUIMeHT UX SMUCCUL;

* yOAJIEHHOCTh KOHTypa CeJIbCKOXO3ANCTBEHHBIX
yroguil OT BOJHBIX 0OHEKTOB;

* THII IIOYB IO MIPONCXOXAECHUIO;
¢ THII IIOYB IO MEXaHUYE€CKOMY COCTaBY;

* CTPYKTypa CeJIbXO3yroAuii (OTHOIIEHUEe IIJIoIa-
Jlell malrHu 1 MHOTOJIETHUX TPaB, JIYTOB, MACTOUIII,
3aJ1exu).

PacueTsl ceJibCKOXO3SIICTBEHHOI Harpys3kd aso-
TOM U (ochHOPOM BHIIOJIHAJINCH TOJIBKO AJIA MUJIOT-
HBIX BOA0COOPOB. [IJi IpaBo- U JeBoOepexHON yacTen
BoJocOOpa BOJOXPAHWJIMIA BBIIOJIHAJICA IlepecyeT
3HaueHU Harpy3Ku NpONOPLHOHAIbHO COOTHOILIEHUIO
IJIoIagen.

[TpoBeniena kanuOpoBKa MOAeJU «precipitation-
runoff-removal» Ha NHJIOTHBIX BojocOOpax pek
Kynbemel n JIMHABL, pe3ysbTaTbl KOTOPOM IpefCcTaB-
JeHbl Hike. Ha PrucyHke 2 npuBeJieHBl pacCUUTaHHbIE
1 HabJTI0IeHHbIe CJION CTOKa € BOJJOCOOPOB P. JIMHAH —
c¢. Bacusibkoso u p. Kyapmel — 1. KeToBo. 3HaueHue Kpu-
Tepusa Hama-Carxkimpda — 78% miia JInuasl u 67% A
KynpMel, 4To mNOATBepXXAaeT aJeKBaTHOCTb MOMEIN
onuchiBaeMBIM IIpolieccaM (opMHUpoBaHUA CTOKAa Ha
Bogocbope.

B Tabmuue 2 mpencTaBjieHBbl pe3yJibTaThl KaJiui-
OpOBKU MOAEJN IO COOTBETCTBUIO CPeAHUX MHOIO-
JIeTHUX 3HAueHU!l BBIHOCA OHOTeHHBIX 3JIEMEHTOB
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Puc.2. Habmogennsie (1) 1 paccuntanHeie (2) cpejHeMeCIYHbIE CJIOU CTOKA ¢ BogocO6opoB pek Kyasmer (a) u JIuust (6).

CO CTOKOM B 3aMBbIKAIOMUX CcTBOpax pek Kyapmbl u
JIMH[BL, KOTOPBIE TaKXXe MOJATBEPXKIAI0T COOTBETCTBUE
pe3yJIbTaTOB MOJEeJINPOBaHUsA HMEIOMNMCA JaHHBIM
MOHUTOPUHTA.

[Ipy BBIIOJIHEHWM pacueTOB BbIHOCA a30Ta U
docdopa c¢ mpaBo- U JieBoOepexXHOU dacTeil BOJOC-
6opa UYebGokcapckoro BOAOXpPAaHWJIUINA KCIOJIb30Ba-
Jach MofieJib, OTKaJIMOpoBaHHAsA Ha COOTBETCTBYIOLUUX
MUJIOTHBIX BoJlocOopax. B kauecTBe BXOJHOU HMHOOP-
MalUuu O CTPYKType NOACTUJIAloIell IOBEepXHOCTU
BoJiocO60pa BOJOXPAHMJIMINA HCIOJIb30BAJINCH JJAHHBIE
JemipprpoBaHus KOCMUYECKUX CHUMKOB, O KOTOPBIX
ropopwiock paHee. OTcyTcTByIaa nHbopmManus oo
WCTOYHMKAX AaHTPOIOTeHHON Harpy3kKu 3afaBajiach
Ha OCHOBE NPEJIOJIOKEHUS O IPOMOPIMOHAIBHOCTU
Harpy3ku IUIOMAAsAM pacCMaTpUBaeMbiXx BOA0COO-
POB, TOJIBEPXKEHHBIX AHTPONOTEHHOMY BO3JI€HCTBUIO.
PesysbTaThl OpUOJMXEHHONW OLlEeHKH OWOTeHHOM
Harpy3ku Ha Yebokcapckoe BOAOXPaHUJIUIIE, CHe-
JIAaHHOW T0 JTaHHBIM MOJEJINPOBAHUs CTOKA U BBIHOCA
asora u ¢pocdopa ¢ MUIOTHEIX BOAOCOOPOB, MPECTaB-
JieHsl B Tabuiie 3.

CorJracHO pe3yJibTaTaM PacyeToB, CPEQHSS MHO-
roJieTHsisA OMoreHHast Harpy3ka Ha YebGokcapcKoe BO/I0-
XpaHWJINIIE B TOJl CPeJHEN BOAHOCTU MPHUOJIMIXEHHO
ouenuBaetrca B 31320 TN/rog u 725tP/roa. [Ipu stom
MOJYJIb BBIHOCA C MPABOOEPEXHON YaCTU COCTaBJISET
222 xr N/xkm?rog u 5,6TP/km?ron, ¢ jieBOGepexHON —
262 xr N/km’rog u 5,4TP/xm?roa. IlpencTaBiieHHbIE
JaHHBIE MOJIeJIMPOBAHUs HE MPOTUBOpEYAT pe3yJibTa-
TaM JIPYTHX WCCJIEJOBAHUI BHIHOCA OMOTEHHBIX 3Jie-
MEHTOB MPUTOKaM¥ BoAoXpaHmmima (SlcuHckuii u ap.,
2020).

4. 3aknioueHue

Takum obOpa3oM, NpubIMKeHHas OleHKa Ouo-
reHHOU Harpy3Ku Ha KPYITHBIN BOAHBIN OOBEKT CO CTO-
POHEBI BogocOopa, He OCBAIIeHHOI'0 B IOCTaTOYHOMH CTe-
IeHy HaOJIoAeHUAMN MOHMTOPUHIA, BO3MOXHa IIpU
HaJIM4YMU CJIeAYIOIUX YCJIOBUIL:
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Ta6auna 2. Pe3ysibTaThl KaJTUOPOBKYU MOAEJIN Ha BOJOC-
6opax pex Kyasmel u JIMHABI [0 COOTBETCTBUIO 3HAYEHUI
BBIHOCA a30Ta U ¢ocdopa B 3aMBIKAIOIIUX CTBOPAX.

HcTrouyHUK MHGOpMAIUU Kynsma — Jluspa - cTBOp
crBop KcTtoBO | BacuibkoBo
Ntot’ T/ Ptot’ T/ Ntot’ T/ Ptot’ T/
roa rof roqg ron
CpenHerofoBble 3HaueHus | 715,69 | 18,00 |443,73| 9,16
(10 MaHHBIM MOHUTOPHHTA)
Pe3ynbpTaThl KaauOPOBKU 717 | 18,00 | 442 9,11

Tabauna 3. Pe3ynbpTaThl NpUOIMXKEHHON OIEHKU OHO-
reHHOU Harpy3ku Ha YebGokcapckoe BOJOXpaHWUJIUIIE, clie-
JIaHHO! IO JAaHHBIM MOJEJIMPOBAaHUA BbIHOCA azoTa u doc-
¢opa ¢ NHUJIOTHBIX BOJOCOOPOB.

N

061y

P

o6y

PesysnbpTaThl pacuera

[TpaBoGepexbe YeGOKCapCKOro BOAOXPAHUIIHINA
(romanap — 75687 kM2, cpeTHUI MHOTOJIETHUI CJION CTOKa
- 100 mMm/TOn)

buorennas Harpyska Ha Bojoxpanuiuiie |16729| 425
(t/rom)
Ipupoanas (dpoHoBas) cocrasstomias (t/ | 2287 | 80,8
rom)
Moysis BeIHOCA (KT/KMZTO[) 222 5,6

JleBoOepexbe UeOOKCapCKOTO BOJOXPaHUIIUILA
(mmomanp — 56176 km?, cpeJHUIT MHOTOJIETHUH CJION CTOKA
188 mm/Tox)

buorennas Harpyska Ha Bogoxpanuinume |14591| 300
(t/ron)
Mpupoanas (doHosas) cocrassaomias (t/ | 4111 | 118
ron)
MopmyJib BBIHOCA (KT'/KM2TOX) 262 5,4
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¢ BbIsIBJIEH JJOCTATOYHO XOPOIIO M3yYeHHBIN MUJIOT-
HBIF BOJIOCOOp-aHAJIOT, UMEION[HI MYHKT THAPO-
JIOTUYECKUX U TUAPOXUMHUYECKUX U3MepeHUi
B 3aMBIKAIONEM CTBOPE U CXOXYH C OCHOBHBIM
Bojoc6OpaM CTPYKTYpy MOACTUJIAIOIIEH MOBEPX-
HocTHu (HarmpuMep, 1o % IJIOIMAaAu OCHOBHBIX KJIac-
COB TIO/ICTUJIAIOIIEH TTOBEPXHOCTH);

+ BrifpaHHasgs MaTeMaTuyeckass MOJEJb «OCad-
KHU-CTOK-BBIHOC» oObecrnieueHHa uHGopMaleii oo
OCHOBHBIX MCTOYHHKAxX OMOTeHHOW Harpyskud Ha
ruaporpaduyeckyio ceTb M OTKajuOpoBaHa Jisg
3aMBIKAIOIIero CTBOpa MUJIOTHOTO BogocHopa.

B stoM ciayudae oTcyTcTBue uHbopmaiusa 06
WCTOYHUKAX aHTPOMOTe€HHOIN Harpy3KU Ha BeCh BOJOC-
0op B pacueTrax MOXeT OBITh KOMIIEHCHMPOBAHO [OaH-
HBIMU 10 NUJIOTHOMY 00BeKTy. [Ipu 3TOM npuHUMAaeTCA
MpeAIoJioxKeHre O MPOMOPLHUOHAJIBHOCTU MTapaMeTpoB
IJI0mMaau BogoCOOPOB.

B Toxe BpemMsa HeOOXOAWMO IMOMHHTb, 4YTO B
Oyoymux HCCIeOBaHUAX MAJiA IOBBIIIEHNA CTeNeHU’
JOCTOBEPHOCTH IOJIyuYeHHbIe B pe3yJibTaTe MOAEeJINpPO-
BaHUA pe3yJIbTaThl HEOOXOAUMO CPaBHUTH C JaHHBIMU
peryJiAipHOro Ha3eMHOTO0 MOHUTOPHHIAa CTOKa U Kade-
CTBa BOJIBI, KOTOPBIE TOJDKHBI OBITh OPraHM30BaHBI Ha
OCHOBHBIX IPUTOKAaX BOJOXPAHUJIHIIIA.
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ABSTRACT. The work is based on the E.A. Gofman’s collection of recent ostracods. Here we present
summarized data on our results of studying 45 near-shore sampling sites and previously published
data, which were the first one to investigate the distribution of recent ostracods in the Caspian Sea
and to discuss the influence of such factors as bottom sediments type, water temperature and salinity.
Overall, distribution of the ostracods in the Caspian Sea shows a remarkable depth control. The near-
shore ostracod assemblage of the Caspian Sea indicates shallow water conditions. Predominant spe-
cies tolerates temperature and salinity seasonal changes. In northern area assemblage is dominated by
Cyprideis torosa and contains abundant euryhaline species tolerant to reduced salinity ranges reflecting
the river influence, significant temperature changes and unstable hydrological regime. In the Central
and Southern Caspian Sea, the assemblage is mostly represented by the Tyrrhenocythere amnicola donetz-
iensis and other stenohaline species. The analysis of the recent near-shore ostracods of the Caspian Sea
allows to conclude that salinity, along with water depth, are the leading factors determining the com-
position of ostracod assemblages.
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1. Introduction However, during a highstands, an exchange of

fauna occurred - for example, as a result of the connec-
tion between the Caspian and the Black Seas through
the Manych Strait (Jones and Simmons, 1996; Rogl,
1999; Popov et al., 2006). Some researchers are of
the opinion that only coastal shallow-water popula-
: : A tions migrated to Azov-Black Sea basin through the
2005). The Caspian ostracod fauna of marine origin Manych Strait. Specimens of deep-water populations
is constituted by representatives of Leptocytheridae, could not migrate through a shallow straight (e.g.,
Hemicytheridae, Loxoconchidae and Xestoleberididae, Schornikov, 2017) that existed at different times in the
however, none of them can be assigned to original Quaternary history of the Caspian Sea (Svitoch et al.,
genera of these families since the endemic taxa have 2011; Semikolennykh, 2022). Others find a greater sim-
been formed there on the level of genera (with the only ilarity between the shallow-water assemblages of the
exception — C. torosa) (Schornikov, 2011b) due to sig- Caspian Sea and the fauna of the Aral Sea; between
nificant paleogeographical events, geographical isola- the deep-water assemblages of the Caspian Sea and the
tion and unique brackish-water habitat (Mandelshtam Black Sea (e.g., Boomer, 2012). In total, 26 species of
et al., 1962; Svitoch, 1991; Rychagov, 1997; Yanina, Caspian origin were identified in late Pleistocene and
2012, etc.). Despite the high-amplitude changes in the Holocene sediments of the Azov-Black seas, 17 species
sea-level of the Caspian Sea during the Quaternary, its occurred alive in the river deltas, bays and estuaries
deep-water areas retained a certain volume of water (Schornikov, 2011a). The same work notes that three

even during regressive episodes and must have acted as Caspian species invaded in the Aral Sea. They inhabited
refugia (Boomer, 2012).

The Caspian Sea is the largest enclosed water
body in the world. As a Paratethyan remnant it is
assumed that many of the modern ostracod species
in the Caspian Sea originated from marginal marine
environments during the late Neogene (Boomer et al.,
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that area in the 60s of the 20th century, but now only
C. torosa remains in the Aral Sea.

We encountered some difficulties when attempt-
ing to arrive at a homogeneous picture of the ostracod
distribution in the Caspian Sea. One of the greatest
problems was the retention of open nomenclature for
many of the taxa. About 350 species of ostracods are
known from the Pliocene and Post-Pliocene depos-
its of the Caspian basin area. However, most of them
are difficult to determine, since it frequently remains
uncertain which taxon the authors of publications
meant under a certain name (Schornikov, 2011b). The
abundance of taxonomic problems is discussed in detail
in the Schornikov’s work (2017), the following factors
were noted as their main reasons of the incorrect iden-
tifications: many species were described repeatedly by
different researchers and published independently; dif-
ferent forms were described as different species. It is
extremely difficult to revise the majority of ostracod
species of the Caspian Basin, since the reports and col-
lections, which were the basis for the initial descrip-
tions have been lost or appeared inaccessible. New sam-
pling of sediment from the bottom of the Caspian Sea
without equipping large interdisciplinary expeditions,
the closedness and fragmentation of available drilling
materials for various reasons (like implementation of
commercial projects, the search for oil and gas, the con-
flict of interests of different countries in the Caspian
region) still hinder work in this direction, especially for
small research groups. Therefore, the Gofman’s collec-
tion is of great importance. It is the result of the Institute
of Geology and Development of Fuels work, devoted to
the study of the ecology of ostracods and foraminifera
in brackish and freshwater basins. Later, E.A. Gofman
was forced to study the stratigraphy of the Jurassic
deposits of Mangyshlak, leaving work on the Caspian
ostracods unfinished and providing a report (Gofman,
1966) focused on identifying the most favorable condi-
tions for the particular species, as well as determining
the habitats of various species of ostracods. As a result,
the work with the unique collection material was not
completed; some samples needed additional elabora-
tion. In particular, the issues of freshwater ostracods
distribution and shallow-water zone along the eastern
shore of the Caspian Sea were not covered (Gofman,
1966).

Nowadays, according to the latest estimates the
Caspian Sea ostracod fauna is now known to comprise
more than 70 species, however only for 16 the soft
parts were described (Schornikov, 2011b). Saidova
(2014) found 61 species in modern sediments of the
Caspian Sea. According to earlier works by Naidina
(1968), 23 species of ostracods were found alive in the
Caspian Sea. According to Gofman (1966) more than
80 species of ostracods live in the Caspian Sea, 57 of
them were identified and 39 were described there in
detail. It was noted that to compile the report, data was
used from 300 sampling sites from the entire Caspian
Sea area (Gofman, 1966). Although for this study we
used specimens from the collection that were identi-
fied as living by Gofman, we were not convinced that
the studied shells were alive at the time of collection.
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No soft parts (appendages and other internal organs)
preservation was established. Unfortunately, due to the
lack of illustrations, it is sometimes difficult to deter-
mine which taxa were actually described by Gofman
(1966). In addition, certain names have been changed
in some cases since the time of publication. For exam-
ple, Schornikov (1964) considered Graviacypris as a
junior synonym of Candona and, since Candona elon-
gata Schweyer would have been a junior homonym of
Candona elongata Herrick, 1879, he changed its name
to Candona schweyeri (Boomer et al., 2010; Spadi et al.,
2019).

This work is a continuation of the distribution
and ecology researches of the modern ostracod species
in the Caspian Sea initiated by Gofman (1966). Here an
attempt was made to expand our knowledge of the dis-
tribution and ecology of some modern ostracod species
in the Caspian Sea, however, due to the difficulties and
limitations mentioned above, the focus of the work was
only on the species that are most widely represented
in the studied samples, and those species that was able
to be determined unambiguously. Thus, the presented
generalization is based on the results of the author’s
study of the Gofman’s collection and analysis of a num-
ber of publications devoted to ostracods of the Caspian
basin. It should be noted that the current work mainly
meets the paleogeographic interests of the Caspian
region studying, since the information provided can
be used to understand the environmental changes cor-
responding to the time of sediments accumulation in
which the described ostracod species could be found.

2. Materials and methods

The present study is based on the E.A. Gofman’s
collection of recent ostracods, completed during the
spring season in 1964, which is now being stored at
the Laboratory of Pleistocene Paleogeography, Faculty
of Geography, Lomonosov Moscow State University.
There are no analogues to this collection, containing
ostracod shells of the entire Caspian Sea area.

According to Gofman (1966), a total of 900 sam-
ples were initially taken from 300 sampling sites (three
samples from each site), but the author received signifi-
cantly reduced collection. Over the past decades, some
of the samples were partially or completely lost, there-
fore, the quantitative analysis in this study was replaced
by a qualitative one. As large areas of the Caspian Sea
are shallow, especially in the northern part of the sea
nearby Russian shore, we studied the near-shore zone.
It includes sampling sites, where water depth is less
than 50 m. A total of 45 near-shore sampling sites were
studied, where the largest number of ostracod shells
have been preserved (Fig. 1, 2).

Ostracods from the bottom sediments of the
Caspian Sea (upper ~0-5 cm) were collected during the
summer seasons of 1961-1963 with a bottom sampler.
For the collection each dry sediment sample weight
was 100 g by Gofman. These samples were washed
with tap water through a 63 pm sieve, the remaining
>63 um -size fraction was air-dried. Using a binocu-
lar microscope, ostracod shells were hand-picked from
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the dried sediment using a fine-tipped brush ?’; = E?g’g
and transferred to a slide (Krantz-Cells or micro- ' 3 E §§§
cells). These shell samples (valves or carapaces) & Lg’ 40
preserved in the collection were studied in the /k\\‘ S
current work. N 2 £

Here we present summarized data on our 2 10 go17 16 8452 474841 L v g 2
results of studying 45 near-shore sampling sites s 7e0 15 "..~.6 180
(Fig. 1) combined with published data, which B P e Pl

1 @ surface samples

was the first one to investigate the distribution B

of recent ostracods in the Caspian Sea and to
discuss the influence of such factors as bottom
sediments type, water temperature and salinity
(Gofman, 1966; Schornikov, 1973; Yassini, 1986;
Chekhovskaya et al., 2014). For each sampling
site water depth, mean annual bottom water tem-
perature and salinity at the time of sampling are
available. This data is presented in Fig. 2, 3, 4.

41°0'0"N

3. Results and Discussion

Following the geographical features
(Fig. 2, 3, 4), the samples are combined into three
groups — Northern Caspian (Fig. 1, points 1-24,
28, 31, 41, 46-47), Western Caspian (Fig. 1,
points 25, 32-40, 42-44), Eastern and Southern
Caspian (Fig. 1, points 26-27, 29-30, 45). Since it
is impossible to give an exact quantitative assess-
ment, to indicate the frequency the following
indexes were used: a — “abundant” for numerous 47 00"E 51°0'0"E
shells of a certain species, ¢ — for “common”, r — Fig.1. Location of the studied sampling sites.
for “rare”, s — for “single”. Three coastal ostracod = 9
assemblages have been identified (Table 1). %, )

The C. torosa assemblage — was identified %, -
in the waters of the Northern Caspian Sea. The ¥ 4
influence of Volga is significant near its delta, /k\\‘
which can be seen at sampling sites 7, 10, 13. \‘.\ Y
Shells of D. stevensoni is numerous here — this spe-
cies is mostly coincided with the stream beds and
the river mouths, and inhabits depths up to 8 m i
with salinity below 7%o (Fig. 3). D. stevensoni is site, m
an euryhaline and eurythermal species (Gandolfi , ! 2o
et al., 2001), which probably explains its wide 7 SR
occurrence at sampling sites, where seasonal 5 ® T
changes in water temperature can reach 24 °C i " $48
(Gofman, 1966). Shells of freshwater I. bradyi, ‘
L. inopinata, Cypridopsis sp. and Candoninae spp.
were also found at the indicated sampling sites.
According to Bronshtein (1947), who described
the habitats for the freshwater and slightly
brackish species representatives, L. bradyi prefers
puddles and river oxbows from which it is being
transported to rivers. L. inopinata inhabits fresh-
water and brackish-water basins. The occurrence
of D. stevensoni decreases away from Volga delta
area, and C. torosa dominates in the assemblage.
This trend is slightly less pronounced near the
mouth of the Ural River (sampling sites 1, 9, 14).
Similar patterns were noted earlier (Naidina,
1968).

The highest abundance of C. torosa was
noted in the Northern Caspian Sea. It is a highly
euryhaline species, occurring from fresh to hyper-
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Fig.2. Water depth at the sampling sites.
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haline water in Europe, western Asia, and North
Africa. According to Gofman (1966), Yassini
(1986), Boomer et al. (2005), Chekhovskaya et
al. (2014), Berdnikova et al. (2023) etc. in the
Caspian Sea this species was recorded at numer-
ous sites at water depth from 0.2 m to 250 m
(usually shallower than 50-60 m) across the
whole sea area. However, maximum abundance
corresponds to 3-5 m depths (sometimes reach-
ing almost 90% of the total assemblage), and
decreases with depth. Population peaks were also
obtained in the transitional zone from marine
to freshwater conditions — owing to its strong
hypoosmotic regulation capacity, it is abundant
in such environments, where marine species can-
not survive due to low salinity, whereas freshwa-
ter species cannot survive due to high salinity. In
the Aral Sea it is dominant species of shell crus-
taceans (Schornikov, 1973). Studies by Aladin
(1993) showed that C. torosa from the White and
Barents Seas has marine origin, while its form
from the Baltic, Black, Azov, Caspian and Aral
seas has freshwater origin.

The high abundance of C. torosa in the
studied samples in areas of high temperature
variability (up to 24 °C), where average annual
salinity values differ by 10%o0 or more (Fig. 3),
may be associated with the large amount of
nutrients, since the mixing zone of brackish and 4700 E 51°0'0"
fresh waters, rich in zooplankton and phyto- Fig.3. Mean annual bottom water salinity at the sampling sites.
plankton, is the most productive. According to
Schornikov (1973) C. torosa became euryhaline
under favorable conditions during colonization
of the non-marine basins, which differs greatly
from marine conditions. However, as a result,
the competitive advantage was lost in marine
basins, where the marine fauna is more or less
represented in full volume. C. torosa becomes
abundant in the northern near-shore part of
the Caspian Sea with its unstable hydrological
regime. Presumably the maximum abundance
reaches because of wide salinity range and bet-
ter adaptability in such conditions. Although
C. torosa tolerates changes in salinity, it disap-
pears off the eastern coast, where a higher mean
annual salinity is observed (Fig. 3).

Almost all species of this assemblage are
tolerant to wide changes in salinity — they are
able to live both in marine conditions and at low
salinity — for example, in estuaries with a salinity
up to 5%o in association with freshwater species.
For example, A. longa and A. cymbula were also
found in estuaries in the Black Sea at depths up
to 5 m (Zenina et al., 2017). Shallow-water areas
of the Caspian Sea are characterized by signifi-
cant seasonal fluctuations of temperature as well.
The species adapt well to changes in tempera-
ture, which allows them to live in such condi-
tions. Frequent findings of C. gracilis, E. baquana
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and L. gibboides only at sampling sites remoted 47°00"E 51°0'0"E
from the large river deltas (sites 12, 15, 22, etc.) Fig.4. Mean annual bottom water temperature at the sampling
allow to conclude that although the species gen- sites.
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Table 1. The identified near-shore ostracod assemblages

Hemicytheria? azerbaidjanica (Livental in Agalarova et al., 1940)
Tyrrhenocythere amnicola donetziensis (Dubowsky, 1926)

Bakunella dorsoarcuata (Zalanyi, 1929)

Candona schweyeri Schornikov, 1964
Cryptocyprideis bogatschovi (Livental, 1929)
Paracyprideis ? naphtatscholana (Livental, 1929)
Loxoconcha gibboides (Livental in Schweyer, 1949)
Loxoconcha immodulata (Stepanaitys, 1958)
Loxoconcha lepida (Stepanaitys, 1962)

Loxoconcha petasa (Livental, 1929)

Camptocypria gracilis (Livental, 1929)
Euxinocythere baquana (Livental, 1938)

Cyprideis torosa (Jones, 1850)

Xestoleberis sp.
Camptocypria sp.

Euxinocythere bosqueti (Livental, 1929)

Euxinocythere relicta (Schornikov, 1964)

Euxinocythere virgata (Schneider, 1962)

Amnicythere caspia (Livental, 1938)

Amnicythere cymbula (Livental, 1929)

Amnicythere longa (Negadaev, 1955)

Amnicythere martha (Livental in Agalarova et al., 1940)
Amnicythere pirsagatica (Livental in Agalarova et al., 1940)
Amnicythere? quinquetuberculata (Schweyer, 1949)
Amnicythere reticulata (Schornikov, 1966)

Amnicythere striatocostata (Schweyer, 1949)
Amnicythere stepanaitysae (Schneider, 1962)
Amnicythere volgensis (Negadaev, 1957)

Darvinula stevensoni (Brady et Robertson, 1870)
Limnocythere inopinata (Baird, 1843)

Ilyocypris bradyi (Sars, 1928)

Amnicythere sp.
Leptocythere sp.
Candoninae spp.
Cypridopsis sp.
Limnocythere sp.
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erally tolerate seasonal changes in water temperature,
they prefer salinity of 10-13%o. Representatives of the
genus Loxoconcha, which do not descend to depth, are
also common. Generally, the assemblage shows the
extent of the Volga delta influence in Northern Caspian
area as well as the importance of seasonal variability of
the water parameters.

In the T. amnicola donetziensis assemblage, found
in the Western Caspian Sea, C. torosa is also widely rep-
resented (Table 1). The species T. amnicola donetziensis
is widespread in the Caspian Sea at depths of less than
90-100 m, where it forms assemblages at depths of less
than 30 m and salinity ranges from 4 to 13.5%o (Tkach
et al., 2024). It was also found in the Black Sea and the
Sea of Azov at salinity less than 5%o and in brackish
and freshwater lakes of Caspian Lowland and Manych
Strait (Schornikov, 1973; Zenina et al., 2017). This spe-
cies is common in the littoral zone and tolerates tem-
perature and salinity seasonal changes. In Northern and
Central Caspian Sea both adult specimens and instars
were found. In addition, almost all studied samples
contained C. bogatschovi, Camptocypria sp., A. striato-
costata, A. caspia, A.? quinquetuberculata and E. virgata.
The species E. virgata is often found in samples from
the Gofman’s collection (Table 1). In the studied sites
this species inhabits littoral zone with depths usually
less than 30 m and with significant seasonal variation
in temperature and salinity. Living species were found
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in the Northern Caspian Sea by Maria Zenina in 2013
in water of 25.4-27 °C temperature, 10.02-12.01%o
salinity, pH 7.30-8.33. The species typically inhabits
sandy sediments (Tkach et al., 2024). It was also found
in Azov-Black Sea in rivers estuaries, limans and lakes
with salinity less than 5%o (Zenina et al., 2017).

Less common in the assemblage of Western
Caspian Sea (Table 1) are E. bosqueti, E. baquana
(although finds of E. baquana are frequent at sampling
sites 32, 37 and 39), and H.? azerbaidjanica. Single
specimens of A. longa and C. schweyeri (sampling sites
32, 33, 34), C. gracilis (sampling sites 36, 38, 42) and
L. gibboides (sampling sites 32, 33) were also found in
the Western Caspian Sea. L. gibboides is common for
water depth less than 90-100 m. This species tolerates
temperature changes from 4.5 to 15 °C, prefers salin-
ity 10.5-13.5%o0, withstanding dynamic hydrological
conditions and salinity decrease down to 7%o (Gofman,
1966; Yassini, 1986).

The T. amnicola donetziensis assemblage identi-
fied in the Eastern and Southern Caspian Sea, is dif-
ferent from the community described for the western
area (Table 1). Thus, here the species C. torosa was
not found and recent near-shore assemblage is repre-
sented mainly by the species T. amnicola donetziensis
and stenohaline species like P.? naphtatscholana, L. gib-
boides, Camptocypria sp. u C. bogatschovi. The former
is generally widespread in the Central and Southern
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Caspian Sea, especially its eastern area (Yassini, 1986).
The species C. bogatschovi inhabits waters with a salin-
ity 12.5-13.25%o; it prefers shelf environments with
depths of about 60-200 m (rare findings were noted
at depths of less than 30 m and 200-315 m) (Gofman,
1966; Boomer et al., 2005; Chekhovskaya et al., 2014).
L. gibboides — common for the Eastern Caspian — was
found in the Northern Caspian only at depths deeper
than 15 m (Fig. 2), probably due to the fact that this
species prefers greater depths and/or more saline envi-
ronment. Findings of various Leptocythere sp. are also
common along with rare finds of A. caspia, E. bosqueti,
E. virgata and Xestoleberis sp. Single shells of E. baquana
and A.? quinquetuberculata were found in sample
from the site 45 (Fig. 1). Their widespread presence
was previously noted in the Caspian Sea, as well as
in the Dniester estuary and the Don delta (Naidina,
1968), however, according to the current research,
these species are more often found in brackish water
environments.

Along the western coast of the Central Caspian
species with a thick shell, practically not sculptured,
were noted. Such a variability may be related to the
higher energy environment (wave action), intense bot-
tom water currents, as well as frequent severe storms
in this region. There are no freshwater species in the
assemblage mainly due to the absence of large rivers
in the area. Although, the smaller number of studied
sample sites, compared to the Northern and Western
Caspian Sea, should be noted.

The results presented allow to conclude that the
recent ostracod fauna of the Caspian Sea changes with
distance from the coast with increasing depths in accor-
dance with changes in the bottom water temperature
and salinity. In the shallow Northern Caspian Sea, par-
tially frozen in winter and warmed up to 24 °C in sum-
mer (Gofman, 1966), samples were taken from depths
of up to 20 m (Fig. 2), the mean annual salinity does
not exceed 10%o (Fig. 3) and changes significantly as
the influence of fresh water from river runoff weakens.
The ostracod assemblage here is represented by species
that adapt well to changes in temperature and salinity.
Despite the predominance of the species T. amnicola
donetziensis in the assemblages of the Western, Eastern
and Southern Caspian Sea, their composition differs
along with water parameters at the sampling sites.
The east and south part of the Caspian Sea are areas of
the highest salinity (13-14%o) (Fig. 3), although mean
annual bottom water temperature here is lower than in
the western zone — about 11-13 °C (Fig. 4) (up to 5 °C in
winter and 19 °C in summer in the Middle Caspian, up
to 11 °C in winter and 25 °C in summer at sampling site
45) (Gofman, 1966). Here we found more thermophilic
and stenohaline species. Moreover, due to the greater
depth of sampling (25-50 m, Fig. 2), single shells of
deep-sea Caspian species were noted here (e.g., B. dor-
soarcuata), which inhabits depths above 50 m (Gofman,
1966; Yassini, 1986; Boomer et al., 2005; Tkach et al.,
2024)).

The assemblage described for the western part
of the Caspian Sea, although slightly different in
some components to the north and to the south of the
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Absheron Peninsula, contains both representatives
of the North Caspian community (especially in shal-
low-water areas) and species most often presented in
samples from the eastern part of the sea. Such pattern
could be explained by larger depth range of sampling
in the Western Caspian (from 0-5 to 35 m), and by dif-
ferent distances of sampling sites from the large river
mouths. The analysis of the recent near-shore ostracods
of the Caspian Sea allows to conclude that salinity,
along with water depth, are the leading factors deter-
mining the composition of ostracod assemblages.

4. Conclusions

Distribution of the ostracods in the Caspian Sea
shows a remarkable depth control. Overall, the near-
shore ostracod assemblage of the Caspian Sea indi-
cates shallow water conditions. The low salinity of the
greater part of the near-shore Caspian Sea has forced
development of the brackish-fresh water forms. The
corresponding near-shore assemblages (e.g. North
Caspian) is dominated by C. torosa and contains abun-
dant euryhaline species tolerant to reduced salinities,
high temperature changes and unstable hydrological
regime. At the same time near-shore assemblages of
Central and Southern Caspian areas are represented
mostly by stenohaline ostracod species, reflecting the
unique brackish-water environment of the Caspian Sea.
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CoBpeMeHHbIH NPUOpeXHbIH KOMNAEKC
ocTpakoa KacnuMckoro mopsa

Tkau A.A.*

Jlabopamopus Hogetiwuux omytoxceHull u nateoeeoepaguu nieticmoyera, I'eoepaguueckuti paxytomem,
MTI'Y um. M.B. JIomoHocoasa, JleHuHckue copwvt 1a, Mockea, 119991, Poccus

AHHOTAILIHSA. Pabora ocHOBaHa Ha MaTepuajiaX M3yUYeHHs KOJUJIEKI[M COBPEMEHHBIX OCTPaKond
E.A. Tobman. B crtathe mpejacTaBjieHO 00001IeHHe pe3yJbTaTOB HCCJIeoBaHUA Mpod u3 45 Touek B
npubpexHoi yactu Kacnusa u paHee omyOJIMKOBAHHBIX JaHHBIX U3 paboT, IOJOXUBIINX Hayayio U3Y-
YEeHWI0 COBPEMEHHBIX COOOIIecTB ocTpako B KacnuiickoM Mope U UX CBA3U C THUIIOM JOHHBIX OTJIOXe-
HHI, TeMIepaTypoy U COJIEHOCThIO BOABL. Tak’ke mpHBeAeHbl CBeAeHNUA 00 3KOJIOTUU BUAOB OCTPAaKO[,
PaKOBUHBI KOTOPBIX HanboJiee 4aCcTO BCTPEYalTCsA B M3yYeHHBIX Ipo6ax. B 11e;10M coBpeMeHHBIN COCTaB
dayns! octpakon Kacnmiickoro Mopsa usMeHseTcs [0 Mepe yAajieHusA oT Oepera ¢ Bo3pacTaHUEM IJIy-
O6unbl. [IpubpexHbIE KOMIUIeKC ocTpakon Kacmus, riaBHBIM 00pa3oM, MpeACTaBjeH MEJIKOBOAHBIMU
BUJaMM, KOTOPbIE XOPOIIO IIePEHOCAT Ce30HHBIe N3MeHeHUs TeMIlepaTyphl U COJIEHOCTH. B ceBepHON
o6J1acTy B KOMIUIEKce JOMUHUpPYeT Cyprideis torosa v IpUCyTCTBYIOT SBPUTAJIMHHBIE BU/IbI, CIIOCOOHbIE
NIepeHOCUTh Ilepenajbl TeMIepaTyphl U CyIleCTBEHHOE ONPEeCHEHWE — TeM CaMBIM KOMILIEKC OTpaXkaeT
BJIMAAHME BIAJAONINX peK 1 HecTaOWJIbHBIN rufpoJiorndeckuil pexxuM. B Cpenuem u HOxunom Kacnuu B
koMIutekce noMmunupyert Tyrrhenocythere amnicola donetziensis v ipeo6Jiafal0T CTEHOTaJIMHHBIE BUHL. B
11eJI0OM, MPOBEEHHBIN aHAJIN3 COCTaBa MPUOPEXHBIX coobmecTB Kacnuiickoro Mopsi MO3BOJIAET 3aKJIIO-
YUTh, YTO COJIEHOCTh BOABI HAPAAY € IJIyOMHON MOpSA ABJIAIOTCA BeAyLMMU IapaMeTpaMu, Ollpefesisio-
IMMHU COCTaB KOMILJIEKCOB OCTPAaKOJ.

Kitiouegsie citoda: octpakosl, roJiolieH, COJIOHOBaTOBOgHAaA cpena, [lonTo-Kacnuii, Kacnuiickoe mope

Jlua nurupoBaHus: Tkad A.A. CoBpeMeHHBIN TPUOPEXHBIN KoMILTeKc ocTpakoA Kacnuiickoro mops // Limnology and Freshwater
Biology. 2024. - No 3. - C. 142-156. DOI: 10.31951/2658-3518-2024-A-3-142

1. Beeaenue HOT'O COJIOHOBATOBOAHOro pexuma (MaHpenbmiTaM u

ap., 1962; Ceutoy, 1991; Prruaros, 1997; Axnuna, 2012
u ap.). HecMoTps Ha BBICOKOAMILIUTYAHbIE N3MeHEeHNsA
ypoBHA Kacnuiickoro Mopsi B YeTBEpTUYHOE BpeMs,
ero ryiy0OKOBOJIHBIE PAOHBI COXPAHsIN ONperesieH-
HBIII 00BbeM BOJBI JaXke B MEPUOABl CaMBIX I'TyOOKHX
perpeccuii, TeM caMbIM BHICTyNasi B pojii pedyruyMoB
(Boomer, 2012). OgHako B IeprOAbl BBICOKOTO CTOSTHUSA
ypoBHsA Kacmnus npoucxoaus obmeH dayHOU — Hanpu-
Mep, B pe3yJbTaTe yCTAaHOBJIEHUS CBA3M C UYEpHBIM
MopeM 1o MaHbsruckoMy npoJsiuBy (Jones and Simmons,
1996; Rogl, 1999; Popov et al., 2006). Oguu uccJie-
nosatenu (Ilopnukos, 2017) mpuaepXUBaiOTCsA MHe-
HUsA, COTJIACHO KOTOPOMY 3K3eMILIAPHI ITyOOKOBOJHOM
nonyAnun Kacnuiickoro Mopsi He MOTJIM NPOHUKAaTh
yepe3 MeJIKOBOJHBIE MIPOJIMBI, CYIleCTBOBABIIINE B Pas-
Hoe Bpems udeTBepTuuHOl ucrtopuu Kacmua (CBurou
u ap., 2011; CemukoJsieHHBIX, 2022), B TO BpeMA Kak

Kacnimiickoe Mope sBsfeTcs KPYIMHEHIINM B
MUpe 3aMKHYTHIM BojgoemoM. Ilpefmosiaraercs, 4To
MHOTHe BU[BI OCTpakod, Haceswomue Kacnuiickoe
Mope SABJIAITCA HacaequeM ITapaTtetuca (Boomer et al.,
2005), oJHAKO OHU 3HAYUTEJIPHO OTJIUYAIOTCS OT CBOUX
OKeaHNYeCKUX IIPeJIKOB — B OCHOBHOM (hayHy OCTpaKon
MOPCKOT'0 IPOUCXO0XAeHus1 B Kacnuy cocTaBJIAOT Ipea-
craBuTesiu ceMeicTB Leptocytheridae, Hemicytheridae,
Loxoconchidae u Xestoleberididae, koTopsie oHaKO He
MOTyT GBITH 0O0OCHOBAHHO OTHECEHBI K OPUTHHAIBHBIM
poJiaM 3TUX CeMeHCTB, MOCKOJIBKY Ha POJIOBOM YPOBHE
cbOpMHUPOBAJINCH SHIEMUYHBIE TAKCOHHI (MCKJII0UeHIe
cocTtasyAeT Jmiib Bujg C. torosa) (Schornikov, 2011b),
9TO OOBSACHAETCA CYIleCTBeHHBIMU Iajieoreorpadude-
CKHMM IlepecTporiKaMi, NeprojaMy JJIUTEIbHON Ireo-
rpadryecKoil M30JANUN U YCTAaHOBJIEHHEM YHUKaJb-
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puOpexxHble MeJIKOBOAHBIE TOMYJIALUU MUTPUPOBAJIN
B A30Bo-UepHOMOpCKUil OacceiiH depe3 MaHBIUCKHUI
nponuB (IllopHukos, 2017). Apyrue (Boomer, 2012)
00HapyXUBAIOT 0OJIbIlIee CXOACTBO MEJIKOBOJAHBIX KOM-
mwiekcoB Kacnmiickoro Mops ¢ ¢ayHoi Apasa, a TIy-
6oxoBoAHBIX KoMILIekcoB Kacmusa — ¢ UepHBIM MoOpeM,
00BACHAA 3TO OOILTHOCTHIO NTajieoreorpadrueckoro pas-
Butus nocienaux. Becero E.W. IlopHukoBbM (2011a)
OBUTIO BHIZIEJIEHO 26 BHOB OCTPAKO[ KAaCIULICKOTO
reHesuca B paMKax pabOTHl C ILIEHCTOLIEHOBBIMU U
TOJIOIIEHOBBIMU OTJIOXKEHUAMU A30BO-UepHOMOPCKOIO
bacceliHa, TOJIBKO 17 U3 KOTOPHIX OOHApyXeHbl UM
KUBBIMH B COBPEMEHHBIX YCJIOBUAX, KaK NPaBUJIO, B
JenbTax pek, 3aJiMBax WM JiMMaHax. B Toil xe pabote
OTMeuaeTcs, 4TO TPU KAaCIUNCKUX WHBA3WMBHBIX BHA
Taxke OOHapyXHBaJNCh B ApasibCKOM Mope B 60-x
rogax XX croJieTus, Ifje CEerofHs COXPaHWJICA JIUIIb
SBpUTraJUHHBIN BUJ C. torosa.

dopMupoBaHue IeJ0CTHON KapTUHBI pacIpo-
CTpaHeHHsA OCTpakod U ux skojorum B Kacnmiickom
MOpe KpaiiHe BaXxHO [MJiA Majeoreorpaduieckon
WHTepIpeTanuy MarepuasioB OypeHU:A, HO COIpH-
J)KEHO C Cepbe3HBIMU TpyAHOCTAMHU. OOHON K3 Hau-
0Ooslee BaXXHBIX MPOOJIEM SBJIAETCA OTCYTCTBUE €JIUH-
CTBA MHEHHI OTHOCUTEJIbHO CHUCTEeMaTHUKU OCTPaKOX
Kacnuiickoro wMops. M3 niMolLeH-TUIeHCTOIeHOBBIX
orJyioxeHul Kacnuiickoro pervoHa H3BECTHO OKOJIO
350 BHIOOB oOCTpakoj, OOJIBIIMHCTBO M3 KOTOPHIX
onpeAesuTh 3aTPYAHUTEJIBHO, IOCKOJIBKY 3a4acTyio
HEesICHO, KaKo B JIeYICTBUTEJIbBHOCTU TAaKCOH aBTOPHI
Pa3JIMYHBIX NyOJMKanuii UMeJu B BUAY IO TeM WJIu
vHbIM HasaHueM (Schornikov, 2011b). O6usue Takco-
HOMMYECKHX OIIMOOK NOAPOOHO pacCMOTPeHO B paboTe
E.N. Illopuukosa (2017), B kauecTBe UX OCHOBHBIX IPU-
YHMH OTMeYeHBl cjefyoomye (GakTOpbl: MHOTHWE BHIBI
ONMCBHIBAJIMCh NOBTOPHO Pa3HBIMHU HCCJIeAOBaTesIAMU
U He3aBHCUMO IyOJIMKOBAJIMCh; Pa3NiusA B CTeleHU
Pa3BUTHA CTPYKTYpP, BBIPAXEHHOCTH MAaKPOCKYJIb-
NITyPBl PAKOBUH Y OT/IEJIbHBIX 0co0ell MpUHUMAJIKCh 3a
BUIOBBIE MPU3HAKH, TO €CTh Pa3JINuyHble (HOPMBI OMU-
CBIBAJIMICh KaK pa3Hble BUABL. PeBr30BaTh GOJIBIIMHCTBO
BU0B ocTpakon Kacnuiickoro 0acceiiHa Ha TeKyIeM
aTane u3yuyeHus KpaliHe 3aTpyAHUTEJIBHO, IOCKOJIbKY
OTYeTHl M KOJUIEKI[UM, Ha OCHOBAaHUM KOTOPHBIX OBLIN
COCTaBJIeHBl IepBOHAaYaJIbHble OIMCAHUA, yTpadyeHbl
WM TPYAHOAOCTYNHBI. OTOOP HOBBIX 00pasIjoB ocaaka
co nHa Kacnmiickoro mops 6e3 CHapsXeHHs KPYIHBIX
MEXIVCIUIIMHAPHBIX SKCIIe AU, 3aKPhITOCTh U pas-
PO3HEHHOCTh UMEIIUXCA MaTepruasioB OypeHNs B CUITY
Pa3HBIX [IPUYMH, OyAb TO peajm3anus KOMMepPYeCcKuX
[IPOEKTOB, MOWCK MOJIE3HBIX HCKOIMAeMBbIX, KOHQJIUKT
WHTEepecoB pasHbIX cTpaH Kacmuiickoro permoHa,
10 Cell AeHb CKOBBIBAIOT pabOThl B 3TOM HampabJie-
HHUU, B OCOOEHHOCTH, [JI1 MaJIBIX MCCJIEOBATEIbCKUX
rpynn. Ha stom ¢oHe 0co0y0 LEeHHOCTh IpefCcTaB-
JAeT MMeIIascsa B PACHOpPsSKEHUU aBTOpa KOJLIEK-
nusa Mukpodaynsl Kacnuiickoro mops E.A. Todwmas,
KOTOpasi ABJIAETCA pe3yJIbTaTOM paboT COTPYyAHUKOB
WHcTUTyTa reojiorud U pa3paboTKU rOPHOYNX HCKOIa-
€MBIX, TIOCBAIeHHBIX M3YYeHNI0 5KOJIOTUU OCTPaKo U
dopamMuHHpep B COTOHOBATOBOAHBIX U MPECHOBOAHBIX
OacceiiHax. B cBsi3u C mM3MeHEHHEM TeMaTHKu paboT
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E.A. TobmaH OblTa BBIHYXAEHA NPUCTYNUTh K U3yye-
HUIO cTpaTUrpaduu IPCKUX OTI0XKeHNN MaHrhIIaka,
paHbllle BpeMeHU ocTaBuB paboTy no Kacnuto u npefo-
craBuB oTueT (I'opmaH, 1966), cocpeqOTOUEHHBIN HA
BBIABJIEHUHN YCJIOBUM, ABJIAINNXCA Hanbojiee Ojaro-
IIPUATHBIMU [JIS paccesieHus TOro WM MHOTOo BUAA, a
TaKXe Ha OllpeJleJIeHUH apeaioB 0OUTaHUA Pa3INYHBIX
BUAOB ocTpakoA. B pesysibpTaTe, paboTa ¢ YHUKab-
HBIM (aKTUYeCKHUM MaTepuajioM He ObljIa MOJIHOCTBIO
3aBeplileHa, OCTaJINCh NPOOBI, KOTOPHE HYXJaJIUCh B
JIOIIOJIHNTEJIbHOM mpopaboTke. B yacTHOCTH, B HCKO-
Mol MyOJMKanuM HeoCBellleHHBIM OKa3aJsicsA BOIPOC
pacIpocTpaHeHUs npecHOBoAHBIX ocTpakon (I'odman,
1966). 3-3a nHexBaTku BpemeHu E.A. I'opmaH Taxxke
He yAaJioch U3yYUTh OCTPaKO/[l, XKUBYIIUX B 30HEe MeJl-
KOBObsA BAOJIb BocTouHOro Oepera Kacmusa (l'odmas,
1966).

CeromHs, no mnocjegHuM oneHkam (Schornikov,
2011b), B Kacmuiickom Mope XuUBeT mopsiaka 70 BUIOB
OCTPaKo[, JIUIIb Y 16 U3 KOTOPHIX ObLIIN ONKCAHBI MAT-
kue TkaHu. X.M. CaupoBoii (2014) B coBpeMeHHBIX
ocankax Kacnus ob6HapyxeH 61 Bujn. CorsacHo Gosiee
panHuM paboram H.H. HatiguHoit (1968), 23 Bupma
ocTpakof; 6pU10 oOHapyxeHo B Kacnuiickom Mope B
xkuBoM coctosHuu. [1o ganasiM E.A. T'opman (1966) B
Kacnutickom mope xuBeT 60s1ee 80 BUAOB OCcTpako, 57
U3 HUX ObUIN ompefiesieHbl B pabore ('opmaH, 1966),
u 39 — fmeTasibHO omucaHbl. TakXke B BBHIIIEYIIOMSAHY-
TON paboTe OTMeYeHO, YTO AJIA COCTaBJIeHUsA OTdyeTa
HCIIOJIb30BasIvCh JaHHble 10 300 ToukaM co Bcell akBa-
Topumn Kacnuiickoro mMopsi, B KOTOpPbIX ObLIA OOHapy-
JKEHBI XXKMBBIe OCTPAKOAbl, OAHAKO B paMKaxX AAHHOI'O
HccJIeIOBaHUsA HaJINYWA MATKUX TKaHeH yCTaHOBJICHO
He ObLI10. K coxasieHu1o, BBUy OTCYTCTBUA UJLIIOCTPa-
I[Ai1, ONIpeieJINTh, KaKue TaKCOHBI B AeHICTBUTEJIbHOCTU
OBLIIM ONMCaHBI, IOPOY 3aTpPyAHUTEIbHO. Kpome ToroO,
C MOMeEHTa IyOJIMKAIK BUIOBBIE U POAOBBIE Ha3BaHUA
B HEKOTOPHIX CJIyYasx ObUIM W3MeHeHbl. Hampuwmep,
E.W. IlopHMKOB ©OKasaJj, 4YTO >XWUBbIE SK3eMILJIAPHI
Graviacypris elongata nMmerot npusHaku poaa Candona,
u nepenMeHoBas Buf B Candona schweyeri Schornikov,
1964 (Boomer et al., 2010; Spadi et al., 2019).

B HacroAmem wucciieJloBaHUU —TIPeANPUHATA
MOTIBITKA PACIIUPUTh CYIIECTBYIOIINE K HACTOAILEMY
MOMEHTY IpeJCTaBjeHNs O paclpOCTPaHEHUU U KO-
JIOTMH COBPEMEHHBIX BUAOB ocTpakoA B Kacmuiickom
MoOpe, OJHAaKO B CHJIy OTMEYEeHHBIX BhIIIEe CJIOKHOCTEN
U orpaHuveHuii, B ¢okyce pabOTH OKa3aJuCh JIMIIb
BUBI, HauboJiee MIMPOKO IpefCcTaBJIeHHble B U3yYeH-
HBIX po6ax, 1 Te BU/Ibl, KOTOPHIE Y1aJI0Ch OAHO3HAYHO
omnpenenuTsb. TakuM ob6pa3oM, mpefcTaBjieHHOe 00006-
IleHre OCHOBAHO Ha pe3yJibTaTaX aBTOPCKOI0 U3y4eHUs
xosuieknuu E.A. T'odpman u aHau3a psaga nyOamKarmi,
TOCBANIEHHBIX OcTpakogaMm Kacmurickoro 6acceiiHa.
Crnenyer OTMeTUTh, YTO MpoBefeHHasA paboTa, B mep-
BYI0 odepelib, OTBe4aeT majieoreorpad®uyeckuM HHTe-
pecaMm wusyueHus Kacmumiickoro pervoHa, NOCKOJIBKY
IIpUBeJleHHble CBeJeHUA MOTyT OBITb HCIIOJIb30BaHBI
JIJIA IOHVMMAaHUA IPHUPOJHBIX 00CTaHOBOK, COOTBETCTBY-
IOIIMX BpeMeHU HaKOIJIEHU TOJII] 0CaJIKOB, B KOTOPBIX
BCTpevaloTCsA ONMCAaHHBIE BUABI OCTPAKOZ.
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miercroreHa I'eorpaduueckoro dakyabTeTa
MI'Y um. M.B. JlomoHOCOBa. AHAJIOTOB JAaHHOU
KOJUIEKLIUM, cofep’Kalleil paKOBHMHBI 1 CTBOPKHU
ocTtpakofy co Bcero Kacnus, Ha CerogHALIHUNA
JeHb He OBLIIO CO3aHO.

Corytacio manHubiM  otueta (['odmaH,
1966), Bcero m3HavyaJibHO OBLIIO OTOOpaHo 900
po6 u3 300 Touek ux ordopa (1o Tpu NpoOH U3
KaX 0¥ TOYKU), OJHAKO B PACIOPSIKEHNE aBTOPA
KOJUIEKL[A IoNajla B 3HAYMTEJIbHO COKpallleH-
HOM BHJe. 3a Mpollefmue ¢ MOMeHTa cOopa
kosuiekiuu E.A. TodpmaH pgecATusieTdss 4YacThb
npo6 OblJIa 4aCTUYHO WJIM LIEJIMKOM YTepsHa,
[I03TOMY 3a HeHMeHHeM [OCTOBEpHO YCTaHOB-
JIEHHOW BBIOOPKM KOJINYECTBEHHBI aHaJIN3 B
paMKax JaHHOIO MCCJIe[OBaHWUA 3aMeHeH Kaue-
cTBeHHBIM. [TockoJIbKY 3HauMMas yacThb akBaTo-
pun Kacnmiickoro Mopst MeJKoBogHa (0coGeHHO
CesepHbill Kacniuii), pokyc gaHHOro uccjegoBa-
HUA HampaBJieH Ha M3ydyeHue NpUOpexHON Tep-
PUTOPHY, B KOTOPYIO BKJIIOUEH aHaJIN3 BHI0BOTO g
cocTaBa OCTPaKoj] M3 TeX ToueK OoT6opa Hpob, 7o0E SUO0E
IJly6MHA MOpA B KOTOPBIX COCTABJIAET MeHee Puc.1. MecTonoJioxeHre U3y4YeHHBIX TOYeK oTOopa mpoo.
50 m. Jlsis1 aTOTO GBI OTOOPAHBI TPOOBI HAUITY Y-
el COXpaHHOCTU — Te, B KOTOPBIX COXPaHUJIOCh
HauOoJiblllee YMCJIO PaKOBHUH ocTpakoAd. Bcero Z,,
OBUIO MU3y4YeHO 45 mpubpexHBIX Touek oTHopa

po6 (Puc. 1, 2). /k\\‘ !
[1oBEpXHOCTHbIE OTJIOXKEHHS QHa (N

Kacnuiickoro mops (Bepxauii ~0-5 cm cJioi, F 4
U3 KOTOpPOTO BIOCJENCTBUMU OblsIa cobpaHa ¢
KOJUJIEKI[sl COBPEMEHHBIX OCTpPAKOJ[, H3y4aB- ——
masca B JaHHON paboTe) ObLIM OTOOpaHH IIpe- B, g
UMYyIIeCTBeHHO AHOYepHaTesisAMUd WJIU TPYHTO- | Treem
BBIMM yJapHbBIMU TpyOKaMu B JIeTHHE CEe30HbI » !5;10
1961-1963 rr. MukpodayHUCTUYECKUI aHAJIN3 g ' 2 D 2003
E.A.TopmaH nposoauiia Ha 100 r cyxoro ocaaka. y - e s L
B ciyuasx, korga HaBecka IO KaKOH-JIMGO MpH- | B s,
YyrHe OTJIMYaJiach, IPOU3BOAMJIICA NlepepacyeT Ha \ "
100 r. IlTocne B3BemmuBaHUA OobOpasra OCyllecT-
BJIAJIaCh IIPOMBIBKA BOJIONIPOBOAHON BOAOM Ha
cutax 63 MKM, [TOJIy4eHHBIN 0CafOK MOJIHOCTHIO
BBICYIIMBAJICA, TIOCJIE Yero Ipu NOMOIIY OMHOKY-
JiApa PaKkoOBUHBI 1 CTBOPKU OCTPaKoJ[ BPYUYHYIO
0oTOOpaHbl M3 Ocafka C IOMOINbI0 KHUCTOYKU C
TOHKHM KOHIIOM B kKameps! Kpanria (Krantz-Cells,
microcells) Aaa mocjieayomero ux U3ydyeHus u
xpaHeHus. K coxaneHuno, Kak ObLIO YIIOMAHYTO
paHee, He BeChb MCXOAHBIN MaTepHall, C KOTOPBIM
pabotana E.A. T'odmaH, Bomies B KOJUIEKIUIO U
UMeJics B pacnopsbkeHuu aBTopa. B pamkax fas-
HOU paboTHl M3y4yaJuCh PAKOBUHBI U CTBODKH,
COXpAHUBIINECA B KOJIJIEKIUU.

Jna kaxpmoil Touku oTtbopa mnpob uMe-
I0TCA CpeAHEerofoBble MoKasaTear TeMIepaTyphl
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U COJIEHOCTU TPUAOHHOIO CJIOSI BOABI B MOMEHT
otbopa npob, a Takke JaHHBIE O TJIyOMHE MOPA.
Jiis 45 Todek, N3yvYeHHBIX B HACTOSIIEM HCCJIe-
JOBaHWU, O3TU CBEJEHUs TMpeACTaBJeHB Ha
Puc. 2, 3, 4.

3. Pe3ynbTaTtbl U UX 06CY)XAEHHE

B cootBercTBMM € (u3nKo-reorpaduye-
ckumvu napamerpamu (Puc. 2, 3, 4) nmpo6sl 06b-
enuHeHbl B Tpu rpynmbl — CeBepHblll Kacnuii
(Puc. 1, Toukm 1-24, 28, 31, 41, 46-47),
Bamamaeii Kacmuii (Puc. 1, touku 25, 32-40,
42-44), Boctrounsii u IOxueiii Kacouit (Puc. 1,
Touku 26-27, 29-30, 45). IIOCKOJIbKY TOYHOM
KOJIMYEeCTBEHHOM OI[eHKU TIPUBECTU HEBO3-
MOJXHO, A1 0003HAauYeHUs 9YaCTOTHl BCTPeYaeMo-
CTU PAKOBUH TeX WJIM UHBIX BUJOB B Mpobax u3
Tpex pusuko-reorpadpudeCcKrux peruoOHOB UCHOJIb-
30BaHBI YCJIOBHbBIE XapPaKTEPUCTUKH (a — OT aHTJL.
«abundant» MHOTOYMCJIEHHBIE HAXOAKU PAaKOBUH
BHJA, C — «COMMON>» YaCThIE, I — «rare» PeJKUe, S
— «single» emUHNYHBIE). BRIABIEHO TPU MPUOPEXK-
HBIX coobiiectBa ocrpakos (Tabnuma 1).

CoobmectBo C. torosa BbIABJIEHO B aKBATO-
punu CeBepHoro Kacnus. B6susu genbtsl Bosru
(B Toukax 7, 10, 13) spKO HpOCJIEXUBAETCA
BJIMsSHUE Ha COOOIIEeCTBO IpecHbIX BOJ. 3]1ech
0c0OeHHO MHOTOYMCJIEHHbl HaXOJKU pPaKOBUH
Buma D. stevensoni. DTOT BHUJ KOCMOTIOJIUT, Ha
U3y4eHHOU aKBaTOPUU NPUYpOUYeH Ipeumylie-
CTBEHHO K YCThsIM peK, HaceJisieT TJIyOUHBI 10
8 M mpu coseHoctu A0 7%o (Puc. 3). B nesom
D. stevensoni oTJiuaeTcCs TMOBBIIIEHHOU YCTOM-
YMBOCTBIO K M3MEHEeHUsAM TeMIlepaTyphl U coJie-
HOCTHA BOJBl B IMpoKoM auana3oHe (Gandolfi
et al.,, 2001), yTO, BepoOATHO, U OOBACHSET ee
IIMPOKYI0 BCTPEYaeMOCTh B TOUYKax oTHopa
npo0, rJie ce30HHblE M3MEHEHUs TeMIlepaTyphl
BoJBI MoOryT jgocturath 24 °C (Topman, 1966).
Taxxe B yKa3zaHHBIX TOUKax O0TOOpa mpod BCTpe-
YeHbl PaKOBHUHBI IPECHOBOAHBIX BUAOB L. bradyi,
L. inopinata, Cypridopsis sp. u Candoninae spp.
ITo mauneiM 3.C. BponmreiiHa (1947), omucas-
ero MeCTOOOUTaHMsA TNpPeCTABUTENIeN IMpec-
HOBOJHBIX M €Jab0OCOJIOHOBATBIX COOOIIECTB,
I bradyi mpeAnovnTaeT JIy>XU U CTAPUIIBI, OTKyAa
3aYacTyl paclpoCTpaHseTCA B peKu. B cBOiO
ouepeib, L. inopinata Takxe HacesseT IPECHOBO-
JHBIE Y COJIOHOBATOBOAHBIE BOZoeMbl. [Io Mepe
yJlaJieHus1 OT TPUJIeJIbTOBBIX YYAaCTKOB BCTpeua-
eMOCTh PakoBUH D. stevensoni COKpaIiaeTcs, B
komIutiekce moMmuuHupyet C. torosa. UyTh MeHee
BBIpa’XeHa 3Ta TeHAeHI[UA BOJINU3U yCThA P. Ypaa
(rouku 1, 9, 14). IMoxoxass 3aKOHOMEPHOCTH
U3MEHEeHUs1 COCTaBa OCTPaKoj OTMedYasiach
panee H.H. Hariguroi (1968).

Haubonee MHOroumcsieHHol B CeBepHOM
Kacnuu naxomku pakoBuH Bupaa C. torosa. OTO
IIMPOKO SBPUTAJIMHHBIN BHJ, BCTpevalomuiica
OT TPECHBIX [0 TUNEPraJiMHHBIX BOA EBpoTHI,
3anagHoit Asum u CeBepHoil Adpuku. [To gaH-
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Ta6auma 1. CocTaB M3yyeHHbBIX TPUOPEXHBIX KOMILIEKCOB OCTPaKO[

Hemicytheria? azerbaidjanica (Livental in Agalarova et al., 1940)

Cyprideis torosa (Jones, 1850)

Bakunella dorsoarcuata (Zalanyi, 1929)

Candona schweyeri Schornikov, 1964
Cryptocyprideis bogatschovi (Livental, 1929)
Paracyprideis ? naphtatscholana (Livental, 1929)
Tyrrhenocythere amnicola donetziensis (Dubowsky, 1926)
Loxoconcha gibboides (Livental in Schweyer, 1949)
Loxoconcha immodulata (Stepanaitys, 1958)
Loxoconcha lepida (Stepanaitys, 1962)
Loxoconcha petasa (Livental, 1929)

Camptocypria gracilis (Livental, 1929)

Euxinocythere baquana (Livental, 1938)

Xestoleberis sp.
Camptocypria sp.

Euxinocythere bosqueti (Livental, 1929)

Euxinocythere relicta (Schornikov, 1964)

Amnicythere martha (Livental in Agalarova et al., 1940)
Amnicythere pirsagatica (Livental in Agalarova et al., 1940)
Amnicythere? quinquetuberculata (Schweyer, 1949)
Amnicythere reticulata (Schornikov, 1966)

Amnicythere striatocostata (Schweyer, 1949)

Amnicythere stepanaitysae (Schneider, 1962)

Amnicythere volgensis (Negadaev, 1957)

Darvinula stevensoni (Brady et Robertson, 1870)
Limnocythere inopinata (Baird, 1843)

Euxinocythere virgata (Schneider, 1962)
Amnicythere caspia (Livental, 1938)
Amnicythere cymbula (Livental, 1929)
Amnicythere longa (Negadaev, 1955)

Ilyocypris bradyi (Sars, 1928)

Limnocythere sp.

Amnicythere sp.
Leptocythere sp.
Candoninae spp.
Cypridopsis sp.
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HBIM pa3HbIx uccaenosareseit (F'opman, 1966; Yassini,
1986; Boomer et al., 2005; Chekhovskaya et al., 2014;
Berdnikova et al., 2023 u gp.) B Kacmuiickom Mope
9TOT BUJ OTMeYeH BO MHOTMX TOYKax oTbopa mpod
Ha riaybuHax ot 0.2 mo 250 M (o JaHHBIM aBTOPA,
006bp19HO MeHee 50-60 M) MO Bcell akBaTOPUH, OJIHAKO
MaKCHUMaJIbHasi YHCJIEHHOCTh JIOCTUTAETCS Ha TJIyou-
Hax nopsaka 3-5 M, rae JocTUraeT HaubOJIbIIEN YuC-
JneHHoctH (nHorza f1o 90% Bcero KOMILIEKCA), YMeEHb-
maromielicsa ¢ TayouHoi. Biaromapsi crnocob6HOCTH K
TUMOOCMOTUYECKON PperyJsisAliui BUJ MHOTOYKCJIEH B
TaKuX IePeXOJHbIX YCJIOBUAX, TJe MOpPCKHE OCTpa-
KOABl He MOTYT BBDKUTH M3-3a CJIMIIKOM HU3KOHU AJiA
HUX COJIEHOCTH, a IPeCHOBOJIHbIE — M3-3a CJIMIIKOM
BBICOKOI. B ApanbckoM Mope siBjsieTCsl JOMUHUPYIO-
MM BUJOM PaKyIIKOBhIX pakoobpasHbix (IIIopHUKOB,
1973). UccnemoBanusa H.B. AmamgunHa (1993) noka-
3aJIM, 4To cyulecTByeT ABe dhopMmhl C. torosa: u3 Besoro
u DbapeHlleBa Mopeil HMeeT MOPCKOe IIPOMCXOXAe-
Hue, a ¢dopma u3 banruiickoro, UepHoro, A30BCKOro,
Kacnuiickoro u ApajbCKoro Mopeii — IpecHOBOJHOE.
Bricokasa uuncieHHOCTh C. torosa B U3yYeHHBIX
npobax Ha ydyacTKaxX BBHICOKOI TeMIlepaTypHOH H3MeH-
yuBocTy (o 24 °C), rae CpeqHEerooBble MOKa3aTesn
cojieHOCTH oTJymyalTcsa Ha 10%o u Gosiee (Puc. 3),
MOXeT OBITh CBsI3aHa C TEM, UTO 30HA CMeIIeHHUs COJIO-
HOBATHIX U MPECHBIX BOJ, Ooraras 300- U (GUTOILIaH-
KTOHOM, fIBJIAETCSA HamboJiee MPOAYyKTHUBHOM. I1o maH-
#eiM E.U. IllopHukoBa (1973), Bug C. torosa 0COGeHHO
VCIIENTHO 3aceJIujI BOJOEMBI, 10 YCJOBUAM CHUJIBHO
OTJIMYAIOINECS OT MOpPCKMX. OJJHAKO KOHKYpPEHTHOE
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MpenMYyIIecTBO ObLJIO yTEPSAHO B MOPCKUX GacceiHax,
rae Mopckas ¢dayHa npeacrasjeHa B 0ojiee WU MeHee
nosiHoM oOBbéme. Maccosrle Haxonku C. torosa mpuy-
pOUYEHBI IpenMyIlleCTBeHHO K akBaTopuu CeBepHOro
Kacnus ¢ ero HecTaOUJIBHBIM TUAPOJIOTHYECKUM PeXU-
MoM. [lo-Buaumomy, HauboJibllas YKUCJIEHHOCTh BUAA
JocTuraercss IpU CUJIBHO U3MEHYUBBIX YCJIOBUAX
cpefipl, K KOTOPBIM Apyrue BUbl TaK XOPOILIO He Mpu-
crnocobieHbl. C. torosa MpakKTUYeCKU KcYe3aeT y BOC-
TOYHOTO nobepexbs, rAe HaboaeTcsa 60Jiee BEICOKOE
cpenHee 3HaueHue cosieHocTu (Puc. 3).

BonpmuHCcTBO BUAOB coobmecTBa CeBepHOro
Kacnusa (Tabauna 1) TosiepaHTHBI K N3MEHEHHIO coJle-
HOCTH B IIMPOKOM JManasoHe — OHU CIOCOOHBI 06U-
TaThb KaK B TUIMYHBIX MOPCKUX yCJIOBHAX, TaKk U IpHU
KpaliHe HU3KOH COJIEHOCTH, HallpuMep, B JIMMaHax IIpu
COJIEHOCTU [0 5%o0 B acconyaldy C NPeCHOBOJHBIMU
Bugamu. Hanpumep, pakoBuHs A. longa u A. cymbula,
Takxe ObLJIM OOHapyXeHBl B 3CTyapusax YepHOro mops
Ha rybuHax Ao 5 M (Zenina et al., 2017). Takxe yka-
3aHHble BHJbl XOpOILO NPUCIOCAOIMUBAIOTCA K HU3Me-
HEeHHUsAM TeMIepaTypHOro peXuma, 4TO U I03BOJIAeT
UM OOMTaTh Ha MeJIKOBOAbe. YacThle HAXOAKU TaKUX
BuaoB, kKak C. gracilis, E. baquana wmm L. gibboides
TOJIBKO B yAaJIEeHHBIX OT YCTheB KPYIHBIX PeK TOUYKaX
otbopa npob (Hampumep, 12, 15, 22 u ap.) nMo3BoJIAeT
3aKJII0YUTh, YTO XOTA BUABI B I[€JIOM XOPOILO IePeHO-
CAT Ce30HHBIe M3MEHeHUsA TeMIlepaTyphl BOJbL, OHU
NIpeNoYnTal0T COoJIeHOCTh nopsaaka 10-13%o. B coob-
IIecTBe TakXe pacHpoCTpaHeHbl IpefCTaBUTENIN pofa
Loxoconcha, He omyckaronyecsi Ha GOJIBIIYIO TITyOUHY.
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CocTaB KOMILJIEKCa OCTPAKo/ B 11eJIOM AEMOHCTPUPYET
Macmrabsl BiausAHUA Bosru Ha CeBepHbili Kacnmii, a
TakXe Ce30HHOU M3MEeHUYUBOCTH BOJHOI Cpeabl.

B coobmectBe T. amnicola donetziensis, oOHa-
pPyXeHHOM B akBaTopum 3amafgHoro Kacmus, mmpoko
npenacTaBjeHbl Takxke Bun C. torosa (Tabamia 1). Bun
T. amnicola donetziensis KpaliHe IINPOKO BCTPEYAETCs
B Kacnuiickom Mope Ha riyouHax MeHee 90-100 m
u ¢opMupyeT coobmecTBa Ha rilyouHax MeHee 30 M
mpu coJieHoctd OT 4 A0 13.5%o0 (Tkach et al., 2024).
I[Tomumo Kacnus, oH oTMeuasica B YepHOM 1 A30BCKOM
MOpSAX IPU COJIEHOCTU MeHee 5%o, a TakXke B COJIO-
HOBaTBIX U IIPeCHOBOJHBIX o3epax Ilpuxacnuiickoi
HU3MEHHOCTM U B paiioHe MaHBIUCKOTO IIPOJIKBa
(IlopaukoB, 1973; Zenina et al., 2017). JdaHHbII BUA
XOpOILIO IepeHOCUT Ce30HHbBle H3MeHeHHus TeMIlepa-
TypHl U cosieHocTu. B CeBepnom u Cpennem Kacnun
BCTpeueHbl KaK B3pocjble 0cobu, TaKk U IOBEHUJIb-
Hble 5K3eMIUIApH. Kpome Toro, mpakThyecku BO BCeX
UCCJIeJOBAaHHBIX TPo6ax OOHapyKeHbl paKOBUHEI BUOB
C. bogatschovi, Camptocypria sp., A. striatocostata,
A. caspia, A.? quinquetuberculata v E. virgata. PakoBUHBI
Buaa E. virgata B 1leJIoM 4acTO BCTpevalwTcsA B Ipobax
xosutekiuu E.A. Topman (Tabmuua 1). Ha uzyueHHBIX
B HacTosiell paboTe yuyacTkax BUJ HaceyseT JIUTO-
pasbHYI0 30HY U I'IyOUHBI, KakK npasBujo, MeHee 30 M,
TO eCTh 30HY, AJIA KOTOPOHM XapaKTepHbl HauOOJIbIINe
ce30HHBle KoJsiebaHusA TeMIlepaTyphl BOABI U COJIEHO-
ctu. XKuBble BUbI 66T OOHapyxeHb M.A. 3eHUHON B
CesepHoMm Kacniuu B 2013 roay npu teMnepaType BOJbI
25.4-27 °C, contenoctu 10.02-12.01%o0 u pH 7.30-8.33.
Ha mnucThix ocajkax BUJ, Kak paBUJIO, HEMHOTIOYKC-
JleHeH, mpeobJiafjaeT Ha mecyaHbix cyocrpaTtax (Tkach
et al., 2024). Takxe Bupn E. virgata 661 o6HapyXeH B
A30B0-UepHOMOPCKOM pervoHe B YCTbAX peK, JIMMa-
HaX M 03epax C COJIEeHOCThI0 MeHee 5%o (Zenina et al.,
2017).

Pexe B  paccMaTpuBaeMOM  COOOIIecTBe
(Tabmuna 1) Berpevarores E. bosqueti u E. baquana (xotsa
HaxOJIKM MocJieqHero BUjaa 4acThl B Toukax 32, 37 u
39), a takxe H.? azerbaidjanica. B 3anmagHom Kacrum
TakXe ObUIM OOHApyXeHBl eIUHUYHBIE 3K3eMILIAPHI
A. longa u C. schweyeri (B Toukax 32, 33, 34), C. gracilis
(B Toukax 36, 38, 42) u L. gibboides (B Toukax 32, 33) —
BUJ, XapaKTepHbIN AjA riayouH go 90-100 M, mpearmno-
YUTAIOIMUN rpyOble TPyHTHI, cojieHOCTh 10.5-13.5%0 u
TeMmepartypsl oT 4.5 10 15 °C, BAepXUBAOIUI AUHA-
MUYHBIE TUAPOJIOTUYECKe yCJIOBUA U ONpPecHeHUe 10
7%o0 (Todman, 1966; Yassini, 1986).

CoobmectBo T. amnicola donetziensis, BBISIBJIEH-
Hoe B akBaTopuu Bocrounoro u IHOxnoro Kacmus,
HECKOJIbKO OTJINYaeTcs OT OXapaKTePHU30BaHHOT'O BhIIIE
coobmiecTBa Ha 3anafie (Tabsuna 1). 3mech nmpakTrie-
cku rcuesaer C. torosa v KoMILiekc, nomumo T. amnicola
donetziensis, TpeacTaB/ieH MPEUMYIIECTBEHHO CTe-
HOTAJIMHHBIMU BUAaMu Bpofae P.? naphtatscholana,
L. gibboides, Camptocypria sp. u C. bogatschovi. [1epBbiit
B I1eJIOM IIMPOKO pacnpocTpaHeH B CpegHeM u FOxxHOM
Kacnmu, ocobeHHo ero BocrouHou nepudepuu (Yassini,
1986), a mocsieqHUI, KaK MPaBUJIO, HaceJsieT BOJBI C
COJIEHOCTBI0 0K0J10 12.5-13.25%0, B 11eJ10M B IPEATO-
yuTaeT mesibdoBble 0OCTAHOBKHU € TJIyOMHAMU MOPsAAKa
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60-200 M (peaxkvie HaXOIKK OTMEYEHHI HA TJIyOMHaAX
Menee 30 M u 200-315 m) (Fodpwman, 1966; Boomer
et al., 2005; Chekhovskaya et al., 2014). B cBow oue-
penb, Bun L. gibboides, yacTo BCTpeuaeMblil B mpobax
n3 BocrouHoli akBatopuu Kacnus, B CeeepHoM Kacnuu
ObL1 OOHapyXeH JUllb Ha TJIyOuMHax cBeime 15 M
(Puc. 2), 4To, BEPOSATHO, OOYCJIOBJIEHO TeM (HaKToM,
YTO 3TOT BU/J] IPEANIOUNTAET OOJIBIINE TITyOUHbI U/UTN
6ostee cosieHyI0 Bo/ly. Hepeku v HAXOAKU Pa3JIMYHBIX
Leptocythere sp. B usyueHHbIXx mpobax u3 BocTounoi
AKBAaTOPUM TaKXXe OTMeEYEeHbl peJIKhe HaXOJKU PaKo-
BUH A. caspia, E. bosqueti, E. virgata n Xestoleberis sp.
Enunuunsie E. baquana u A.? quinquetuberculata 6bLH
obHapyxennl B HOxHoMm Kacrnuu B Touke 45 (Puc. 1).
H.H. Haiiguaa (1968) ormeuasa paHee WX TIOBCe-
MeCTHOe MpUCyTcTBUEe B KacmmiickoM Mope, a Takxe
B JI[HECTPOBCKOM JIMMaHe U fesbTe J[oHa, OAHAKO IO
JaHHBIM aBTOpA 3TH BUJBI Yallle BCTPEYAIOTCSA B COJIO-
HOBaTOBOJIHOMU cpeJie.

B 11es10M B0OJIb BOCTOUHOTO ToOepexbsaA CpeJHero
Kacnus oTMedeHbl BUJIBI C YIUIOTHEHHOM, TPAKTUYeCKU
He CKYJIBIITYPUPOBAHHOU PAaKOBUHOM, YTO MOXET O0b-
SICHATBCA XapaKTepoM TIpyHTa, 0oJjiee MHTEHCUBHBIMU
BOJTHOBBIM BO3/IeHiCTBHEM U NMPUAOHHBIMU TeUeHUAMU,
a TakXe Y4acThIMU CUJIbHBIMU IITOPMaMu B 3TOM Peru-
OHe. B koMmILIeKce OTCYTCTBYIOT IIPECHOBO/IHBIE BH/IBI,
npeolbJIaJaloT OCTPAKOMbl, XapaKTepHBle [JI COJIO-
HOBaTOBOJIHBIX ycJioBull Kacmus, riaBHBIM 00OpazoMm,
U3-32 OTCYTCTBUSA 3[eCh KPYIIHBIX peK, OKa3bIBAIOIINX
ompecHsollee Bo3felicTBue. OHAKO cJieyeT OTMe-
TUTh, YTO B YKa3aHHOU YacTHM aKBaTOPUU H3yUeHO
MeHblllee KOJIMUeCTBO Touek oTOopa mpolb Mo cpaBHe-
HuIo ¢ CeBepHbIM U 3anaaHbeiM Kacnvewm.

[IpuBeneHHBIe pe3ybTaThl MO3BOJIAIOT 3aKJIIO-
YUTh, YTO COBpPEMEHHHBINI cocTaB (GayHBl OCTPaKO[
Kacnuiickoro mMops mu3MeHseTcAd IO Mepe yJAajeHuA
oT Oepera c Bo3pacTaHHeM TIJIyOMH B COOTBETCTBUU C
U3MEeHEHUAMU TeMIIepaTypsl U COJIEHOCTU NPHUIOH-
HOU ToJu BoAsl. B menkoBogHoM CeBepHoM Kacnuy,
3aMep3ariM 3UMOKM U mporpesammmmcs 10 24 °C
netom (F'odmaH, 1966), rae mMpoOb OTOOpPAHHBI C TJTy-
oun go 20 m (Puc. 2), cpemHerofoBas COJIEHOCTH,
KakK npaBuio, He npeBbimaer 10%o (Puc. 3) u cyie-
CTBEHHO U3MEHSETCS M0 Mepe OCJIabJeHUs] BJIUAHUA
MPECHBIX BOJI PEYHOI'0 CTOKA, COOOIECTBO OCTPAKO/I
Tpe/iCTaBJeHO BUAAMU, KOTOPBIE XOPOIIO IMPUCIIOCa-
OJIMBAOTCSA K M3MEHEHUSIM TeMIIepaTypPHOrO peXuma
U B OOJIbLIEN WU MeHbIIel CTeneHU TOJIepaHTHHI K
U3MEHEeHUI0 coJjieHocTu. HecMoTpsi Ha mpeobJiafjaHue
B coobmjecTBax 3amagHoro, BocrounHoro u H)xHOro
Kacnus Buna T. amnicola donetziensis, X cocTas, KaK 1
XapaKTEPUCTUKU BOAHOHN CpeJlbl B TOYKaX OTOOpa M3y-
YeHHBIX P00, oTIMYaTcA. BocTtok u or Kacnus — 3To
y4acTKu HamboJiee BBICOKON COJIEHOCTU, AOCTHUTa0-
ment 13-14%o (Puc. 3), XOTsA Cpe/IHEr0/I0BhIE TEMITEPA-
TYPHI 3[IeCh HUXe, YeM Ha 3amnajiHoM y4acTtke (Puc. 4),
nopsaka 11-13 °C (go 5 °C sumoii u 19 °C netom B
Cpennem Kacmuu, o 11 °C sumoit u 25 °C jetoMm B
touke 45 (T'odpman, 1966)). OTo Takxke 06acTh OOHA-
pyXeHusA HaubOOJIbIIEro 4rcja pakoBUH 0oJiee TeIlio-
JIIOOUBBIX Y CTEHOTAJIMHHBIX BUIOB. BoJjiee Toro, B CHTy
Oosblieli rIyOuHBI oT6oOpa mpob6 (25-50 M, Puc. 2)
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3[1eCb OTMeUeHBb! eIMHIYHbIE HaXOAKN IJIyOOKOBOJHBIX
Kacmuiickux BUIOB, Hampumep, B. dorsoarcuata, KOTo-
pble HacesiAT I1yOouHsl cBoeite 50 M (F'odpman, 1966;
Yassini, 1986; Boomer et al., 2005; Tkach et al., 2024).
B cBoio ouepenp, coobIeCTBO, OMMCAHHOE [JIA 3amaf-
HOro y4acTka Kacnuiickoro Mops, X0Ts He3HaUUTeJIbHO
OTJINYaeTCA MO COCTaBy HEKOTOPBIX KOMIIOHEHTOB K
ceBepy U ry OoT ANIIEpPOHCKOro MOJyOCTPOBa, COAEp-
KUT Kak mpejcTaBuTreseil coobmectBa CeBepHOro
Kacrmusa (ocoGeHHO, HA MEJIKOBOJIHBIX Y4YacTKaxX), TakK
U BHJBI, Halle BCEro NpUCYTCTBYyMOL[e B Npobax u3
BOCTOYHOI aKBAaTOPUU. BepoATHO, 3TO 00yCJIOBJIEHO
0ospIIMM TJIyOMHHBIM AUana3oHoOM oTOopa mnpob B
3anagnoMm Kacnuwu: ¢ riay6us ot 0-5 go 35 M, a Takxke
Pa3HOU yAaJIEHHOCTHIO TOUEK 0TOOpa Mpob OT MECT BHa-
JleHns KpyNHBIX peK. B 11esioM, NpoBeleHHBIN aHaIu3
cocraBa npubpexHbIx coobmectB Kacnuiickoro mops
[I03BOJIAET 3aKJIIOYUTh, YTO COJIEHOCTb BOJbI HApAAY C
rJIyOMHOU MOPs fBJIAIOTCS BeAYLUIMMH IapaMeTpamu,
onpeAesANIIUMYU COCTaB KOMILJIEKCOB OCTPAKO/.

4. 3aknoueHue

Ananu3 MHOrOYHCJIEHHBIX NMPO0 U3 KOJIIEKLUU
E.A. T'opMaH 1103BOJIAET NPOCIeAUTH XapaKTep Uu3MeHe-
HUI B cOCTaBe COBPEMEHHOI'0 MUKPO(dayHHCTUYECKOI 0
KoMILIeKca ocTpakoa B Kacnuiickom Mope B IIpoCTpaH-
CTBe — II0 Mepe yAajleHUs OT Oepera ¢ BO3pacTaHHUEM
IJIyOMHEL B I1esioM onucaHbl OCTpaKo/bl, XapaKTepHbIe
JUI1 MeJIKOBOJHBIX ycsioBui. Huskas cosieHoCTh 60J1b-
mel YacTyu u3yyeHHoOU akBaTtopuu Kacnusa no riiyouH
50 M oOycjoBuja HMPOKOe pa3BUTHE BHUAOB, TOJIe-
PaHTHBIX K 3aMeTHOMY OIIpeCcHeHUI0. Tak, B akBaTo-
pun CesepHoro Kacnusa gomuHupyet Bun C. torosa u
HabJr0jaeTcs MPUCYTCTBHE MHOI'OYMCJIEHHBIX 3BpUIa-
JIMHHBIX BUJIOB, YCTOMYMBBIX K IOHM)KEHHOW COJIEHO-
CTH, BBICOKMM TeMIlepaTypHBIM M3MEHEHHUsAM M HecTa-
OMJIBHOMY THAPOJIOTUYECKOMY pexxumy. B To ke Bpems
npubpesxHble KoMIslekcel CpeHero u FOxuHoro Kacnus
Npe/icTaBjieHbl 60Jiee CTEHOTaJIMHHBIMU BUAAMU OCTpa-
KOJI, OTpaxkalol[IMM YHUKaJIbHYI0 COJIOHOBAaTOBOAHYIO
cpeny Kacnuiickoro Mops.
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ABSTRACT. It is frequently observed that an extreme event, such as a temperature maximum, has a
greater impact on a lake ecosystem than changes in average conditions. For the first time, we examine
the vertical variability of annual water temperature maxima (AWTM) and dates of their occurrence
based on in-situ measurements of water temperature with discreteness of 15 minutes for a stable strati-
fication period over eleven years (since 2005 to 2016 except 2009) in the southern coastal zone of Lake
Baikal with a bottom depth of 545 m. The estimated statistical characteristics clearly distinguish various
features of the vertical distribution of AWTM. There are significant time shifts (about 86 days) between
the uppermost horizon (about 15 m) and the lowest 300 m horizon. The average maximum annual tem-
peratures (15 °C) decrease from the upper horizon to a temperature of 4 °C at 300 m depth. To quantify
changes in the annual maximum water temperature, the empirical functions were constructed to esti-
mate relationships between AWTM, dates of their occurrence and depth. These dependencies are not

linear and verified by independent data. They have fairly high coefficients of determination.
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1. Introduction

The current knowledge of thermal structure and
interannual variability in large lake require much more
simulations and observations than available today
(Beletsky et al., 2006). Especially, it concerns a large
dimictic lake, Lake Baikal, with the biggest depth and
largest freshwater volume among the world's lakes
(Minoura, 2000; Sherstyankin et al., 2006). According
to many publications, it is known that the lakes in the
world are exposed to climate change (Adrian et al.,
2009; O’Reilly et al., 2015). In fact, during the last
30-year period, the water surface temperature of world
lakes increased, ice—covered period decreased, date
and duration of stratification period changed. The Lake
Baikal ecosystem is undergoing rapid change on a local
and global scale (Hampton et al., 2008; Izmest eva et
al., 2016). The vertical and horizontal exchange of heat
and momentum determines the distribution of water
temperature from surface to bottom. Quantification
of hydrophysical processes is necessary to understand
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the changes in many aquatic processes. For these rea-
sons, as well as for monitoring climatological tempera-
ture conditions in lakes, knowledge of the spatial and
temporal distribution of lake water temperature can be
extremely valuable (Carpenter et al., 2011).

The thermal regime of a large dimictic lake is
determined by the seasonal course of heat input to the
water surface, the interaction of the moving air layer
with water, and the propagation of heat into the depths
of the lake. Dimictism of the lake stratum is manifested
in the fact that the lake is stirred twice a year from
the surface to the bottom due to the anomaly of fresh
water density at a temperature of 3.98°C on the surface.
Usually, between two basic mixing events, the lake is
stable and stratified for a few months. The classic three-
layer vertical temperature distribution is formed: 1) the
surface mixed layer (epilimnion), 2) the middle layer
with big vertical temperature gradients (metalimnion)
and 3) the bottom layer, which is colder, and denser
than every upper layer (hypolimnion) (Boehrer and
Schultze, 2008).

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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Usually, the annual maximum temperature on
the water surface layer 7 occurs in the middle of

summer. In Lake Baikal, du‘za)ito its huge size, the annual
water temperature maxima (AWTM) near the shore is
observed in late July-August and in the open parts of
the lake in August-September. The largest vertical tem-
perature and density gradients arise during the heating
period in metalimnion, 20-30 days before the surface
water temperature reaches its maximum (Naumenko
and Guzivaty, 2022). Then the cooling begins, initiat-
ing convective mixing, which accelerates the deepening
of the epilimnion, and the gradients deccrease. Heat is
transferred to the underlying horizons, resulting in a
shift of temperature maxima to greater depths and a
decrease in their values. On every date, the penetra-
tion of heat to underlying horizons can be traced as the
deepening of annual water temperature maxima from
surface layer to bottom on a certain vertical (James,
1971; Stepanenko et al., 2018). In autumn, when the
heat reaches the bottom, the overturn (that is, a vertical
isothermia) arises, and the temperature at the bottom
becomes the highest for the year in the large dimictic
lake.

Seasonal variations in thermal stratification
can influence phytoplankton and zooplankton popula-
tion dynamics (Eckert and Walz, 1998; Brandao et al.,
2012). The vertical extent of the epilimnion (i.e., the
mixed layer depth) and the magnitude of the thermal
gradient in the water column affect plankton growth
and primary production (Vincent et al., 1984; O’Brien
et al., 2003; Brighenti et al., 2015) and thereby reg-
ulate light penetration and internal nutrient loading.

Thus, the absolute annual maximum temperature 7

max
and time of occurrence of annual peakat 7,  at certain
depth Z  are to influence the position of the chlo-
rophyll concentration maximum during the seasonal
course of the lake ecosystem parameters. Therefore,
the deepening of the temperature maximum in strati-
fied lakes can be considered not only as an important
hydrophysical process but also as a parameter influenc-
ing the structure of the ecosystem. Moreover, the cli-
matic maxima change may affect fish populations and
communities (Gillis et al., 2021).

Obviously, knowledge of the magnitude and date
of onset of temperature maxima at different horizons is
necessary to understand changes in many water pro-
cesses in different types of lakes. There are publications
about the importance of these extreme events (Sharma
et al., 2008; Minns et al.,, 2018; Ptak et al., 2019;
Dokulil et al., 2021), and unfortunately, they practi-
cally concern only surface water temperature except
for the article (Hondzo and Stefan, 1996), which deals
with the bottom temperature.

There are no publications about the vertical dis-
tribution of AWTM in dimictic lakes, in particular in
the deep regions of Lake Baikal. The interannual vari-
ability of temperature and the depth of occurrence of
the mesothermal maximum temperature during the
period of winter stratification in Lake Baikal are con-
sidered in the article (Aslamov et al., 2024). The only
two articles on the distribution of maximum water tem-
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peratures in the coastal zone of Lake Baikal concern the
bottom depths of 15 meters or less (Rossolimo, 1957;
Fedotov and Khanaev, 2023). Therefore, the objective
of this study was to present for the first time the data
of annual water temperature maxima 7/ by using sta-
tionary long-term high-precision temperature measure-
ments at different horizons (since 2005 to 2016 except
2009) referring to the bottom depths up to 500 m in
the southern coastal zone of Lake Baikal. After analyz-
ing the observed vertical temperature profiles data sets
the empirical relationship between both the absolute

annual maximum temperature 7 and the date Iy

and depth of its appearance Z, were established.

2. Data and Study area

Lake Baikal has been studied extensively
since 1990, when the Baikal International Center for
Ecological Research (BICER) was created. Stationary
long-term high-precision temperature measurements
have been carried out since March 1999 by Research
Institute of Applied Physics of Irkutsk State University
in cooperation with the Swiss Federal Institute of
Environmental Science and Technology (EAWAG) and
Limnological Institute SB RAS on the base of the Lake
Baikal Neutrino Experiment (Baikal Neutrino Telescope
NT200+ in operation) (Aynutdinov et al., 2009).
Several stations were set up in the southern coastal
zone of the lake.

We used data from the buoy station closest to
shore at a distance of 1.0 km and a bottom depth of
550 m (Fig. 1a). Seven temperature loggers distributed
along the lake bed and 15 m deep recorded the tem-
perature profile throughout the year at 15 min inter-
vals for eleven years from 2005 to 2016 (except 2009).
Measurement horizons were: 1) 14.7 to 26.5 m, 2) 50 to
52.3 m, 3) 100 to 102.3 m, 4) 150 to 152.3 m, 5) 200
to 202.3 m, 6) 250 to 252.3 m, and 7) 300 to 302.3 m.
The characteristics of the measurements performed
are given in Aslamov et al., 2024. Some of the varia-
tion in logger depths is due to technical difficulties in
installation from year to year. Figure 1a shows the loca-
tion of the buoy station in Southern Baikal, near Cape
Ivanovsky (51°4722.7” N, 104°24’53.4” E).

The average bottom slope in the station area is
33° (Bathymetric map..., 2024), which exceeds the crit-
ical value for sliding processes (Hakanson and Jansson,
2002). This indicates that both the sliding of water
masses and the movement of substances can occur on
this slope.

The southern part of Lake Baikal has pronounced
peculiarities associated with the influence of the bor-
dering shores with various heights and wind action
in the semi-enclosed area of the lake. As Kozhova
and Izmest’eva (1998) reported, in the southern part
of Lake Baikal, strong northwestern winds disrupt
often the summer stratification, generating cold-water
upwellings along the western coast and causing surface
water temperatures to plunge to 4 °C from 14° to 16 °C
within hours. Strong winds can accelerate the mixing,
and some warm pulses, followed by a return to 4 °C,
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can cause the thermocline to disappear. A well-mixed
surface layer is formed by coastal downwelling due to
inshore Ekman transport generated by a wind blowing
parallel to the coast.

3. Results and Discussion

3.1. Basic features of vertical distribution
of annual water temperature maxima in
the southern coastal zone

The timing of the annual surface temperature
maximum 7, is the most active period for the air-
lake surface” interaction (Naumenko and Guzivaty,
2022). The dates are important phenological indica-
tors for assessing the long-term change in the thermal
regime of large lakes, in particular Lake Baikal. Long-
term year-round temperature measurements at certain
horizons allow precise identification of key tempera-
tures in the thermal cycle of Lake Baikal. For every
available horizon (usually from 15-19 m to 300 m),

both the maximum temperature 7 and its date 7
were estimated in the southern coastal zone of Lake
Baikal based on the dataset used. This was done for
the stable stratification period over eleven years, from
2005 to 2016, except 2009. Fig.1 shows the seasonal
course of water temperature for two different data sets,
namely the very cold stratification period and the very
warm period. As the depth of measurement increases,
the temperature change from higher to lower values is
clearly visible. Obviously, there is a significant differ-
ence in temperature and the timing of the occurrence

of maximum temperatures /;  at the two upper hori-
zons, while at the lower horizons, these differences are
much smaller. As for upwelling, it can be recognized by
a sharp decrease in temperature in the upper horizons
(Troitskaya et al., 2023).

In general, the most pronounced shape of the
temperature graph for the upper layer of the lake
has the shape of a pointed peak each year. It is well
known that Lake Baikal is a typical dimictic lake up
to a depth of the active layer of 200-300 m, where the
annual seasonal temperature fluctuations are observed
(Shimaraev, 1977; Shimaraev et al., 1994; Shimaraev
et al., 2012).

The deeper temperature structure demonstrates
more gentle curves with a short maximum period. At
a depth of more than 100 m, seasonal fluctuations are
insignificant (Fig. 1).

The statistical characteristics of the parameters
of annual temperature maxima 7. and the dates of

their occurrence Z;  for the coastal zone of Southern
Baikal are given in Table 1.

The annual maximum water temperatures in the
years 2005-2016 varied from 10.9 °C in 2010 to 18.2 °C
in 2005 at the highest horizon of about 20 m (Fig. 1).
The average maximum annual temperature (15 °C)
decreases from the upper horizon to a maximum den-
sity of 4 °C at a depth of 300 m. The smallest variability
in maximum water temperatures was observed at the
same depth. The interannual 7 range decreased dra-
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Fig.1. Location of the buoy station in Southern Baikal (A)
and seasonal course of water temperature for two different
stratification periods, namely the very warm (2005) (B) and
the very cold periods (2010) (C).

matically with depth by 20 times compared to the upper
horizon, as well as the standard deviation (Table 1).

Table 1 indicates that date of annual tempera-
ture maximum /7

- varied from August 6 (2012) to
September 16 (2013) at the highest horizon. The date
difference is about one month and a half, with an aver-
age date t; ~ August 22.

On average, the occurrence of peaks tr from
horizon to horizon varied from 28 days between the
upper horizons, with a deacrease to five days from 250
to 300 m.

However, in 2013, the difference between the
dates of maxima at the neighboring upper horizons was
the largest over the entire eleven-year period and was
approximately 52 days.

The difference between the dates of maxima at
the uppermost horizon and the lowest horizon aver-
aged 86 days, with a maximum of 111 days in 2016.
This phenomenon confirms the unevenness of heat
input at depth from year to year, related to differences
in weather conditions, the intensity of vertical mixing
processes, stratification stability, and the degree of
warming of the upper water layer.

The standard deviation of /7, is large and
almost identical at all horizons (13 — 19 days), indicat-

ing a large scatter of dates.
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Table 1. Statistical characteristics of the parameters of temperature maxima 1/, and the dates of their occurrence tTmax
Parameters Z Z, Z, Z, Z Z, Z,
Annual temperature maximum 7’ max? C
Minimum 10.87 8.39 6.93 5.49 4.41 3.94 3.84
Maximum 18.15 16.04 10.35 7.29 6.11 5.37 4.18
Range 7.28 7.65 3.42 1.80 1.70 1.43 0.34
Mean 15.00 11.06 8.34 6.16 5.14 4.34 3.99
Std. dev. 2.64 2.20 1.32 0.56 0.55 0.41 0.11
Date of annual temperature maximum ZTW , day of year
Minimum Aug.6 Aug.16 Sep.23 Oct.3 Oct.12 Oct.12 Oct.12
Maximum Sep.16 Oct.8 Nov.2 Nov.19 Nov.24 Nov.25 Dec.17
Range 41 54 40 46 44 44 66
Mean Aug.22 Sep.19 Oct.10 Oct.28 Nov.5 Nov.10 Nov.16
Std. dev. 14 15 13 15 14 15 19

Note: Z, conforms to the depth of measurement from 14.7 to 26.5 m, Z, from 50 to 52.3 m, Z, from 100 to 102.3 m, Z, from
150 to 152.3 m, Z, from 200 to 202.3 m, Z, from 250 to 252.3 m, and Z, from 300 to 302.3 m.

Seven data sets for every studied horizon during
eleven years illustrate how the annual maximum water
temperatures varied versus day of year with linear
dependence for every horizon (Fig. 2).

We can see that in the three upper horizons
(up 100 m), there is a decrease in maximum tempera-
tures with increasing dates. This means that the later
the maximum temperature occurs, the lower it is.
Starting from the horizon at 150 m, this pattern stops,
and regardless of the date, the maximum temperature
remains constant.

This supports the conclusion that a negligible
amount of heat from the surface penetrates to these
depths. Obviously, the variation of the maximum tem-
perature with depth is strongly nonlinear.

In terms of climate trends, we found no signifi-
cant trends for the eleven-year study period, for either

T . or t,

max max

3.2. Empirical relationship of variation of
maximum temperature by time and depth

The upper layer of Lake Baikal reaches its max-
imum temperature in July and August in the southern
part of the lake. Maximum temperatures are recorded
at depths of more than 200 m between October and
December. We hypothesize that for every specific dimic-
tic lake (or some area of lake), the annual extreme tem-
peratures can be a function of depth. It is obvious that if
the summer vertical temperature distribution is stable,
the maximum temperature will gradually decrease with
depth due to surface heat penetration and horizontal
exchange (Naumenko and Guzivaty, 2022). We wonder
at what rate this deepening occurs and whether there
are correlations between the magnitude of the max-
imum, its depth, and the time of the occurrence. To
quantify changes in the AMWT, the previously devel-
oped approximation forms of empirical functions were
used to find three dependencies, namely
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Fig.2. Annual maximum water temperatures depending

on the day of year, with linear dependence for every horizon.

T =F(h)
Z, =F(1)
T..=F(1)

where h is depth in m, t is time, and day of year.

The forms of empirical dependencies and the
coefficients of determination R? are given in Table 2
and Fig. 3.

It is evident that each dependence has a nonlinear
character (Fig. 3). Empirical dependence describes from
66 to 87% of the variability of the studied parameters.

To construct empirical relationships, we used
the values found for only eight years, which amounted
to 54 values for each sample. The values for the three
remaining years were highlighted in orange in Fig. 3.
They were used to verify the dependencies as indepen-
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dent data. Evidently, they lie within the same bound-
aries as the data used to construct the relationships.
Independent observed data were compared with those
estimated by the three empirical relationships. Root
Mean Square Errors (RMSE) are 1.3 °C, 49 m, and
1.9 °C, respectively. It should be noted that the error in
depth is quite large. This is due to the large variation of

date me across the studied horizons.

Differentiation of the obtained dependencies
enables to estimate the rates of change of the studied
parameters. Due to the nonlinearity of relationships for
the studied seasonal cooling period of the southern part
of Lake Baikal, the greatest variability of the maximum
annual temperatures with time 7/t was observed
in early August, right after the beginning of regular
convective mixing at a depth of up to 50 m (Fig. 3, right
upper and lower graph). At the same time, the rate of
deepening ];nax /h is also maximum.

Fig. 3, right center graph shows the rate of deep-

ening Zme /'t over time. The minimum rate ZTW /tis
observed in early August at about 0.5 m/day, and then
it increases to 6 m/day in early December.

In this way, the empirical dependences obtained
for the first time allow us to estimate the background
seasonal evolution of the vertical distribution of AWTM
values in the southern part of Lake Baikal and the rate
of change of these parameters.

4. Conclusion

We analyzed in-situ measurements of water tem-
perature with discreteness of 15 minutes for stable strat-
ification period in the southern coastal zone of Lake
Baikal with a bottom depth of 550 m for eleven years
from 2005 to 2016, except 2009. For the first time, the

absolute annual temperature maxima 7 and time

max
of occurrence tme at seven horizons were determined
based on the dataset used. The statistical characteris-
tics of the parameters are estimated. It should be noted
that these characteristics will vary depending on the

depth of the bottom and the distance from the shore

of the lake. Tmax at the upper horizon corresponds to
the data on the maximum water surface temperature in
Listvaynka (Fedotov and Khanaev, 2023). In contrast
to the shallow zone of Lake Baikal, the maximum tem-
peratures do not occur at the same time at all hori-
zons. There are significant time shifts (about 86 days)
between the uppermost horizon (~20 m) and the low-
est horizon (~300 m).
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Fig.3. Empirical dependences for estimation of the mag-
nitude of the annual water temperature maxima, its depth,
and the time of occurrence (left panel). The right panel
demonstrates rates for the same parameters.

The annual maximum temperature goes from
the surface to a depth of 300 m, where it reaches
~4 °C. Attempts have been made to derive equations to
approximate the vertical distribution of annual extreme
water temperature with depth as background for analy-
sis of possible climatic variations. The resulting depen-
dencies are non-linear. They are verified using inde-
pendent data. Much of the variation in extreme lake
water temperature can be explained by the vertical
heat exchange, which depends on the depth.

The rates of change of the annual maximum
temperature with depth have been determined. The
maximum rate of change occurs immediately after the
beginning of seasonal surface cooling and free vertical

Table 2. Empirical coefficients for dependencies developed for parameters of annual maximum water temperatures

Dependences Formula Coefficients
a b c R?
T . =F (h) a*Exp(b* ArcTan(Log(4/1000) +¢)) 6.91 -0.72 2.11 0.87
z, =F(t) a**(¢/100)+c) 5.47 . 0 0.66
T = F (1) a*POW((¢/100),b)* Exp(c*(z/100)) 351.46 | -0.67 | -1.12 0.87
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convection. The rate of deepening of the maximum is
a measure of the vertical penetration of heat to the
depth and can serve as the hydrophysical basis for Lake
Baikal. These conclusions correspond to similar results
for Lake Ladoga (Naumenko and Guzivaty, 2023).
Dokulil et al. (2021) indicate a substantial increase in
annual maximum lake surface temperatures in several
lakes. Our results provide significant evidence of the
existence of the background empirical dependencies
necessary for detecting the features in terms of regional
climate changes.
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BepTHKanbHOe pacnpeaeneHHe ropoBbixX

MaKCMMYMOB Temnepartypbl BOAbI B FRESETWATER
I0)KHOM Npubpe)xHou 3o0He o3epa baukan BIOLOGY
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AHHOTALIMA. ABCTPAKT. YacTo sKkcTpeMasbHOe COOBITHE, Takoe KaK TeMIlepaTypHbIII MaKCUMYyM,
OKa3bplBaeT HauOoJiblllee BJIMAHNE Ha 5KOCHUCTEMy 03epa, YeM M3MeHeHU:A CpeAHUX yCJIOBUH. BrepBble
Ha OCHOBE in-situ u3MepeHull TeMrepaTypbl BOABL C AUCKPETHOCTbIO 15 MUHYT [JiA eproja yCTOWYu-
BOU cTpaTtudukanuu 3a oguHHaAnath Jiet (¢ 2005 mo 2016 r., kpome 2009 r.) B 10)KHOM MPUOPEXHON
30He o3epa balikan c riy6uHoi AHa 550 M HcciiefoBaHa BepTHKaJbHAasA M3MEHUYMBOCTb T'OAOBBIX MakK-
cuMyMoB TeminepaTypsl Boasl ('MTB) u gatel ux HacTyiuieHus. [losyuyeHHbIe cTaTUCTAYECKUe Xapak-
TEepUCTUKU YeTKO MAEHTUOULUPYIOT pa3jIMuHble 0COOEHHOCTH BepTUKaJIbHOro pacnpenesneHus 'MTB.
HabGrogaeTcs 3HaYUTeIbHBIM BPeMEHHOU cABUI (0K0JIO 86 CyTOK) MeXy CaMbIM BepXHUM T'OPU30H-
ToM (oKo0J10 15 M) u cambiM HIXHUM 300-MeTpoBBIM ropru3oHTOM. Cpe/ilHNEe MaKCHUMaJlbHble TOJOBbIE
temnepatypbl (15°C) CHIXXAWTCA OT BEPXHEro rOpU30HTA 0 TeMiepatypsl ~ 4°C Ha riryouHe 300 M.
J71A KonmM4ecTBEHHO! OLIeHKH M3MEHEeHUI roA0BOro MakCMMyMa TeMIlepaTyphl BOAbI ObLIN TOCTPOEHBI
aMIMpyuyecKkre (PyHKIUN AJA OLeHKHU 3aBucuMocTeil Mexay 'MTB, natamMu UX HacTyIJIEHUA U TJIyOu-
HOH. OTH 3aBUCUMOCTH He ABJIAIOTCA JMHENHBIMYU U IOATBEPXKAEHBl He3aBUCUMBIMHU JaHHBIMH. OHU
HAMEIOT JOCTaTOYHO BHICOKHE KO3(POULIMEHTHl JeTepMUHALNH.
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TOJIOBBIX MaKCMMyMOB TEMIIEPATYpPHl BOJbI B KXKHOI NMPUOPEXHON 30He o3epa Baiikain // Limnology and Freshwater Biology.
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1. BBeAeH“e TepIrieBaeT 6I)ICTpI)Ie N3MEHEHNA B JIOKAJIBHOM M T'JIO-

6aspHOM Macmtabax (Hampton et al., 2008; Izmest’eva
et al.,, 2016). BepTukajbHBII W TOPU3OHTAJIBHBIN
o0OMeH TemjioM U UMIIYJIbCOM OIpeJesiAeT pachpefe-
JIeHWe TeMIepaTypbl BOJbl OT IMOBEPXHOCTH IO AHA.
KosnuecTBeHHas OIleHKA THUAPODU3NYECKUX IPOIieC-
COB HeoOXoAuMa OJIs HOHUMAaHUs U3MEHEHUH MHOTHX
BOJIHBIX TpolieccoB. [10 3TUM IMpUYMHAM, a TaKXe AJIA
MOHUTOPUHTA KJIMMAaTUYECKUX TEeMIEepPaTyPHBIX yCJIO-

BHUIl B 03epax, 3HaHHEe IIPOCTPAHCTBEHHOTO U BpeMeH-
2000, Mlepctankud u Op., 2006). [lo JaHHBEIM MHOTHX HOTO paclpefesieHUsi TeMIepaTyphl O03ePHOH BOZBL

nyOJIMKalyii, U3BECTHO, YTO 03€pa MUPA MOABEPKEHEI MOXeT GBITh Ype3BbYaiiHO IeHHbIM (Carpenter et al.,
nsMeHeHuto kiuMara (Adrian et al., 2009; O’Reilly et 2011).

al., 2015). [leficTBUTEJIbHO, 3a mMocaeqHui 30-IeTHUH
nepuoj TeMmIepaTypa MOBEPXHOCTH BOABI B O3epax
MHpa NOBBIIIAETCA, COKpalaeTcsa Mepuoj JieoCTasa,
U3MeHsAeTCA AaTa Havasla U IPOAOJIKUTEIIbHOCTD Nepu-
ofa crparudukanuu. JKocrucTeMa o3epa balikan mpe-

J714 moJtyueHnA cCOBpeMeHHBIX 3HAaHUU O TEPMU-
YECKON CTPYKType U ee MeXToAOBO M3MEHYMBOCTH B
KPYITHOM o03epe TpebyeTcd ropasfo OOJIbIle MOMAEsIb-
HBIX pacueToB W HAOJIIO[JeHNH, YeM MMeeTCs Ha Cerof-
uAmHui geHb (Beletsky et al., 2006). OcobeHHO 3TO
KacaeTcs KPYITHOTO AWMHKTHYECKOTO o3epa barikai,
UMeIOIIero caMyo OOJIBIIYI0 TJIYOMHY U caMblii 00Jib-
110 00beM MPecHO BoAb cpeau o3ep mupa (Minoura,

TepMUUECKUIT PEXUM KPYIHOTO JUMHKTHUYE-
CKOTO O3epa OoIpefessieTcsl Ce30HHBIM XOAOM IOCTYy-
IIJIEHUA Telljla K IOBePXHOCTU BOAHI, B3auMOAelCTBLEM
JBUKyIlerocs €JIos BO3AyXa C BOJOW M paclpocTpa-
HeHUeM TeIUla B IJIyOb o3epa. JJUMUKTU3M O3epHON
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TOJIIIM MPOSABJIAETCA B TOM, YTO 03e€pO JBAXIHI B T'OJ
repeMeIInBaeTcs OT MOBEPXHOCTU 0 [IHA 32 CUeT aHO-
MaJIuy IUJIOTHOCTH IPECcHOH BOABI IIPU TeMIlepaType
3.98°C Ha noBepxHOCTH. OOBIYHO MEXAY ABYMs OCHOB-
HBIMU COOBITUAMHU IepeMelInBaHUA 03epPO YCTOWYNBO
cTpaTUGULIIPOBAHO B TeyeHNe HECKOJIbKUX MecCHAIleB.
Knaccuueckoe TpexcJOiHOe BepTUKAJIbHOE paclipe-
JejleHre TeMmrepaTypbl opMupyeTcs, a UMeHHO, 1)
TOBEPXHOCTHBIN MepeMeITaHHBIN CJION (SMUJIMMHUOH),
2) cpemHuil cJ0i ¢ GOJIBIIMMU BepPTUKAJIbHBIMU Tpa-
JUeHTaMu TeMmuepaTypbl (MeTaJMMHHOH) U 3) Mpu-
JIOHHBIH CJION, KOTOPHIHM XOJIOJHEE U IUIOTHEE, YeM BCe
BepxHUe ciou (rumoauMHuoH) (Boehrer and Schultze,
2008).

OOBIYHO TOJIOBOM MaKCUMyM

T

[TOBEPXHOCTHOTO CJIOS BOJBI 1. TIPUXONUTCA Ha cepe-
OuHy Jieta. B DBafikase, Bcje[CTBHE €ro OIPOMHBIX
pa3MepoB, To/IOBble MaKCUMYMBbl TeMIEPATYPH BOIBI
('MTB) y 6epera HabitoqaeTcs B KOHIle UIOJIA — aBry-
CTe, B OTKPHITBIX YaCTAX O3epa B aBrycTe-ceHTAOpe.
Haw6oJibinre BepTUKaIbHBIE IPAAEHTH TEMIEPATYPHI
U TUIOTHOCTY BO3HUKAIOT B IEPUO] MPOrpeBa B MeTa-
JUMHMOHe, 3a 20-30 gHell 10 JOCTHXEeHUs MaKCHUMaJTh-
HOU TeMIlepaTypsl BoAabl Ha noepxHocTH (Naumenko
and Guzivaty, 2022). 3areM HauyMHaeTCA OXJIAXe-
HUe, THULUUPYIoIlee KOHBEKTUBHOE TIepeMelIrBaHue,
KOTOpOe YCKopsAeT yrjyOJjieHue SNUJIMMHHOHA, Ipa-
JUEHThl yMeHbIIawTcA. Temio pacnpocTpaHseTca Ha
HIDXeJIexalyie TOPpU30HThI, MAaKCUMYMBI TeMIIepaTyphl
cMemalTcA Ha OOoJblIyl0 TIJIyOMHY, a WX 3Ha4eHU:
yMeHbIIaTcA. B Kaxayio AaTy MPOHUKHOBEHNUE Telia
Ha HIKeJiexariyie TOPU30HTH MOXKHO MPOCJIEAUTDh KaK
3arsiy0JjieHre TOHOBBIX MAaKCUMyMOB TeMIlepaTyphbl
BOJIbl OT ITIOBEPXHOCTHOTI'O CJIOSA 10 AHA Ha OlpejiesieH-
Hoii BepTukanu ([Pxeiimc, 1971; Stepanenko et al.,
2018). OceHbio, KOT/1a TEIJIO JOCTUTAET AHA, IPOUCXO-
JUT 1epeBopoT (TO ecTh BepTUKaIbHAsA U30TEPMUA), U
TeMnepaTypa y AHa CTAHOBUTCA CaMOM BBICOKOII 3a I'OJ{
B 0OJIBIIIOM AUMUKTHUUYECKOM O3epe.

Ce30HHbIe M3MEHEeHUs TepMUYeCcKol cTpaTudu-
KaIy MOTYT BJIUATH Ha JUHAMUKY YHCJIEHHOCTH PUTO-
miankToHa u 3oormiadHkToHa (Eckert and Walz, 1998;
Branddo et al., 2012). BepTukasbHas OIPOTSKEHHOCTh
SHWJIUMHUOHA (T.e. rJIyOMHaA I[epeMellaHHOTo CJI0)
U BeJIMYMHA TEPMHYECKOTO I'DAANEHTa B TOJIIE BOIBI
BJIUSIIOT Ha POCT IJIAHKTOHA U MEPBUYHYIO IIPOAYKIIUIO
(Vincent et al., 1984; O’Brien et al., 2003; Brighenti et
al., 2015) u TeM caMBIM PeryJIMPyIOT IPOHUKHOBEHLE
CBETa M BHYTPEHHIOI0 HATPY3Ky MUTATEIbHBIX BEI[ECTB.

Takum o6pasom, 7, 1 BpeMsA HaCTyIJIEHUs TOI0BOTO

TeMIepaTyphbl

nuka 7 Ha ompeJesieHHOH IiyGuHe ZTW BJIVAIOT Ha
T0JI0XKeHNe MAaKCUMyMa KOHIIeHTPAIUH XJI0opodusia
B CE30HHOM XOfle IIapaMeTpPOB 3KOCHCTEMHI O3epa.
IMosToMy 3ariyfJieHre TEMIEPaTyPHOro MakCHUMyMa B
CTPaTU(UIMPOBAHHBIX 03€paX MOXHO paccMaTpyBaTh
HE TOJIBKO KaK BaXXHBIH TUAPO(PUINYECKUN IPOIiecc,
HO U KaK IapaMeTp, BIUAKLIUN Ha CTPYKTYPY SKOCH-
creMmsbl. Bosiee TOro, n3MeHeHNe KJIMMAaTUYECKUX Mak-
CHMYMOB MOJXET BJIMATH Ha MOIMYJIALNNU U COO0IIeCcTBa
pei6 (Gillis et al., 2021).

OueBUIHO, YTO 3HAHME BEJINYMHBI U JaThl HACTY-
[JIEHNST TeMIIEpaTyPHBIX MaKCHMyMOB Ha pPasJIAYHBIX
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JIyOuHaX HeOOXOOMMO MAJIs HMOHUMAaHUsA W3MEHEHU
MHOTMX BOJHBIX IPOLIECCOB B Ppa3HBIX THUIIAX O03ep.
CyImiecTBYIOT MyOJIMKAIIMU O BAXXHOCTH JTUX IKCTpe-
MabHBIX coObrTuil (Sharma et al., 2008; Minns et al.,
2018; Ptak et al., 2019; Dokulil et al., 2021) Ho, kK coxa-
JIEHUI0, OHU MPAKTHUYeCKU KaCalTCs TOJIBKO TeMIepa-
Typbl NOBEPXHOCTHBIX BOJI, 32 WCK/IIOYEHUEM CTaThU
Hondzo and Stefan, 1996, roe paccmaTpuBaeTcs: Ipu-
JIOHHAsI TeMIleparypa.

[Ty6aMKanuyu O BEPTUKAJIBHOM paclpeaesieHIn
TOJIOBBIX MAaKCHMAJIbHBIX TEMIIEpaTyp B JUMUKTHYE-
CKUX 03epax, B YaCTHOCTU B IJIyOOKOBOAHBIX PaliOHAX
ozepa balikasn, orcyTcTBYIOT. Mexrogosass U3MeHYU-
BOCTh TEMIIEPATYpPHl U TJIyOUHHI 3aJieTaHusi Me30Tep-
MHYECKOTO MaKCHUMyMa TeMIIEPaTyphsl B IIOAJI€IHBII
mepuo; obcyxaaercs B ctatbe Aslamov et al. (2024).
O pacrpeiesleHUM MaKCUMAJIbHBIX TeMIIepaTyp BOIBI
B npubpexHoil 30He Balikayia Ha riybuHax gHa 15 m
U MeHee CyIecTByeT TOJIbKO ABe padoThl (Pocconmmo,
1957; Fedotov and Khanaev, 2023). [To3ToMy ILeIbIO
HACTOAIIEr0 KCCIIeOBaHUA OBLIO BIIepBBIE IIPe/ICTa-
BUTh JAHHBIE O TOJJOBBIX MAaKCHMyMax TeMIEepPAaTypHI

BoAbl 7 C MOMOIIBIO CTAMOHAPHBIX MHOTOJIETHUX
BBICOKOTOYHBIX M3MEpeHUH TeMIlepaTypsl Ha Pa3HBIX
ropusoHTax (¢ 2005 no 2016 r., kpome 2009 r.), OTHO-
cAmuxcs K rirybuHaMm fHa A0 550 M B 10KHOU pubpex-
HoI1 30He Barikasa. ITocjie aHasM3a MacCMBOB JaHHBIX
BEPTUKAJIBHBIX Tpoduieli TeMreparypsl Obljla ycTa-

HOBJIEHAa SMIMpUYecKas 3aBUCUMOCTb MexAy abco-
JTOTHBIM TOZJOBBIM MaKCHMYMOM TEeMIePaTyphl L. 1
JaToil I, U ryOUHOM ero mosBieHus Z, .

max max

2. UcxopHble AaHHbIEe U PaioOH
HCCAEAOBAHUMN

Ozepo DBaiikanm akTuBHO wu3ydaerca c¢ 1990
roga, korjga Obul co3maH balikaibcKuil  Mexay-
HApOAHBII IEHTP JKOJIOTUYECKUX HCCJie[JOBaHUN
(BUIIDP). CrauuoHapHbBle MHOTOJIETHUE BBICOKO-
TOYHble W3MepeHUs TeMIlepaTypbl MPOBOLATCA C
Mapra 1999 r. HMHCTUTYTOM NpPUKJIAAHON (PU3UKU
HpkyTckoro rocy1apCTBEHHOI'0 yHUBepcuTeTa
coBMecTHO co IllBeiinapckum deaepasbHbIM HHCTU-
TYTOM 3KOJIOTMUeCKUX HayK u TexHoJiornil (EAWAG)
u JlumHosornyeckuM HHCTUTYTOM CO PAH Ha 0Oase
BalikasbcKOro HEUTPUHHOTO 3KcIepruMeHTa ([eiicTBY-
fomuii Baiikanbcknil HeUTpUHHBIN Teneckon NT200 +)
(Aynutdinov et al., 2009). HeckobKO CTaHIUN ObLIA
yCTaHOBJIEHBI B TPUOPEXHOI 30He I0)KHOH YacTu o3epa.

MpsI rcnioJib30Basiu fJaHHble ¢ OyHKOBOI CTaHIIUN,
PacIoJIokeHHOH OJIrXe Bcero K Oepery Ha pacCTOAHUU
1,0 xm u raybunoi aHa 550 m (Puc. 1a). Cemp TeM-
[epaTypHBIX JIOITEPOB, paclpe/ieIeHHBIX MeXAY JHOM
o3epa W rJyouHON 15 M, perucTpupoBaju TeMmIiiepa-
TYPHBIN MPOMUJIb B TEUEHHE BCETO Ir'ojla C UHTEPBAJIOM
15 MuH Ha NpoTsXKEeHUU oAuMHHaAuaTtu Jiet ¢ 2005 1o
2016 r. (xpome 2009 r.). ['OpU30OHTH U3MepeHui: 1)
ot 14.7 no 26.5 M, 2) ot 50 mo 52.3 M, 3) ot 100 g0
102.3 M, 4) ot 150 10 152.3 ™M, 5) oT 200 10 202.3, 6) OT
250 go 252.3, 7) ot 300 go 302.3 M. XapakTepuUCTUKU
MIPOBEIEHHbBIX U3MEPEHUE TpruBeeHsl B Aslamov et al.,
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2024. HekoTopoe pazjundue B IJIyOMHE pacloJIOXKeHUA
JIOTTepOB 13 rojia B I'oJi CBA3aHO C TEXHUYECKUMU TPY -
HOCTAMMU Npu ycraHoBKe. Ha Puc. 1a nokasaHo pacmo-
JoxxeHHne OyVikoBo craHIuu B FOxxHOM batikasne B paii-
oHe MbIca VIBaHOBCKUlI ¢ KoopAuHaTamu 51°47/22.7” c.
m1., 104°24’53.4” B. A.

CpenHuil yKJIOH JHA B paliOHe CTAHIUU COCTaB-
aser 33° (Kapra yKJIOHOB..., 2024), 4TO TpEBHIIIAET
KpUTHYecKoe 3HaueHue MJiA IPOIECCOB CKOJIbXeHUA
(Hakanson and Jansson, 2002). DTO 0O3HAa4aeT, 4ToO
Ha 5TOM YKJIOHE MOTYT IIPOMCXOAUTh KaK CIOJI3aHHe
BOJHBIX Macc, TaK U IepeMellleHle BellecTB.

IOxnas yacTh Baiikasia nMeeT ApKO BbIpaXKeHHbIE
0COOEHHOCTH, CBA3aHHBIE C BJIUAHMEM Oeperop pas-
JIMYHOU BBICOTHI U JIECTBUEM BeTPa B MOJIy3aMKHYTOHN
ob6sactu o3epa. [To gauasiM KoxoBoi u Vi3mecTheBoM
(1998), B roxxHOM YacTu Baiikajyia cuJibHBIE CeBepoO-3a-
IaJiHble BeTphl YaCcTO HAapyIIAloT JIETHIOI cTpaTuduKa-
L1110, BBI3bIBasA I0JbeM XOJIOAHBIX BOJ BAOJIb 3allaJHOT'O
nobepexbs U NPUBOASA K IOHMXXEHUIO TeMIlepaTyphl
MoBepXHOCTHBIX BOZ 10 4 °C ¢ 14° - 16 °C B TeueHuUe
HeCKOJIbKUX 4acoB. CHJIbHBIE BETPHl MOI'YT YCKOPHUTb
nepeMellrBaHue, 1 HEKOTOpble TeIsIble HMITYJIbCH,
3a KOTOPBIMU cJjiefiyeT Bo3BpaT K 4 °C, mpUBOIAT K
HCYe3HOBEHUI0 TepPMOKJIMHA. XOpOUIO IlepeMellaHHbIN
MOBEPXHOCTHBIN CJIONM oOpa3yeTcs B pe3yJibTaTe IpU-
OpeXXHOro JayHBEJUJINHIA, BBI3BAHHOTO MNPUOPEXHBIM
9KMaHOBCKHM I[IepeHOCOM, CO3aBaeMbIM BETPOM, AYIO-
UM [apaJjijiesibHO I00epexsbio.

3. Pe3ynbTaTtbl M 06cy)xpeHue

3.1. OcHOBHble 0COOEHHOCTH
BEepPTUKaAAbHOIO pacnpeAeneHHUa roaoBbIX
MaKCMMYMOB TeMmnepaTypbl BOAbI B
I0O)KHOM NpUbpe)xHomn 30He

CpOKI/I HaCTyIJieHuA TroAoBOro MaKCuMyMa

MOBEPXHOCTHON TeMIepaTyphl meaX ABJIAIOTCA Hau-
0OoJiee aKTUBHBIM IEPHUOAOM B3aMMOIEMCTBUA BO3-
nyxa u noBepxHocTH o3epa (Naumenko and Guzivaty,
2022). 3Tu [OaThl ABJAIOTCA BaXHBIMUA (PeHosiormnye-
CKMMU WHAWUKATOpPaMU AJISA OIeHKU JOJITOBPEMEHHBIX
U3MEHEeHUI TepMHUUYEeCKOr0 pexXnuMa KPYIHBIX 03ep, B
yacTHocTu batikana. [jauTenbHble KPYTJIOTOAUYHEBIE
u3MepeHrs TeMIlepaTypbl Ha OIpefeleHHbIX TOpHU-
30HTax MO3BOJIAIOT TOYHO OMpEeAesIUTh KJII0UeBble TeM-
neparypsl TepMuueckoro mukia batikama. [ia kax-
Joro JoctymHoro ropusoHrta (00eryHO OT 15-19 M 10
300 m) B 10xHOU MpUbpexXHON 30He Baiikajia Ha OCHOBe
UCIOJIb3yeMoro Habopa OaHHBIX OBUIM OI[eHeHBl Kak

MakcuMasIbHaA Temmepartypa I, , TaK U ee qaTa by .
ODTO OBLIO clieJIaHO [AJIA Iepuoja YCTONYMBOI CTpaTu-
duxkanuu 3a oquHHaAUATh Jet ¢ 2005 no 2016 ron, 3a
uckroueHrneM 2009 ropa. Ha Puc. 1 mokasaH ce30H-
HBII XOJ TeMmIepaTypsl BOABI JIA ABYX JIET, Xapak-
TepU3yIOIUXCA CaMbIM TeIUIBIM U CaMBIM XOJIOJHBIM
JIETHUM TIEPHOJIOM 3a HccJielyeMblil epro/1 HabJtoie-
Huil. C yBesmuyeHneM IJ1yOHHBI U3MepeHU ACHO BUIHO
U3MeHeHHe TeMIlepaTyphl OT 6ojiee BHICOKUX 3HAaUYeHUN
K Oosiee HU3KUM. OUYeBHHO, YTO CyIIECTBYIOT 3HaA4U-
TeJIbHBIE pa3jiduusA B TeMIlepaType U BpeMeHU HacTy-
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IJIEHUST MAKCUMAJIbHBIX TEMIIEPATyp Ha JIBYX BEPXHUX
FOpHU30HTaX, B TO BpeMs KaK Ha HWXHUX FOPHU30HTAX
9TU pas3jinuuiA ropa3fio MeHslne. UTo kacaeTcsA amBeJi-
JIMHTOB, TO UX MOXHO PacClo3HaTh M0 Pe3KOMY CHUXe-
HUI0 TEMIEPATypsl B BepxHux ropusonrtax (Troitskaya
et al., 2023).

B 1enom, B KaxAbplli rof Haubojiee BhIpa’keH-
Hasa dopMma TeMIepaTypHOro rpaduka [y BEpXHEro
CJIos Oo3epa WMEEeT BUJ OCTPOKOHEYHOU BEPIIMHEIL
OOmen3BecTHO, 4YTO bBadikajn sABJSeTCS TUINYHBIM
AVMUKTHUYECKUM O03€pOM [0 T[JIyOMHBI JeATEeJIbHOTO
cy10s 200-300 M , B KOTOPOM HaOJII0AAI0TCA eXerogHbIe
ce30HHBIe KoJlebaHusA TeMiepatypsl (Illumapaes, 1977;
Shimaraev et al., 1994; Shimaraev et al., 2012).

ImybuHHasA CTPYKTypa TeMIlepaTypsl JeMOH-
cTpupyet 60Jiee MOJIOTHE KPUBBIE C KOPDOTKUM TIEPHO-
AoM MakcuMyMa. Ha rirybune 6osiee 100 M ce30HHBIE
KoJiebaHusa He3HauuTeabHH (Puc. 1). CTaTucTHUueckue
XapaKTePUCTUKU TapaMeTPOB TOJOBBIX TeMIepaTyp-

HBIX MaKCHMyMOB !, U [JaThl UX HACTYILIEHHA Iy
A npubpexHoii yactu I0xHoro Batikana npuBefeHbl
B Tab6umma 1.

Ha ropusonte okosio 20 M, HauboJiee npudsIu-
JKEHHOM K IIOBEPXHOCTU O3epa, rOAOBble MaKCHUMaJlb-
Hple Temmepartyphsl Boasl B 2005 — 2016 rr. nsmeHs-
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Puc.1. Pacnosnoxenme OyHKOBOI craHiuu B HOXHOM
Baiikasie (A) ¥ Ce30HHBIN X0/l TeMIlepaTypbl BOABI JIA IBYX
Pa3JIMYHBIX IO CTENeHU IIPOrpeBa NepUoJOB JIETHEN CTpaTH-
¢dukaruu — ouenp Termtoro (2005 r.) (B) 1 oueHb X0JI0AHOTO
(2010T.) (O).
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Taﬁnnua 1. Cratuctuueckue XapaKTE€pUCTUKU IIapaMETPOB I'OAOBBIX TEMIIEPATYPHBIX MaKCHMYMOB U AAThl UX HACTYIIJICHUA

IMapameTps1 Z Z, Z, Z, Z, Z. Z,
T'opoBast MakcuMasibHas TeMneparypa , “C
MuHUMYM 10.87 8.39 6.93 5.49 4.41 3.94 3.84
Maxkcumym 18.15 16.04 10.35 7.29 6.11 5.37 4.18
JlnanasoH 7.28 7.65 3.42 1.80 1.70 1.43 0.34
Cpensee 15.00 11.06 8.34 6.16 5.14 4.34 3.99
CKO 2.64 2.20 1.32 0.56 0.55 0.41 0.11
JlaTa BO3HMKHOBEHHUS r'0IOBOr0 MaKCUMyMa TeMIepaTyphl , CYTKU
MuHuMyM ABr.6 Asr.16 CeHT.23 OkT.3 OkT.12 Okr.12 Okrt.12
Maxkcumym CeHr.16 OkT.8 Hos6.2 Hos6.19 Hos6.24 Hos16.25 Jek.17
JlnanasoH 41 54 40 46 44 44 66
CpenHee ABr.22 Cenr.19 OkrT.10 OkT.28 Hos6.5 Hos6.10 Hos6.16
CKO 14 15 13 15 14 15 19

IlpuMeyanue: Z, COOTBETCTBYET IJyOuHe u3MepeHus ot 14.7 no 26.5 m, Z, — ot 50 1o 52.3 m, Z, — ot 100 g0 102.3 M,
Z,- ot 150 o 152.3 m, Z, - ot 200 mo 202.3 M, Z, — ot 250 0 252.3 M, Z, — ot 300 mo 302.3 m.

auchk ot 10.9 °C B 2010 1. 10 18.2 °C B 2005 1. (Puc.1).
CpenHrie MakcMaJlbHBIE T'OJOBBIE TeMIEPATypPhl CHU-
xatores oT 15 °C asis BepxHero ropusoHta Jio 4 °C Ha
riy6uHe 300 M. Ha Toi1 xe riryOriHe HabJIioasach Hau-
MeHbIIasA U3MEeHUYMBOCTh MaKCHUMAaJIbHBIX TeMIIepaTyp
BOZbl. MeXromoBoi Auama3oH W3MeHEeHUH TeMIiepa-
TYPHI BOABI PE3KO YMEHbBIIAJICA € TJIyOMHOHN, TPUMEPHO
B 20 pa3 mo CpaBHEHHIO C BEPXHHUM TI'OPHU30HTOM, TaK
’Ke Kak U ctaHgapTtHoe oTtkjoHeHue CKO (Tabmura 1).

Ta6suiia 1 mokasbBaeT, YTO JaTa r'oJIOBOr0 TeM-
[epaTypHOr0 MakCHMyMa Ha caMOM BepxXHeM TOpU-
30HTEe Bapbupyet oT 6 aBrycra (2012 r.) no 16 ceHrs-

6ps (2013 r.). Pasuuna B gatax /7 cocTaBiseT OKoJIo

[IOJIyTOpa MecAIleB [IpU cpeJiHell AaTe 22 aBrycra.

B cpeaHeM HacTyIUleHHe MaKCUMYMOB leax
OT TOPU30HTa K TOPU30HTY BapbHUpOBaJIo OT 28 mHel
MeXJy BEpXHUMU TOPU30OHTaMH U YMEHbLIAJIOCh [0
nATu gHer ot 250 go 300 m.

Opnako B 2013 rogy pasHuia Mexpay gaTaMu
MaKCHMYMOB Ha COCEJHUX BEPXHUX MOPU30HTAX ObLiIa
HauOoJIbIIel 3a Bech OJMHHAIATUJIETHUIN Nepuoj U
cocTaBMJIa OKOJIO 52 JHeH.

Pa3nuia Mexay fJataMu MakCHMYMOB Ha CaMOM
BEPXHEM U CaMOM HM)XXHEM TOpPM30HTaX COCTaBWJIa B
cpenHeM 86 AHeill, ¢ MakcuMmyMmoMm B 111 nneit B 2016
roAy. JTO sABJIeHHWE TNOATBepXOaeT HepaBHOMEPHOCTb
MOCTYIJIeHUs TellJla Ha TJIyOMHY OT roga K ropy, Cs-
3aHHYIO C pPa3M4YMAMU NOTOJHBIX YCJIOBU, NHTEHCUB-
HOCTBIO IIPOLIECCOB BEPTHKAJIBHOIO INepeMelBaHus,
YCTOMUYUBOCTBIO CTpaTU(dUKAIUM U CTeleHbIo Iporpesa
BEPXHETO0 CJIOS BOZBL.

CraHgapTHBIE OTKJIOHEHUS tTmax BEJIMKU U TTOYTH
OJIMHAKOBHI Ha Bcex ropusoHTax (13-19 mHer), uTO
yKa3biBaeT Ha OOJIBIION pa3bpoc aaT.

Cemp HaOOpPOB MAaHHBIX [JIA KaXAOTO HCCIIe-
JyeMOTo TOPU30HTA 33 OJMHHAIATH JIeT MO3BOJISIOT
MPOUJLTIOCTPUPOBATh, KAaK M3MEHsUIacCh TO[0Basi Mak-
CcUMaJIbHAs TEMIIEPaTypa BOJbI B 3aBUCUMOCTHU OT JTHSA
roga ¢ JUHEWHOM 3aBUCHUMOCTBIO JIJIsI KaXIOTO T'OPU-
3oHTa (Puc. 2).
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BuHO, 4TO Ha Tpex BepxXHUX TOPH30HTax (A0
100M) HabJroaeTcs 3HaUYMMOe CHIKeHMe MaKCUMaJlb-
HOU TeMIlepaTyphl C YBeJINueHHeM JaThl. DTO O3Havaer,
YTO YyeM II03Xe HACTyMaeT MaKCUMyM TeMIepaTyphl,
TEM ero BeJiuMHa MeHbllle. HaunHasg ¢ ropusoHTa
150 M, 5Ta 3aKOHOMEPHOCTH IIpeKpallaeTcsa, U He3aBu-
CUMO OT JaThl MakCcUMaJibHasA TeMIlepaTypa OCTaeTCs
MOCTOSAHHOW. DTO MOATBEPXJaeT BBIBOL O TOM, YTO Ha
9TU TJIyOWHBI IMPOHMKAeT HUYTOXHO MaJjioe KoJjuue-
CTBO TemJia ¢ MoBepXHOCTU. OUeBUIHO, UTO U3MEHEHUe
MaKCUMaJIbHOU TeMnepaTyphl ¢ TJTyOMHOI HOCUT APKO
BBIpaX€HHBIN HeJINHEWHBIN XapaKTep.

Urto kacaeTcs KJIMMaTHUUYeCKHUX TeHJEHITUH, TO
3a OQUHHA[LUATUJIETHUN Mepuoj UCCJIeJOBAHUA MBI
He OOHapyXWJHM CYIIeCTBEHHBIX TEHAEHIMWI HU IJIiA

OAHOrO U3 IoKasaTejeil: Hu A 1

max » HAL UL I7

ax

000 147-265Mm(1)
Linear (1)
50-523M(2)
Linear (2)
©00100-1023Mm(3)
Linear (3)

0O 150-152.3Mm(4)
Linear (4)

® 002002023 m(5)
Linear (5)

® 00 250-2523Mm(6)
Linea (6)

® 00 300-3023m(7)
Linear (7)

12—

MakcumalibHas rogoBas TeMieparypa, C
1
()
[}
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Asr. CeHT. Oxr. Hoa6. ex.
Puc.2. TogoBele MakcHUMaJlbHble TeMIepaTypbl BOABL B
3aBUCHMOCTU OT OHSA roja ¢ JIMHEHHON 3aBHCHUMOCTBIO JIA
KaXJIoro TOPU30HTA.
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3.2. Amnupuueckaa 3aBUCMMOCTDb
H3MEeHEeHHA MaKCMMaAbHOM TemnepaTtypbl
no BpeMeHHU U TIhybuHe

B 10xHOU yacTu Balikasia MakcuMaJsibHas TeMIe-
parypa B BepxHeEM CJIOe JOCTUTaeTCs B HI0JIe-aBIyCTe.
Ha riybunax 6osiee 200 M MakCUMyM TeMIl€paTyphl
NpUXOOUTCA Ha OKTAOPb-Aekabpb. MbI mpefmnosaraemM,
YTO JJIA KaXXJ0T0 KOHKPETHOT'O IUMHUKTHUYECKOT0 03epa
(M1 HEKOTOpOH ero 06J1acTH) TOJOBBle SKCTpeMalib-
HBle TeMIepaTypbl MOTYyT OBITh (PyHKUIMEN TJIyOWHBIL.
OueBUAHO, YTO ec/IM JieTHee BepTUKaJIbHOE pacrpe-
JlejleHre TeMIlepaTyphl CTaOMJIBHO, TO MaKCUMaJibHasA
TeMmnepaTypa OyJeT MOHOTOHHO yMeHBHIAThCA C TJIy-
OMHOI 3a cYeT IPOHUKHOBEHUA TeIljla ¢ IOBEPXHOCTHU
u ropusoHTanbHoro ooMena (Naumenko and Guzivaty,
2022). MsI 3ajjaeMcsi BOIIPOCOM, C KaKOU CKOPOCTBHIO
IIPOMCXOAUT 3TO 3arjiybjieHre U ecTh Ji KOppeJiAlun
MeXIy BeJIMYMHON MaKcuMyMa, ero IJIyOMHOH U Bpe-
MeHeM BO3HUKHOBeHUsA. [[Ji KoJIM4eCTBEHHOH OlleHKHU
nsMeneHuii 'MTB wucnosb3oBanuch paHee paspabo-
TaHHble aNIpPOKCHUMAaNNOHHBIE (OPMBI dMINPUYECKUX
QyHKIMI, KOTOPBIE MO3BOJIVIN HAUTU TPU 3aBUCHUMO-
CTH, & UMEHHO

T = F(h)
z, =F(t)
T =F(1)

rae h — rybuHa, M, t — CyTKU OT HavaJjia roja.

@®opMBl SMIHUPUYECKUX 3aBUCUMOCTEH U KO3(-
durueHTs geTepMmuHanuy R? npuBeneHsl B Tabiuie 2
u Ha Puc. 3.

OueBUIHO, YTO KaxJas 3aBUCUMOCTh KMeEET
HeJIMHeNHbIN XapakTep (Puc.3). DOMmnupuueckue 3aBu-
CHMOCTM ONMUCHIBAIOT OT 66 A0 87% u3MeHUYUBOCTU
uccyelyeMbIX TapaMeTpOoB.

J1a mocTpoeHus 3MIUPUYECKUX 3aBUCHUMOCTEN
MBI MCIIOJIb30Ba/IM 3HAUeHMs, Hali[ileHHble TOJIbKO IJIA
Bocbmu JieT (2005-2011, 2015-2016), uyTO cocTaBUIIO
54 3HaueHus A Kaxaon Beibopku. Ha Puc. 3 opan-
’KeBBIM I[BETOM BBIJleJIeHbl 3HAUeHMs JJI TPeX OCTaB-
muxcsa et (2012-2014). OHu OBUIM HCHOJIb30BaHBI
JAJA TPOBepKU 3aBUCHMOCTEN KaK He3aBHCUMBIE AaH-
Hble. O4YeBHJHO, YTO OHU JieXaT B TeX Xe IpaHUIaX,
YTO W J[JaHHbIe, WCIOJIb30BaHHBIE [JIA IOCTPOEHUA
3aBrcuMoOcTell. He3aBricuMbie HaOJII0OqaeMble JaHHBIE
CPaBHUBAJIMCh C MJAHHBIMU, OI€HEHHBIMU II0 TPEM
SMIIHMPUYECKUM 3aBHUCUMOCTAM. CpeqHeKBapaTHYHbIE
omm6ku (RMSE) coctraBuu 1.3 °C, 49 M, 1.9 °C cooT-
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Puc.3. DMmnupuueckye 3aBUCUMOCTU JJIA OL[EHKU BeJid-
YMHBI TOJOBOTO MaKCHMyMa TeMIIepaTyphl BOJbI, €ro IJIy-
OMHBI U BpeMeHU HacTyIUleHus (JieBas maHess). Ha mpaBoit
MaHeJIy MOKa3aHbl CKOPOCTU U3MeHEHUs TeX XKe IapaMeTpPOB.

BeTCTBeHHO. CileiyeT OTMETUTh, YTO OMMOKa IO TJIy-
OrHe JOBOJIbHO BeJIMKa. DTO CBsI3aHO ¢ GOJIBIINM pas-

6Gpocom JaThl l‘me 0 HUccaelyeMbIM rOpHU30HTaM.
JAuddepeHnyipoBanye TMOJIyYeHHBIX 3aBUCHU-
MOCTel I03BOJIET OIIeHUTh CKOPOCTU W3MeHeHUsA
U3y4yaeMbIX MapaMeTpoB. B cBsA3M ¢ HeJIMHEHHOCTHIO
3aBUCHUMOCTEN I U3y4aeMoro Iepuofa Ce30HHOIO
oxJIaXxJeHUs I0KHOM uyacTtu balikayna HauGosbias
U3MEHUYNBOCTh MaKCHMAaJIbHBIX T'OJOBBIX TeMIepaTyp
co Bpemenem 1 /t wabioganack B Havajie aBry-
cTa cpasy IocJjie Havaja peryJisipHOrO KOHBEKTUBHOTO
nepeMenMBaHusA Ha T1youHe o 50 M (Puc. 3, mpaBbiii
BEpXHUN U HWXHUM rpaduku). B 37O Xxe BpeMs CKO-

poctb yray6nenus 1 /h rtaxxe makcumanbHa.

max

Ta6suna 2. OMnupuyeckre K03GOUINEHTH! 111 3aBUCUMOCTel, pa3paboTaHHbIX [ TapaMeTPOB I'OJI0BBIX MaKCUMaJIbHbBIX

TeMIiepaTyp BOJBI

3aBucuMoCTH dopmysa

KoaddummeHTs1
a b c R?

a*Exp(b* ArcTan(Log(/#/1000) + ¢)) 6.91 -0.72 2.11 0.87
a**(t/100)+c)
a*POW((¢/100),b)* Exp(c*(¢/100))

5.47 - 0 0.66

351.46 -0.67 -1.12 0.87
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Ha Puc.3, npaBbiii I{eHTpaJIbHBINI rpaduk, MoKa-

3aHa ckopocTs sarnyGuennsa Z;  /t ¢ Tevennem Bpe-

max
MeHU. MuHnManbHas CKOpOCTh ZTM /'t mabmogaercsa
B HayaJie aBrycra okosio 0.5 M/CyT, 3aTeM OHa yBeJH-
yyBaeTcsa o0 6 M/CyT B HavaJsie AeKaopsl.

TakuMm o0Opa3oM, BIEpBbIE IOJIyYeHHBIE OMIIU-
pUYecKre 3aBUCHMOCTH IO3BOJIAIT OLIEHUTHh (POHOBYIO
CE30HHYI0 DBOJIIINI0 BEPTUKAJIBHOI'O pacIpeesIeHNs
BesinunH I'MTB 1oxHOU uyacTu o3epa bBatikanm u cko-
POCTb U3MEHEHUS 3TUX [TapaMeTPOB.

4. 3aknoueHue

[Ipoananu3npoBaHsl  HaTypHblE  KU3MepeHusd
TeMmnepaTypbl BOJbl C AUCKPETHOCTbIO 15 MUHYT AJA
rnepuoja yCTOMYMBON cTpaTu(dUKalUM B I0XKHON MIpPU-
OpexHOU 30He o3epa bBaiikasn c riaybuHoi gHa 550 M
3a oguHHaUaTh Jjet ¢ 2005 no 2016 r., kpome 2009 r.
BriepBele Ha OCHOBe HCIIOJIb30BAaHHOro Habopa [aH-
HBIX OIpefieJieHbl aOCOJIIOTHBIE T'OAOBBIE MaKCUMYMBI

T

Temneparypsl 1, ¥ BpeMa MX HacTymaeHus [y — Ha
ceMu ropusoHTax. OIleHeHB CTAaTHCTHYecKHe Xapak-
TEPUCTUKU 3TUX NapaMeTpoB. CieqyeT OTMETUTD, YTO
9TU XapaKTepPUCTUKU OyAYT MEHATHCA B 3aBUCUMOCTHU
OT TJIyOMHBI AHA U yAaJeHHoCTH OT Oepera osepa.

T

max HA BEPXHEM T'OPHU30HTE COOTBETCTBYET JAHHBIM
0 MaKCHMMaJIbHOUN TeMIlepaType MOBEPXHOCTU BOBI B
JIuctsanke (Fedotov and Khanaev, 2023). B oTiinune
OT MEeJIKOBOOHOI 30HbI balikajia MakcHUMaJIbHbIE TeM-
rnepaTypsl He HaOJIIOJAIOTCA OJHOBPEMEHHO Ha BCEX
ropu3oHTax. Mexay caMblM BepXHUM TOPU30HTOM
(~20 M) u campiM HuxHUM (~300 M) HabJIIOAIOTCA
3HAUYUTEJIbHbIE BpEMEHHbIE CJIBUTH OKOJIO 86 AHell.
T'ogoBoll MakcUMyM TeMIeparyphl 3ariy6Jis-
eTcs, YMEHbIIAsACh M0 BeJIMUYUHE OT IOBEPXHOCTU [0

ray6unst 300 M, roe T, mocTuraer TemmepaTypsl
~4 °C. Bbumi TOJIy4eHbl >MIHpPHYECKUe ypaBHEHUA
JUIA alnmpoKCHMalyy BePTUKAJIbBHOIO paclpejeJieHNs
TOJOBBIX 5KCTpeMaJIbHBIX TeMIlepaTyp BOJBI C TJIyOu-
HOW, KOTOPBIE MOXXHO HUCIIOJIb30BaTh B KaUecTBe pernepa
JUI aHaJM3a BO3MOXHBIX KJIMMAaTUYeCKHX BapUalui.
[NosrydeHHBIE 3aBUCHUMOCTHU SABJIAIOTCS HEJIMHEHHBIMHU.
OHu mpoBepeHbl Ha He3aBHCUMBIX JaHHBIX. boJbiias
4acTh BapHuallil 3KCTpeMaJIbHON TeMIepaTyphl BOAB B
o3epe MOXeT ObIThb 00bsACHEeHa BepTUKAJIbHBIM TeIlJI00-
OMEHOM, KOTOPBIN 3aBUCUT OT IJTyOWHBIL.

OmnpeniesieHbl CKOPOCTH WM3MEHEHHUA TOAOBOrO
MaKCUMyMa TeMIIepaTyphl ¢ IIyOnHON. MakcrumasibHasA
CKOPOCTb U3MEHEeHU HaOJII0JaeTCsA cpa3y ocJjie Hadaua
CE30HHOr0 OXJIaXJeHHsA IOBEPXHOCTU BOABL U CBO-
00AHO! BEpTUKAJIbHON KOHBeKIuKu. CKOpOCTh 3arjy-
OJleHUsA MakcHMyMa fABJIIeTCA MepOUl BepPTHUKAJIbHOTO
[IPOHMKHOBEHHUA TeIlla Ha IJIyOMHY U MOXeT CJIYKUTb
rupodr3nyecKoll XapaKTepucTHUKoN o3epa baiikai.
OTU BBIBOJBI COOTBETCTBYIOT aHAJIOTMYHBIM pe3yJIbTa-
tam a1 Jlagoxckoro o3zepa (Naumenko and Guzivaty,
2023). Dokulil et al. (2021) yka3bIBalOT Ha CyI[eCTBEH-
HOe yBeJINYeHNe I'OJI0BbIX MaKCHUMaJIbHbIX TeMIlepaTyp
[IOBEPXHOCTH eBpoIelickux o3ep. [losyyeHHble Hamu
pe3yJIbTaThl ABJIAIOTCA NOATBEPXIEHNEM CyIllecTBOBa-
HUA (OHOBBIX AMIUPUYECKUX 3aBUCHUMOCTEN, HEoOXO-
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OVMBIX [OJIA BBIABJIEHUA OCOOEHHOCTEN pervoHaIbHBIX
V3MeHeHU! KjrMara.

BAaropapHoOCTH

duHaHCOBOe oOeclieueHre MCCJIeJOBaHUN OBLIIO
OCYII[eCTBJICHO TIJIaBHBIM 00pa3oM 3a CYeT CpeACTB
denepanpHOro OrKeTa Ha BBHINOJHEHHE TocCyaap-
ctBeHHoro 3amaHusa FFZF-2024-0001 «DxocucTeMbl
Jlagoxckoro o3epa, BOJOEMOB ero 6acceiiHa U mpuJe-
raiux TEPPUTOPUI B YCJIOBUAX BO3AEWCTBUS TNPU-
POAHBIX M AHTPONOreHHHIX (HaKTOpoB Ha (OHe KJIU-
MaTHU4YeCcKUX H3MeHeHHuI». McxonHble NaHHBIE OBLIN
npefocTaByeHbl JIMMHOJIOrnYeckuM HMHCTUTYTOM CO
PAH B pamkax roczaganus JIMH CO PAH (0279-2021-
0004), a pe3ybTaThl OBIJIM COBMECTHO OOCYXJeHbI Ha
OCHOBE TOCy[JapCTBeHHOro 3ajaHusA MuHOOpHayKu
FZZE-2023-0004.

ABTopel OsmaromapATr kosuier u3 EAWAG
(IIBefinapuisi) 3a COBMeCTHBIE TOJIeBbIe PabOTHI 1 cH6Op
JaHHBIX U YJIEHOB KoJutaboparuu «balikai» 3a moMOIIb
B NIPOBeJIeHUM JKCIIeJUIIOHHBIX paloT.
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ABSTRACT. As a continuation of regular research to obtain information about mechanisms and sources
of air pollution above the water area of Lake Baikal, we present the results of the expeditionary stud-
ies on the concentrations of PM,, polycyclic aromatic hydrocarbons and gaseous elemental mercury
in the near-water layer of the atmosphere above Lake Baikal in August 2023. On the route of the
vessel along the perimeter of the lake, the concentrations of pollutants in the near-water atmosphere
increased near the local sources of air pollution located on the coast of the southern basin (Listvyanka,
Slyudyanka and Baikalsk) as well as at the source of the Angara River with the northwesterly transport
from the industrial cities of the Baikal region. Over the study period, the PM, S concentrations averaged
6.0 pg/m?, PAHs-1.1 ng/m?, and gaseous elemental mercury-0.75 ng/m?, which was lower than the
values recorded during wildfires between 2016 and 2020 in some areas of Siberia. The resulting concen-
trations of the investigated air components did not exceed air quality standards. Pairwise correlations
during the study period were high between PM,  and PAHs (0.71) and low between PAHs and mercury
(0.21).
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1. Introduction 2018) and gaseous mercury (Mashyanov et al., 2021) in
o ) ) the air above the water area and the coast of the lake.
Monitoring of such air pollutants as polycyclic These toxic substances are deposited onto the water
aromatic hydrocarbons (PAHs) and gaseous elemental area of the lake, polluting its water (Gorchkov et al.,
mercury (GEM) is mandatory due to their carcinogenic 2021). Control of air pollutants above Lake Baikal is
and toxic hazards for the environment and human among the priorities in its water quality monitoring.

health (Kaleta and Kozielska, 2023). The combustion
of coal, oil and wood are the primary anthropogenic
sources of their release into the atmosphere (Marinaite
et al., 2023; Tripathee et al., 2019). From the atmo-
sphere, pollutants enter the underlying surface through
wet (precipitation and fog) and dry (gases and parti-
cles) deposition. Over the past decade, researchers have
been intensively studying climate change and air pollu-
tion from industrial enterprises in the Baikal region and
local sources of air pollution on the coast of Lake Baikal.
Observations of the atmosphere above Lake Baikal
during large wildfires in the Baikal region, Krasnoyarsk
Territory and Yakutia between 2016 and 2020 revealed
the increase in the content of aerosol particles and gas-
eous impurities (Khodzher et al., 2019; Zhamsueva et
al., 2022), total PAH concentration (Marinaite et al.,

2. Materials and methods

To assess the contribution of anthropogenic
sources of air pollution in the Baikal region and haz-
ardous natural phenomena (wildfires) to air pollution
above Lake Baikal, continuous measurements of num-
ber and mass concentrations of aerosol particles and
GEM were carried out from the board on the research
vessel (RV) “G.Yu. Vereshchagin” from 5 to 15 August
2023. 25 aerosol samples were taken and analysed for
PAHs. The expedition route ran along the entire perim-
eter of Lake Baikal with stops in areas having large
local sources of air pollution on the lake’s coast and in
estuarine areas of large tributaries and bays (Fig. 1).
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Expedition route
@ Filters change sites
1 — Listvyanka — B. Kadilny - Source of
the Angara River
2 —Source of the Angara River
3 - Source of the Angara River —
Slyudyanka
4 — Mooring opposite the Slyudyanka
town
5 — Slyudyanka — Baikalsk
6 — Baikalsk — Kharauz
7 — Kharauz mooring
8 — Kharauz - Khuzhir
9 — Khuzhir — Elokhin
10 — Elokhin — Severobaikalsk
11 - Mooring in Severobaikalsk
12-Severobaikalsk-Ayaya
13-Ayaya-Irinda
14-Irinda-Lokhmaty Island
15-Lokhmaty Island-Zmeyovaya Bay
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Fig.1. Schematic map of the RV “G.Yu. Vereshchagin” route throughout the water area of Lake Baikal (5-15 August 2023).

To study number concentration and particle size
distribution, a Handheld 3016 IAQ particle counter
(Lighthouse, USA) was used, allowing continuous mea-
surements of particle sizes in six channels (0.3, 0.5, 1.0,
2.5, 5.0, and 10.0 pm) with averaging over 5 minutes.
GEM was measured with a Lumex PA-915M portable
automatic mercury analyzer (Russia). The aerosol com-
position for 21 PAH components was analysed via gas
chromatography with mass spectrometric detection
on a GC/MS Triple Quad 7000C instrument with GC
System 7890B (Agilent Technologies, USA).

3. Results and discussion

Unlike expeditions during wildfires (2018-2020),
in 2023, we observed no smoke aerosol in the air above
the lake despite fires in Yakutia at the end of summer.
The total particulate matter (TPM) ranged from 1 to
12 ug/m?3, with the maximum of 10-12 pg/m?, which
was up to 10 times higher than the background values.
In the central basin of Lake Baikal, the concentration
ranged from 3 to 4 ng/m? and in the northern basin-1
to 2 ug/m® Overall, the concentrations obtained
throughout the water area of the lake did not exceed
the average daily MPC (60 pg/m?) for the environmen-
tal air and were comparable with the 2022 data.

The dynamics of the number concentration
of aerosol particles showed the changes both in the
medium aerosol fraction with a size of up to 1.0 um
and in a coarse fraction of up to 10 um. During the
expedition, there were several episodes of an increase
in the concentration of medium fraction particles (PM,
< 1 pm). On the route, the medium fraction (PM, <
1 um) was 62% (Fig. 3, sample 14) at the background
site along the east coast (the middle of the route from
Ayaya Bay to Lokhmaty Island). At the estuary of the
Kharauz River, during the transition from the east
coast of the west coast (the Kharauz estuary-Bolshoye

Goloustnoye), the concentration of the medium fraction
reached 65% (samples 21-23) due to the cyclone above
Lake Baikal during that period. As we approached local
sources of air pollution in the southern basin, the num-
ber of the medium aerosol fraction decreased dramati-
cally from 43% to 27% (samples 2-3) and down to 24%
in the central basin near the Ust-Barguzin settlement
(Fig. 3, sample 15).

The resulting dynamics of the concentration
distribution of the total PAHs corresponded to the
dynamics of the aerosol particle concentration above
the water area of Lake Baikal (Fig. 2), which the close
correlations between them confirmed (Table 1) and
indicated similar sources of their origin. There was
practically no correlation between the concentration of
gaseous mercury and the concentrations of PAHs and
PM, (Table 1).

During the study period, the total PAH concen-
tration in the near-water atmosphere varied from 0.008
to 8.4 ug/m? (mean value 1.1+ 2.0 pg/m?®), with the
highest values in the southern basin (6.3-8.4 ug/m?3).
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Fig.2. TPM (ug/m?®) averaged for each sample and the
total amount of 21 PAHs (ng/m?) in the air above the water
area of Lake Baikal (5-15 August 2023).
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Table 1. Pair correlation coefficients between the total PAH concentration, mass concentration of aerosol particles with
different size fractions and mercury above the surface of Lake Baikal

PAHs TPM PM, <1 um PM >1 um Mercury
PAHs 1.00
TPM 0.49 1.00
PM, <1 pm 0.71 0.79 1.00
PM,,>1 pm 0.32 0.96 0.58 1.00
Mercury 0.21 0.23 0.48 0.09 1.00

Note: TPM-total particulate matter; PM, < 1 um-medium aerosol fraction with particle size less than 1 ym; PM,, > 1 um-
coarse aerosol fraction with particle size of up to 10 um (Ivlev and Dovgolyuk, 1999).

In the central basin, it varied from 0.050 to 1.5 pg/m3,
and in the northern basin—from 0.045 to 0.46 pg/m3.
The data obtained during the 2023 expedition appeared
to be lower than the concentrations during wildfires on
the lake’s coast in 2016 (0.22-133 pug/m?, mean 5.9+
22.6 ng/m?), close to the values above the water area
of the lake recorded in 2019 (0.11-4.6 ug/m3, mean
0.96 +1.0 pg/m?) but higher than the PAH concentra-
tions in 2020 (0.07-2.5 pg/m3, mean 0.4+ 0.5 pg/m?).

In the southern basin, the elevated PAH concen-
trations, up to 180 times higher than the background
values, were observed along the west coast towards
Kadilny-Listvyanka-the Angara River source (up to
3.7 ug/m?, samples 1-2, Fig. 2) as well as during moor-
ings near the towns of Slyudyanka (up to 8.4 ug/m?,
sample 4) and Baikalsk (up to 1.1 pg/m?®, sample 5)
under calm weather and aerosol transport from local
sources of air pollution on the coast. Along the east
coast and then along the west coast from the southern
basin to the central basin and further to the northern
basin (Boyarsk settlement-Kharauz estuary-Olkhon
Island-Elokhin Cape-Severobaikalsk town), the total
PAH concentration in the aerosol was low (0.05 ug/m?)
with a gradual increase (up to 0.12 pug/m?, Fig. 2) near
the town of Severobaikalsk. Almost all that time, there
was low cloudiness in the atmosphere accompanied by
periodical precipitation, leading to a clearing of the air.
In the northern basin, we recorded high total PAH con-
centrations near Severobaikalsk (0.46 pg/m?® sample
11) presumably due to emissions of combustion prod-
ucts from the local thermal power plant. When the RV
moved along the east coast from the background areas
of the northern basin (Ayaya Bay-Khakusy—Chivyrkuy
Bay), the total PAH concentration was low (0.045-
0.16 pg/m3, samples 12-19). The meteorological condi-
tions at that time were characterised by the presence of
small inversions, low cloudiness and periodical precip-
itation, leading to a clearing of the air. The concentra-
tions of pollutants decreased in the central basin during
the transition from Baklaniy Cape to the Kharauz estu-
ary (0.07-0.09 pg/m?, samples 20-21). During the tran-
sition from the east coast to the west coast along the
Kharauz estuary-Bolshoye Goloustnoye route and fur-
ther along the west coast to the southern basin (Cadilny
Cape-Bolshiye Koty-Listvyanka), the PAH concentra-
tion increased from 1.5 to 6.4 ng/m?® (samples 21-23,
Fig. 2). We also recorded its growth in the Angara River
source (0.97 pg/m3, samples 24-25). The concentration
of benzo[a]pyrene standardised in Russia ranged from
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0.001 to 0.84 nug/m?(mean 0.09 + 0.2 pg/m?) above the
entire water area of Lake Baikal and did not exceed
MPC (1 pg/m?).

The composition of individual PAHs sampled
from various areas above the lake surface was dif-
ferent (Fig. 4). Among 21 detected PAHs, the pro-
portion of the major compounds decreased in the
following sequence: pyrene (11.8%) > benzo[k]fluo-
ranthene (11.7%) > indeno[1,2,3-c,d]pyrene (8.3%) >
benzo[e]pyrene (7%), benzo[alpyrene (7%). A group
of PAHs with four, five or six benzene rings predom-
inated in the aerosol samples near local sources of air
pollution in the southern basin (samples 4, 11 and 23),
with their proportion of up to 84% from the total mass.
This indicates the pyrogenic nature of the air pollution
sources during combustion of coal, wood and liquid
fuels (Othman et al., 2022). In sample 12, along the
Severobaikalsk town-Ayaya Bay route, the amount of
retene (biomass combustion component) reached 18%
of the total mass of detected compounds.

We estimated PAH fluxes from the atmosphere
to the surface of the lake. To determine them, we used
a particle sedimentation rate of 0.02 m/s adopted
in (Duce and Neil, 1991). Like in case of the con-
centrations, we identified the maximum PAH fluxes
near the local air pollution sources along the west
(Listvyanka settlement and the Angara source) and
east (Slyudyanka town) coasts of the southern basin
(1.7-102 pg/ m?/week). In the central basin, PAH
fluxes amounted to 0.6-1.7 ug/ m2/week, and in the
northern basin-0.5-5.6 pug/ m2/week with an elevated
value near Severobaikalsk. The results turned out to
be 15 times lower than the fluxes calculated for the
Buguldeika area during wildfires in the summer of
2016 (490-1600 png/ m?/week) (Marinaite et al., 2018).

The GEM concentration above the lake var-
ied from 0.18 to 1.29 pg/m® The highest values
were in the southern basin (0.4-1.29 pg/m3, mean
0.76 £0.19 pg/m?). In the central basin, it ranged from
0.18 to 1.07 pg/m?® (mean 0.73+0.13 pg/m?®), and in
the northern basin—from 0.19 to 1.02 ug/m?® (mean
0.72+0.12 pg/m?). Therefore, during the 2023 expedi-
tion, average GEM concentrations above the lake var-
ied insignificantly and appeared to be lower than the
average value of 1.1 pg/m?®(Mashyanov et al., 2021)
analysed above the lake in July 2018 during smog from
wildfires. No significant anomalies in the mercury con-
centrations in the air above the lake were observed
during the expedition. Some increase in its concen-
tration in the southern basins can be explained by the
transport from the local air pollution sources, such as
boiler houses and thermal power plants located in the
settlements on the coast, as well as by the transport
of pollutants from large thermal power plants located
in the cities of the Baikal region along the valley of
the Angara River (Fig. 5). Mercury degassing through
deep fault zones may be a potential natural source of
mercury emissions into the air because Lake Baikal is
situated within the seismically active Baikal Rift Zone.
The literature provides the data on a slight increase in
the mercury concentration up to 1.6 pg/m?® above gas
hydrate deposits and oil seepages onto the lake sur-
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face (Mashyanov et al., 2021), although unambiguous
evidence of a connection between airborne mercury
anomalies and tectonic structures has not been found.
The mean mercury concentration of 0.74+0.17 ug/m?®
recorded above Lake Baikal during the expedition was
two times lower than the mean value of 1.6 =0.15 pg/m?
recorded at the coastal monitoring station on the west
coast of the southern basin in the Listvyanka settlement
on the same days of observations (Lutskin et al., 2023)
and can be explained by its deposition from the atmo-
sphere during moisture condensation above the water
surface.

4. Conclusion

During the expedition onboard the RV “G.Yu.
Vereshchagin” from 5 to 15 August 2023, we revealed a
spatiotemporal pattern of pollutant distribution (PM,,
PAHs and GEM) in the air above the water area of Lake
Baikal and estimated fluxes of pollutants onto the water
surface of the lake. A 180-fold increase in the concen-
trations in comparison with the background values for
PAHs and a 10-fold increase of PM,, determined in
clean areas of the lake were observed in the southern
basin near the settlements (Listvyanka, Slyudyanka
and Baikalsk) under calm weather conditions and at
the source of the Angara River with northwesterly
wind. At the same time, the concentrations of benzo[a]
pyrene and aerosol particles did not exceed air qual-
ity standards. The concentration of the total PAHs and
the medium (PM, < 1 pm) and coarse (PM,  from 1
to 10 um) aerosol fractions showed a positive correla-
tion, indicating a similar location of their sources. PAH
fluxes onto the water surface of the lake were 15 times
lower than the values obtained during the fire danger
period of 2016. The mean mercury concentration in the
air above the lake (0.74+0.17 pg/m?®) was lower than
the coastal values obtained at the monitoring station in
the Listvyanka settlement (1.6 =0.15 pug/m?).
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Pe3yAbTaTbl 3KCNEAULUOHHBIX
uavepexun PM_, MAY u ptyTn
HaA NOBEepXHOCTbIO 03. BaMkan
B aBrycre 2023 ropa
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AHHOTALIUA. B npofjosikeHNe peryjiapHbIX HCCJIeJOBAaHNN, IPOBOAUMEBIX C I[eJIbI0 OoJTy4eHusA HHPOp-
Maluy O MexaHH3MaX U HMCTOYHHMKaX 3arps3HeHuu atMocdepbl Haj akBaTopuell o3. baiikas, mpen-
CTaBJIEHBl PE3yJIbTaThl SKCIEAUIMOHHBIX HCCJIefoBaHui copepxanusa PM, , TTAY u rasooGpasHoin
3JIeMeHTapHOl PTYTU B IPUBOJHOM cJioe aTMocdepsl o3epa baiikaa B aBrycte 2023 r. Ha mapuipyre
cJlefloOBaHMUA Cy[Ha MO IEepUMeTpy O3epa HaOJII0JasIoCh yBeJIWYEHHEe KOHI[EHTPalWUH 3arps3HAIINX
Bell[eCTB B IIPUBOAHON aTMocdepe BOIM3M JIOKAJIbHBIX HCTOYHUKOB 3arpsA3HEHNs, PacloJIOXKeHHBIX Ha
no6epexnbe FOxHOro Batikana (1. JIucTBsaHka, rr. CroasHKa, balikanabsck), U B ICTOKe AHTaphl IPU ceBe-
po-3amalHOM IlepeHoce OT IIPOMBIIIJIEHHBIX FOPOAOB pervoHa. 3a nepuoj KccjieJoBaHus KOHIIeHTpa-
nuu PM, | coctaBuiy, B cpeaneM, 6.0 mxr/m? TTAY - 1.1 Hr/m? razaoo6pasHOl 3JIEMEHTapHOI PTYTH
— 0.75 Hr/m®, 4yTO OBUIO HMXEe Pe3yJIbTAaTOB, OOHAPYXEHHBIX IpHU moxapax 2016-2020 rr. B OTHesb-
HbIX palioHax Cubupu. [TosrydeHHBIe KOHIIEHTpAIUU KCCIeAyeMbIX KOMIIOHEHTOB aTMocdephl He Ipe-
BBIIIAJIM CTAaHAAPTHl KadecTBa Bo3Ayxa. 3HaueHHe K03(M(UIMEHTOB MapHOM KOppeJAnuu 3a Iepuo
uccsenoBanus 6610 Beicokoe Mexay PM, u TTAY - 0.71, Huskoe mexay ITAY u pryThio — 0.21.

Kiouegwie ciioga: 3arpsasHenne atMocdepsl, yactuusl PM, , [TAY, pTyTs, Batikan

10°
Jia mutupoBauusa: Mapunaiite U.U., Xomxep T.B., luxosues M.10., JIynkuH E.C., ITorémkuH B.JI. Pe3yIbTaThl 9KCIIe UITMOHHBIX
usmepenuii PM, , [TAY 1 pTyTu HaJl HOBEPXHOCThIO 03. Bafikan B asrycrte 2023 roga // Limnology and Freshwater Biology. 2024.
-Ne 3.-C.171-180. DOI: 10.31951/2658-3518-2024-A-3-171

1. Beeaenne Axytun B 2016-2020 rT., NOKa3aau poCcT COAEPXKaHUA

B aTMocdepe a’pO30JIBHBIX YaCTHUI], a30BBIX IIpHMe-
ceti (Xomxep u mp., 2019; Zhamsueva et al. , 2022),
cyMMmapHoil KoHmeHTpauuu ITAY (Marinaite et al.,
2018), razoobpasHoii prytu (Mashyanov et al., 2021) B
aTMoc(epHOM BO3[yXe HaJ akBaTopuel u nodbepexsem
o3epa. OTU TOKCHYHbIE BellleCTBa OCAXAAI0TCA Ha aKBa-
TOPHIO 03epa, 3arpsA3HAA ero BoAanl (Gorshkov et al.,
2021). KoHTposp 3arpA3HAKIUX IpHUMeceil B aTMOC-
depe Hag 03epoM ABJIAETCA OLHOUM U3 MPUOPUTETHBIX
3a/jay Ipy MOHUTOPUHTe KayecTBa ero BOJ.

MOHUTOPHUHT TaKUX MUKpOIIpUMece, KaK MOoJIu-
LUKJIMYecKre apoMaTuueckue yryieBogopoas (ITAY) u
razoobpa3Has 3JleMeHTapHas PTYTH B aTMochepHOM
BO3/lyXe, ABJAETCA 00s13aTeJIbHBIM BCJIEACTBUE UX KaH-
1IepOreHHOU U TOKCHYeCKOH OMacHOCTU JJIsl OKpYyXalo-
el cpefsl U 310poBhA yestoBeka (Kaleta and Kozielska,
2023). K aHTpOnoreHHbBIM KCTOYHHKAM MOCTYIJIEHUA
ux B aTMocdepy OTHOCATCHA, MpeXJe BCero, CXUraHue
yris, HedTu, apeBecuHsl (Mapunaiite u ap., 2023;
Tripathee et al., 2019). Y3 atMocdepsl 3arpA3HAOLIIE
BelllecTBa MOCTYMAOT Ha MOACTUJIAONIYIO IOBEPXHOCTh
1oCcpeJICTBOM BJjIaXxHOTro (0ocaaky, TyMaH) M CyXOro
(rasel, yacTuipl) ocaxzaeHusA. B DBalikaibckom peru-
OHe Ha MPOTsXEeHUM IMOCJIeJHETO NeCATUIeTUA UHTEeH-
CUBHO HCCJIefyeTcs JUHaMUKa U3MeHeHHs KjuMaTa u
3arpsisHeHUe BO3YIIHOro OacceiiHa OT perroHaJIbHbIX
MPOMBIILJIEHHBIX MPeANPUATUN U JIOKAJIbHBIX UCTOYHU-
KOB Ha mobepexbe o3epa. HaboneHus, mpoBeqeHHbIe
B atMoc(depe Hajn BaiikajioM BO BpeMsA KPYIHBIX Jiec-
HBIX ToXapoB B IIpubatikanbe, KpacHoApckoM Kpae u

2. Ucnonb3yemblie MEeTOAbI U MaTepHaAnbl

Jlyia oneHKM BKJIQZa aHTPOIIOT€HHBIX NCTOYHU-
kxoB [Ipnbarikayibsd W ONACHBIX NPUPOAHBIX SABJIEHUN
(71ecHble moOXaphl) B 3arpsA3HeHHe aTMocdepbl Haf
03. Batikan ¢ 5 o 15 asrycra 2023 r. ¢ 60pTa Hay4HO-
uccenoBaTtenabckoro cyaua “HUC Bepermaruu” npose-
JeHBbl HelpephIBHBIE M3MEpPEeHUs CYeTHOU U MacCOBOU
KOHIIEHTpaI[l a’PO30JIbHBIX YacTUIl, ra3o00pa3HoON
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3JIeMeHTapHO! PTYTH, 0OTOOPaHO U MPOaHaJIN3UPOBAHO
25 o0pa3sLoB aspo30JA Ha coaepxanue [TAY. MapmpyT
SKCIeAUINN TMPOXOAWJI IO BCEMY IepHMETPY oO3epa
Bafikas ¢ ocTaHOBKaMM B paiioHaX KPYIHBIX JIOKAJIb-
HBIX UCTOYHUKOB 3arps3HeHus aTtMocdepsl Ha nobepe-
’Kbe 03epa, YCThEBBIX yyacTKaxX KPYIHBIX IIPUTOKOB U
saguBax (Puc. 1).

Jna ucciegoBaHUA CUETHOU KOHIIEHTpaLUK
U pachpefiejileHMs 4YacTUll II0 pa3MepaM IpHMe-
Hsica cuetunk vactur, Handheld 3016 IAQ (pupma
Lighthouse CIIIA), mO3BOIAILINIT U3MEPATh pPa3MepHI
yacTur o 6 ka"aaawm (0.3, 0.5, 1.0, 2.5, 5.0, 10.0 Mxm)
B HeNpephlBHOM peXuMe C ycpegHeHHeM B TeueHHe
5 muHyT. V3MepeHus B Bo3ayxe ra3000pa3Hol sj1eMeH-
TapHOH PTYTH NMPOBOAMJIVCH C HCIIOJIb30BAHKEM ITOPTa-
TUBHOT'O aBTOMAaTUYECKOT0 PTYTHOTO MOHUTOpa Lumex
PA-915M (Poccust). CoctaB a3po30J1s Ha 21 KOMIIOHEHT
[TAY npoananu3npoBaIu € IOMOIIbI0 Fa30BOM XpoMa-
Torpaduu C Macc-CIeKTPOMEeTPUYECKUM OEeTEKTUPO-
BaHueM Ha npubtope GC/MS Triple Quad 7000C c GC
System 7890B (bupma Agilent Technologies, CIIIA).

3. Pe3ynbTaTtbl M 06cy)xpeHue

B oTindune OT 3KCreAUIUE B TEepUoJ JIeCHBIX
noxapoB 2018-2020 rr., B 2023 r. ABIMOBOI aspo-
30J1b B atMocdepe HaJl 03epoM He HaOJII0JasCA, XOTsA
B KOHIIe jieTa GUKCUPOBAJINMCH N0Xaphl HA TEPPUTOPUU
AxyTuu. IlosHag MaccoBas KoHLeHTpauuu yactul TPM
U3MeHsUIach B mpefiesiax ot 1 10 12 Mkr/m® ¢ Makcumy-
moM Haj IOxubiM BaiikasoMm B 10-12 MKr/m®, 4ro 10
10 pa3 Beimie ¢oHOBBIX 3HaueHUN. B CpeaHeil KoTJo-
BUHe U3MeHeHUs QUKCUPOBAJIMCh B Ipefiesiax oT 3 A0
4 mxr/m®, B CeBepHoii ot 1 o 2 Mkr/m®. B nesnowm, mno
aKBaTOPHU 0O3epa MOoJIyueHHble KOHIIeHTpaI[UK He TIpe-
BBHIIAJIN cpeHecyTOYHOU BestnuuHbl [1JK (60 MKr/m3)
AnA atmochepHOro BO3AyXa OKpyXarwleil cpeabl U
consMepuMEBI ¢ pesyiabratamu 2022 r.

@ HaceneHHble MyHKTbI
MNyTb 3KCneaAuUUm

@ CmeHa ¢punbTpos

1 - /lucteanKka — b. KaagunbHbIM -
WcToK p. AHrapa

2 —WcToK p. AHrapa

3 - UcTok p. AHrapa — CnoaaHKa

4 — croAHKa HanpoTue n. CnoaaHka
5 — CnoasHKa — baiKanbck

6 — BalikanbcK — Xapays

7 — cToAHKa Xapays

8 — Xapays — Xyxmp

9 — Xyxup — EnoxuH

10 — EnoxuH — r. CeBepobaitkanbck
11 — cTosHKa r. Cegepobaiikanbck
12 —r. Cepepobaiikanbck - Aa

13 - Aa—MWpuHga

14 — UpnHga — 0. loxmaTsiin

15 — 0. NloxmaTblid — 6. 3meeBas

16 - 6.3meeBas — bapry3svHcKuiA
3anus

17 — BaprysuHcKui 3anus

18 — cTosAHKa YcTb-baprysmH

19 — YcTb-BaprysuH — m. Baknauuii
20 — m. baknannii — Xapys

21 —Xapays

22 — Xapays — b. lonoyctHoe

23 —B. lfonoycTHoe — UCTOK AHrapsl
24 — cTOAHKA UCTOK AHrapbl

25 — cTOAHKa UCTOK AHrapbl BAMKANBLCK

B auHamMuKe CYeTHOM KOHIIEHTPAI[MU a3po30-
JIBHBIX YaCTUI] U3MeHEeHHsI OTMEUYeHBl KaK B CpedHen
¢pakuuu asposoJia ¢ pasMepom o 1.0 MKM, Tak U B
rpybonucnepcHon ¢ppaknuu o 10 mxM. Bo Bpems skc-
MeIUI[UOHHBIX pabOT OTMEYAJIOCh HECKOJIBKO 3MU30/I0B
pocTa KOHLEHTPALUK 4acTul] cpeaner ppaxuuu (PM,
< 1mxwMm). ITo mapuipyty B HOHOBOM paiioHe BJOJIb
BOCTOYHOrO Oepera (cepemuHa Mapiipyta oT 6. As —
ocTpoB JloxMaThiil), KOJIMYeCTBO cpefHell ¢pakuuu
(PM, < 1mxm) cocrasuano 62% (Puc. 3, mpo6a 14). B
ycTbe Xapaysa U Ipu mepexojie OT BOCTOYHOro Gepera
Kk 3amagHoMmy (ycThe Xapaysa-Bosibmioe I'osioycTHOe)
3a cuer, AeHCTBYIOI[Ero Haj 03. balikas B 3TOT mepuo
LUKJIOHA, COJiepXaHue cpedHel (Gpakmuu AOCTUTAJIO
65% (mpo6sr 21-23). B I0xxHOoM bBatikasne c¢ npubinxe-
HMEM K JIOKaJIbBHBIM NCTOYHUKAM KOJITYECTBO CpeIHEN
dpakiuyu a3po30Jia pe3Ko CHUXxanoch ¢ 43% mo 27%
(npobml 2-3), B CpeaneM Baiikase y n1. Yerb-baprysus —
o 24% (Puc. 3, npo6a 15).

[TomydyeHHass OUHAMUKA pacnpefieieHus KOH-
neHTpauuu cymmsel ITAY cooTBeTcTBOBajsia AUHAMUKE
KOHI[eHTPaI[M a3PO30JIbHBIX YACTHI] HaJl aKBaTOpUen
Batikana (Puc. 2), 4To MOATBEPXJAETCA TECHBIMU KOP-
PeJIAIMOHHBIMU CBA3sAMU Mexy Humu (Tabsnuma 1) u
yKa3bplBaeT Ha CXOJHble MCTOYHUKU UX IMPOUCXOXKIe-
HusA. KoppensAinus ke KOHIEHTpAlMu ra3oo0pa3Hoin
pTyTH ¢ KOHUeHTpauusamu [NAY u PM, mpakTryecku
orcyTtcrBoBasia (Tabnuna 1).

3a wuccrieyeMblil mepuoJi CyMMapHas KOH-
neHtpauusa ITAY B npuBojgHOUl aTMocdepe U3MeHs-
jgack ot 0.008 mo 8.4 Hr/m?® (cpenHee 3HaueHue 1.1+
2.0 ur/m®) ¢ HauboJPIIMMU 3HaueHUAMH B IFOXHOI
korjioBuHe bBarikana (6.3-8.4 ur/m®). B Cpenneit
KOTJIOBUHE H3MeHeHMusA Obuin B mpefesax oT 0.050
no 1.5 vr/m3, B CeBepHoii oT 0.045 mo 0.46 Hr/m3.
[TosydyeHHBble pe3yJIbTaThl B 3KCIEAUI[OHHBIN Nepuo.
2023 roga okazajiich HUXXe KOHIIeHTpAaIli NpU Moxa-
pax Ha mobGepexse o3epa B 2016 r. (0.22-133 Hr/M™3,

;A

HUMHEAHTAPCK
CEBEPOBANKANBCK
p

YCTb-BAPTY3WH

FOPAYMHCK
TYPKA

SYNIAH-YA3
BOAPCKUA 0 75 150 km
)

Puc.1. Kapra-cxema JBIXXeHUA HayYyHO-HCCIeaoBaTesbekoro cyaHa “ I'HO.Bepemarun” no akBatopuu 03. Batikas ¢ 5.08 no

15.08.2023 r.
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Ta6bsuma 1. KoadduireHTsl MapHON KOPPEJIALMU MeXAy CyMMapHOHN KoHIleHTpauueil I[TAY, maccoBoil KOHIleHTpaluen
a3PO30JIBHBIX YaCTUI] PA3HBIX pa3MepHBIX Qpakivii U PTYTU HaJ MOBEPXHOCTHIO 03. baiikan

IMMAY TPM PM <1 MM | PM,  >1 MKM PryTh
IMAY 1.00
TPM 0.49 1.00
PM, <1 mMkm 0.71 0.79 1.00
PM,,>1 MKM 0.32 0.96 0.58 1.00
PTyTh 0.21 0.23 0.48 0.09 1.00

Ipumeuanue: TPM — cymMMapHas KOHIIEHTpaL¥A a3PO30JIbHEIX yacTull; PM, < 1MKM — cpeJHefucnepcHas Gppakiuy aspo-
30/1A ¢ pa3MepoM yacTui] MeHee 1 Mkm; PM,, > 1Mkm - rpy6oaucnepcHas Gppakius aspo3oJis ¢ pasMepoM yacTul] 1o 10 MKm

(UBneB u JloBroJiok, 1999).

cpentee 5.9+ 22.6 Hr/m®), Ha YpOBHE 3HAUEHUIl HAM
akBatopueir ozepa B 2019 r. ( 0.11-4.6 ur/m®, cpen-
Hee 0.96+ 1.0 ur/m®), HO BbIllle KOHIleHTparui [TAY
B 2020 r. — oT 0.07 mo 2.5 Hr/m® (cpeqHee 3HaUYeHUE
0.4+ 0.5 ur/m),).

Bo Bpems pa6ot B HOxHOII KOTJIOBHHe Balikasna
noshIeHHOe cofiepxanue [TAY 1o 180 pa3 ot GOHOBBIX
3HaueHW HaOJII0o[asioch Ha MapuipyTe BAOJIb 3amaf-
HOro noGepexbsi o3epa MO HampaBjeHUI0 KaauibHBIN
— JluctBsiHka — HcTok p. A"rapsl (go 3.7 Hr/m® mpob6a
No 1-2, Puc. 2) u Ha crosHke y T. CarogsHka (1o
8.4 ur/m® mpo6a Ne 4), y r. Badikanbsck (mo 1.1 Hr/m®
npo6a No 5) B yCJIOBUAX IITHJIEBOH MOTOJABl U BBIHOCA
a’spo30JiA OT JIOKAJIbHBIX MCTOYHUKOB Nobepexbsa. Ha
MapIpyTe BAOJIb BOCTOYHOIO, a 3aTeM BJOJIb 3amaf-
Horo Oepera u3 lOxHoro Batikana B CpeiHuii u 1ajee B
Cesepnbiii (11. Bosipck — yerbe Xapaysa — ocTpoB OJIbXOH
— Mblc Enoxun — r. CeBepofalikayibck) cojepxaHue
cymmel [TAY B aspo3osie 6bu10 HU3kUM (0.05 Hr/M3) ¢
mocTeneHHbIM Bo3pactanueM (fo 0.12 ur/m3, Puc. 2)
npu noaxofe k r. Cepepobarikasnbeky. [IpakTuyecku 3a
Bechb 3TOT Ilepuof B aTMocdepe Habuoasach HU3KaA
006J1a4HOCTD, CONPOBOXK/IABILAACA IEPUOANYECKH BhINa-
JaolMM OCaAKaMy, NPUBOJALIMMU K OYMILEHUIO
atMoc@depsl. Bo Bpemsa paboT no CeBepHomy batikaiy,
MOBHIIIEHHOE cojfiepkaHue cymMsl [TAY Habmaogaioch
Ha crosHKe y r. CeBepobarikasbek (0.46 Hr/m3, mpoba
Noll), mpeAmnosoXUTENIbHO 3a CYET BBIOPOCOB IIPO-
aykroB cropanus TOIl ropoma CepepobarikaJibcKa.
[Ipu cnemoBaHUM CyAHA BIOJIb BOCTOYHOrO Oepera u3s
donHOBEIX paiioHOB CeBepHoro bBaiikana (6yxrta Asas
— Xakycbl — UMBBIPKYWCKHU 3aJiiB) OBLIIO BBIABJIEHO
HUu3Koe copepxaHue cymwmsbl ITAY 0.045-0.16 ur/m®
(mpoObr Ne 12-19). MeTteopoJiornueckass 06CTaHOBKA B
9TOT NEepHOJ] XapaKTepH30BaJI0Ch HalWureM HeOOJIb-
IIMX WHBEpCUl, HU3KOU 00JIayHOCThI0O M Nepuoanye-
CKM BBINAJAOMMNMU OCafKaMU, KOTOpble IMPHUBOJUIIN
K ouumeHuo atMocdepsl. CHIDkeHUe KOHIEHTpa-
L[UU 3arpA3HAILIMX NpuMecell oTMedeHo B CpeaHem
bBalikase npu mepexofe OT Mbica BakyiaHUl A0 yCThbs
Xapay3a (0,07-0,09 ur/m® npo6st Ne 20-21). Ha mepe-
X0Jle OT BOCTOYHOro Oepera Ha 3araHbIi 10 MappyTy
ycrbe Xapaysa — bosbmioe I'osioycTHOe U fajiee BAOJIb
3amagHoro Oepera B FOxwHbI Batikan (M. KagusibHbBIN
— Bosipmiue KoTwl — 1. JIucTBAHKA), cofepxanue [TAY
Bozpocsio oT 1.5 mo 6.4 Hr/m® (mpobGer No 21-23,
Puc. 2). X pocT Tak e OTMeueH B HCTOKe p. AHrapa
(0.97 ur/m3, mpo6sr No 24-25). KoHneHTpais 6eHs(a)
nipeHa, HopMmupyemoro B Poccun, Hajg Bcell akBaTo-
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pueii o3. batikan usmenssack ot 0.001 go 0.84 Hr/m®
(cpemuee 0.09+0.2 vr/m®), ¥ He TpeBHIIaIa HOPM
MK (1 =ar/m3).

OTMedYeHBI pa3jMuus B COCTaBe WHIAVBUYAJTb-
HbIx [TAY, oTOOpaHHBIX U3 Pa3/JIMYHBIX PaliOHOB HaJ
noBepxHOCThI0 o3epa (Puc. 4). 3 21 oOHapyXeHHBIX
[TAY pfonss OCHOBHBIX COEJUHEHUIN yMeHbIajiach B
nmocienoBaTtesibHocTY: TupeH (11.8%) > 6ens(k)diy-
opanteH (11.7%) > wunpeno(1,2,3-c,d)nupen (8,3%)
> OGens(e)nupeH (7%), 6ens(a)nupen (7%). B npobax
aspo3osieil BOJIM3U JIOKAJIBHBIX HCTOYHUKOB HOKHOU
yactu Batikana (Ne 4, 11, 23) npeobsiafgasna rpynna [TIAY
C YeThIpbMA-TIATHIO- MIEeCThI0 OEH30JbHBIMU KOJIbI[AMU
ux goasA — 1o 84% ot obueii Macchl. DTO yKa3blBaeT
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Ha NMUPOTeHHBIN XapaKTep UCTOYHUKOB NPU CKUTAHUU
yIJIs, ApeBecuHbl, x)uakoro tommnea (Othman et al.,
2022). B npo6e 12 Ha mapmipyTte 1. CeBepobaliKabCK
— OyxTa Asl KOJINYeCTBO peTeHa (KOMIIOHEHTA TOPEeHUsI
6romaccer) gocturasio 18 % ot obueli Mmaccel oOHapy-
JKEHHBIX COeIHEeHUI.

Onenensl mnotoku ITAY wu3 armocdepsl Ha
MIOBEPXHOCTh 03epa. [ uxX ompefeseHUus HCIOJIb30-
BasIM cKopocTh ocaxaeHuA 0.02 mM/cek yacTull, TpUHA-
Ty B paborte (Duce and Neil, 1991). Kak u KOHIIEeH-
Tpanuy, MakcuMaJsibHble MOTOKU [TAY omnpenesneHs! y
JIOKaJIbHBIX ICTOYHUKOB BJI0JIb 3anagHoro (JIucTBAHKa,
UcTOK AHrapel) m BoctouHoro (r. CiofsiHKa) mobe-
pexbs HOxHoro Batikana (1.7 - 102 mMkr/m2/Henens).
B Cpennem Batikane nmotoku ITAY cocraBuwim 0.6-1.7
MKT/M2/Hegenis, B CeBepHoM — 0.5-5.6 MKr/m2/Hepens
C TMOBbIIIEHHBIM 3HaueHueM y r. CeBepofalikasibcKa.
PesysbTaThl OKa3aauch B 15 pa3 HUXe MOTOKOB, pac-
CUMTAHHBIX I patioHa ByryapAeliku mpu moxapax
nerom 2016 r. (490-1600 mxr/m?/Henensa) (Marinaite
et al., 2018).

KoHnenTpauusa  ra3oo0pa3Hoil  3JjileMeHTap-
HOU pTyTu HajA o3epoM usMmeHssiack oT 0.18 fo
1.29 ur/m®. HauGospliivie 3Ha4YeHUs OOHApPYXEHHI B
HOxHom Barikane (0.4-1.29 Hr/m3, cpeqHsAs BeJMYMHA
0.76 £0.19 ur/m®). B CpemHeMm Baiikajie ee m3MeHe-
HusA 6pTH B ipefesiax ot 0.18 mo 1.07 ur/m* (cpensss
0.73+0.13 ur/m®), CeBeprHom ot 0.19 mo 1.02 uHr/m®
(cpennsa 0.72 +0.12 ur/m®). Takum o6pa3oM, cpegHue
3HaAUeHUs KOHIIeHTpaluu razoobpa3HoOl 3JieMeHTap-
HOU pTyTu B 3Kcnenunuu 2023 r. HaJ 03epoOM U3Me-
HAJINCh HE3HAUUTEeJIbHO U OKa3aJIMCh HUXe CpeHUX
BequunH 1.1 Hr/m® (Mashyanov et al., 2021), mpo-
aHaJIM3UPOBAHHBIX HaJ o3epoM B uwJe 2018 roga
BO BpeMs JIBIMOBOI'O CMOTa OT JIeCHBIX IOXapoB. 3a
BpeMs DSKCHeJUIMU CYI[eCTBEHHBIX aHOMAaJIMil KOH-
LleHTpaluuu pTyTU B BO3AyXe HaJ 03epoM OOHapyXeHO
He ObUTO. HekoTOopoe NOBBIIEHHE ee KOHI[eHTPAIuu
B lOxHOM balikane MOXHO OOBACHUTh IEPEHOCOM OT
JIOKAJIbHBIX MCTOYHUKOB — KOTeJIbHBIX, TOLl, pacnoso-
JKEHHBIX B HaCeJIEHHBIX IyHKTax NmobOepexbs, a TaKxke
nepeHoCcoM 3arps3HeHuil oT KpymHbix TOL] u3 ropo-
noB Ilpubaiikanea mo posimHe p. Anrapel (Puc. 5).
[ToTeHIIMAIBHBIM €CTECTBEHHBIM HCTOYHUKOM BBIOPO-
COB PTYTH B aTMoc(depy MoXeT OBITh Jlera3arus pTyTh
yepe3 30HBI TJIyOMHHBIX Pa3JIOMOB, TaK Kak bafikai
HaxoguUTCA B Ipefdejiax celCMHYeCKd aKTUBHOM
batikanbckoii pudTOBOU 30HBL. B JuTepaType mpHBO-
JATCA JaHHBIe HeOOJIBIIOT0 YBeIMUeHNA KOHLIeHTpaluu
pTyTH fo 1.6 Hr/M?® HaJ ra3oruApaTHEIMU 3ajiexaMu 1
BHIXOJaMU HehTU Ha TOBepXHOCTh o3epa (Mashyanov
et al., 2021), X0TA OQHO3HAYHBIX IOKA3ATEJIbCTB CBI3U
BO3AYUIHBIX PTYTHBIX QHOMAaJIMH C TEeKTOHUYECKUMU
CTPpyKTypamMu He HangeHo. CpefqHAA KOHI[EHTpanus
prytu 0.74+0.17 ur/m°, 3adpukcrupoBaHHas BO BpeMs
sKcneaunuu Haj BatikanoM, O6bUla B iBa pa3a MeHbllle
cpenHeit BesimuuHel — 1.6 = 0.15 Hr/m®, 3adukcupoBaH-
HOU Ha OeperoBO¥ CTAHIIMU MOHHTOPUHTA 3araHOro
no6epexbsi FOxHoro Batikaia B 1. JIMCTBSAHKA B Te Xe
auu Habmonenui (JIlyukuH u ap., 2023) u, BepoATHO,
00BACHAETCA OCaXJeHueM ee n3 aTMocdepsl B Ipo-
1lecce KOH/IEHCAINY BJIaryd HaJl BOJHOU MOBEPXHOCTHIO.
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4. 3aknoueHue

Bo Bpemsa sKcIeUIMOHHBIX PaboOT Ha CyAHe
HHUC «I.J0.Bepemarun» ¢ 5 mo 15 asrycra 2023 T.
BBIsABJIEHA MPOCTPAHCTBEHHO-BpeMeHHas KapThHa pac-
npefiesieHys sarpsasusomux npuMeceir (PM,, TIAY u
ra3oo0pa3Ho 3JieMeHTapHOM PTYTHU) B aTMocdepe Haf
akBaTopuel o3. Baiikas, oljeHeHBI IMOTOKU Ha BOAHYIO
IIOBEpPXHOCTh oO3epa. [loBelllleHNe KOHIIEHTpanuu A0
180 pa3 ot doHOBBIX 3HaueHui A [TAY, mo 10 pas
A PM ) (onpejiesieHHbIX B YMCTHIX paiioHax o3epa),
Habmopanuchk B I0xHOM Balikasie y HacesleHHBIX ITyH-
ktoB (m. JIuctBsHka, rr. CogsHka, Balikajbck) B
YCJIOBUAX IITUJIEBOM HoroAsl U B McToke AHrapsl npu
ceBepo-3anagHoM BeTpe. [Ipy 3TOM KOHIEeHTpanuu
Gen3(a)mrpeHa 1 a3pO30JIbHBIX YaCTUI] HE TTPEBHIIIAIN
CTaH[apTOB KauyecTBa Bo3ayxa. OOHapyxeHa IMOJIOXKU-
TeJbHasA KOppesisAnusA KOHLEeHTpanuu cyMmMMmsl ITAY c
cpeaneii (PM, < 1mxkm) u rpyGoaucnepcHont (PM, ot
1 o 10 MxM) ppakLuAMU a3p030Jisd, YTO yKa3blBaeT Ha
CXOIHOEe pacIoJIoKeHHe UX UCTOYHUKOB. [ToToku [TAY
Ha BOAHYIO NOBEPXHOCTh O3epa ObliM B 15 pa3 Huxe
3HaueHUi, MOJIyYeHHbIX B II0KApOOIACHBIN Iepuof
2016 romga. CpenHAA KOHI[eHTpalydsA PTYyTU B aTMOC-
depe Ham ozepom (0.74%0.17 ur/m®) ompenesieHa
HIXe YPOBH:A OeperoBbix 3HaUY€HUI Ha CTAHIINNA MOHMU-
TopuHra B 1. JluctesHka (1.6 +0.15 Hr/m3).
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Indicators of high and low inflow to Lake
Baikal and the runoff of its main rivers

Sinyukovich V.N.

Limnological Institute Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. The differentiation of the surface water inflow values to Lake Baikal and the runoff char-
acteristics of the main Baikal rivers into seven gradations according to the water availability conditions
was studied on the basis of regular observations. This classification enables to operate with numerical
values of the water availability criteria of the considered indicators. It has been demonstrated that the
range of fluctuations in the river inflow and runoff within individual classes (gradations) is determined
by sample distribution parameters, with the range narrowing from high to low water availability. The
classes of catastrophically high or low water content in the annual and monthly inflow values and the
runoff characteristics of the Selenga, Upper Angara and Barguzin rivers for 1961-2020 were observed
mostly once each. For earlier years, which are outside the calculation period, the values of inflow and
water runoff of the rivers with a lower recurrence rate were observed. The low inflow observed in 1903
and the spring flood period of the Barguzin River in 1936 corresponded to a recurrence interval of once

every 1,000 years or less frequently.

Keywords: inflow, water discharge, provision, classification, water availability class.
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1. Introduction

In the context of the river water availability, the
criteria employed (high, low, average) are typically of
a qualitative nature, despite the fact that hydrology has
been utilizing a classification of river runoff values into
different gradations (categories, classes) for a relatively
long period of time based on their provision (P). One
of the earliest classifications of water availability for
annual river runoff, which allows for the allocation of
high-water years (P<25%), medium-water years (P
from 25 to 75%), and low-water years (P>75%), was
proposed by the SHI (State Hydrological Institute) in
the middle of the twentieth century (Kuzin, 1953). This
was evidently insufficient for practice, and further-
more, the number of gradations in terms of water avail-
ability increased. In the work of Kochukova (1955), the
number of gradations was increased to seven, with the
high-water and low-water gradations divided into three
additional classes. However, in spite of widespread use
of runoff characteristics of estimated water provision
in planning and constructive practice, there are still no
unified criteria for determining quantitative indicators
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of high or low water availability of rivers in the nor-
mative-legal base of the Russian Federation on water
resources. The necessity for different requirements
regarding boundary water discharges can be attributed
to the varying coverage domains and tasks to be solved.
Furthermore, the discreteness of data presentation
and their averaging must be considered, with annual,
monthly, daily, and urgent averages being employed.
Urgent averages are typically used for maximum and
minimum water discharges corresponding to the high-
est or lowest water levels at the observation dates.
Hydrological calculations focus on critical values
of river runoff that have a probability of occurrence
of no more than 5-10% (SR (Set of Rules) 33, SR 115,
SR 482). Capital objects are calculated for discharges
and water levels of infrequent recurrence, defined as
events that occur once in 100 or 1,000 years or more
(with a probability of 1 or 0.1% or less). In the context
of climate change, the probability of such events may
significantly increase. To illustrate, the probability of
a catastrophic flood in California, comparable to the
megaflood of 1862, resulting from an increase in atmo-
spheric water vapor and the replacement of a portion

© Author(s) 2024. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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of the solid precipitation falling in mountainous regions
by liquid precipitation due to warming is estimated to
be several times greater (Huang and Swain, 2022).

For Lake Baikal, the problems of water avail-
ability indicators have been exacerbated since 2001
due to the restrictions of its level regulation limits. It
is necessary to introduce normative-legal relations in
the sphere of water resources using quantitative crite-
ria of low-water or high-water periods to find a right
solution. In this context, Abasov et al. (2017) consid-
ered the option of dividing the useful inflow values to
Lake Baikal into five water availability gradations. In
the work of Bolgov et al. (2018), the boundary values
of inflow for water provision below 50% are estimated.
Within the assignment of NRM (Natural Resources
Ministry) on optimization of the level regime of Lake
Baikal, the SHI proposed a scheme for dividing the
useful inflow to Lake Baikal into seven water content
gradations. Concurrently, it becomes evident that in
order to enhance the efficacy of the regulation of lake
runoff and its level, to safeguard the Baikal ecosystem,
and to minimize the potential socio-economic risks in
the region, quantitative water availability indicators
should be based not only on inflow, but also on other
characteristics of the water regime in the Baikal basin,
and be enshrined in legislation. This paper is aimed at
examining these factors in relation to the total surface
water inflow to Lake Baikal and the runoff of its prin-
cipal tributaries.

2. Materials and methods

The study was based on Roshydromet obser-
vations of monthly and annual volumes of total river
water inflow from the Baikal catchment area and run-
off of its main tributaries in the closing stations: the
Selenga (Mostovoy Passage, basin area is 440,000 km?),
the Upper Angara (Verkhnyaya Zaimka village, 20,600
km?) and the Barguzin (Barguzin village, 19,800 km?).
In addition, for rivers, it is necessary to consider the sig-
nificant differences in hydrological conditions within a
year and the diverse interests of users. Consequently,
several runoff characteristics are employed, including
annual, monthly, maximum and minimum. The max-
imum runoff is considered in terms of the maximum
spring flood and rainfall flood discharges, while the
minimum runoff is considered in terms of the low-
est winter and summer runoff values. In this case, for
monthly river runoffs, the focus is on the most high-wa-
ter or low-water months.

The calculation period includes 1961-2020 and
reflects modern conditions of river runoff formation in
the Baikal basin. However, when analyzing multiyear
water availability conditions for rivers, a full series of
observations is used, and for annual inflow, the data
(Afanasyev, 1967) for 1901-1960 are used. The deter-
mination of the calculated provision of inflow to the
lake and river runoff was carried out in accordance
with the requirements and recommendations (Manual
for determining..., 1984; SR-33-101-2003, 2004;
Methodological Recommendations..., 2005; STO of the
SHI, 2017). First, the distribution parameters of the con-
sidered series were calculated, namely the mean value
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(Q), coefficients of variation (C), and asymmetry (C).
These parameters were then used to calculate the ordi-
nates of the analytical distribution curves. Moreover,
the last two parameters were subject to adjustment if
the correlation coefficient (r1) between adjacent mem-
bers of the series was equal to or greater than 0.3. The
calculations of the indicators of the given security val-
ues were conducted using the Kritski-Menkel distribu-
tion. However, for series with rare C/C, ratios (greater
than 6 and less than —1), the binomial distribution was
employed. The calculations were limited to 0.1 and
99.9% provisions.

The initial series were preliminary examined for
homogeneity using Fisher and Student’s criteria, and in
cases of heterogeneity of the data, the required curves
were plotted according to the composite distribution,
which was constructed from the distributions for each
of the parts of the heterogeneous series. The accuracy
of initial data on the inflow and water content of rivers
corresponds to the accuracy of determining the run-
off of rivers illuminated by hydrometric observations,
which, according to the standard (Methodological
Guidelines, 1987), is at the level of 6-10%. Using the
averaged data (multiyear, annual, seasonal), the error
of their determination is reduced more than twice, and
even for rivers with unstable channels, the normative
frequency of water discharge measurements is 4%
(Karasev and Yakovleva, 2001). In addition, when esti-
mating the parameters of multiyear runoff variability
(if the methods of measurement and calculation remain
unchanged), this error often becomes systematic and
distorts the relative nature of fluctuations to a small
extent.

The above-mentioned scheme of the SHI of seven
classes depending on inflow or runoff provision is taken
as a basis for water availability gradations. The first
class corresponds to the catastrophically high water
content (P<1%), the second one corresponds to mod-
erately high (1% <P =<=10%), the third one corresponds
to high (10% <P <40%), the fourth one corresponds to
medium (40% <P <60%), the fifth one corresponds to
moderately low (60% <P <90%), the sixth one corre-
sponds to low (90% <P <99%), and the seventh one
corresponds to catastrophically low (P=99%).

Meanwhile, the terminology “low water avail-
ability” and “catastrophically low water availability” is
obviously illogical for maximum river runoff (the same
applies to high and catastrophically high water content
for minimum water discharge and monthly low-water
runoff), so in such cases, instead of defining classes, it
is more correct to use their numbers (first class, second
class, etc.).

3. Results and discussion
3.1. The surface water inflow into Lake
Baikal

The main parameters of the inflow distribution
and its boundary values of calculated provision for each
calendar year and individual month (Table 1) allow dif-
ferentiating river water inflow to Lake Baikal based on
the availability of water into seven distinct classes.
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Table 1. Distribution indicators and values of the annual and monthly inflow of the calculated probabilities

Period of Distribution indicators Inflow boundary values, km?
averaging | q, km? C, C. 1% 10% | 40% [ 60% | 90% | 99%
Year 62.3 0.17 0.43 90.5 76.0 64.4 58.9 49.4 41.1
January 1.13 0.15 0.64 1.60 1.35 1.15 1.07 0.93 0.81
February 0.84 0.16 0.95 1.26 1.02 0.86 0.79 0.69 0.61
March 0.92 0.18 1.57 1.48 1.14 0.92 0.84 0.76 0.72
April 2.60 0.26 0.34 4.37 3.50 2.74 2.39 1.77 1.25
May 7.59 0.23 0.71 12.6 9.90 7.82 7.31 5.54 4.39
June 11.4 0.24 0.32 18.5 15.0 11.9 10.5 8.00 5.83
July 10.5 0.31 0.57 19.9 15.0 11.0 9.35 6.49 4.39
August 10.2 0.32 1.08 20.4 14.4 11.3 8.92 6.57 4.86
September 8.12 0.31 0.85 15.4 11.5 8.44 7.21 5.18 3.63
October 5.24 0.25 0.81 9.17 6.95 5.40 4.76 3.74 2.76
November 2.25 0.22 2.22 4.06 2.87 2.19 2.00 1.83 1.80
December 1.52 0.18 1.8 2.48 1.88 1.51 1.39 1.26 1.22
The data obtained indicate that the boundaries L e
of water content classes naturally decrease from high 1%
water content to low water content. This is connected A i
with essentially positive asymmetry of the considered i r .r\v A ..uﬂ" ]Aﬁ_vhu ,/J ‘1 ‘ﬂ‘ — H )
series. The widest range of values of both annual and : ‘ M‘V“ nCTWIA TSy VV""IU\ VJ— '::
monthly inflow is typical for the second water avail- L | \ '\ v B S8
ability class, and the narrowest is for the sixth. In the \ ¥
winter months, the boundaries of water content class W UER TR W W D W O U e
decreases to 0.03-0.04 km?3, with a low inflow. This is - iboge
sufficient to attribute the differences in water avail- 1500 1%
ability to various gradations. In general, the range of a0 ) Ak N\ 10%
classes for each of the series is in accordance with its noe M T’A M‘\A ] \ ﬂV \ " o o
distribution parameters, namely Q, C, and C.. ::: W W— \ I’ ! V\V\ r\lﬂw 60 %
The results of calculations indicate that the = by ,"‘n, N g0
annual water inflow to the lake was catastrophically | : , : - - , - : w
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

high approximately half a century ago (1973), reach-
ing 92.2 km?® (Fig. 1). The maximum inflow observed
was 98.7 km?® and was recorded in 1932. Additionally,
a markedly low inflow was observed in Lake Baikal for
an extended period, in 1903 and 1922. The occurrence
of these events was not within the calculated period,
and thus, their probability of occurrence was low. In
particular, the observed decrease in inflow in 1903 to
32.2 km?® corresponds to the provision of more than
99.9%, or a recurrence less than once in 1,000 years.
Since the beginning of the 21st century, the lowest
water years were 2014-2017, with a minimum inflow
of 42.5 km? in 2015.

In the intra-annual distribution of inflow, the
maximum inflow of river water into the lake occurs
in June, which is associated with the spring flooding
in the rivers of the Baikal basin at this time. Although
the rainfall flood runoff is generally higher than in
the spring flood, in different years it falls at different
months (June-September), due to which the inflow in
June on average is predominant. However, the abso-
lute maximum of inflow with a repeatability of once
every 100 years can be observed in August and reach
20.4 km®/month. For 1950-2020 (no monthly data are
available for earlier years), the maximum inflow was
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20.7 km?® and was observed in August 1973. It is typical
that in the same year, the inflows in June, July and
September also reached their highest levels.

During the winter months, the inflow of surface
water to the lake is significantly reduced, with an aver-
age of less than 1 km?® observed in February and March.
The lowest monthly inflow of 0.58 km? was recorded in
February 1973, corresponding to the seventh class of
water availability (P > 99 %).

3.2. The annual and monthly river runoff

The Selenga, Upper Angara, and Barguzin rivers,
the main tributaries of Lake Baikal, provide on average
2/3 of the surface water inflow to the lake from the ter-
ritory comprising about 80% of its total catchment area
(Sinyukovich and Chernyshov, 2017). Besides, each of
these rivers has an extremely important independent
significance. In the areas where they runoff into the
lake, they contribute to the formation of the most bio-
logically productive areas, including the Selenga shal-
low water, Verkhneangarsky Sor, and Barguzinsky Bay.
The functioning of these biotopes directly depends on
the water regime of the feeding rivers.

The distribution parameters and boundary water
discharges of the three rivers are significantly influ-
enced by their long-term dynamics. With regard to
the Selenga, it is noteworthy that two deep low-water
events should be included in the calculation period: the
first occurring between 1976 and 1981 and the second
spanning from the end of the twentieth century to 2018
(Fig. 1).

This indicates that the discharge values of the
Selenga calculated provision may be underestimated.
The calculated data (Table 2) indicate that the average
annual runoff of the Selenga may exceed 1,500 m3/s
(twice the mean annual runoff) once in 100 years, or

alternatively, be below 385 m?/s. Within the year, the
lowest runoff of the river on average is in February
(about 1% of the annual water availability) and the
highest in August (18%). According to the different
flows in these months, to be classified in the first water
content category, the runoff in August should be at
least 4,160 m?3/s, while in February it can be a little
more than 200 m®/s.

For the entire observation period (1934-2020),
the most high-water year on the Selenga was 1973
(1,470 m3/s) and almost corresponded to class 1, or
catastrophically high water content, and the lowest-wa-
ter year was 2002 (505 m?®/s, moderately low water
content). The highest monthly runoff was recorded
in August 1993 reaching 4,360 m®/s (water class 1),
while the lowest one was observed in February 1936,
at 34.7 m®/s (water class 7).

In the Upper Angara, significant runoff fluctua-
tions occurred only in the 21st century with high-water
years 2004-2008 and low-water years 2013-2017 (see
Fig. 1). Since the beginning of observations (1939), the
annual river runoff has varied from 172 (2016, water
class 6) to 404 m3/s (2006, water class 1). Differences
between neighboring water content classes are not as
contrasting as in the Selenga, which is explained by
both the lower water content of the Upper Angara and
the lower variability of its runoff (C is 0.18).

Within the year, the highest river runoff is in
June, when, with a probability of 1%, it can reach
1,370 m3/s. In fact, in 2006, the runoff was very close
to this limit (1,360 m3/s), but corresponded only to
water content class 2. The lowest discharge in June
(340 m?3/s, water content class 7) was observed in
2013. The most low-water month in the Upper Angara
is March, the runoff of which varies little from year
to year (C, is 0.14). For all years of observations, the
average March water discharge varied from 48.1 m3/s

Table 2. Distribution parameters and boundary values of the runoff for calendar years and individual months of the main

Baikal rivers for seven water provision gradations

Period of Distribution parameters Water runoff rate of calculated provision, m3/s
averaging | o s | ¢ | ¢ | 1% | 10% | 40% | 60% | 909 | 999
Selenga

Year 868 0.28 0.41 1500 1190 916 790 569 385
February 98.2 0.35 1.65 214 140 98.6 84.4 63.3 49,1
July 1660 0.44 0.73 2920 2330 1730 1430 875 435
August 1990 0.45 0.97 4160 2860 1990 1660 1150 782

Upper Angara
Year 272 0.18 0.29 397 336 282 258 211 169
March 67.4 0.14 0.21 80.6 75.7 71.3 67.6 59.3 46.6
June 871 0.24 0.11 1370 1140 922 814 603 413
July 618 0.34 0.14 | 1130 902 670 555 338 168
Barguzin
Year 120 0.24 0.28 192 158 126 112 84.0 59.4
March 28.5 0.24 0.07 44.9 37.3 30.1 26.6 19.7 13.5
July 245 0.39 0.52 504 374 260 212 130 69.1
August 250 0.47 1.54 648 399 252 202 130 84.3
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(1969) to 86.2 m3/s (2006). Despite the relatively small
difference, in the first case, water availability corre-
sponded to the 6th class, and in the second case, it cor-
responded to the first class.

For the Barguzin, the boundaries of the water
content classes are even smaller. The minimum differ-
ence between the annual runoff of classes 3 and 5 is
only 14 m3/s, and for March, which is the lowest-water
month, it is only 3.5 m®/s. Over the observation period
since 1933, the highest annual runoff was 213 m?®/s
(1949, water content class 1), while the lowest was
67.2 m3/s (2015, water content class 6). As for August,
which is the most high-water month, the maximum dis-
charge reached 653 m?®/s in 1973. This was a catastroph-
ically high water content. However, a higher runoff of
710 m3/s was observed in June 1936. This maximum is
outside the calculation period. The minimum runoff in
August (87.4 m®/s) occurred in 1987 and was almost at
the boundary of water content classes 6 and 7.

In March, the highest river runoff was observed
in 1996 (43.5 m3/s) and corresponded to water con-
tent class 2. The minimum one was observed in 2020
(15.3 m3/s) and corresponded to the class 6.

3.3. Maximum and minimum runoffs

The characteristics of extreme runoff and calcu-
lated provision of the studied rivers (Fig. 2) give an
idea of the scale of possible fluctuations in their water
runoff in different phases of the water regime. For the
Selenga, with a 1% probability, the runoff can vary
from 41.2 m3®/s during the winter low water period
to 7,300 m?/s during rainfall floods. The actual range
of runoff fluctuations was even more pronounced
with values varying from 29.9 m3/s in winter 2012 to
7,620 m3/s (water content class 1) in the flood of 1936.
A slightly lower flood maximum was observed in 1973
(7,210 m3/s), which was already of the water content
class 2. It is important to note that, in certain years, the
intensity of flooding may be relatively low. For exam-
ple, in 2004, the maximum runoff was only 1,200 m3/s.

During the flood season, the Selenga water run-
off is significantly lower than during high water peri-
ods (see Figure 2), which is also reflected in the obser-
vation data. The maximum spring flood runoff on the
Selenga (4,200 m3/s) was observed in 1951 and was
considerably lower than the flood season, and during
the lowest flood, which occurred in 2007, it decreased
to 874 m?/s. The minimum runoff rates of the Selenga
River during the open channel period and in winter dif-
fer even more significantly. The absolute summer min-
imum runoff was 459 m®/s, which is an order higher
than the winter minimum.

In the Upper Angara, the maximum annual
runoff recorded in the spring snowmelt period differs
from that observed in the Selenga. The highest runoff
of 2,570 m?®/s was recorded in 2007, while the high-
est flood, which occurred in 1951, resulted in a run-
off of 1,860 m?/s. The lowest river runoff of 40.5 m3/s
was recorded in winter 1980. During the free chan-
nel period, the minimum water runoff is considerably
higher ranging from 91 to 419 m3/s. In accordance
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Fig.2. Boundaries of the water availability classes for
maximum and minimum river runoffs.

with the noted seasonal extremes of the Upper Angara
runoff, the absolute amplitude of their fluctuations is
2,530 m3/s.

For the Barguzin, all runoff indices were signifi-
cantly lower than for the Upper Angara, despite the
similar sizes of their catchments. Water runoffs from
rainfall floods on the Barguzin River are generally
higher than in floods, but during the period of obser-
vations since 1933, the maximum river runoff reached
1,110 m3/s and was recorded in the flood of 1936,
while in the highest flood it was only 909 m3/s. The
calculated parameters of flood runoff distribution for
the period 1961-2020 indicate the possibility of high
meltwater runoff with a probability of 0.01%, which
would occur once every 10,000 years.

It is important to note that a flood of compa-
rable magnitude occurred in 1933 (848 m3/s), with
a recurrence interval of less than once in 500 to 600
years. Such a low theoretical probability of this extre-
mum is associated, as in the case of the river runoff in
June 1936, with the absence of similar values in the
calculation period. A similar situation is common for
the minimum runoff of the Barguzin River, especially
in winter, the lowest value of which (12.4 m3/s) falls
at 1945, also not included in the calculation period.
Nevertheless, the indicated minimum corresponds to a
theoretical recurrence, approximately once every 100
years due to the presence of several close values in the
1961-2020 data.

During the summer runoff low period, the river
runoff is considerably higher than during the rest of
the year. For the entire period of observations, the
river runoff varied from 52.5 m3/s (1933) to 268 m®/s
(1949). Consequently, both extremums were not
involved in the calculations of the runoff distribution
and the results of determining the boundary values of
runoff may be not correct enough.

3.4. Abnormally rare water availability
indices

In general, the probability of the maximum and
minimum values of the considered indicators occurring
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within the specified calculation period of 60 years has
provision 1-2% and 98-99%, respectively. This corre-
sponds to the recurrence of these extremes once every
50-100 years. However, as was seen above, the annual
inflow to the lake decreased according to Afanasyev
(1967) to 32.2 km® in 1903, and it increased to
98.7 km?® in 1932. The probability of occurrence of such
a low-water event as in 1903, for example, is 0.1%,
i.e., it can occur only once every 1,000 years. First of
all it should be noted that evaluating the reliability of
these extremes, these are calculated values because the
observations of the runoff of the large Baikal rivers had
not been made at that time. To reconstruct the inflow
data for 1901-1932, A.N. Afanasyev used the correla-
tion between the annual runoff of the Angara River at
the source and annual inflow calculated for 1933-1958
and characterized by a correlation coefficient of 0.997.
Despite this, the reliability of the reconstructed data
requires reconsideration using modern concepts of the
runoff formation in the Lake Baikal basin and involve-
ment of additional sources of information.

A similar phenomenon can be observed in the
maximum spring flood season of the Barguzin River,
which reached 1,110 m3/s in 1936. Theoretically, the
river runoff can increase to such values only once every
10,000 years. In 1936, the river experienced extremely
abnormal conditions of snow accumulation and snow-
melt, which may have contributed to this phenomenon.
Taking into account that instrumental measurements of
water runoff in such cases are most often impossible,
the reliability of the observed extremum also requires
additional verification. Concurrently, particular focus
should be placed on the transformation of runoff forma-
tion conditions, which have been subject to anthropo-
genic transformation (deforestation and land plowing)
in the river basin since the 1950s.

When planning important water management
measures, the noted rare hydrological events should be
taken into account with repeated calculations of dis-
tribution parameters in case of confirmation of their
reliability.

4. Conclusion

The obtained results enabled us to estimate the
parameters of long-term variability and peculiarities of
the distribution of surface water inflow to Lake Baikal
and the runoff of its main tributaries for a single cal-
culation period (1961-2020), grouping the studied
parameters depending on their provision into seven
water content classes. This differentiation enables the
operation with numerical values of high or low water
availability criteria, thereby eliminating ambiguity in
their interpretation. During the observation period, the
classes of catastrophically high or low water content
in annual and monthly inflow values, as well as the
runoff characteristics of the Selenga, Upper Angara,
and Barguzin rivers, were observed on only a few occa-
sions. Concurrently, for preceding years not included in
the calculation period, inflow values and river runoff
of less frequent occurrence are observed. In particular,
the low inflow into Lake Baikal in 1903 and the spring
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flood season of the Barguzin River in 1936 correspond
to the recurrence of once every 1,000 years and less
frequently. Such cases require special examination to
verify the reliability of the observed extremes and to
make decisions on the expediency of extending the cal-
culation period and performing repeated calculations.

The range of fluctuations in river inflow and
runoff within individual classes is determined by the
accepted provision boundaries, which define the divi-
sion into classes of different water content, as well as by
sample parameters of the distribution of the used series.
The asymmetric distribution inherent to the runoff real-
ization results in the narrowing of the boundaries of
certain classes as the water content class decreases.

For practical use of the obtained results, it is
obviously necessary to study other variants with dif-
ferent boundaries and number of water content grada-
tions, because when considering a specific problem, an
individual solution variant, including different period
of averaging of initial data, may be optimal. For some
watercourses, in this respect, it is expedient to involve
in the analysis the characteristics of maximum and
minimum runoff, which makes it possible to assess the
absolute amplitude of fluctuations in river water dis-
charge and a more objective approach to the choice
of one or another variant of water content gradation
allocation.
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OpuruHaAbHan cTaTbA

I10Ka3a'rem1 BbICOKOrO M HU3KOTO MpUTOKa " " —
B 03epo bavkan U CTOKa ero rhnaBHbIX PEK  [p ESETWATER

BIOLOGY

e

CunrokoBuu B.H.

JIumHostoeuneckuti uHcmumym, Cubupckoe omoesieHue Poccutickoti axademuu Hayk, YiaH-Bamopckas, 3, Hpkymck, 664033, Poccua

AHHOTAILIMA. Ha ocHOBe MaTepuaJioB peryJiApHBIX HaOJIOAeHUM HcciefoBaHa aAuddepeHIuanis
3HaYeHU! NMPUTOKA MOBEPXHOCTHBIX BOA B 03. balikajl 1 XapaKTepUCTUK CTOKA IJIaBHBIX OAlKaJIbCKUX
peK Ha ceMb rpajaluii Mo ycJIOBUAM BOAHOCTU. JlaHHas KjaccuduKamnusA MO3BOJIAET ONepHpoBaTh
YlCJIEHHBIMU 3HAUYeHWAMM KpUTepHeB BOJHOCTU paccMaTpUBaeMbIX MTOKasaTesed. YCTaHOBJIEHO, YTO
Juamna3oH KojebaHuil MPUTOKA W CTOKA PeK BHYTPH OTHeJbHBIX KjlaccoB (rpafaiyil) onmpeiessAercs
BEIOOPOYHBIMM MTapaMeTpaMy pacupefesieHUds U CyXaeTcs OT BBICOKON BOAHOCTU K HM3KOH. Kiacchl
KaTacTpoduiecky BEICOKOU WJIM HU3KOW BOAHOCTU B TOJOBBIX U MECAYHBIX BEJIMYMHAX IPUTOYHOCTH, a
TakXe XxapaKTepucTuk ctoka Cesienru, Bepxneii Auraps! u baprysuna 3a 1961-2020 rr. HaGJII0qanch B
OCHOBHOM II0 OJHOMY pasy. 3a 6oJiee paHHHe roAbl, HAXOAAIIMECA 3a IpefesiaMi pacieTHOIO epruoaa,
OTMeyvaJiiCch 3Ha4eHUs IPUTOKA U PacXOoAbl BOABI peK 0oJiee peKoU MOBTOPAEMOCTH. HU3KUI IPUTOK
B 1903 r. u CTOK BeCEHHEro MoJioBOAbsA p. bapry3uH B 1936 r. COOTBETCTBOBAJIU TOBTOPAEMOCTH OOUH
pa3 B 1000 et u pexe.
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1. BBeAeH“e A0 CHUX OTCYTCTBYIOT. Takoe moJioxkeHre OOBACHAETCA

Pa3JIMYHBIMKM TPeOOBAaHUAMM K FPAaHUYHBIM pacxojam
BOJIBI, 3aBUCAIIUMH OT O0JIACTU NMPUMEHEHUS U pella-
eMBbIX 33f]ay, a TakkXe TPeOYIONUX Pa3HON JUCKPETHO-
CTU Tpe/CTaBJIeHUA AAHHBIX U WX OCPEeJIHEHUA: Cped-
HEroloBble 3HAUYEHUs, CpeJHEeMeCSYHble, CyTOYHbIE U
CcpouHble (CpOYHBIE OOBIYHO HCIIOJIB3YIOTCA AJIA Mak-
CAMAaJIbHBIX M MHWHUMAJIbHBIX PAacXOAOB BOJBI, COOT-
BETCTBYIOIINX HAWBBICIIMM WJIM HAUHU3MIUM YPOBHAM
BOJIbl B CPOKM HAOJTIOEeHUI).

B ruapoJsiornveckyx pacieTax OCHOBHOe BHUMaA-

I[Ipu oljeHKe BOJHOCTU PEK MCIOJIb3yeMble KpU-
Tepuu (BbICOKAs, HU3Kas, CpedHsAsA) OOBIYHO HOCAT
cyryb0 KaueCcTBeHHBIN XapaKTep, HeCMOTPs Ha TO, YTO
B I'MJIPOJIOTMH YKe CPABHUTEJILHO JaBHO HCIIOJIb3yeTCs
pasjiejieHre 3HaueHWH PeYHOro CTOKa Ha pasjIM4Hble
rpajanuu (KaTeropmu, Kjacchl) B 3aBUCUMOCTU OT UX
obecnieueHHocTU (P). OHA U3 NEePBBIX KJlaccuuKanui
BOJJHOCTH [JIs1 FOIOBOTO CTOKa PeK, MpejycMaTpUBalo-
mas BblJleJIeHre MHOTOBOAHBIX JieT (P<25 %), cpen-
HUX 10 BOAHOCTH (P OT 25 710 75 %) ¥ MajlOBOJHBIX HHUe yJesseTcs KPUTUYeCKUMM 3HadeHMAM CTOKa pek,
(P>75 %), 6buta peayioxena ITH eme B cepepuHe MMEOIM BEPOSTHOCTh HACTYIUIeHUs He GoJiee 5-10
XX B. (Kysun, 1953). [ IpakTUKH 3TOTO GhLIO FABHO % (CII 33, CII 115, CII 482). KanutaysbHble OOBEKTHI,
HEN0CTAaTOIHO W B TOC/IEAYIOMEM 4HCIIO Ipajjanumn B 3aBUCHUMOCTH OT MX OTBETCTBEHHOCTH, PACCUMTHIBA-
BOJIHOCTH yBennuuBasiochk. B pabote (Kouykosa, 1955) JOTCA Ha PACXO/bl ¥ YPOBHHU BOABI G0Jiee peIKoll OBTO-
OHO GBLJIO PACIIMPEHO 10 CEMH, C JeJIeHHeM MHOrOBO- psIEMOCTH - omuH pa3 B 100, wm 1000 et i Gosee
AHBIX UJIN MAJIOBOJIHBIX Tpajialiiu €Ille Ha TpU Kjiacca (BepositHocTh 1, wum 0.1 % u MeHee). B ycioBusx
BOAHOCTH. OJHaKO, HECMOTPs Ha PacHpOCTpaHeHHOe M3MEHEeHHUA KJIMMaTa BEPOATHOCTh MOBTOPEHMs TaKUX
[IPUMEHEHNE B  IPOEKTHO-CTPOUTEJIBHON  TIPAKTHKE COOBITUI MOXET CyIIeCTBEHHO BospacraTh. K mpu-
XapaKTEpUCTUK CTOKA pacyeTHBIX 00eCHedyeHHOCTEMH, MepY, BEDOATHOCTh KATACTPODUUECKOrO HABO/IHEHHA
CWHblE KPUTEPUM ONPE/ETIeHHA  KOJIMYeCTBEHHBIX B KanndopHmu, momoGHOro MeranaBomHeniio 1862
HoKa3aTeJlell BHICOKOM MJIM HU3KOH BOJHOCTH peK B I., M3-32 YBE/MUEHUs COMCPKAHMA BOJAHOTO TAPA B
HOpMaTUBHO-IIpPaBoBOU 6ase P® 1o BOAHBIM pecypcaM aTMocdepe U 3aMeleHns 4acTy BhINAAIOMUX B [Op-
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HOI MECTHOCTU TBEPABIX OCAAKOB XUJKHUMU B CBA3U C
MOTEIJIEHUEM BO3pacTaeT B HeckoJibko pa3 (Huang and
Swain, 2022).

Jna balikana npo6sieMbl ompefesieHUs IOKa-
3aTesieii BogHocTU obocTpuinich ¢ 2001 r. B cBA3U C
orpaHuveHueM IpeJiejioB peryjanpoBaHUs ero ypoBHA.
J1a xoppekTHOro ee penieHus TpebOyeTcsA BBeAeHHe
B IPaKTUKy HOPMATHBHO-NIPABOBBEIX OTHOIIEHUH B
cdepe 1CHOIB30BAHKUA BOJHBIX PECypCOB 03epa KOJIU-
YeCTBEHHBIX KpUTEpUeB BbJeJIeHUA MaJIOBOAHBIX
VI MHOTOBOJHBIX I[IepUOJOB. B 3TOM HampaBijieHUU
(AbacoB u Jp., 2017) paccMOTpeH BapuaHT pasjeJie-
HUA 3HaAYeHUI IoJIe3HOro npuroka B balikan Ha IATh
rpaganuii BogHoctu. B pabore (Bosaros u ap., 2018)
OlleHeHbl TpaHWYHBle 3HauyeHWs NPUTOKA OJIA NATU
obecnieueHHOCcTel HIXKe 50 %. [Ipu BHIOJIHEHUHU 3aja-
Hua MIIP no ontyMusanuy ypoOBEHHOI'O pexuMa 03.
Batikan ITU Obuta mpejJioXkeHa cXema pas/esleHus
M0JIE3HOW MPUTOYHOCTH B bBaiikas Ha ceMb rpajamuii
BOJHOCTU. BMecTe ¢ TeM CTaHOBUTCA BHUJHO, YTO AJIA
noBbilIeHNs 3G PEeKTUBHOCTU peryJIMpoOBaHUsA CTOKa 13
0o3epa M ero ypoBH:A, COXpaHeHUs OalKaJIbCKOM KO-
CHUCTEeMBl 1 MHUHHMU3AIUN BO3MOXHBIX COLMAJIbHO-3-
KOHOMHYECKHX PUCKOB B peruoHe KOJINYeCTBeHHbIe
IoKasaTes BOJHOCTU [JOJDKHBI KacaTbCs He TOJIBKO
IIPUTOYHOCTH, HO U APYIUX XapaKTepPUCTHUK BOJHOIO
pexumMa B GacceiiHe batikasiia 1 ObITh 3aKpellyIeHHbBIMU
3aKoHojaTesbHO. Llesip HacToAmel cTaTby COCTOUT B
HccJIeJIOBaHNY YKa3aHHBIX aClIeKTOB IPUMEHUTEJIBHO K
CYMMAapHOMY IOCTYIIJICHUIO ITIOBEPXHOCTHHIX BOA B O3.
balikas 1 CTOKy ero rjIaBHBIX IPUTOKOB.

2. Marepuanbl U MEeTOAbI

MatepuasaMu i HCCJIEJOBAHUA IOCIYXUIIN
JaHHble HaOmofeHU PocruapomMeTa MO MeCAYHBIM U
roIoBBIM o0beMaM CyMMAapHOTr'O NPUTOKA PEYHBIX BOJ
¢ OalikaJibcKOl BOAOCOOPHO! TEPPUTOPUM U CTOKA €ro
IJIaBHBIX IIPUTOKOB B 3aMBIKAIOI[UX CTBOpax — CeJleHru
(pa3be3n MocToBoii, mwiomans 6acceiina 440 000 km?),
Bepxneii Anrapsl (c. Bepxaaa 3aumka, 20600 km?) u
Baprysuna (c. Baprysun, 19800 km?). Ilpu sTom AjiAa
peK, YUYWTHIBasg CyIIeCTBEHHOEe pas3Jjinure TUAPOJIO-
TUYECKUX YCJIOBUI BHYTPU rojla U pa3Hble UHTepechl
[0JIb30BaTesIel, MCIOJIb3YITCA HECKOJIBKO XapaKTepu-
CTUK CTOKa - TOJOBOM, MECAYHBI, MaKCUMAJIbHBIN U
MHWHUMaJIbHBIE. MaKcUMaJIbHBIHN CTOK, B CBOIO OUepe/b,
paccMaTpHBaeTcA B pa3pe3e MaKCHMAaJIbHBIX PacXo/i0B
BOJIbl BECEHHET0 IOJIOBOABSA U JOXIEBBIX NaBOJAKOB, a
MHWHUMAaJIbHBIM — HAaWHU3LINX 3UMHHUX U JIETHUX 3Ha-
4yeHU! cToka. [Ipu 3TOM, AJIA MeCAYHOIO CTOKa peK
OCHOBHOE BHUMaHUe y[eJiseTcA Haubojiee MHOTOBO-
JHBIM WJIM MaJIOBOJHBIM MecsAIaM.

PacueTHbIl1 nepron BkoyaeT 1961-2020 rT. n
OTpaxkaeT COBpeMeHHbIe YCJIOBUA (OpPMHPOBaHUA pey-
HOro cToka B 6acceiine Batikana. OgHako IIpu aHasnse
MHOTOJIETHUX YCJIOBUI BOAHOCTU II0 peKaM HCIO0JIb3Y-
I0TCsA MOJIHBIE PAJBI HaOJII0JeHUH, a AJ1A TOJ0BOr0 IpU-
Toka manHble (Adanacees, 1967) 3a 1901-1960 .

OmnpepiesieHre  pacyeTHBIX obecreyeHHOCTe!
IIPUTOKAa B 03epO U CTOKa peK OCYyIIeCcTBJIAJIIOCh B
COOTBETCTBUU C TpeOOBaHUAMU U peKOMeHJanuAMU
(ITocobue no omnpepesieHum..., 1984; CI1-33-101-2003,
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2004; Meroguueckue pekomeHaauuu..., 2005; CTO
ITH, 2017). BHauajie pacCUMTHIBAJIUCH IapameTphl
pacnpefesieHHs paccMaTpuBaeMbIX PAOOB - cpedHee
sHavenue (Q ), koappunuents: Bapuanuu (C ) 1 acum-
metpuu (C), 0 KOTOPHIM HAXOAWUJIMCh OPJIMHATHI aHa-
JIMTUYECKUX KPUBBIX paclpefesieHuda. [Ipu sTtom ABa
[ocJIeAHUX [apaMeTpa IojyJlexald KOPPEKTUPOBKE,
€CJIM CBA3b MEXAy CMEeXHBIMHU YJIeHaMU psia o Kod(-
¢umuenty xoppessanuu (rl) cocrasiana 0.3 u Goee.
PacueThl mokaszartesiell 3aJaHHBIX oOOecrnedeHHOCTeN
OCYIECTBJISINCh C MCIOJb30BaHHEM paclpeeseHNus
Kpunkoro-MeHkeis, OfHAKO [JIA PANOB C PENKAMU
cootHomenuamu C/C (Gosiee 6 u MeHble —1) mpusJie-
KaJjioch OMHOMMAaJIbHOe pacipefesieHue. PacueTsl orpa-
HuuuBaauch obecrnedyeHHoCcTAMHU 0.1 u 99.9 %.

Hcxopnsle pAAbl IIpeABapUTEsIbHO UCCJIefo-
BajJlCh Ha OJHOPOAHOCTH IO KpuTepuaMm @dumiepa
u CTplofleHTa U B cJlydae HeOAHOPOAHOCTU JaHHBIX
HICKOMBIEe KpHBBIE CTPOMJIMCH II0 COCTAaBHOMY paclpe-
JleJIeHNI0, T.e. COCTaBJICHHOMY U3 paclpefieJleHuil 1o
KaXJol U3 dYacTell HeOJHOPOJHOro psina. TouyHOCTb
HCXOJHBIX JAHHBIX IO IPUTOKY U BOJHOCTU PeK COOT-
BEeTCTByeT TOYHOCTH OIIpefleleHHs CTOKa peK, OCBe-
IIeHHBIX TUIpOMeTpUYecKUMU HabJI0leHuAMY, KOTO-
pas no craHaaprty (Meronuueckue ykazaHus, 1987)
HaxoguTcA Ha ypoBHe 6-10 %. I[Ipu ucnoJib3oBaHUU
OCpeHEeHHBIX AaHHbIX (MHOI0JIETHUX, T'OJOBBIX, CE30H-
HBIX) omMOKa UX OmNpeflesieHusl CHUXaeTcs 6oJiee yeM
B [IBa pasa U Jaxe [JIA PeK C HeyCTOHYMBBIM PyCJIOM
IIpM HOpPMAaTHMBHOM dYacToTe H3MepeHUH pacxoioB
Boabl coctabisieT 4 % (Kapaces u flkoByieBa, 2001).
Kpome Toro, npu oneHkax napaMeTpoB MHOI'OJIETHeN
M3MEHYMBOCTU CTOKa (IIpU HEM3MEeHHOCTHU CII0COO0B
U3MepeHul U pacyeTa) AaHHasA IOTPEUIHOCTb 4YacTo
CTAHOBUTCA CUCTEMaTUYeCKOU ¥ MaJIo UCKaXaeT OTHO-
CUTEJIbHBIN XapaKTep KojebaHuN.

3a oCHOBY BBIAEJICHUsA Ipafaliii BOAHOCTU IIPU-
HsATa yNnoMsAHyTas Bbille cxeMa I'TH u3 cemu Kiaccos B
3aBHCHUMOCTHU OT 0b6ecrieYeHHOCTH MPUTOKA UJIM CTOKA.
[TepBhIii KJIaCC COOTBETCTBYET KaTacTPOpUUeCKH BBICO-
koi BogHOCTH (P<1%), BTOpasg — yMepeHHO BBICOKOM
(1% <P=<10%), Tpetrba — BbicOKOH (10% <P <40%),
yeTBepTas — cpenHenn (40% <P <60%), nArasa — yMe-
peHHO Huskoull (60%<P<90%), mectas - HU3KOUI
(90% <P <99%), cenpmas — KaTacTpodriecKy HU3KOHU
(P=99%).

[Ipu 3TOM AJ11 MaKCMMaJIbHOTO CTOKa peK Tep-
MUHOJIOTHS «HU3Kasg BOJHOCTb» U «KaTacTpoduiecku
HU3Kasg BOJAHOCTb», OYeBUAHO, HeJIoThyHa (TO Xe Kaca-
eTcs BBICOKOM U KaTacTpopUUecKd BBICOKOHM BOIHO-
CTU JJI1 MUHHMAJIbHBIX PacXO0JO0B BOJBI I MeCAYHOTO
MEXeHHOI'0 CTOKa), IMO3TOMY B TaKUX CJIydyasX BMe-
CTO ompefiesieHNs KJaccoB 0Oojiee KOPPEeKTHBIM OyzneT
HCIIOJIb30BaTh UX HoMepa (mepBbIM Kjlacc, BTOPON U
T.I.).

3. Pe3yAabTaTtbl M 06Cy)xpeHue
3.1. MNMpuUTOK NOBEPXHOCTHLIX BOA B 03€pO
Baikan

OCHOBHbIE TApaMETPhI pacHpe/ieIeHNs] TPUTOKa
U ero rpaHUYHble 3HAYEHUs pPACUYETHBIX ObecreyeH-
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HOCTel AJiA KaJIeHAApHBIX JieT U OTHAeJIbHBIX MecCsAIeB
(Tabmouma 1) no3BosiAwT AubdepeHInpoBaTh 00BEMEI
MOCTYIJIEHUsI PEYHBIX BOJ B 03. balikas Mo ycjaoBHUAM
BOJHOCTH Ha CeMb KJIACCOB.

[NostyyeHHBIe JaHHBIE TIOKA3BIBAIOT, YTO IPAHULIBI
KJIACCOB BOOHOCTU 3aKOHOMEPHO CYXAalOTCA OT BBICO-
KO BOJHOCTU K HU3KOW, YTO CBA3aHO C CYIIECTBEHHO
MOJIOXKUTEJIBHON  acHUMMeTpHel paccMaTpHUBaeMBbIX
pagoB. CaMbIll ITMPOKUN AWAMA30H 3HAYEHUN U TO/I0-
BOT'O U MECAYHOI'0 MPUTOKA XapaKTepeH AJiA BTOPOro
KJlacca BOJIHOCTH, a CaMbId Y3KWHU - IJiA IIecToro. B
3MMHUE MeCAIBl ¢ HU3KUM IIPUTOKOM OH CyXaeTcs A0
0.03-0.04 kM3, T.e. TaKUX pa3JNYUi AOCTAaTOYHO MJIS
OTHeCeHMUA BOJHOCTU B 3TU NepHUOJbl K pa3HBIM Ipa-
JanuaM. B niesioMm, nuanasoH Kj1accoB Ui KaXJOro U3
PAIOB XOPOLIO corjlacyeTcs ¢ lapamMeTpamu ero pac-
npenenennsa - Q, C u C.

B cooTBeTcTBUY C pe3yJibTaTaMU pacueToB BUIHO,
YTO KaTacTpoduyeckd MHOTOBOAHBIM T'OJOBOM IIpU-
TOK BOJBI B 03epO MocJieHUN pa3 ObL1 [0oJIBeka Hasaj
(1973 r.) u coctaisit 92.2 km® (Puc. 1). AGCOJIIOTHBIN
e MaKCUMYyM IpuToka focturai 98.7 km® u 6b11 0TMe-
yeH B 1932 r. Takxe cpaBHUTEJIBHO JaBHO Ha Baiikase
HabIoacss U KatacTpoduiyeckKu HU3KUM MPUTOK — B
1903 u 1922 rr. Bece 3Tu cOOBITUA OKa3aIMCh 3a Mpejie-
JlaM{ pacueTHOIo [lepruofa, I03TOMYy COOTBETCTBOBAJIN
HU3KOHM BEpPOATHOCTU UX HAcTyIUIeHuA. B gacTHoOCTH,
cHmkeHre mpuTtoka B 1903 r. mo 32.2 km* cooTBet-
cTByeT obecrieueHHOCTU GoJsiee 99.9 %, MM MOBTOPS-
eMOCTH pexe, yeM oauH pa3 B 1000 siet. C Havaza xe
XXI B. HanboJiee MasioBogHBIMH ObLIH 2014-2017 IT. C
MHHHUMYMOM TpuToka 42.5 km® B 2015 1.

Bo BHYTpUroAOBOM pacnpedesieHUM IIPUTOKA
MaKCUMYyM IOCTYILJIEHUsI PEYHBIX BOJ B 03€pO IIPUXO-
JUTCA Ha UIOHD, YTO CBA3AHO C BECEHHUM II0JIOBOJbEM
Ha pekax Oalikajabckoro 6acceiiHa B 9To BpeMs:A. U x0T
CTOK JOX/EBBIX TaBOAKOB B IeJIOM BBIIIE, YeM B II0JI0-
BOJIbe, HO B pa3Hble Tofbl OH IMPUXOAUTCA Ha pa3Hble
MecsAnbl (MI0Hb-CeHTSAOPD), M3-3a 4ero NpUTOK B HIOHE

B CpefHeM OKasbBaeTcA mpeobsagamomuM. OJHAKO
a0COJTIOTHBIT MaKCUMyM IPUTOYHOCTU C IIOBTOPsEMO-
cTbi0 oAuH pa3 B 100 yieT MoxeT HabI0AATHCA B aBry-
cre u gocturath 20.4 km3/mec. 3a 1950-2020 rr. (3a
OoJiee paHHME rOJbl MeCAYHble JaHHBIE OTCYTCTBYIOT)
MaKCUMyM IpuToKa coctaBua 20.7 km® 1 Habroganca
B aBrycte 1973 r. XapakTepHO, YTO B 3TOM Xe€ TOAYy
HaubOJIBIINM OBLT U IPUTOK B UIOHE, HI0JIE 1 CEeHTAOpe.

B 3uMmHMe MecAIpl MOCTyIJIEHHE ITOBEPXHOCT-
HBIX BOJl B 03€pO 3HAUUTEJIBHO COKpamjaercsa U B Ges-
pajie-MapTe OOBIYHO He mpeBbimaer 1 kv°. MUHUMYyM
MeCSYHOT0 MPUTOKA, cocTaBiisronuil 0.58 kM3, mpuxo-
autcs Ha ¢peBpasb 1973 r. M COOTBETCTBYET CEABMOMY
kJaccy BogHocTu (P 6ostee 99 %).

3.2. FopOBOM U MeCAUYHbIN CTOK peK

Cesnenra, BepxHsasa Anrapa u baprysuH, rias-
Hble IpUTOKU balikasna, B cpegHeM obecrieunBaiT 2/3
MOCTYTIJIEHUs MOBEPXHOCTHBIX BOJI B 03€PO C TEPPUTO-
puy, cocrassmomeil okoso 80 % Bceil ero Bogocoop-
Hoi wiomaau (CuHiokosuY 1 YUepHsiios, 2017). Kpome
TOT0, KaXJ1asi U3 3TUX peK MMeeT Ype3BbIUaiiHO BaXXHOe
CaMOCTOATeIbHOE 3HaUeHle, TaK KaK B MecTax MX BIHa-
JIeHUs1 B 03ep0 Haxo4ATCs HauboJsiee MPOAYKTHUBHBIE B
OMOJIOTMYECKOM OTHOIIIeHUN 00J1acTu — CeJIeHr'MHCKOe
MeJIKOBOoAbe, BepxHeaHrapckuil cop u baprysuHckuii
3ay1B. OyHKIIMOHUPOBaHNE 3TUX OHMOTOIOB HANIPAMYIO
3aBHCUT OT BOJHOTO peXuruMa MUTAI0IMUX PeK.

[TapameTpsl pacripefiesieHUs U rpaHUYHbIe pac-
XO[Bl BOABI TPEX paccMaTpuBaeMbIX pPeK, B 3HAUUTEJIb-
HOIl Mepe 3aBUCAT OT 0COOEHHOCTeH X MHOTroJIeTHe!
AuHamMuky. J{yisa CesleHry B pacueTHBIH epuoy Ipex/ie
BCEro cJjefyeT OTMETUTh JiBa IJIyOOKHMX MaJIOBOZbs:
0o4HO B 1976-1981 rT., BTOpOe - ¢ koHI[a XX B. 10 2018 T.
(cM. Puc. 1). OTo gaeT ocHOBaHMA IpeArnoJiaratb, YTo
3HaUeHNs CTOKa pacueTHBIX obecrnieueHHOCcTel CesleHrn
MOT'YT OBITh HECKOJIBKO 3aHKEHHBIMHU.

Ta6umna 1. [TokasaTesu pacupesesieHus U 3Ha4eHUs TOJOBOTO I MECAYHOTO IPHUTOKA PACUeTHBIX 00eCIIeYeHHOCTE!.

Ilepuon I[TapameTpsl I'paHNYHbBIE 3HAYEHUS MPUTOKA, KM
ocpeHeHHA pacipeneieHus

Q,, xm* C, C. 1% 10 % 40 % 60 % 90 % 99 %
Toxn 62.3 0.17 0.43 90.5 76.0 64.4 58.9 49.4 41.1
SAHBapp 1.13 0.15 0.64 1.60 1.35 1.15 1.07 0.93 0.81
deBpasb 0.84 0.16 0.95 1.26 1.02 0.86 0.79 0.69 0.61
MapTt 0.92 0.18 1.57 1.48 1.14 0.92 0.84 0.76 0.72
Armpesp 2.60 0.26 0.34 4.37 3.50 2.74 2.39 1.77 1.25
Maii 7.59 0.23 0.71 12.6 9.90 7.82 7.31 5.54 4.39
HUroHb 11.4 0.24 0.32 18.5 15.0 11.9 10.5 8.00 5.83
Hionb 10.5 0.31 0.57 19.9 15.0 11.0 9.35 6.49 4.39
Apryct 10.2 0.32 1.08 20.4 14.4 11.3 8.92 6.57 4.86
CeHTAOPD 8.12 0.31 0.85 15.4 11.5 8.44 7.21 5.18 3.63
OKTAGPD 5.24 0.25 0.81 9.17 6.95 5.40 4.76 3.74 2.76
Hos6pb 2.25 0.22 2.22 4.06 2.87 2.19 2.00 1.83 1.80
Jexabpb 1.52 0.18 1.8 2.48 1.88 1.51 1.39 1.26 1.22
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W3 paccuutaHHbX AaHHBIX (Tabsuia 2) BUIHO,
yTO ofguH pa3 3a 100 jieT cpeaHeronoBoii ctok CesleHTu
MoxeT npeBbimaTh 1500 m3/c (B1Boe BhIllle CpeJHEMHO-
rojieTHero), WM HaobopoT, ObiTh Humxe 385 wm3/c.
BHyTpu roa cambiii HU3KUN CTOK PeKHU B CpeJHEM IIpU-
xoauTcs Ha depasib (0kos10 1% ro/10BOi BOAHOCTH), a
caMbIil BRICOKHUI — Ha aBrycT (18 %). B cooTBeTcTBUM C
PA3HBIM CTOKOM B 3TU MECSLIBI JIJIs1 OTHECEHUS K TIEPBOMA
KaTeropuu BOOHOCTU B aBTyCTe PacXo[ BOJBI [OJIKEH
cocTaByiATh He MeHee 4160 M3/c, Toraa Kak B deBpasie
JIJIs1 9TOr0 OH MOXeT ObITh HeMHOruM 6osiee 200 m3/c.

3a Becp mepuon Habmogenuin (1934-2020 rr.)
HaunboJsiee MHOTOBOAHBIM Ha CejieHre Obu1 1973 T.
(1470 m3/c) 1 MpaKTUYECKH COOTBETCTBOBAJI 1 Kjiaccy,
WA KaTacTpopuuecku BBICOKOU BOJHOCTH, & CaMbBIM
ManoBogueM 2002 r. (505 M3/c, ymMepeHHO HM3Kas
BOJHOCTH). HanboJIbIINI MeCAYHBII CTOK OTMevaJiCs B
aprycte 1993 r. u gocturai 4360 m3/c (1 kacc BOAHO-
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CTH), a caMBblil HU3KUH - B deBpatie 1936 r. (34.7 m3/c,
7 KJacc BOJHOCTH).

Ha BepxHeii AHrape cyIecTBeHHble KoJeOaHusA
CTOoKa Mnpoucxoauand ToJibko B XXI Beke ¢ MHOIOBO- 200 JfY \ \ vy 90 %
napiMu 2004-2008 rr. 1 masoBogHbeiMu B 2013-2017 150
rT. (cM. Puc. 1). C Havasa Ha6mogeHu (1939 r.) romo-

BOU CTOK peKku U3MeHssIcA B Auanas3oHe oT 172 (2016 250
r., 6 kyiacc BogHoctu) g0 404 m3/c (2006 1., 1 xi1acc).
Paznuunsa Mexay coceHUMHU KjaccaMU BOJHOCTU He
CTOJIb KOHTPACTHBI, Kak Ha CeJieHre, YTO OOBsCHAETCA 150 |
Kak MeHblIlell BOJOHOCHOCThI0 BepxHell AHraphl, Tak U
6oJstee HU3KOW BaprabesIbHOCThIO ee CTOKA (CV = 0.18). 100 4
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oH MoxeT mocturath 1370 m3/c. ITo daxty B 2006 T. roa

HabJII0jaJIcsl OvYeHb OJIM3KUE K 3TOMY Mpenesry CTOK Puc.1. [luHamMuka roJloBOro IpUTOKa U CTOKA pPeK ¢
BblJIeJIeHVeM T'PaHUll KJIacCOB BOJHOCTU.

Ta6suna 2. [TapameTpsl pacrnpe/iesieHrs U 'PAaHUYHbIe 3HAUEHUs CTOKA KaJleHAAPHBIX JIET U OTAEJIbHBIX MECSILEB IJIaBHBIX
6alikaJIbCKUX PeK Ui ceMU TpaJaliii BOOJHOCTU.

Ilepuon ITapameTpsl Pacxoz BoABI pacyeTHOM 06ecneYeHHOCTH, M3/
ocpeHeHHsA pacnpeeeHus
Q,, M3/c C, C, 1 % | 10 % | 40 % | 60 % | 90 % | 99 %
CeseHra
Ton 868 0.28 0.41 1500 1190 916 790 569 385
deBpasib 98,2 0.35 1.65 214 140 98.6 84.4 63.3 49,1
Hrosb 1660 0.44 0.73 2920 2330 1730 1430 875 435
Apryct 1990 0.45 0.97 4160 2860 1990 1660 1150 782
Bepxnsaa Axrapa
Tox 272 0.18 0.29 397 336 282 258 211 169
MapTt 67.4 0.14 0.21 80.6 75.7 71.3 67.6 59.3 46.6
151200313 871 0.24 0.11 1370 1140 922 814 603 413
Hiomb 618 0.34 0.14 1130 902 670 555 338 168
baprysun
Ton 120 0.24 0.28 192 158 126 112 84.0 59.4
Mapt 28.5 0.24 0.07 44.9 37.3 30.1 26.6 19.7 13.5
Hrosib 245 0.39 0.52 504 374 260 212 130 69.1
Apryct 250 0.47 1.54 648 399 252 202 130 84.3
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(1360 m3/c), HO COOTBETCTBOBAJl TOJIBKO 2 Kjaccy
BogHocTu. CambIii HM3KUII CTOK B mioHe (340 m3/c,
7 xiacc BomHocTu) orMeuasicsi B 2013 r. HaubGosee
MaJIOBOJHBIM MecsAleM Ha BepxHeil AHrape sABJiseTcs
MapT, CTOK KOTOPOT'O MaJji0 MEHSETCA OT TofAa K romy
(C, = 0.14). 3a Bce roJpl HaGIIOJEHUNA CPEJHUE Map-
TOBCKUE PAaCXO bl BOJIbI n3MeHsuch oT 48.1 (1969 r.)
no 86.2 m3/c (2006 r.). HecMOTpsi Ha CPaBHUTEIBHO
HeOOJIBIIYI0 PA3HUITY B IIEPBOM CJIyYae BOAHOCTb COOT-
BETCTBOBaJIa 6 KJIaccy, a BO BTOPOM — yXX€ IIEPBOMY.

Jlia baprysuHa rpaHulbl MeXAy KJjaccaMu
BOJIHOCTH TIOJIYYHMJIUCH elne yxe. MuHuMapHas pas-
HUI[A MEeXy TOJIOBBIM CTOKOM 3 U 5 KJIacCOB COCTaB-
nser Bcero 14 Mm3/c, a OjiA caMOro MaJjIOBOJHOTIO,
Mapra, Tosbko 3.5 m3/c. 3a meproa HaGIIOOEHUH C
1933 r. camblil BBICOKHI TOJIOBOU pacxojd BOABI (CM.
Puc. 1) cocraBui 213 m3/c (1949 r., 1 kjacc BOgHO-
cTH), a caMblii HuU3Kkui 67.2 m3/c (2015 r., 6 xi1acc).
B HanboJsiee MHOTOBOHOM Mecsiie, KOTOPBIM SBJIAETCS
aBrycT, B 1973 r. MakCUMAaJIbHbIN PacXof BOABI IOCTU-
ray 653 m3/c (kaTacTpoduyecKu BBICOKAs BOHOCTB),
X0TA B MoHe 1936 r. Hab0gaics 60J1ee BHICOKUU CTOK
- 710 m®/c (maHHBIA MAaKCUMyM HAaXOAUTCS 3a Mpejie-
JlaMU pacueTHOro nepuoja). MUHUMAJBHBIHN Xe CTOK B
asrycre (87.4 m®/c) umest mecto B 1987 r. 1 mpakTuyie-
CKM HaXOJIWJICA Ha rpaHulle 6 1 7 KJIacCOB BOJJHOCTH.

B mapTte HauboJiee BBHICOKUI CTOK peku HabJIo-
nmasncsa B 1996 r. (43.5 M3/c) 1 COOTBETCTBOBAJT 2 KJIaCCy
BOJHOCTH. MUHHMaJIbHBIA Xe oTMmeuasici B 2020 r.
(15.3 M3/c) 1 cooTBETCTBOBAJ 6 KJIaccy.

3.3. MakcuMmanbHbIA U MUHUMAaABbHbINA
CTOK

XapaKTepruCTUKN 5KCTPeMajibHOIO CTOKa pac-
YyeTHBIX oOOecreyeHHOCTell paccMaTpUBAEMBIX peK
(Puc. 2) pmatoT mpepcTtaBieHHe 0 MacmTabax BO3MOX-
HBIX KojlebaHMIl KX PacxoJioB BOJBI B pa3Hble (a3bl
BoAgHoro pexuma. [na CejleHIM € BepOATHOCTBIO 1
% CTOK MOXeT u3MeHAThcA OT 41.2 M°/c B mepuop
3uMHer MexeHu 10 7300 m3/c BO Bpems JOXIIEBBIX
naBoAKoB. MaKTUUeCKUH e pa3Max KoJiebaHUI CToKa
okasajica ele Bbime - oT 29.9 m3/c 3umon 2012 T.
o 7620 m3/c (1 xymacc BOQHOCTH) B maBOJOK 1936 T.
HeckosbKO MeHBIIUI MaBOJOYHBI MaKCUMyM OTMe-
yasicsa B 1973 r. (7210 m3/c), KOTOPBINT OTHOCHUJICS YK€
KO BTOPOMY KJiaccy BogHocTU. CiefyeT OTMETUTh, YTO
B OTJeJIbHbIe TOABl MAaBOAKU OBIBAIOT BBIPAXXEHBI Upe3-
BBIUAiHO cjabo u B 2004 r., HanpuMep, MaKCUMaJib-
HBII pacxof coCcTaBJisI Tojibko 1200 M3/c.

B nosoBoawre pacxonbl Bonbl CejleHTM 3HA4U-
TeJIbHO HUXe, 4eM B maBojku (cm. Puc. 2), 4To otpa-
KAIOT W JaHHble HaOJofAeHuil. MakcuMaJIbHBIU CTOK
BeceHHero nosioBoaba Ha Cesienre (4200 m3/c) HabJtr0-
pascs B 1951 r. u 6bl1 3HAUMTEIBHO HUXe, YeM I1aBo-
JIOYHBIN, 2 B cCaMO€ HU3KOe TMOJIOBObE, KOTOPOE TMpHU-
xoausiochk Ha 2007 r., oH cHmxasicsa 1o 874 m3/c. Eie
0oJtee CyIeCTBEHHO PAa3INYalTCsa MeXAy cO60 MUHU-
MaJjibHBIe pacxoAsl BoAsl CeJleHru B Nepro OTKPBITOTO
pyciia u B 3uMHee BpeMsi. AGCOJTIOTHBIN JIETHUN MUHU-
MyM CTOKa COCTaBJIsLT 459 M%/c, T.e. OBLI HA HMOPAOOK
BBIIIIE 3IMHETO.
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Bopsocts 2 knacc | 3 knacc 4 knacc | 5 knacc 6 knacc
Cemnenra, M3/c
TlaBoxox 9630 300 4890 3200 2550 1590 BENGE
TlonoBombe 4230 3590 2810 2130 1810 1270 823-570
JleTHss MeKeHb 159_::40 1040 796 588 503 35_259
3uvustst Mexens 233 JRNNNTTA 121 6.2 739 54.7 2 .0
Bepxusis Anrapa, M3/c
Tonosoare 3130 a0 1750 1300 1130 867 GAE]
TTaBoziok 205 o0 10% 735 554 31 25 D2
Jletnan vewens 450 QRN 569 300 228 137 146 105 JIG".2
st MeKeRD 947 [RNNNNER 9 763 660 813 sis 425 6.2
Baprysun, M%/c
TlaBomox 11” 605 400 321 201 121 81.0
TlonoBoase 371!53 446 337 251 169 112!4.0
JleTHA MexeHb 19_50 122 956 85.7 63.7 55!843
3uMustt MexeHs 491 IS5 358 283 248 179 1.7 B0

Puc.2. FpaHI/IHbI KJIaCCOB BOAHOCTH AJIA MaKCHMMaJIbHOI'O
Y MUHUMAJIbHOI'O CTOKa PEK.

Ha BepxHeil AHrape MakCUMaJIbHEIH B TOAY CTOK,
B oTsinune oT CeJieHTH, MPUXOAUTCA Ha NIepuo/ BeCeH-
Hero cHerorasHuA. HanboJspmuii pacxof, COCTaBJIAI-
muii 2570 m®/c, 3adpukcuposar B 2007 T., B TO BpeMs
KakK B CaMbIN BBICOKUI MABOJOK, KOTOPHIN HAOJTIO1AIICSA
B 1951 r., pacxoq Bozsl coctaByst 1860 m3/c. CaMbIit
’Ke HU3KUI CTOK peKu, cocTasJisomuii 40.5 m3/c, oTme-
yasica 3uMoii 1980 r. B mepuon cBoGomHOro pycia
MUHUMaJIbHbIEe pacXoAbl BOJbI 3HAYWTEJIbHO BhINIE —
or 91 10 419 M3/c. B COOTBETCTBUU C OTMEUYEHHBIMU
Ce30HHBIMU OJKCTpeMyMaMH cToka Bepxnell AHrapnl
abcoJiIoTHasA aMIUTUTYy[a WX KoJieDaHWl COCTaBJiseT
2530 m*/c.

Juia baprysuHa Bce mokasaTesiy CTOKa IIOJIy4u-
JINCh 3HAUUTEJIBHO HIDXe, YeM i BepxHell AHraphl,
HecMOTpss Ha OJyin3kue pasMepbl HX BOAOCOOPOB.
Pacxonpl BOABl AOXAEBBIX IMAaBOAKOB Ha p. Baprysun
B IIeJIOM BbIllle, YeM B II0JIOBOJib€, OJHAKO 3a MepHuof
HabmogeHuin ¢ 1933 r. MakcUMaJbHBII CTOK peKu
nJocrturas 1110 m3/c u 6611 3adUKCHUPOBaH B MOJIOBO/IbE
1936 r., Torjga Kak B caMblil BHICOKUH ITaBOJAOK OH OBLIT
ToJIbKO 909 M3/c. PacueTHble apaMeTpHl pacipe/esie-
HUA CTOKA noJI0BoAbA 3a 1961-2020 rr. npeanoJiararoT
CTOJIb BBICOKHE PacXOAbl BOJBI TAJIBIX BOJ C BEPOATHO-
ctbio 0,01 %, T.e. moryT HabaoaaTbes 1 pa3 B 10 000
jet. CiielyeT OTMETUTh, 4TO OJIM3KOe 10 BBICOTE I10JIO-
Bobe MMeJio MecTo 1 B 1933 1. (848 M3/c), uTo Takxke
COOTBETCTBOBAJIO NOBTOPSAEMOCTH He yaile, 4yeMm 1 pas
B 500-600 sner. Takasa Hu3Kas TeopeTHYecKas Bepo-
ATHOCTb JAHHOTI'O 3KCTpEeMyMa, CBs3aHa, KaK U B CJIy-
Yyae CcO CTOKOM peku B uioHe 1936 r., ¢ OTCyTCTBUEM
NIOAOOHBIX 3HA4YeHUl B pacueTHOM mnepuoje. Cxoxas
CUTyalsl XapakTepHa U [Jii MHWHMMAJIbHOTO CTOKa
p. BaprysuH, B ocob6eHHOCTU 3UMHEro, HauMeHblllee
3HaueHue kotoporo (12.4 m3/c) npuxomurcs Ha 1945
T., TaKXe He BXOAAIIMI B pacueTHBIN nepuofd. OJHaAKO
yKa3aHHBII MUHUMYM COOTBETCTBYeT peajibHOU Teope-
THUYEeCKOU moBTopsieMocTH (okoJyio 1 pasa B 100 jer)
Ostarogaps HaJu4Kio B JaHHBIX 1961-2020 rr. HeCKoJib-
KUX OJIN3KUX K HEMy 3HaYeHUI.

B nerH0I0 MeXeHb CTOK pPeKH 3HauUTeJIbHO
BHINlIE U 3a Bechb Iepruoj HabOII0AeHUH H3MEHsJICA B
npenenax ot 52.5 (1933 r.) no 268 m3/c (1949 r.), T.e.
oba 3KcTpeMyMa B pacyeTax paclipe/ieJleHUsA CTOKa He
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y4acTBOBaJIY, I03TOMY pe3yJIbTaThl OIpefiesIeHUs rpa-
HUYHBIX 3HAUYeHUH CTOKa MOTyT OBITh HEJOCTAaTOYHO
KOPPEeKTHBIMH.

3.4. AHOMaAbHO peAKMe noKa3aTeAu
BOAHOCTH

B mesioM, B COOTBETCTBUU C NPOJOJIKUTEIBHO-
CTHI0O PACUeTHOTO NEePHUOo/la, COCTaBJisAImen 60 er,
MakCuUMaJlbHble M MHHHUMAaJIbHBIE 3HA4YeHUs paccMa-
TpUBaeMbIX IOKa3aTeJiell UMeloT obecredeHHOCTh 1-2
u 98-99 %, 4TO COOTBETCTBYET NOBTOPAEMOCTU 3THUX
skcTpeMymoB 1 pa3 B 50-100 jer. OgHako, Kak OBLIO
BUAHO BBHIIle, TOJOBOI MPUTOK B 03epO CHIXAJICA IO
nauHbiM (AdanacbeB, 1967) no 32.2 km®B 1903 1., a B
1932 r. noBeimasicsa o 98.7 km®. BeposATHOCTh HACTY-
IUIEHUSA Takoro kak B 1903 r. MasoBOAbsA, HAIpuMep,
cocrasiisgeT 0.1 %, T.e. MOXeT IPOU30NUTU BCEro OJUH
pa3 3a 1000 setr. OneHuBasA AOCTOBEPHOCTh YKa3aH-
HBIX 5KCTPEMyMOB cjleflyeT OTMeTHUTh, IIpexie BCero,
YTO 3TO pacyeTHBlEe BeJIMYMHBL, TaK Kak HabyroeHuA
3a CTOKOM KPYITHBIX OaiiKaJbCKUX PeK B TO BpPeMs ellle
He IIPOU3BOJAWINCH. JIJI1 BOCCTAHOBJIEHUSA JAaHHBIX 10
nputoky 3a 1901-1932 rr. A.H. AdaHacseB HCNOJIb30-
BaJl 3aBUCUMOCTb MeXAy I'OJIOBBIM CTOKOM p. AHraphbl
B MCTOKE U TOAOBOM NPUTOYHOCTHIO, IIOCTPOEHHYIO
3a 1933-1958 rr. n xapakTepusyiyncsa Kodabouiu-
eHToM Koppesanuu 0.997. HecmoTps Ha 5To, HagexX-
HOCTb BOCCTAHOBJIEHHBIX JJAHHBIX TpeOyeT IMOBTOPHOI'O
paccMOTpeHUA C UCI0JIb30BaHNeM COBPeMEeHHBIX IIpe-
cTaBJjieHH!I o (OpMHpOBAHMUU CTOKa B OacceliHe 03.
balixan u npuBJjiedeHUEM AONOJHUTEJIbHBIX MCTOYHU-
KOB MH(OpManuu.

To xe OTHOCUTCA M K MaKCHUMAaJIbHOMY CTOKY
BECeHHero IoJioBoAbs p. baprysuH, nocruraromemy
B 1936 1. 1110 m3/c. TeopeTuvecku, JO0 TaKUX 3HaYe-
HUI CTOK PeKM MOXeT IOBBIAThCA JIMIIb OAWH pas3
B 10000 ner u B 1936 r. 3TOMy JOJDKHBI OBLJIA CIIO-
cob6CTBOBaTh KpaiiHe aHOMAaJIbHbIE YCJIOBUA CHEroHa-
KOIUIeHUsA U cHeroTtasHus. [IpuHMMas BO BHUMAaHUe,
YTO MHCTPYMeEHTaJIbHble U3MepeHNs Pacxo/ioB BOAHI B
MOJOOHBIX CJIydYasx yalle BCEro HEeBO3MOXHBI, J10CTO-
BEPHOCTh OTMEUEHHOIO 3KCTpeMyMa Takxe TpebyeT
JOTOJIHUTEIbHOU poBepKu. [Ipu aToM ocoboe BHHUMA-
HHe JIOJDKHO OBITh yAesieHO TpaHchopMaluu yCJIOBUN
dopMupoBaHUA CTOKA, aHTPOIOTeHHOe Ipeobpa3oBa-
HHEe KOTOpHIX (BBIpyOKa JIeCcOB, pachaiika 3eMeJib) B
bacceliHe peku aKTUBHU3UPOBaJIoch ¢ 1950-x IT.

[Ipy mjaHUPOBAaHUU BaXKHBIX BOJIOXO35MCTBEH-
HBIX MEpONpPHUATHI OTMeUeHHble peAKue THApPOJIOTH-
yecKkue COOBITUA, B CIydyae MOATBEpXAeHUA UX JI0CTO-
BEPHOCTH, OOJDKHBI MIOJJIEXATh Y4YEeTy C NMpOBeAeHUEeM
MOBTOPHBIX PacyeToOB [TapaMeTpPOB pacnpenesieHus.

4. 3aknloueHue

[TosiyueHHBle pe3yJIbTAThl [IO3BOJIMJIM OIEHUTD
rapamMeTpbl MHOTOJIeTHEll H3MEeHYMBOCTH U OcCOOeH-
HOCTH paclpefieJieHUs IPUTOKA MOBEPXHOCTHBIX BOJ
B 03. Balikays u cTOKa ero rjaBHBIX IIPUTOKOB 3a eu-
HBII pacueTHBIN nepuof (1961-2020 rr.), crpynnupo-
BaB HCCJIe[[yeMble TOKA3aTeJI B 3aBUCUMOCTU OT WX
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obecneyeHHOCTH B CeMb KJIACCOB BOJHOCTHU. JlaHHaA
auddepeHaA MO3BOJIAET ONEPHPOBATh YHCJIEH-
HBIMM 3Hau€HUsAMHN KpUTEPHEeB BBICOKOM WJIM HU3KOU
BOJHOCTH U MCKJII0YaeT HEOAHO3HAaYHOCTbh UX TOJIKO-
BaHUA. 3a paccMaTpuBaeMble T'OJibl KJIacChl KaTacTpo-
¢uUecKu BBICOKOU WJIM HU3KOM BOOHOCTU B TOJOBBIX U
MeCAYHBIX BeJINUYMHAX IPUTOYHOCTY, a TaKXe XapakKTe-
puctuk croka Ceyienru, Bepxueii Aurapsl u baprysuna
HaOII04aINCh NPEeuMYyIIeCTBeHHO He 0oJiee OAHOTO
pasa. B To xe Bpems, 3a 0Oojiee paHHHE TOJBI, HaXO-
Jdamuecs 3a npefejiaMy pacyeTHOro nepuopa, UMerT
MeCTO 3HaueHMs NIPUTOKAa M PacXOAbl BOJBI peK Oosee
pelKoll IOBTOPsAeMOCTH. B yacTHOCTH, HU3KUI IPUTOK
B 03. Barikan B 1903 I'. ¥ CTOK BECEHHEroO IOJIOBOIbS
p. baprysun B 1936 r. COOTBETCTBYIOT IOBTOPAEMOCTHU
omuH pa3 B 1000 set u pexe. Takue ciayyan TpeOyOT
OTJIeJIBHOTO PAacCMOTPEHUA C MIPOBEPKOI T0CTOBEPHO-
CTH HaOJIIOJeHHbIX SKCTPEMYMOB U IPUHATHUA pellleHUN
0 11eJ1eco00pa3sHOCTH pacHIMpeHus pacueTHOIro Iepu-
ofla U BBINIOJIHEHUS IIOBTOPHBIX PaCciyeToB.

Juana3oH kosiebaHUI NPUTOKA 1 CTOKA peK BHY-
TPU OTAEJIbHBIX KJIACCOB OIlpefiesigeTcs NPUHATHIMU
rpaHuniaMy obecleyeHHOCTH, 10 KOTOPBIM OCYyIecT-
BJIAETCA pasfieJieHre Ha KJIacChl pa3jIMyHON BOOHOCTH,
a Take BEIOOPOYHBIMU ITapaMeTpaMu paclpefiesieHUs
HCIIOJIb3yeMBbIX psAnoB. IIpucyiias CTOKOBBIM peaynza-
I[UAM acCHUMMETPUYHOCTh pacnpefesieHUs ollpefesisaeT
Cy’keHHe I'PaHUIl OTAEJIbHBIX KJIacCOB 110 Mepe CHHXe-
HUA Kjlacca BOJHOCTHU.

J1A npakTHYecKoro MCIOJIb30BaHUA IOJIy4YeH-
HBIX pe3yJIbTaTOB, OYeBUIHO, TpebyeTcs ncciieJoBaHue
JpyTUX BapuUaHTOB, C MHBIMHU I'paHUIAMH U YHCJIOM
rpaganuil BOOHOCTH, TaK KakK IpU pacCMOTPEHUM KOH-
KPeTHOH Ipo0JieMbl ONTHMAaJIbHBIM MOXKET OKa3aTbCs
VHAVBHAYaJbHBI BapUaHT pelleHUsd, B TOM 4HuCJe U
C pasHBIM [IepUOJIOM OCpeJHEHHsA MCXOAHBIX JaHHBIX.
Jsia oTAesibHBIX BOJOTOKOB B 3TOM IJIaHe I[eJIecoo-
Opas3Ho IpuBJleyeHNe K aHaJIN3y XapaKTepUCTUK Mak-
CUMAaJIbHOT'O I MMHUMAJIbHOI'O CTOKA, JAalolllee BO3MOX-
HOCTh OLIeHKM a0COJIIOTHONM aMIUIMTYAbl KojebGaHui
pacxonoB BOABI peK U 6oJiee 0OBEKTUBHOIO OAX0AA K
BBHIOOpPY TOTO WJIM WHOTO BapuaHTa BblJesIeHUuA rpaja-
M1 BOJHOCTHU.
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ABSTRACT. The characteristics of the composition, ecological-geographical, and functional structure of
the phytoplankton dominant complexes of three different types of lakes in the Nizhny Novgorod Volga
region (Klyuchik, Svetloyar, and Svyatoye Dedovskoye) are given. Lake Klyuchik is a rare type of gyp-
sum, highly mineralized “blue” lake; unique in terms of its supply source, the role of which is played
by the underground river with high water consumption, and has a weakly expressed stratification.
Lakes Svyatoye Dedovskoye and Svetloyar are dimixic, light-water, low-mineralized, of hydrocarbon-
ate class, and with neutral pH values that are fed by rainwater. All lakes belong to specially protected
natural areas. Analysis of the algal flora of the studied lakes showed the taxonomic significance of the
divisions of Cyanobacteria, Chlorophyta, Bacillariophyta, Ochrophyta, and Euglenophyta, constituting
more than 70% of the total species richness. The composition of the dominant species contained 114
taxa of algae (26.38% of the total composition): in Lake Svyatoye Dedovskoye, greens and diatoms
predominated (50%), in Lake Svetloyar, euglenids predominated (25%), in Lake Klyuchik, diatoms
predominated (more than 40%). Among 13 dominants (from 5 divisions) with high values of DF > 10,
Dt>10, and pF > 20, dinoflagellates from the functional group L, (Ceratium hirundinella, Peridinium
cinctum) were noted in all lakes, with maximum development in the summer stratification. In the group
of diatoms, representatives of centric diatoms of codon B (species of the genus Cyclotella) predominated
in each water body, reaching maximum development rates under conditions of water mixing. The com-
position of the remaining dominant groups in each reservoir was determined by its limnological fea-
tures. Using the method of multivariate analysis of variance (PERMANOVA), a statistically significant
(P-value=0,001) low degree of similarity of the dominant and functional phytoplankton complexes was
shown, which may indicate the uniqueness of algae cenogenesis in each of the studied lakes due to the
influence of a certain combination of factors.

Keywords: dominant species, phytoplankton, biomass, karst lakes, Middle Volga basin, natural monuments
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1. Introduction

Lakes of this type are often characterized by small
sizes, relatively high depths, and the absence of pro-
nounced hydrodynamics of water with frequent strat-
ification (Maksimovich, 1963; Krevs and Kucinskiene,
2011). When comparing karst lakes of the same natural
zone, which are located in similar hydroclimatic condi-
tions, the heterogeneity of their chemical composition
and a significant range of variability in the mineral-
ization of waters are revealed, which causes a certain
interest in studying the biota of these water bodies and

Karst lakes are widespread and often unique
water bodies in landscapes of different natural zones,
characterized by peculiarities of morphometric param-
eters and the specificity of the hydrological and hydro-
chemical regime of the waters, which determine the
originality of the faunistic and floristic composition
of the hydrobionts inhabiting them (Ryanzhin, 2002;
Ciorca et al., 2017).
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the factors determining their formation (Ciorca et al.,
2017; Chalkia et al., 2012; Alimov and Mingazova,
2001; Palagushkina, 2004; Gusev, 2008).

The majority of lakes of karst origin are found
on the territory of the East European Plain, in the Urals
and in Eastern Siberia (Snitko and Sergeeva, 2003).
The Middle Volga region in Russia is a zone of classical
manifestations of karst, represented in various forms
here, including the rarest gypsum karst (Alimov and
Mingazova, 2001). In the Nizhny Novgorod region, there
are more than three hundred natural lakes of glacial
and karst origin, most of which are located on the Right
Bank of the Volga (the basins of the Oka, Tesha, Piana
rivers, etc.), and a few on the Left Bank (Stankovskaya,
2014). The studied lakes, Svetloyar, Klyuchik, and
Svyatoye Dedovskoye, are located in the Middle Volga
basin and are natural monuments of regional and fed-
eral importance (Alimov and Mingazova, 2001).

Phytoplankton, as an integral part of aquatic eco-
systems, plays important role, as well as in food chain
dynamics, energy flow, and nutrient cycling (Meng et
al., 2020). It has been shown that the taxonomic com-
position of phytoplankton in karst lakes located in tem-
perate zones is characterized by the combined presence
of chrysophytes, dinoflagellates, and diatoms (Udovi¢
et al., 2017; Kasperoviciene, 2001), and in some lakes,
there was a high diversity of green algae (Chlorophyta)
(Palagushkina, 2004) and cyanobacteria (Tarasova,
2010). In lakes of the “warm zone”, Chlorophyta and
Cyanobacteria take a dominant role (Danielidis et al.,
1996; Valadez et al., 2013). In spring, high turbulence
promotes the development and persistence of diatoms;
summer stratification promotes the development of
dinoflagellates and cryptomonads, mainly in the met-
alimnion (Danielidis et al., 1996; Miracle et al., 1992).
Endemic and rare species have been found in Plitvice
lakes (Udovic et al., 2017; Udovic et al., 2022; Petar
et al., 2014), in karst lakes of Greece (Danielidis et al.,
1996), Romania (Momeu et al., 2015), etc.

The composition of the dominant phytoplank-
ton species in water bodies of different biolimnolog-
ical types largely determines the specific structure of
aquatic plankton communities and reflects the trophic
status and water quality. The functional characteristics
and succession (seasonal and general) of common spe-
cies are of undoubted interest when studying the state
of the water body ecosystem because it is the dynam-
ics of these populations that determine the direction
of changes in the quantitative development of phyto-
plankton as a whole (Reynolds, 1984; Trifonova, 1990;
1994).

This paper is aimed at analyzing the composition,
ecological structure, and coenotic role of the dominant
species and functional complexes of phytoplankton in
three different types of karst lakes in the Middle Volga
region (Klyuchik, Svetloyar, and Svyatoye Dedovskoye).

2. Materials and methods

The studied karst lakes are located in various types
of geographical landscapes in the Nizhny Novgorod
region. Lakes Klyuchik and Svyatoye Dedovskoye are
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situated in the zone of coniferous-deciduous forests
(Right Bank of the Volga), Prioksko-Volzhsky natural
region, where karst processes are actively developing.
Lake Svetloyar is located in the southern taiga zone
(Left Bank of the Volga), it belongs to the Privetluzhsky
uplands natural region (Kharitonychev, 1978; Bakanina
et al., 2003).

Lake Klyuchik is located in the basin of the Surin
River (a right-bank tributary of the Oka of the second
order) (Bakanina et al., 2001; Bakhireva and Astashin,
2015). This is a “voklina” (the name for the exit of an
underground river to the surface) lake and is classified
as a “blue” lake due to the color of its water. The lake
has underground feeding, the source of which is located
in its western part and is discharged in the “voklina” at
a depth of 15 m (Kozlov et al., 2017). Due to this fact,
the lake is not completely covered with ice in winter
the water temperature here is constant throughout the
year and ranges from +4 to +8 °C. The eastern part
of this lake is an ordinary karst reservoir with heated
water. Lake Svyatoye Dedovskoye belongs to the basin
of another right-bank tributary of the Oka, the Tesha
River. It was formed as a result of the merging and fill-
ing of several karst sinkholes with water. It is the larg-
est karst (karst-terrace) lake in the Nizhny Novgorod
region (Bakka and Kiseleva, 2009). The reservoir is fed
by groundwater, meltwater, and rainwater (Bakanina
et al., 2001; Bakka and Kiseleva, 2009; Moiseev et al.,
2019). The catchment area of Lake Svetloyar relates to
the Lyunda River basin. The lake is fed by cold spring
waters and has a constant level.

According to the main morphometric indicators,
the lakes are typical small reservoirs in the forest zone.
However, the indicators of maximum and average
depths of lakes allow us to classify them as water bodies
with increased and greater depths, which is explained
by their genesis (Table 1).

Sampling of phytoplankton from the lakes was
carried out with a Ruttner bathometer during the grow-
ing season of the following years: in Lake Svetloyar
(2000-2002; 2010-2011; 2020); in Lake Klyuchik (2017,
2020); in Lake Svyatoye Dedovskoye (2020, 2021). The
grid of stations contained 3-5 stations, depending on
the limnological features of the lakes (Fig. 1). In par-
allel with the collection of algological material, mea-
surements of some abiotic parameters were carried out.
Such parameters as temperature, electrical conductiv-
ity, and pH of water were measured using a portable
multiparameter YSI Pro1030 pH & Conductivity Meter
(YSI Incorporated, USA). Transparency measurements
were carried out using a white Secchi disk. The con-
tent of oxygen dissolved in water was measured using
a VZOR Mark-303M device (VZOR LLC, Russia). The
lake depth at sampling points was measured using
a Lowrance HOOK2-4x GPS Bullet echo sounder
(Lowrance Electronics, USA). At individual stations,
water samples were also taken for hydrochemical anal-
ysis. The determination of hydrochemical indicators
was carried out on the basis of the Shared Use Center
“New materials and resource-saving technologies”
of the Research Institute of Chemistry, Lobachevsky
University, Nizhny Novgorod, Russia.
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Table 1. Main morphometric characteristics of the studied lakes

Parameters / typology of the water Lake Klyuchik* Lake Svetloyar** Lake Svyatoye
body (according to Kitaev, 2007) Dedovskoye***
Geographical coordinates 55°58’30”N; 43°19’48”E | 55°49’07”N; 45°05’35”E | 55°38’45”N; 42°19’01”E

Lake length (L__, m) 743.0 472.0 2100.0
Lake width (B, m)*:

maximum, B__ 293.0 338.0 1150.0

average, B 167.5 254.2 647.6
Water surface area (A, m?) 124485.0 / little 120000.0 / little 1360000.0 / small
Volume of water mass (V, thousand m?) 475925 / little 1150000 / little -

Lake depth (D, m)

maximum, D__, 13.5 / increased 32.7 / large 20.0 / large
average, D, 3.8 / small 9.5 / large 8.0 / large
Coastline length (1, m) / 2377 /1.9 1328 / 1.04 13100 / 3.1
Coastline angularity (development) moderately rugged slightly rugged strongly rugged
(K=0.28%(1 /VA))
Note:

*  According to Petrov and Astashin, 2017
**  According to Naumenko et al., 2014
***  According to Moiseev et al., 2019

Both integral and vertical sam-
ples were taken (from the surface to
the bottom at every meter). A detailed
description of the procedure for sam-
pling, preparing them for microscopy,
counting the abundance and biomass
of phytoplankton is given in our ear-
lier works (Okhapkin et al., 2022a;
Okhapkin et al., 2022b, Vodeneeva
et al.,, 2020). Identification of spe-
cies was carried out using manuals,
atlases, and keys indicated in the work
of Vodeneeva and Kulizin (2019), the
nomenclature of species was checked
in the international database Algaebase
(Guiry and Guiry, 2022). Information
on the geographical distribution of the
majority species, their biotopic loca-
tion, and their relationship to salinity,
pH, and organic pollution was taken
from the work of L.G. Korneva (2015).
The belonging of phytoplankton spe-
cies to one or another functional group
was assessed using the classification of
Reynolds (1984; 2002), with modifica-
tions by Padisak (Padisak et al., 2009).

Species whose contribution to
total abundance and biomass was at
least 10% of the total value were clas-
sified as dominant (Vodeneeva, 2006).
For each dominant species, such indi-
cators as frequency of occurrence (pF),
frequency of dominance (DF), and
order of dominance (Dt) were taken

Fig.1. Bathiometric maps of the studied lakes with phytoplankton sam-

into account (.Gor.bulin, 2012). pling stations (A - location of the studied water bodies on the map of the
These indicators were calcu- Nizhny Novgorod region, B — lake Klyuchik (photo by Dmitry Khramtsov), C
lated using the formulas given below. - lake Sverloyar, D - lake Svyatoye Dedovskoye)
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With the help of the “dominance frequency” (DF)
indicator, we identified how many samples out of the
total number of samples showed dominance of specific
species:

DF=2-100
F

where F is the total number of processed samples of the
studied reservoir, D is the number of samples, in which
this species acted as the dominant one (biomass was
more than 10%).

Dominance order (Dt) was the ratio of the domi-
nance frequency to the frequency of occurrence:

DI=E-100

pF
where DF is the frequency of dominance, pF is the fre-
quency of occurrence, %.

The dominance of species with indicators
DF <10, Dt<10 and pF<20 is random and it is rec-
ommended to exclude them from the list of dominants
(Bazhenova, 2017).

The similarity in the composition of the domi-
nant species of the studied water bodies was assessed
using the Sgrensen coefficient (Ks) (Shitikov et al.,
2003).

To visualize the similarity of the species compo-
sition of the dominants of the studied lakes, the method
of nonparametric multivariate analysis of variance
(PERMANOVA) was used. Statistical analyses were per-
formed using the free software environment R (R Core
team, 2015).

3. Results and discussion

The main hydrochemical and hydrophysical
parameters of the lakes are presented in Table 2. The
waters of Lake Klyuchik during the research period

were characterized by relatively high mineralization
(1099 to 1274 mg/1), according to literary data, these
values reached 1937 mg/1 (Kozlov et al., 2017), and
the pH values varied within 8.2-8.4. The waters of Lake
Klyuchik are slightly brackish sulfate ones of the Ca II
type, which fully corresponds to the portrait of sink-
hole lakes. Lakes are hydrogeological windows where
the lower part of the lake basins is developed below
the groundwater level, having mainly underground
recharge carried out through pores at the bottom of the
basin (Okhapkin et al., 2022a).

The waters of Lake Svetloyar belong to the hydro-
carbonate class of the Ca group (in summer) or Mg (in
winter), with slight mineralization and low color. The
content of hydrocarbonates in water during the studied
period was insignificant and did not exceed 75 mg/1.
A high content of nitrite forms of nitrogen was noted
in the lake, probably associated with a high recre-
ational pressure on the reservoir in the summer months
(Okhapkin et al., 2022b). Lake Svyatoye Dedovskoye is
a light-watered one and has very low water mineraliza-
tion because it is fed by melt and rainwater. According
to the ionic composition, the lake waters belong to the
hydrocarbonate class, Ca group, type 1. Mineralization
during the studied period did not exceed 37.7 mg/l,
and the pH varied from 6.0 to 7.0, which characterized
Lake Svyatoye Dedovskoye as an acid-neutral reservoir.
Obviously, the reason for the low active reaction of the
environment is the swampiness of the lake's catchment
area. A small amount of nutrients is recorded in the
lake.

Lakes Svetloyar and Svyatoye Dedovskoye are
typical water bodies of the temperate zone with a
dimictic type of water mixing. In Lake Svetloyar, the
summer temperature stratification was established in
early May and continued until the end of September.
The metalimnium layer began in the summer period at
a depth of 2.0-4.0 m, moved in the early autumn to a

Table 2. Main hydrophysical and hydrochemical parameters of the studied lakes during summer low water period

Index / Lake Klyuchik Lake Klyuchik Lake Svetloyar Lake Svyatoye
Water body typology 19.08.2020 19.08.2020 04.08.2020 Dedovskoye
(according to Kitaev, 31.08.2021
1984; 2007)
Sampling stations 1, pelagic, 5, pelagic, 1, pelagic, 4, pelagic,
10 m 8 m 15m 14 m
Suspended substances, mg/1 <3 <3 <3 10 = 3
Transparency, m (Hex.)/ 6.5 4.3 4.2 2.4
transparency class * high high high average
Water chromaticity accord- 40.0 80.0 10.0 6.7
ing to Pt-Co * mesohumous mesohumous oligohumous ultra-oligohumous
pH 8.2 8.4 6.9 6.4
oligo-alkaline oligo-alkaline acid-neutral acid-neutral
Mineralization, mg/1 1274.0 1099.0 127.0 32.0
slightly salty slightly salty medium- very fresh
fresh (oligohaline)
Ionic composition Ca sulfate groups | Ca sulfate groups hydrocarbonate | Ca hydrocarbonate
Type II Type II groups Ca (Na), groups,
Type I Type I

Note: *According to Bayanov, 2019; 2011; Kozlov et al., 2019; the report of “Russian Federal Research Institute of Fisheries

and Oceanography” for 2011.
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depth of 6.0 m, and later reached a depth of 9.0 m. In
Lake Svyatoye Dedovskoye, the period of spring mix-
ing of waters turned out to be longer. Stable tempera-
ture stratification has been observed since the end of
June. At the beginning of summer, the layer of tem-
perature jump was at a depth of 1-2 m; in July-August,
it shifted to a depth of 4-6 m. Unlike other reservoirs,
Lake Klyuchik has peculiarities of the thermal regime:
in the western, deep enough basin of the lake, the type
of water circulation should be considered cold poly-
mictic. There is no summer temperature stratification;
this fact is explained by the strong, constant influx of
cold waters in the underground Surin River (Petrov and
Astashin, 2017). The smoothed temperature curve in
the summer months in the eastern part of the reser-
voir and the early onset of autumn homothermy can be
explained by the existence of underwater currents car-
rying cold water here through a narrow isthmus from
its western part.

In Lake Klyuchik, the distribution of oxygen on
the surface horizon throughout the water area of the
reservoir was uneven. In its western part, the oxygen
content ranged from 3.7 to 12.5 mg O,/1; in the eastern
part, from 9.1 to 13.7 mg O,/1; and in the transition
zone, from 9.8 to 14.6 mg O,/1. Taking into account
these indicators, the eastern part of Lake Klyuchik
belongs to water bodies with a very high oxygen con-
tent (Kitaev, 2007). The western part of the lake is
characterized by the presence of hydrogen sulfide in
the water and low oxygen content (30-57%) in the sur-
face horizon, which is, probably, caused by the influ-
ence of underground flow from the “voklina.” At the
deepest station 1, located in the western part of the
lake, the oxygen distribution curve in July-August had
a clinegrade character (Aberg and Rodhe, 1942), with
a gradual decrease in oxygen content with depth due
to its consumption for respiration and oxidation of
organic substances. At the station 5 (the eastern part
of the lake) in July in the surface horizon, the oxygen
content was 10-11 mg O,/1, at a depth of 2-3 m its
amount increased to 14 mg O,/l, which is associated
with the active vegetation of small-celled green algae
and representatives of dinoflagellates here. At a depth
of 4 meters to the bottom, a gradual decrease in the
dissolved oxygen content to almost zero indexes begins,
which is characterized as a positively heterograde oxy-
gen distribution curve. In August, at station 5, a sharp
drop in the amount of dissolved oxygen at a depth of
5 m is observed due to its consumption for the miner-
alization of organic substances created by producers in
the upper layers of the reservoir.

The oxygen regime of Lake Svetloyar in 2020, as
well as in previous years of the research, was character-
ized by a high percentage of oxygen in the water layer
from 1.0 to 5.0 m deep. The oxygen saturation varied
from 108 to 127% in the surface horizon in the sum-
mer. Oxygen deficiency is often observed in the met-
alimnion, when the saturation of the water column with
this gas does not exceed 40%. In September-October
2020, oxygen saturation in the epilimnion remained
high from 83.0 to 109.0%, and the epilimnion shifted
at the beginning of autumn mixing to a depth of 7-8 m.
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In Lake Svyatoye Dedovskoye, the vertical dis-
tribution of oxygen was almost uniform at all levels of
the water column at the end of June and was within the
range of 6.36-7.78 mg O,/1, corresponding to 40-50%
saturation. With the establishment of a stable stratifica-
tion during the hydrological summer, the maximum val-
ues of oxygen content (7.5 - 8.3 mg O,/1) were recorded
in the epilimnion to a depth of 4 m. In the hypolim-
nion, the oxygen content did not change starting from
a depth of 5 m and amounted to 2.6-3.0 mg O,/1. With
the onset of autumn homothermy, the vertical distri-
bution of oxygen becomes uniform (8.0-9.3 mg O,/1),
and the percentage of oxygen saturation in water layers
reached 66.0-82.0%.

The phytoplankton composition of the studied
lakes contained 347 species (432 species and infra-
specific taxa), belonging to 168 genera, 42 orders, 17
classes, and 8 divisions (Lake Svyatoye Dedovskoye,
212 taxa; Lake Svetloyar, 225 taxa; Lake Klyuchik, 275
taxa). A comparative analysis of the floristic structure
of phytoplankton in the studied lakes showed that in all
the reservoirs, the taxonomically significant divisions
were Cyanobacteria, Chlorophyta, Bacillariophyta,
Ochrophyta, and Euglenophyta, which together
accounted for more than 70% of the total species rich-
ness. The presence of these groups in the core of algal
flora was also noted in a number of other karst lakes
(Udovic et al., 2022; Kasperoviciene, 2001) due to the
wide geographical distribution of their representa-
tives. However, the proportional ratio of these groups
in the phytoplankton composition of the lakes turned
out to be different. In the algal flora of hydrocarbon-
ate low-mineralized lakes (Lake Svetloyar and Lake
Svyatoye Dedovskoye), the first place was occupied
by green algae, and in the sulfate Lake Klyuchik, by
diatoms. There was a natural increase in the number
of diatom species from 18.6% to 40% (Lake Klyuchik),
with a decrease of the species richness of green (from
33.5% to 24.0%) and euglenophyte (from 9.6% to 3.6%)
algae, respectively. For Lake Svyatoye Dedovskoye, the
participation of charophyte algae (up to 13.2% of the
composition) in the composition of taxonomic diversity
is more noticeable than others.

Studies of some aquatic ecosystems of the Nizhny
Novgorod region (rivers and lakes of the Kerzhnesky
Nature Reserve) (Vodeneeva, 2006), water bodies
of the territory of Nizhny Novgorod (Okhapkin and
Startseva, 2003) have shown that the dominant spe-
cies in the phytoplankton of these aquatic ecosystems
may constitute from 20 to 30% of the total list. In the
studied lakes, the composition of the dominant species
included 114 species and intraspecific taxa, or 26.38%
of the total composition of algae. However, in some
lakes, their contribution could be less, ranging from 13
to 20%, which may be caused by the lack of longer
observation series.

In Lake Svyatoye Dedovskoye, the ratio of domi-
nant groups generally coincided with that in the general
list: green and diatom algae predominated, together
determining more than 50% of the total composition
of dominants, the share of ochrophytes (chrysophytes)
was 14%, the representatives of other departments
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were listed among the dominants by less than 10%.

In other lake systems, the ratio of dominant taxa
had its own characteristics. Thus, the phytoplankton
of Lake Klyuchik differed significantly both in species
composition and in the composition of dominants, not
only in the group of lakes studied but also in compar-
ison with other karst reservoirs of the forest and for-
est-steppe landscape-geographical zones of European
Russia (Gusev, 2011; Palagushkina, 2004). The phy-
toplankton of this reservoir had a pronounced dia-

Bacillariophyia

tom character (Fig. 2) and a complete cyanobacteria Ochrophyta eeflogan
absence among biomass dominant taxa. The contribu- ___ Svyateye
Dedovskoye

tion of greens, ochrophytes, cryptophytes, and dino-
flagellates was 7-10%, euglenophytes and charophytes
were 2-4%. The diatom character of phytoplankton
is apparently typical for gypsum lakes, and was also
noted in the example of Lake Goluboye (Samara region)
(Tarasova, 2010).

In Lake Svetloyar, euglenoids predominated
among the dominant species in terms of species rich-

Fig.2. Taxonomic diversity of dominant (by biomass)
phytoplankton groups in karst lakes

Klyuchik Svetloyar Svyatoye Dedovskoye

B ] poe

ness (due to the diversity of the genus Trachelomonas),

forming up to 25% of the total list. In the earlier period b [ bp

of the study (the beginning of the 2000s), their contri- 1 ] P ob

bution was about 20%. Thus, in the modern period, the - e

role of this group in the phytoplankton of the lake has eb []po

noticeably increased both in taxonomic and coenotic

terms, which may indicate an increase in the processes

of eutrophication of this reservoir against the backdrop [ cosm.

of increased recreational load (Okhapkin et al., 2022b). 1 [ Jna

The second position in the group of dominants was [] bor.

taken by representatives of diatoms, greens and chryso-

phytes (Ochrophyta) (15-17% each), cyanobacteria and

cryptomonades were in the third position (8-10%). []ind
According to the biotopic location, among the @ @ [ oz

dominant species of algocenoses in lakes Svetloyar and I 0

Svyatoye Dedovskoye, true planktonic forms predom- &

inated (58-70% of the total list) (Fig.3.). Among the [ &b

dominants in Lake Klyuchik, the proportion of plank-
tonic species was 2-2.3 times lower, and the propor-
tion of benthic forms increased (up to 20%), which may
indicate benthification processes in this reservoir. In all
the lakes studied, it should be noted that there is a high
proportion of species capable of inhabiting different
biotopes. Their share could range from 25 to 50% of
the total list of dominants.

In terms of geographical distribution, the main
part of the list of the dominant algae species was rep-
resented by cosmopolitan forms (95-97%), represen-
tatives of the boreal (Xanthidium antilopaeum Kiitzing,
Spondylosium planum (Wolle) West & G.S. West from
desmids) and northern alpine (Pinnularia episcopalis
Cleve from diatoms) areas were sporadically found.

In relation to the content of sodium and chlo-
rine ions, indifferent species were in the lead (76-
95%), the proportion of oligohalobes varied from 5%
(Lake Svyatoye Dedovskoye) to 16% (Lake Svetloyar).
Halophiles capable of living in freshwater or slightly
brackish water habitats, as well as halophobes that
cannot withstand high NaCl contents in water, were
noted only in lakes Klyuchik and Svetloyar, account-
ing for 4-5% of the composition of halobic indicators.
More than half of the composition of dominants was

A\
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Fig.3. The ecological and geographical characteristics of
dominant species in the studied lakes (I - habitat, II — geo-
graphical element of flora, III - halicity, IV - pH of the envi-
ronment, V — saprobity).

Notes:

I - pl. — planctonic, b. — benthic, 1. - littoral, f. — foulers,
e. — epibionts, hyphenated — heterotopic species;

II — cosm. — cosmopolites, n-a — north-alpine,
bor. — boreal;

III - ind. - indifferents, ohb. — oligohalobes,
hph. - halophiles, hpb. — halophobes;

IV - ind. - indifferents, al. — alkaliphiles,
ac. — acidophiles;

V - saprobity indicators)
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characterized by an indifferent attitude to water pH.
Species that prefer alkaline conditions in Lake Klyuchik
made up a little less than half of the composition, in
Lake Svetloyar, 19%, in Lake Svyatoye Dedovskoye,
25%. Indicators of acidic waters (Vacuolaria virescens
Cienkowski, Aulacoseira distans (Ehrenberg) Simonsen)
were recorded only in lakes Klyuchik and Svetloyar.

The predominance of indicators of -mesosap-
robic contamination was noted among the indicators
of organic pollution in lakes Klyuchik and Svyatoye
Dedovskoye. In Lake Svetloyar, in addition to a high
proportion of 3-mesosaprobes, a significant proportion
of representatives of the a-(-mesosaprobic zone was
found. According to the results of the long-term stud-
ies for this water body, there is a tendency to increase
the representation in the general species composition
of indicators of more polluted waters 3-a, a-5 mesosap-
robic, a-mesosaprobic and a-meso-polysaprobic waters
(from 9 to 13%), which may indicate an increase in
the eutrophication of the reservoir (Okhapkin et al.,
2022b).

For all dominant species, indices of occurrence
(pF), dominance frequency (DF), and dominance order
(Dt) were calculated. Out of 114 dominant taxa, only
13 showed high values of DF>10, Dt>10, and pF > 20
(Table 3.). The observed species belonged to 5 groups
of algae: cryptophytes, euglenophytes, charophytes,
diatoms, and dinophytes, of which only dinoflagellates
were common dominant taxa identified in all the stud-
ied lakes.

Freshwater dinoflagellates are an important com-
ponent of the lake phytoplankton (Trifonova, 1990).
The ecology of dinophyte algae is characterized by a
wide distribution in water bodies of different trophic
status and tolerance to low light levels, as well as the
ability to migrate and have a mixotrophic type of nutri-
tion, which allows them to compete in extreme condi-
tions: nutrient deficiency, acidification, and increased
water mineralization (Regel et al., 2004). In the studied
lakes, the maximum contribution of dinophytes to the
total biomass was, as a rule, noted during the period
of summer stratification and could amount to up to
68-93% of the total values (lakes Svyatoye Dedovskoye
and Svetloyar, respectively). In Lake Klyuchik, with
water areas of different thermal regimes, the dominance
of dinophytes was noticeable only in the warmed part
of the reservoir, increasing here to 50-70% of the total
indicators. Among the representatives of this group,
large-celled armored dinophytes from the functional
group L, Ceratium hirundinella (O.F.Miiller) Dujardin
(Dt = 64.5-76.2) and Peridinium cinctum (O.F.Miiller)
Ehrenberg (Dt = 77.5-92.74), were characterized by a
high order of dominance, of which the latter was dom-
inant in all three lakes. It is known that C. hirundinella
is a common dominant of summer plankton in most
lakes of temperate latitudes (Trifonova, 1990; Darki
and Krakhmalnyi, 2019), one of the most heat-prefer-
ring species of dinoflagellates. It has been shown that
its vegetation is determined by stratification conditions
(Miracle et al., 1992; Darki and Krakhmalnyi, 2019),
although this species can also occur during periods of
mixing (MacDonagh et al., 2005). Maximum concentra-
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Table 3. The dominant phytoplankton species and
Functional Groups (FG) in the studied water bodies

ﬁ Taxa FG* | D | pF | DF | Dt
< Codon
o |
Bacillariophyta
Cyclotella B 59 | 75.4 | 53.6 | 71.1
distinguenda
. Cyclotella sp. A 15 | 39.1 | 13.6 | 34.8
;E:; Cryptophyta
Z'|_Cryptomonas sp. | v | 17 427|154 361
Dinophyta
Ceratium Lo 19 | 22.7 | 17.3 | 76.2
hirundinella
Peridinium cinctum | Lo 31 |36.4]|28.2]77.5
Bacillariophyta
Lindavia comta B 11 50 | 145 ]| 29
Asterionella formosa| C 11 50 | 145 ]| 29
Dinophyta
Ceratium Lo 20 | 40.8 | 26.3 | 64.5
- hirundinella
4]
2| Peridinium cinctum | Lo 26 | 43.4 | 34.2 | 78.8
E Euglenophyta
Trachelomonas W2 10 | 21.0 | 13.1 | 62.4
Rugulosa
Trachelomonas w2 19 | 671 25 |37.2
Volvocina
Trachelomonas w2 12 | 22.4 | 15.8 | 70.5
volvocina
var. subglobosa
Bacillariophyta
Cyclotella sp. A 4 45.2 | 12.9 | 28.5
(]
é’ Tabellaria fenestrata| N 6 |45.2]19.3| 427
% Cryptophyta
E Komma caudate | X2 | 6 | 61.3 | 19.3 | 31.5
% Dinophyta
§ Peridinium cinctuml Lo 13 | 45.2 | 41.9 | 92.7
e Charophyta
Staurodesmus incus | N 15 | 61.3 | 48.4 | 78.9
var. ralfsii

Note: * Names of codons are given with the use of func-
tional classification of phytoplankton according to Padisak et
al., 2009

tions of C. hirundinella cells tend to occur in the ther-
mocline zone (Hedger et al., 2004). Representatives of
P. cinctum species, as well as C. hirundinella, are wide-
spread in freshwater habitats of both temperate and
tropical zones (they often develop in complexes) and
are able to adapt to environmental conditions almost
without restrictions (Giirkan et al., 2024). It was found
(Regel et al., 2004) that for better photosynthesis, the
species must migrate to an optimal depth (30% of
surface illumination). In the vertical distribution of
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dinoflagellates in Lake Svetloyar, under conditions of
pronounced summer stratification, the concentration
of populations of these species was noted at the lower
boundary of the metalimnion, where these representa-
tives, due to their ability to vertically migrate, acquired
advantages in the absence of nutrients in the epilim-
nion (Darki and Krakhmalnyi, 2019); during the period
of autumn homothermy - in the surface layer. The max-
imum rise in biomass in C. hirundinella in summer was
up to 2-3 g/m3, in P. cinctum, it was about 1 g/m3.
In Lake Klyuchik, under conditions of smoothed strat-
ification (the eastern part of the reservoir), it was not
possible to note the confinement of dinophyte algae to
certain horizons.

The contribution of diatoms to the development
of phytoplankton in the studied lakes turned out to be
maximum for the gypsum in Lake Klyuchik; their com-
plete dominance was noted (more than 90% of the total
number and 50-100% of the biomass) in the cold part of
the reservoir and its transition zone. In this part of the
lake, the waters of the underground river are unloaded,
creating favorable conditions for diatoms sensitive to
stratification; they often develop at the bottom. Under
conditions of high transparency (up to 8.5 m) and no
light limitation, photosynthesis was possible through-
out the entire water column, including the bottom zone
(Okhapkin et al., 2022a).

Among the weakly mineralized reservoirs in
Lake Svyatoye Dedovskoye, the most significant share
of diatoms (40-60% of the total biomass indicators)
turned out to be during the spring and autumn mix-
ing of waters. In Lake Svetloyar, mixing periods are
short (about two weeks), as a result of which extended
periods of low temperature (5-15°C) and water turbu-
lence did not form in the reservoir to achieve notice-
able abundance and biomass values of Bacillariophyta
(Okhapkin et al., 2022b). The insignificant dominant
role of diatoms (their share in the average vegetation
biomass was 4.64-30.42%) in this reservoir is appar-
ently also associated with a clear division of the water
column into oxygenic and anoxygenic components,
the removal of silicon, which is part of the shells of
Bacillariophyta, from the trophogenic layer into the
bottom, and its weak supply from the catchment area.
Information about the insignificant coenosis-form-
ing role of diatoms in plankton was also provided for
some light-water lakes in the temperate zone of Russia
(Gusev, 2007; Korneva, 2015).

Among centric diatoms, high values of frequency
(DF) and order (Dt) of dominance were noted for repre-
sentatives of the genera Cyclotella and Lindavia, belong-
ing to functional group B, inhabitants of mesotrophic
lakes, sensitive to water stratification (Padisak et al.,
2009).

The predominance of Cyclotella species is typical
of karst lakes, both in the temperate zone and in the
warm zone, especially during spring and autumn mix-
ing (Danielidis et al., 1996; Petar et al., 2014; Udovi¢
et al., 2017). Among representatives of this genus, the
maximum parameters of dominance were noted for
Cyclotella distinguenda Hustedt (DF=53.6, Dt=71.1,
pF=75.4), which dominated only in the plankton of
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the gypsum Lake Klyuchik, forming monodominant
algocenoses and reaching uniquely high biomass val-
ues (more than 100 g/m?). This species is considered
rare for the algal flora of the Volga basin (Genkal et al.,
2019, Vodeneeva et al., 2020; Okhapkin et al., 2022a),
as well as for the rivers of Hungary (Kiss et al., 2012).
High values of development of this species in the stud-
ied reservoir indicate optimal conditions and, appar-
ently, a complete absence of competition with other
representatives of phytoplankton in this combination
and the dynamics of environmental factors (high min-
eralization, favorable light conditions, low temperature
background, and lack of thermal stratification).

In the weakly mineralized Lake Svyatoye
Dedovskoye, among the species of the genus Cyclotella,
mainly small-celled forms were observed, and their
maximum development occurred in the last phase of
spring mixing. The share of these species more often
corresponded to 15-20% of the total biomass values.
In the summer season, they were inferior to dinoflagel-
lates, and during the period of autumn homothermy,
they were inferior to pennate species of diatoms or
charophyte algae. In Lake Svetloyar, Lindavia comta
(Kiitzing) T.Nakov et al. stood out among the centric
diatoms (DF=14.5, Dt=29, pF=050). This species is
cosmopolitan and eurythermic; in oligotrophic lakes, it
is the dominant of summer plankton; in mesotrophic
lakes, it acts as a subdominant in spring (Trifonova,
1990). In Lake Svetloyar, L. comta was noted as an
accompanying component (10-15% of total indicators,
biomass less than 1 g/m3) to the main coenotic com-
plexes of phytoplankton, which may indicate the transi-
tional oligotrophic-mesotrophic status of this reservoir.

Significant indicators of dominance among pen-
nate diatoms were noted for Asterionella formosa Hassal
(Dt=29, pF=50) (Lake Svetloyar) and Tabellaria fenes-
trata (Lyngbye) Kiitzing (Dt=42.7, pF=45.2) (Lake
Svyatoe Dedovskoye).

It is known that species of the genus Tabellaria
are included in the codon N, are acidobionts, develop-
ing in acidified water bodies (Battarbee et al., 1985;
Sirenko and Parshikova, 1993; Vodeneeva, 2006). At
the time of the research, the values of the slightly acidic
reaction of the environment were also recorded in Lake
Svyatoye Dedovskoye. Their presence as cenosis-form-
ing species was noted in plant plankton of acidic res-
ervoirs of Finland (Lepistd6 and Rosenstrom, 1998),
South Karelia (Nikulina, 1997), Sweden (Wahlstrom
and Danilov, 2003), forest lakes and watercourses of
the Nizhny Novgorod Southern Trans-Volga region
(Vodeneeva, 2006), etc. Among the species of this
genus, T. fenestrata is one of the characteristic domi-
nants of large oligotrophic lakes (Petrova, 1990). The
constant presence of this taxon in the algocenoses of
Lake Svyatoye Dedovskoye (share in the total biomass,
15-60%) confirms the oligotrophic status of this res-
ervoir, its noticeable morphometric characteristics, as
well as the swamp conditions of the catchment.

Another representative of pennate diatoms,
noted as a permanent component of the phytoplank-
ton of Lake Svetloyar, A. formosa, is also considered
a typical summer dominant of algocenoses of various
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types of water bodies (Trifonova, 1990; Petrova, 1990),
often found in aquatic ecosystems of the Volga basin
(Okhapkin et al., 2022b). The massive development of
this species may indicate an intensification of eutro-
phication processes. In the Svetloyar ecosystem, pop-
ulations of this species were found in the spring and
summer seasons, but their development did not reach
the “blooming” stage. This species vegetated through-
out the entire water column (the biomass of A. formosa
varied from 0.15 (at the 7 m depth) to 0.48 g/m3 (at
the surface).

In the highly mineralized Lake Klyuchik, pennate
diatoms, mainly benthic species of the genera Pinnularia
and Navicula, were included in the list of dominant taxa
but did not have significant values of frequency and
order of dominance.

In Lake Svyatoye Dedovskoye, the list of com-
mon species with high dominance indicators includes
representatives of euglenophyte algae, Trachelomonas
rugulosa F.Stein, Trachelomonas volvocina (Ehrenberg)
Ehrenberg, and Trachelomonas volvocina var. subglobosa
Lemmermann (functional group W2), preferring the
bottom layers of the water column. The last representa-
tive stood out in terms of the order of dominance in this
lake (DF=15.8, Dt=70.5, pF =22.4). The development
of trachelomonads occurred throughout the growing
season (their share varied from 10 to 15%), as well as
during the under-ice period, where their contribution
could be more than 90%. In the modern period, there is
a tendency to a gradual increase in the role of euglena
algae in algocenoses in the summer season, which may
indicate an increase in the concentration of organic
substances in water and an intensification of eutrophi-
cation processes.

In lakes Klyuchik and Svyatoye Dedovskoye,
among the significant structure-forming phytoflagel-
lates, representatives of cryptophyte algae (Cryptomonas
spp. - DF = 15.4, Dt = 36.1, pF = 42.5; Komma cau-
data (L.Geitler) D.R.A.Hill - DF = 19.3, Dt = 31.5, pF
= 61.3) were also noted. These species, with the ability
for mixotrophy and migration, similar to dinophyte and
euglena algae, are able to compete with other represen-
tatives of phytoplankton for resources. In the plankton
of the studied lakes, cryptomonads more often played
accompanying roles, and their share in development
indicators varied from 7 to 15%.

In Lake Svyatoye Dedovskoye, among other phy-
toplankton groups, significant indicators of dominance

were also observed for representatives of desmidian
algae (division Charophyta): Staurodesmus incus var.
ralfsii (West) Teiling (codon N, continuous or semi-con-
tinuous mixed layer of 2-3 m in thickness; shallow lakes
where the mean depth is of this order or greater, as well
as in the epilimnia of stratified lakes when the mixing
criterion is satisfied) — DF=48.4, Dt=78.9, pF=61.3,
which reflects the swampy nature of the catchment.

Blue-green algae as dominants and subdomi-
nants in biomass were not typical for the phytoplank-
ton of the studied aquatic ecosystems. However, the
development of small-celled colonial cyanobacteria
(genera Aphanocapsa, Aphanothece), as dominants in
the phytoplankton population, as well as small-celled
coccoid forms of green algae (genus Dactylosphaerium,
Dictyosphaerium), was noted for all of the studied lakes.
In abnormally hot years (2010) with anticyclonic
weather in the lake. In Svetloyar, outbreaks of flowering
of diazotrophic cyanobacteria from codon H1 (species
sensitive to water mixing) were observed - representa-
tives of the genus Dolichospermum, which could form up
to 32.9 g/m3 at the peak of development (Okhapkin et
al., 2022b). However, in subsequent years, these spe-
cies disappeared from the algocenoses of the lake.

The method of multivariate analysis of variance
(PERMANOVA) of the composition of the dominant
phytoplankton species involved in the composition
of the abundance and biomass of the studied lakes
(according to the Sgrensen-Chekanovsky coefficient)
showed a statistically significant low degree of their
similarity (Table 4), which may indicate the original-
ity of algae cenogenesis in each of the studied lakes
due to the influence of a certain combination of factors.
Visualization of the obtained data demonstrated a clear
division of the studied lakes according to the composi-
tion of algocenoses (Fig. 4).

When comparing the composition of functional
groups of phytoplankton in the studied lakes by bio-
mass, it also demonstrated a statistically significant
low degree of similarity, however, the difference in
the composition of functional groups in abundance
for lakes Svetloyar and Svyatoye Dedovskoye was less
pronounced (Table 5, Fig. 5). There is probably some
similarity in the conditions for the formation of phy-
toplankton in these lakes, namely the high depth and
transparency of the waters.

Table 4. Statistical parameters (F — Fisher criterion, p — level significance) when assessing the similarity of the composition

of the studied lakes

Permanova
Dominants (by abundance) | Dominants (by biomass)
F value P(>F) F value P(>F)
Lake 13.49 0,001 *** 11.91 0,001 ***
Klyuchik_vs_Svetloyar 8.66 0,001 *** 9.44 0,001 ***
Klyuchik _vs_Svyatoye Dedovskoye 17.20 0,001 *** 13.69 0,001 %**
Svetloyar _vs_ Svyatoye Dedovskoye 15.47 0,001*=* 12.71 0,001 %**
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Table 5. Statistical parameters (F — Fisher criterion, p — level significance) when the similarity of the Functional Groups (FG)

in the studied lakes

Permanova
FG (by abundance) FG (by biomass)
F value P(>F) F value P(>F)
Lakes 16.43 0,001 *** 19.88 0,001***
Klyuchik_vs_Svetloyar 15.53 0,001*** 16.83 0,001***
Klyuchik _vs_Svyatoye Dedovskoye 21.71 0,001 *** 22.93 0,001 ***
Svetloyar _vs_ Svyatoye Dedovskoye 7.75 0,001 *** 19.34 0,001 ***
4. Conclusion = Kiyuke =
& Svetloyar |8
= - & Svyatoye Ded-ye of
In the composition of the phytoplankton of . ?
lakes Klyuchik, Svetloyar and Svyatoye Dedovskoye, . i

432 species and intraspecific taxa of algae belonging
to 8 phyla were identified. Analysis of the algal flora
of the studied lakes showed the taxonomic impor-
tance of the divisions of Cyanobacteria, Chlorophyta,
Bacillariophyta, Ochrophyta, and Euglenophyta, con-
stituting more than 70% of the total species richness.
The composition of the dominant species included 114
species of algae (26.38% of the total composition): in
Lake Svyatoye Dedovskoye, green algae and diatoms
(50%) predominated, in Lake Svetloyar, euglenids pre-
dominated (25%), in Lake Klyuchik, diatoms predomi-
nated (more than 40%).

The basis of the floristic list among the dominant
species of algocenoses in lakes Svetloyar and Svyatoye
Dedovskoye were planktonic forms (58-70% of the
total list). In Lake Klyuchik, the proportion of plank-
tonic species was 2-2.3 times lower, the proportion
of benthic forms increased (up to 20%). Most of the
identified species are characterized by a cosmopolitan
distribution; representatives of the boreal and northern
alpine habitats were found only sporadically.

Among 13 dominants (from 5 divisions) with
high values of DF>10, Dt>10, and pF> 20, dinofla-
gellates Ceratium hirundinella, Peridinium cinctum (func-
tional group L) were noted in all lakes, with maximum
development during the period of summer stratifica-
tion. In the group of diatoms, species of centric dia-
toms from the genus Cyclotella (codon B) predominated

8 Klyuchic
= - @ Sveiloyar & e b
A Syyatoye Ded-ve '

- | m Klyuchic
& Sretloyar
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T

06 0.4

T T T
04 06

Fig.4. Visualization of the analysis results reflecting the
similarity in cenotic (according to abundance - I, and biomass
- ID) structure of phytoplankton in the studied lakes.
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Fig.5. Visualization of the analysis results reflecting the similarity of the functional (according to abundance — I, and biomass

- IT) composition of the studied lakes
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everywhere, reaching maximum development rates
under conditions of mixing of waters. The composition
of the remaining dominant groups in each reservoir
was determined by its limnological features.

Using the method of multivariate analysis of vari-
ance (PERMANOVA), a statistically significant (Pr(>F)
= 0.001) low degree of similarity of the dominant and
functional phytoplankton complexes was shown, which
may indicate the uniqueness of algae cenogenesis in
each of the studied lakes, due to the influence of a cer-
tain combination of factors, such as temperature, trans-
parency, pH, and oxygen content.

The obtained data on the frequency of occur-
rence and indicators of dominance of the identified
common species reflect their ecological character-
istics as well as the potential for maximum develop-
ment under certain combinations of factors, which can
be used in the system of environmental monitoring of
aquatic ecosystems.
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AHHOTALIMA. J[laHa XxapaKTepuCTHKa COCTaBa, JKoJioro-reorpaduyeckoil u (QyHKI[MOHAIbHOMI
CTPYKTYpbl KOMILIEKCA JOMUHUPYIOMNUX BUAOB (PUTOIIAHKTOHA TPeX Pa3HOTUIIHBIX KApCTOBBHIX 03ep
Hwxeropoackoro IToBospkesa (Kimrouuk, CBetsiosip, CBaToe JleqoBckoe). O3epo Kimoumk — peKuil TUI
TUIICOBBIX BBICOKOMUHEDPAIM30BAaHHBIX «TOJIyOBIX» O3€p; YHUKAJIbHBIN B IUIAaHE MCTOYHWKA MUTAHUS,
POJIb KOTOPOT'O BBIIIOJIHAET IoJ3eMHasA peka C BBICOKHMM PacXOAOM BOABI, MMeeT €1ab0 BEIpaXXEHHYIO
crpatudukanuio. Ozepa Cearoe JlenoBckoe u CBeTJIOAp — AUMMUKTHUYECKHE, CBETJIOBOAHBIE, CIabo-
MHHepaJIM30BaHHble IHAPOKapOOHATHOIO KJjlacca ¢ HeHTpaJbHBIMU 3HaueHUAMU pH, nMeroT nmuraHue
JOXOeBBIMU BoJaMu. Bce o3epa 0THOCATCA K 0cO00 OXpaHAEMBIM IPUPOAHBIM TEPPUTOPUAM. AHAIN3
ayibroJIopsl KMCCIeJOBaHHBIX O3ep IOKa3aJl TaKCOHOMUYECKYI0 3HAauMMOCTh oThesioB Cyanobacteria,
Chlorophyta, Bacillariophyta, Ochrophyta u Euglenophyta, cocrapistomux 6osiee 70% o0IIero Bumo-
Boro 6orarctBa. CocTaB JOMUHUPYIOMUX BUJIOB HacuuThiBasl 114 TakcoHOB Bogopociel (26,38% ot
ob1gero cocrara): B o3epe CBaToe JleoBCcKOe Mpeobianay 3eyieHble u AuatomoBsie (50%), B CBeTJIosAp
— 9BryieHUAH (25%), B o3epe Kittounik — auatomeu (6osiee 40%). Cpeau 13 qomuHaHTOB (13 5 OT/I€10B),
UMeIOIMX BbICOKHE MoKazaTesu goMuHupoBanusa (DF>10, Dt>10 u pF > 20), Bo Bcex o3epax OTMe-
YyeHbl AUHOGMIareIATH U3 GyHKUroHaapHOH rpymmbl LO (Ceratium hirundinella, Peridinium cinctum), c
MaKCUMaJIbHBIM pa3BUTHEM B IIepUOJA JieTHel cTpatudukanyuu. B rpynmne quaToMoBBIX BO BCeX BOAOe-
Max BBIJEJIAJINCH [eHTpHUecKre AuaToMen 13 KofoHa B (Bumsl pona Cyclotella), Bkoyas B TOM 4YHCTIe
penkue (Cyclotella distinguenda) nysi 6acceiina CpefgHeil Boaru. Bricokre mokaszaTesid pa3BUTHA 3TOU
rpymmnsl (6romacca 6osiee 100 r/m®) oTMeueHH B CyJibaTHOM BOJOEME B YCIOBUAX IlepeMellnBaHUs
BoA. CocTaB OCTaJIbHBIX AOMUHUPYIOIMX TPyNIl B KaKAOM BOAOEMeE OIpeAesAics ero JIMMHOJIOTHU-
YecKUMHU ocobeHHocTAMU. C KCIOJIb30BaHHEM MeTOoAa MHOTro(akTOpHOIO AMCIEPCHMOHHOrO aHasIn3a
(PERMANOVA) nokasaHa cTaTucTuuecky sHaunMas (P-value = 0,001) Hu3Kas cTelneHb CX0/ICTBa JOMMU-
HUPYIOIIUX U GYHKIUOHATIBHBIX KOMIUIEKCOB (DUTOILUIAHKTOHA O3€pP, YTO MOXET CBUETEJIbCTBOBATH O
cBOeoOpa3uu IleHOreHe3a BOAOPOCel B KaXIOM U3 HHUX, O0YCJIOBJIEHHOM BJIMSHUEM OIpeAeIeHHON
KOMOMHaIUu (pakTopoB.
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6uonTtoB (PsmxuH, 2002; Ciorca et al., 2017).
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Jna pmaHHOrOo THMHA O3ep 4YacTo XapaKTepHHBI
HebOoJIbIlIiE pa3Mephl, OTHOCUTEJIBHO BBICOKHE ITOKa-
3areyii TJIyOWHBI, OTCYTCTBHE BBIPAXXEHHOH THJIPO-
AVHAMUKA BOJ ¥ TIPUCYTCTBHEM CTpaTUdUKAIUN
(MaxcumoBu4, 1963; Krevs and Kucinskiene, 2011).
[Ipu comocTaBJIeHUM KApCTOBBIX 03€p OQHON MPHUPOJI-
HOU 30HBI, HAXOJAMUXCA B OAWHAKOBBIX THIPOKJIH-
MaTHUYECKUX VCJIOBUAX, OOHApPyXWUBAETCA HEOIHO-
POZHOCTh XWMIYECKOTO COCTaBa UX BOJ, B YACTHOCTU
3HAUUTEJIPHBIA JUANa30H MUHEPAJIN3alUui  BOJHBIX
Mace, YTO BBI3BIBAET OIpeJIeJIEHHBI UHTEpeC IJIs U3Y-
yeHUs1 OUOTHI 3TUX BOJOEMOB U (HAKTOPOB, OIpe/IeIA0-
mux ee dopmuposaHue (Ciorca et al., 2017; Chalkia et
al., 2012; AnmumoB u MuHrasosa, 2001; ITajarykuHa,
2004; Gusev, 2008).

HawuGoJiblliee KOJIMYECTBO 03ep KapCTOBOIO TPO-
HUCXOXEHUs OTMeYaeTcs Ha TEPPUTOPUM BOCTOYHO-
EBpomnelickoil paBHUHBE, Ha Ypaje U B BocTouHON
Cubupu (CHutbko u Cepreesa, 2003). CpenHee
[ToBomkbe B Poccuu sABJIAETCA 30HOU KJIACCUYECKOTO
MPOSIBJIEHUs KapCTa, MPEICTABJIEHHOTO 3]1eCh Pa3Jidy-
HBIMU (opMamMu, B TOM YHCJIE PEeAYaMIINM THUIICO-
BeIM KapcToM (AnumoB u Mwunrasosa, 2001). Tak, B
Huxeropojckoil obsactul cyijecTByeT 6oJiee TpeXcoT
€CTECTBEHHBIX 03€ep JIEJHUKOBOTO M KapCTOBOI'O IPO-
HCXOXAEH!s, OOJIBIIMHCTBO M3 KOTOPHIX PACIOJIOXKEHBI
B IIpaBobGepexbe Bosru (6acceiinsl pek Oka, Temia,
[IeaAHa U Ap.), U HEMHOrOUKCJIeHHble — B JleBoOepexbe
(CraukoBckas, 2014). Hccrienyemble HamMu o3epa —
CeetJiosap, Kimouuk u CeaToe JleJOBCKOE PaCoI0KeHb
B Oacceline CpefHeil Bosiru u ABJIAIOTCA NaMATHUKAMUA
MPUPOABl PETMOHAJIBHOTO U (elepalbHOr0 3HAYEeHUA
(AnmumoB 1 Munrasosa, 2001).

OUTOIUIAHKTOH, KaK HeoTbeMJieMas 4YacTh
BOJIHBIX JKOCHCTEM, WUrpaeT BaXHYI pOJIb B JUHA-
MUKe MMUIIEBHIX LelNek, MOTOKe SHEPruu U KPyroBopoTe
nuTaTesibHEIX BemjecTB (Meng et al., 2020). IToka3aHo,
YTO TAKCOHOMMYECKHI COCTaB (UTOILUTAHKTOHA Kap-
CTOBBIX O3€p, PACIOJIOXKEHHBIX B YMEPEHHBIX 30HaX,
XapaKTepu3yeTcs COBMECTHBIM IMPUCYTCTBUEM 30JI0TH-
cteix Bogopocieln (Chrysophyceae), nuHodsaresiaT
(Dinophyceae) u auaromeii (Bacillariophyta) (Udovic
et al., 2017, Kasperoviciene, 2001), a B HEKOTOPBIX
03epax — 0TMeYaJioch BBICOKOe pa3HooOpasue 3eJIeHbIX
(Chlorophyta) Bomopocieii (ITajarymkunHa, 2004) u
ruano6akrepuii (Cyanobacteria) (Tapacosa, 2010). B
03epax «TeIJyIoro mnosca» JOMUHHPYIOIIYIO pPoJib 6epyT
Ha ce6s Chlorophyta u Cyanobacteria (Danielidis et al.,
1996; Valadez et al., 2013). BecHoii BeIcOKass TypOy-
JIEHTHOCTH CIIOCOOCTBYET PAa3BUTHIO U Pa3MHOXEHHIO
AVATOMOBBIX BOAOPOCJIEN; JIETHAS CTpaTUdUKAIUSA —
BereTanuu JUHOGMJIATEIUIAT U KPUIITOMOHA]] MPENMYy-
mecTBeHHO B MeTannMHuoHe (Danielidis et al., 1996;
Miracle et al., 1992). ®opmupyromuecss B KapCTOBBIX
o3epax ocobble coueTaHusA IapaMeTpOB CpeAdsl CIoco0-
CTBYIOT MOSBJIEHUIO 37]eCh SHAEMUYHBIX (Harpumep, Ha
[ToutBuikux o3epax (Udovic et al., 2017; 2022; Petar
et al., 2014) niu pegxux BUAOB (B KapCTOBBIX 03epax
I'peruu (Danielidis et al., 1996), PymbiHuu (Momeu et
al., 2015) u ap.

CocTtaB JOMUHUPYOIIMX BUAOB GUTONJIAHKTOHA
B BOJ[0EMAax Pa3HOTO OUWOJIMMHOJIOTUYECKOTO TUIA BO
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MHOT'OM oOIllpeJiesisieT crnenudUuKy CTPYKTYpHl BOJHBIX
[JIAHKTOHHBIX €cO00IIecTB, GYHKIMOHAJIbHbIE BO3MOX-
HOCTH BOJHBIX DKOCHCTEM U MOXeT OTpaxaTh Tpodu-
YecKUH CTaTtyc U KaudecTBO BoJ. DYHKI[MOHAJIbHBIE
XapaKTepUCTUKHU U cyKljeccus (ce30HHAs M OCHOBHAas)
MAacCOBBIX BUJIOB IIPECTaBJIAIT HECOMHEHHBIN HHTe-
pec Ipu H3YYeHUU COCTOSHUA 3KOCHUCTEMBI BOJHOTO
00beKTa, MOCKOJIbKY MMEHHO AWHAMHKa MOMyJIAIUN
9THUX [IpeJicCTaBUTeJIell onpejesiAeT HalpaBJjieHe u3Me-
HeHHI KOJIMYeCTBEHHOT0 pa3BUTUA QUTOIIAHKTOHA B
resioM (Reynolds, 1984; Tpudonosa, 1990; 1994).

[lesipt0 HacTosIel pabOTHI — aHAJIN3 COCTABA,
9KOJIOTUYECKOH CTPYKTYpHl U LIEHOTUYeCKOU poJu
JOMUHUPYIOIIUX BUAOB U (QYHKI[MOHAJBHBIX KOM-
IIJIeKCOB (PUTOIJIAHKTOHA TpeX PasHOTUIIHBIX KapCTO-
BbIx 03ep CpenHero IToBosrxba (Kimouuk, CBeTsioAp u
CasaToe JleoBCKOE).

2. MaTrepuanbl U MEeTOAbDI

HccrenoBaHHbBlE KapCcTOBBIE 0O3€pa  PacIoJio-
)KEHBl B PAa3JIMYHBIX TUMAX Treorpad®uyeckux JiaH[I-
madToB Ha Teppurtopuu Hukeropojckoi ob6JiacTu.
Ozepa Kiounk u Csitoe [le/loBckoe — B 30HE XBOU-
HO-IIKPOKOJINCTBEeHHBIX JiecoB ([IpaBobepexne Bosrn),
[Tprokcko-BomkcKuil MpUPOIHBIN palioH, IAe aKTUBHO
pasBuUBalOTCA KapcToBble mpoleccel. O3epo CBeTJioAp
pacroJioxkeHO B 30He I0XHOU Tauru (JleBobepexne
Bosru), otHocutca K IIpuBeTJIy’)KCKOMY BO3BBIIIEH-
HOMY @pUpOJHOMY paiioHy (XaputoHniueB, 1978;
BakanuHa u fip., 2003).

Ozepo Kimrounk pacnoJsioxeHo B 6acceliHe
peku CypuHb (mpaBoGepexHoOro mnputoka OKU BTO-
poro nopsaka) (bakanunHa u ap., 2001; Baxupesa u
Acramun, 2015). DTO 03epo-BOKJIMHA, OTHOCUTCA K
«roJiyOBIM» 03epaM U3-3a LiBeTa ero BoAsl. O3epo nMmeet
MoJ[3eMHOe MUTaHNUe, NICTOYHUK KOTOPOTO PaCloJIoXeH
B 3alla/IHOM ero 4acTu U pasrpyXkaeTcs B BOKJIMHE Ha
riy6une 15 m (Kossos u fp., 2017). H3-3a 3TOr0 B 3UM-
HUI [Tlepro/ 03epo He MOJHOCTHI0O TOKPhIBAETCA JIbJIOM.
TemmnepaTtypa BoAbI 3[1eCh B TeUeHHe BCero rofja nocro-
sAAHHA U KoJiebyieTcsa oT +4 go + 8 °C. BocTouHas yacTh
3TOr0 03epa — OOBIYHBIN KapCTOBBIM BOJOEM C IMporpe-
BaeMOH BOJ[OM.

Ozepo CeaToe [leTOBCKOE OTHOCUTCA K DacceirHy
JApyroro npaBo0epexHoro npuroka Oku — peku Téma.
OHO 00pa3oBaJjioch B pe3yjbTaTe CIWAHUA U 3aloJIHe-
HUA BOAOM HECKOJIbKUX KapCTOBBIX MPOBAJIOB U ABJIA-
eTCsl KPYIHENIITUM KapCTOBBIM (KapCTOBO-TEPPACHBIM)
o3epom B Huxeropoickoii o6sactu (bakka u Kucenesa,
2009). Tlutanue BoOAOEMA OCYIIECTBJISIETCS 3a CYET
TPYHTOBBIX, TaJIBIX U JTOXAEBbIX BoA. (BakaHuHa u Ap.,
2001; Bakka u Kucenesa, 2009; Moucees u nip., 2019).
Bomoc6op o3epa CBeT105Ip OTHOCUTCS K HacceiiHy peKku
JIrorael. O3epo muTaeTcsa XOJOAHBIMU BOAAMU POOAHU-
KOB U MEET MOCTOSHHBIN yPOBEHbD.

I[Io ocHOBHBIM MOpGOMEeTpPUYEeCKUM I[oKa3aTe-
JIAAM 03epa ABJIAITCA TUIINYHBIMU HeOOJIBIIIMMU BOJj0€-
MaMU JIeCHOH 30HBI. OJHAKO MOKAa3aTeJ I MAaKCUMAaJIb-
HBIX U CPeJHUX TJIyOMH 03ep MO3BOJIAIOT OTHECTU UX K
KJIACCy BOJIOEMOB C TMOBBIIIEHHBIMU U OOJIBIIUMU TJTy-
OMHaMU, YTO 00bsICHSAeTCA uX reHe3rcoM (Tabswuia 1).
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Ta6smna 1. OcHoBHBIE MOp(OMeTpUYeCcKre XapaKTEPUCTHUKY HCCJIeJOBAHHBIX 03ep

I[TapameTpsl / TUIIOJIOTHUA BoJOeMa
(mo: Kutaes, 2007)

03. Kitlouuk™

03. CBeTJiosAp**

03. CBaToe JlemoBckoe***

l'eorpaduueckre KOOpAUHATHI

JnmHa ozepa (L, M)

'max’

IupuHa o3epa (B, m)*:
MakcumasbHas, B
cpeaHAad, Bcp

X

[Lnomaap BogHOTO 3epKasa (A, m?)

O6beM BogHOM Macchl (V, Thic. M%)

I'my6uHa o3zepa (D, M)
MakcuMaJibHas, D
cpenuas, D,

max’

Hnuna 6eperopoii tunuu (1, m) /
W3pesanHocTs (pa3Butre) 6eperoBoi
Jimann (K=0.28%(1 /VA)

55°58’30”N; 43°19’48”E
743.0

293.0
167.5

124485.0 / manoe

475925 / manoe

13.5 / noBeimeHHas 3.8 /
Majoe

2377 /1.9
cpeaHen3pe3aHHOe

55°49’07”N; 45°05’35"E
472.0

338.0
254.2

120000.0 / manoe

1150000 / manoe

32.7 / 6oJbiias
9.5 / GoJipiioe

1328 / 1.04
cirabon3pe3aHHOe

55°38’45”N; 42°1901”E
2100.0

1150.0
647.6

1360000.0 /
He0OJIbIIIoe

20.0 / 6ospmIast
8.0 / 6oJb10E

13100 /3.1
CUJIBHO
n3pe3aHHoe

I[Ipumeuanue:
*  Tlo: IlerpoB u AcrammH, 2017
** Tlo: Haymenko u ap., 2014

*** Tlo: Moucees u zip., 2019

OT60p npob PUTONIAHKTOHA 03EP
npoBojuica GaTtomerpom PyTTHepa B
BereTalOHHBIN IepUO/] CJIeAYIOINX JIET:
B 03. Cetsioap 2000-2002; 2010-2011;
2020; o3. Kimtounk 2017, 2020; 03. CBATOE
Jenosckoe — 2020, 2021. CeTka cTaHLIMI
cocrosiyia u3 3-5 cTaHIMiIl B 3aBUCHMO-
CTU OT JIMMHOJIOTUYECKHUX 0COOEeHHOCTEeH
o3ep (Puc. 1). [TapasiensHO co c6opom
aJIbroJIOruyeckoro MaTepuajia MpPOBO-
JAWINCh U3MepeHusA psafa abhOTHUYeCKUX
napaMeTpoB. V3amepeHue TeMmmepaTryphl,

VAEJIBHOH  3JIEKTPOIIPOBOAHOCTHU

BOJIOPOJHOI'O TOKa3aTesisi BOABI IIPOBO-
WA TIOPTAaTUBHBIM MHOTroOInapamMeTpH-
yeckuM mnpubopom YSI Prol030 pH &
Conductivity Meter (YSI Incorporated,
USA). H3mepeHre MNpO3pPavyHOCTU OCY-
mecTBM  OenbiM  guckom  CeKKH.
H3mepeHue cofepkaHNsA pacTBOPEHHOTO
B BOJe KHCJIOpoAa HPOBOAWIM HOpuOO-
pom B3OP Mapk-303M (OOO «B3OP»,
Poccus). M3mepenue riiyOuHB 03epa B
TOYKax oTOOpa MPOBOAUJIN MPU MOMOIIU
axostota Lowrance HOOK2-4x GPS Bullet
(Lowrance Electronics, USA). Ha otaesb-
HBIX CTAHIMAX TaKXXe IPOBOAUJICA OTOOP
npo6 BOAB HAa TUAPOXUMUYECKUU aHa-
OnpepnesieHrie THUAPOXUMUYECKUX
rokKasareJiell BRIIOJTHEHO Ha 6a3e I[eHTpa
«HoBbie
MaTepuasbsl U pecypcocOeperaroiye Tex-
Hosiorun» HaydHo-ucciieqoBaTeIbCKOro
nHetutyta xumuun HHIY wnm. H.H.

JIN3.

KOJIJIEKTUBHOTO I10JIb30BaHUA

JlobaueBcKoOro.

n

Puc.1. Batnomerpuueckre KapThl MCCIEAYyEMBIX O3€p CO CTaHIU-
AMHU oTbopa nmpob ¢uTonIaHKToHA (A — pacrosioxeHHe o3ep Ha KapTe
Hwmxeropopckon obyactu, b — 03. Kimounk (poto Jmurpusa Xpamijosa),

B - 03. CsetJiosp, I' — 03. CeaToe JlenoBckoe)
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OTbupanuch Kak HMHTerpajibHble, TaKk U BEpTU-
KaJibHbIe MPOOBI (OT MOBEPXHOCTHU [0 [HA 4Yepe3 Kax-
neiii MeTp). [lonpoOHOe omucaHue Ipoleaypsl 0TOOpa
po0, MOATOTOBKU MX K MHKPOCKONMPOBAHUIO, IOA-
cyeTa YMCJEHHOCTH U Ouomaccel (UTOILIAaHKTOHA
mpuBefeHbl B Hamux padorax panee (Okhapkin et al.,
2022a; Okhapkin et al., 2022b, Vodeneeva et al., 2020).
W peHTrHduUKaIMI0 BUAOBOM IPUHAJIEXHOCTH IPOH3BO-
JWJIY IpU IIOMOIIY PYKOBOJCTB, aTjIacoB U OIpeAesu-
TeJiel, yka3aHHBIX B paboTe BogeHeeBoil u Kynusuna
(2019), HOMeHKJIaTypa BUJOB IIpOBepsjiach B MeXAy-
HapojiHO# 6a3e maHHBIX Algaebase (Guiry and Guiry,
2024). Ceenenus o reorpadpuueckoM pacIpocTpaHe-
HUM OOJIBIIMHCTBA BUIOB, UX OMOTONNYECKON IIPUYpPO-
YeHHOCTH, OTHOIIeHu!U K cojieHocTH, pH u opranuye-
CKOMY 3arpsisHeHuu ObLIU B3ATH U3 paboTel KopHeBoO
JL.T. (2015). IIpuHaAsIeXHOCTh BUAOB (PUTOIIAHKTOHA
K TON WM UHON (PYHKIMOHAJIBHON TPYIINE OlleHWBa-
Jlach € MCHoJib30BaHueM Kiaccudukanuu PeliHosbaia
(1984; 2002), ¢ mogudukanusamu ITagucak (Padisak et
al., 2009).

K [OoMUHMpPYIOIIMM OTHOCHJIM BUJBL, BKJIAA
KOTOpBHIX B 00IIMe 4MCJIEHHOCTh M OMoMaccy COCTaB-
a1 He meHee 10% (Bogeneepa, 2006). [ly1a Kaxagoro
BUAA-IOMUHAHTa ObUI IPOM3BelleH y4yeT TaKuxX IOKa-
3arejieii, Kak yactora BcTpeuaeMmoctu (pF), wacrora
nomunupoBanus (DF) u nopsaok gomuHuposanus (Dt)
(T'opbynun, 2012).

JlaHHBle nOKaszaTesM pacCUUTBHIBJIMCH IO ¢op-
MyJiaM, IpUBeJIeHHBIM HIIXe.

[Ipy nmomomu mnokasaTesis «4acTOThl JOMUHU-
poBaHus» (DF) MBI BBIABMJIM, B CKOJIBKHUX Ipob6ax OT
obmiero kojmyectsa Mpo6 oOHApyKMBaJIOCh JOMUHU-
pOBaHMe KOHKPETHBIX BHJIOB!

DF=2-100
F

rae F — oOmee uncio oOpaboTaHHBIX MPOO ucciaenye-
Moro BogoeMma, D — uucisio npo6, B KOTOPHIX JaHHBIN
BUJ BBEICTYIIAJI B KauecTBe JOMUHUpYyoliero (6uomacca
cocTtasJisia 6osiee 10%).

[Mopsimok momuHmpoBaHus (Dt) mpemcTaBsI
06011 OTHOIIIEHKE YaCTOThI JOMUHUPOBAHHS K YaCTOTE
BCTPEYaeMOCTH:

DF
Dt =——-100
pF
rne DF — yacrora gomuHuposaHus, pF — uacrora

BCTpeyaeMocTH, %.

JomuHupoBaHue BHJOB, UMEIONMX IOoKa3aTesu
DF <10, Dt<10 u pF <20, HOCUT CJIyYalHBIN XapaKTep
U X PeKOMeHyeTCs MCKJIIoYaTh U3 CIMCKA JOMUHAHT
(baxenosa, 2017).

CxXo[CTBO coOCTaBa [OMUHUPYIOUIMX BUJOB
HICCJIeIOBAHHBIX BOJHBIX OOBEKTOB OBIJIO OLIEHEHO C
noMomplo kKodddunuenta CépeHceHa-UeKaHOBCKOTO
(IIutukoB u ap., 2003). [yisa BuU3yanusaldu CXOM-
CTBa BHJOBOTO cocTaBa JOMUHAHT HCCJIeAyeMbIX 03ep
IIPUMEeHAJICA MeToJ HellapaMeTpHUieckoro MHoOrogak-
TopHOro aucnepcuoHHoro aHasnu3za (PERMANOVA).
CTraTUCTUYeCKUl aHaju3 IPOU3BOAUJIICA IIPU HCIOJIb-
30BaHUU cBOOOIHOU mporpamMMHoOi cpennl R (R Core
team, 2015).

3. Pe3synbTartbl M 06cy)xpeHue

OcHOBHBIE TUAPOXMMUYECKHE U TUApPOGU3NYE-
CKHe IlapaMeTphl o3ep IpeicTaByieHsl B TaOiuue 2.
Bopgr 03. Kintounk B mepro/1 McciieJOBaHUI XapaKTepu-
30BaJINCh OTHOCUTEJIBHO BBICOKOH MUHepaIu3anue ot
1099 o 1274 mr/n (corjiacHo JIUTepaTypPHBIM JaHHBIM,
Jocturas B otAesibHble roabl 1937 mr/m (Kossos u ap.,
2017), 3HaueHUs BOLOPOAHOIO IOKa3aTesis BapbUpO-
Basnu B npefesax 8,2 — 8,4. Boasl 03. Kimouuk — cjabo-
CoJIOHOBaThIe cysibdaTHble rpynnsl Ca Il Tumna, 4To moJi-
HOCTBI0O COOTBETCTBYeT MOPTPETY 03eP-BOPOHOK, 03ep
— TUAPOTe0JIOTNYeCKUX OKOH, Y KOTOPBIX HMUXXHASA YacTh
03€epHBIX KOTJIOBUH pa3BUTa HUXE YPOBHs I'PYHTOBBIX
BO/I, UMEIOINX B OCHOBHOM I0/I3eMHO€ IIUTaHUe, OCY-
ImecTBJAOIeecs 4yepe3 MOHOPH Ha JHE KOTJIOBUHBI
(Okhapkin et al., 2022).

Taﬁﬂnua 2. OCHOBHbIE FI/IJ:[pO(l)I/IBI/I‘IeCKI/Ie U TUAPOXMMHUYECKNE ITapaMeTPhl BOA NCCJI€JOBAHHBIX O3€P B JIETHIOKD MEXEHb

IToxasarens / 03. Kimouuk 03. Kimouyuk 03. CBetiosAp 03. CBATOE
THIIOJIOTHA BOJOEMA 19.08.2020 19.08.2020 04.08.2020 JlenoBckoe
(mo: Kutaesn, 1984; 2007) 31.08.2021
CraHnus otbopa npod 1, mesaruass, 5, nmenaruass, 1, menarua’s, 4, nejarualib,
10 m 8 ™M 15M 14 M
B3BelieHHbIE BellecTBa, Mr/J1 <3 <3 <3 10 = 3
[Tpo3payHOCTh, M (an')/ KJacc 6.5 4.3 4.2 2.4
MIPO3PavyHOCTU* BBICOKUIA BBICOKUI BBICOKHUIT CpeIHUI
IIBeTHOCTH 1O Pt-Co* 40.0 80.0 10.0 6.7
Me30TyMO3HbIe Me30T'yMO3HbIe OJINTOTYMO3HBIE | yJIBTPAOJIUTOTYMO3HBIE
pH 8.2 8.4 6.9 6.4
OJIUTO-IIIeJI0OUHbIe OJINTO-IIeJIOYHble  |anUAHO-HEUTpasIbHbIE| allaHO-HEHTpaJIbHbIE
MuHepanuzanus, Mr/Jji 1274.0 1099.0 127.0 32.0
cyiabo- ciabo- cpefHe- OYeHb IIpeCcHbIe
COJIOHOBAThIE COJIOHOBAThHIE MpecHbIe (onurorajiiHHbIE)
WouHsIl1 cocTan cyabdaTHble cyJibdaTHbIe rufjpokapOoHaTHble | ruapokapboHaTHBIE
rpymmnsl Ca rpymmnel Ca rpymmel Ca(Na), rpymme Ca,
II Tumna II Tuna I Tuna I Tuna

IIpumeuanue: */lanusle: basgHos, 2019; 2011 r.; Kozyos u ap., 2019; otuetr 'ocHUOPX 3a 2011r.
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Bopas! o3epa CBeTJI0Ap OTHOCATCA K THAPOKapOo-
HaTHOMY kjaccy rpynnsl Ca (Jietom) win Mg (3umotii) ¢
He3HAUMTeJIbHON MUHepau3anueil U HU3KOU I[BETHO-
cThio. ConepkaHue rupokapOOHATOB BOJAE B MEPUOL
HCCIeJoBaHNUA OBLIO HE3HAUWUTEJIbHBIM U He IpeBHl-
majio 75 Mr/Jji. B o3epe oTMeuasioch BEICOKOE COoepKa-
HHe HUTPUTHBIX (OpM a3oTa, BEpOATHO, CBA3AHHOE C
BBICOKOU peKpealliOHHON Harpy3Koi Ha BOJI0eM B JIEeT-
Hue Mecanbl (Okhapkin et al., 2022).

Ozepo Caaroe Jenosckoe CBETJIOBOJIHOE,
“MeeT O4YeHb HU3KYH MHHepasn3aljvio BOJbI, T.K. €ro
NUTaHue OCYLIeCTBJIAETCA 3a CYET TaJbIX U JOXAe-
BBIX BOJI. ITo MOHHOMY COCTaBy BOJia 03€pa OTHOCUTCA
K ruapokapOboHaTHOMy Kkiaccy, rpymmne Ca, 1 Tuma.
Munepanu3anys B TedeHUe Iepuoja HcCCIeJOBaHUN
He mpesBbimasna 37,7 mr/i, a pH usmensnca ot 6,0 go
7,0, yTOo XapakTepusoBasio 03. CAToe JlefOBCKOE KaK
anUgOHENTPATbHBIN BofoeM. OueBUIHO, NPUYUHON
HU3KOU aKTUBHOW peakIuu cpejbl sABjsAeTcsA 3a00Jio-
4YeHHOCTh Bojocbopa oszepa. OTMeuaeTcss HeOOJIbIIOE
KOJIN4eCcTBO OMOTeHOB B 03epe.

Osepa CsetJsiosp u CeAToe [leJOBCKOE ABJIAIOTCA
TUNWYHBIMUA BOJOEMaMM yMepeHHO 30HBI C JUMUK-
TUYEeCKUM TUIIOM IlepeMellrBaHus BoA. B Csersiospe
JIeTHAA TeMIlepaTypHas cTpaTuduKalys ycTaHaBJIUBa-
Jlach B HavaJle Mae U NpoJoJrKajia A0 KOHIA CeHTAOpA.
MeTaJIIMHHAJJIbHBINA CJION 3/1eCh HAUMHAJICA JIETOM OT
riy6unsl 2,0-4,0 M, B Hauajle OCeHU Iepemeniasch Ha
riybuHy 6,0 M, mo3xe - Ha riyouHe 9,0 m. B osepe
Cearoe JleqoBckoe IepUOJ BeCceHHero IepeMelnBa-
HUA BOJ OKasajicsa 0OoJiee AJIMTEJIBHBIM, yCTOWYMBAasA
TeMmnepaTypHas cTpaTudukanus 3fech HabrogasIach
C KOHIIa HIOHA. B Hauase jieTa cJIOM TeMIlepaTypHOro
CcKayka Haxo[quJIica Ha riyOuHe 1-2 M, B Ulojie-aBrycre
— cMenjajca Ha riIyouHy 4-6 M. B oTiinmuue oT Apyrux
BOJI0eMOB 03epo Kiounk nmeeT cBoeoOpa3Hble YepThl
TEepMHYECKOro pexuma — B 3aagHON JOCTAaTOYHO IJIy-
OOKOI1 KOTJIOBUHE 03€epa TUN IIUPKYJIALUU BOL CJlelyeT
CUMTATh XOJIOOHBIM MOJUMUKTUYECKUM. Tam oOTCyT-
CTByeT JIETHAA TeMIlepaTypHas cTpaTudukaius, uTo
00BACHAETCA CUJIbHBIM ITOCTOAHHBIM IPUTOKOM XOJIOZ-
HbBIX BoJ noaszeMHoU peku CypuH (IleTpoB u Acramus,
2017). CriaxeHHasA TeMIlepaTypHas KpuUBas B JIeTHUE
MecsAILbl B BOCTOYHOU YacTU BOJOeMa U paHHee HacTy-
IJIeHe OCeHHell TOMOTEpPMUHN BO3MOXHO OOBACHUTH
CyllleCTBOBaHNEM IIOJBOJIHBIX T€UEHNI, HECYIUX CloAa
XOJIOAHBbIE BOABI Yepe3 y3KUI Mepelieek U3 ero 3anaji-
HOU 4acTu.

B BocTouHOIl uwacTu 03. Kiouuwk copepxkaHue
KHCJIOpOJa B IOBEPXHOCTHOM TOPH30HTE K0J1e0aIoCh
or 9,1 no 13,7 mr O,/n, B mepexoaHoir 30He — 9,8-
14,6 mr O,/i1. 3anaaHasa 4acTh 03epa XapaKTepu30Ba-
Jjach HaJW4yMeM CepoBOAOpPOJAa M HU3KHMM cojepxKa-
HueM kwuciopoaa (3,7 mo 12,5 mr 0,/71, HaceleHue
30-57%), uTO, BEpPOATHO, OOYCJIOBJIEHO BJIMSAHUEM
MOJ3€MHOT0 IIOTOKAa M3 BOKJMHEL B 03. CBeTJiosAp BO
BCe TO/Ibl ICCJIEIOBAHUS, BECHON U B IEPBOU MMOJIOBUHE
Jjeta HaOJII0ATIOCh BBICOKOE COJiepKaHHue KHcjaopoaa
B croJsibe Boabl (ot 1,0 mo 5,0 m). B neTtHuil mepuon
B TMOBEPXHOCTHOM TOPH30HTE HAaCHII[eHHe KHCJIOPO-
oM Bapbuposaiio ot 108 go 127% (Aberg and Rodhe,
1942). B meTalUMHIOHE YacTO Habsmogancsa qedummnT
kucyaopoga (mo 40% nHaceineHus). B Hayasie oceHHero

212

nepeMelIMBaHusA B OSNWJIMMHUOHE 3TOT IIOKa3aTesb
ocrasajicsa BeICOKUM — OT 83,0 no 109,0% npu cmere-
HUY SNIWJINMHHUOHA A0 IJIyouHs 7-8 M. B o3epe CesAToe
JleqoBckoe B MepuoJi TUAPOJIOTUYECKOTrO JieTa BepTU-
KaJpHOE paclpefiejieHre KUCJIopofa ObLIO MpakThuue-
CKY PaBHOMEPHBIM Ha BCEX TOPU30HTAX BOAHOMN TOJIIA
Y HaxoJausoch B npejenax 6,36-8,3 mr O,/n (40-50%
HaCHIMIEHWsA) ¢ MaKCHMaJIbHBIMH 3HAUYeHUSAMU B JIIU-
JIMMHUOHE 10 TJIyOUHBI 4 M. B THIIOJTUMHIOHE HAYUHAS
¢ ryOuHBL 5 M cofiepkaHre KHUCJIoOpoaa He MEeHAJI0Ch
U cocTaBJiso 2,6-3,0 mr O,/i1. C HACTyMJIEHEM OCEH-
Hell TOMOTepMHUU paclpefesieHre KHUCJI0poaa Mo Bep-
TUKaJIi BIpaBHUBAJIOCH (8,0-9,3 mr O,/11), a Hacslle-
HHe KHCJIOPOAOM CJI0eB BOJBI JocTuraio 66,0-82,0%.

B cocraBe puTOMIAHKTOHA UCCJIEJOBAHHBIX O3€P
BbIsABJIEHO 347 BUI0B (432 BHUIOBBIX 1 BHYTPUBUIOBBIX
TAaKCOHOB), MpUHAJIexanumx K 168 pomam, 42 nopsm-
kawm, 17 kitaccam u 8 otaesiam (o3epo CeaToe JleqoBckoe
— 212 TakcoHoB, CBetrjosip — 225; Kmounk — 275).
CpaBHUTEJIbHBIY aHaIn3 (JIOPHUCTUYECKON CTPYKTYPHI
(puTOIIaHKTOHA MCCJIeJOBAaHHBIX 03€ep MOKa3aJl, 4YTO BO
BCEX BOJI0eMaX TaKCOHOMUYECKHU 3HAYNMBIMU ABJISIIUCH
otmenbl Cyanobacteria, Chlorophyta, Bacillariophyta,
Ochrophyta, u Euglenophyta koTopsie B COBOKYITHOCTH
coctaBysn 6oJsiee 70% oOIIero BUAOBOro GoraTcraa.
[IpucyTcTBUE JaHHBIX TPYMI B AApPe ajbrodopbl OTMe-
Yyajioch U B psAAe Apyrux kapctoBbix o3ep (Udovic et
al., 2022; Kasperoviciene, 2001) B By IIMPOKOTrO reo-
rpadruueckoro pacnpocTpaHeHUs UX NpeAcTaBUTesel.
OHaKo NMPOMOPIMOHAJIBHOE COOTHOIIIEHNE 3TUX I'PYIII
B cocTaBe (UTOIIAaHKTOHA O3€p OKa3ajoCh Pa3HBIM.
B amprodJiope rupokapOboHaTHBIX cJIabOMUHEpaIN-
30BaHHBIX 03ep (03. CeetryiosAp u CeAToe JlegoBcKoe)
IepBoe MeCTO 3aHHUMaJIM 3eJieHble BOJIOpOCJIM, a B
cysbdaTHOM 03. Kitounk — auatomen. OTmedasiach
3aKOHOMEpPHOe BO3pacTaHHe 4Kcjia BUJOB AUAaTOMeH C
18,6% no 40% (03. Kittouuk), pyu CHUXXEHUU BUJOBOTO
6oratcTBa 3eJieHbIX (¢ 33,5% 110 24,0%) 1 3BIJIeHOBBIX
(c 9,6% mo 3,6%) BOomoOpoOCJiell COOTBETCTBEHHO. JlyiA
03. CeAToe JleqoBCcKOoe 3aMeTHee APYTUX BBIPAXEHO
y4yacTuhe XapoBbix Bogopocseil (o 13,2% cocrtaBa) B
CJIOXKeHUM TaKCOHOMUYECKOTO pa3HOOOpa3us.

Kak nmoka3zau uccjieJoBaHUA HEKOTOPBIX BOAHBIX
skocucteM Huxeropojckoili objacTu — peK U 03ep
KepxeHckoro 3anoBeqHuka (Bomeneea, 2006), Bojo-
emoB Tepputopuu T. HmxkHero HoBropoga (OxamkuH
u Craprea, 2003), JOMUHUPYIOIIHE BHUIbI B (DUTO-
IJIaHKTOHE 3TUX BOAHBIX 9KOCUCTEM MOTYT COCTaBJIATH
ot 20 no 30% obiiero nepeuHa. B uccieayembix o3e-
pax cocTaB AOMHUHHpPYIOIIMX BHJOB HacuWThiBal 114
BUJIOBBIX U BHYTPUBHIOBBIX TAKCOHOB, wuiau 26,38%
oT obmero cocraBa Bomopocyed. OgHAKO B OT/IEsIb-
HBIX 03€pax UX BKJIAJ MOT OBITh MEHbIIIE, COCTABJISIA OT
13 po 20%, 4yTO MOXeT OBITh CBA3aHO C OTCYTCTBUEM
6oJs1ee NINTETBHBIX PANOB HAOJIIOIEHUH.

B o3epe CeAToe [Je1oBCKOe COOTHOIIEHNE JOMU-
HUPYOIIUX TPYNI B I[€JIOM COBMAJAJI0 C TAaKOBBIM B
obmieM cnucke: npeobsagaan 3ejeHble U UaTOMOBEIE
BOJIOPOCJI, B COBOKYIIHOCTU omnpepesnsaa 6osee 50%
o01iero cocraB JOMUHAHT, A0JIA OXpPOPUTOBBIX (30J10-
THUCTBIE) cocTaBysia 14%, mpecTaBUTENI OCTAJIBHBIX
OT[eJIOB B JOMUHAHT IpeAcTaByieHb MeHee 10%.
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B ocTasibHBIX 03€pPHBIX CHCTEMAaX COOTHOIIEHUE
JOMUHHPYIOIIUX TAaKCOHOB HMEJI0O CBOU OCOOEHHO-
ctu. Tak, puUTONIIaHKTOH o3epa Kilouuk cyiecTBeHHO
OTJIMYAJICSI KaK IO BHUJOBOMY COCTaBy, TaK U TIO
COCTaBy JOMHUHAHTOB HE TOJIBKO B TPyIIe U3yYEeHHBIX
03ep, HO TaKXe U B CPAaBHEHUM C IPYTUMU KapCTOBBIMU
BOJIOEMAaMU JIECHOU U JIECOCTEMHON JIaHIa(THO-Teo-
rpaduueckux 30H EBpomneiickoii Poccun (I'yces, 2011;
Manarymkuna, 2004). @UTOIJIAHKTOH 3TOTO BOAOEMA
yMeJT BhIpakeHHBIN AUaToOMOBHIN xapakTep (Puc. 2) u
MOJIHOE OTCYTCTBUE B TPYIIIe JOMUHAHT MO Oromacce
nuaHobakTepuil. Bkiag 3esieHBIX, OXPOQUTOBBIX,
KpUNTOQUTOBBIX U AUHOGIIAreJUIAT cocTaBaaa 7-10%,
9BIJIEHOBBIX U XapOBbIX — 2-4%. J[naTOMOBBII XapaKTep
pUTOIIaHKTOHA, BUAWMO, ABJIAIOTCA TUMWUYHBIM [JI
TUIICOBBIX 03€p, U TaKXXe OTMeYaJsics Ha MpUuMepe o3epa
T'omy6oe (Camapckas 06.1.) (Tapacosa, 2010).

B 03. CBeTJioAp cpequ JOMUHAHT IO BUOBOMY
fGoraTcTBy mpeobJiafjasy 3BIJIEHUIBl (32 cueT pa3Ho-
obpasusi poma Trachelomonas), dopmupys no 25%
obmero crmucka. B Oojiee paHHHIT TEpPUOJ HCCTIEO-
BaHusA (Havamo 2000x) ux BKJIA[ COCTAaBJIAJI MOPAAKA
20%. TakuMm o6pa3oM, B COBpPeMEeHHBII MepuoJ| poJjib
JaHHOU I'PYIIbl B GUTOIJIAHKTOHE 03epa 3aMeTHO BO3-
pocJjia Kak B TAaKCOHOMUYECKOM, TaK U II€HOTUYEeCKOM
IJIaHe, YTO MOXeT CBUAETeJbCTBOBATh 00 YyCUJIEHUU
NpoLeccoB 3BTPOPUpPOBaHUA 3TOr0 BogoeMa Ha (oHe
yCuJIeHusA pekpeanrioHHo Harpy3ku (Okhapkin et al.,
2022b). Ha BTOpOM MecTe B IpyImie JOMUHAHT ObLIA
NpeCTaBUTEN AUATOMOBBIX, 3€JIEHBIX U 30JIOTUCTBIX
(Ochrophyta) (mmo 15-17%), urnaHo6aKTepUr U KPUIITO-
MOHa/ibl — Ha TpeTheM (8-10%).

[Io 6uoTonMuyeckoll MNPUYPOUYEHHOCTU Cpenu
JOMUHHMpPYIOIUX BUAOB aJbrOI[eHO30B B 03epax
CeetJiosip u CeATOe [lefjoBCcKoe mpeobaaaau UCTUHHO
IUTaHKTOHHBIe GopMbl  (58-70% obuiero cmmcka)
(Puc. 3). Cpenu noMuHaHT B o3epe Kitouuk 0J1A IyIaH-
KTOHHBIX BUJIOB OblLsIa B 2-2,3 pa3a HUXe, 3[]eCb BO3-
pactasia oA 6eHTocHbIX Gopm (Ao 20%), 9TO MOXKeT
CBUJIETEILCTBOBATh O IIpoleccax OeHTU(UKAIUU B
3TOM BojoeMe. Bo Bcex HM3yueHHBIX O3epax CJeayer
OTMETUTH BBICOKYIO JOJII0 BH/IOB, CITOCOOHBIX 3aCeJIATh
pasHble 6uoTonbl. VX 40JiA MoTJia CoCTaBJIATh OT 25 110
50% obi11iero crricka JOMHHaHT.

[To reorpaduvyeckoMy pacIpoOCTPAaHEHUI0 OCHOB-
Has 4YacTh MEepeyHs JOMUHHUPYIOIMNX BHOB BOJOPOC-
Jiey OblIa ImpefcTaBjieHa KOCMOIIOJIUTHBIMU (hopMaMu
(95-97%), mpexnctaBuTesin GopeasnbHbIX (Xanthidium
antilopaeum Kiitzing, Spondylosium planum (Wolle) West
& G.S.West u3 gecMUAUEBBIX) U CEBEPO-AJTBITUICKIX
(Pinnularia episcopalis Cleve 13 quaTOMOBBIX) apeajioB
BCTPEYAJIUCh €JUHUYHO.

[To OTHOIIIEHUIO K COAEPKAHUI0 NOHOB HATPUA U
xJIopa JUAUpoBaN BUAB-UHAU(GepeHTH (76-95%),
JoJis1 ourorajiobos BapbupoBasia ot 5% (03. CBATOE
JenoBckoe) no 16% (o3epo Caetsiosip). 'asmoduisr,
CIIoCcOOHBIe OOUTATh B IPECHOBOAHBIX UJIM CJIeTKa COJIO-
HOBATO BOJHBIX MECTOOOUTAHUAX, a Takxke raaodoosl,
He BBIJIEPKUBAIOIYE MTOBBIIIEHHOTO comepxanus NaCl
B BoJe OBUIM OTMEYeHHl TOJIbKO B O3epax Kiouuk u
Ceetyiosp, cocrtaBisAa 4-5% cocTaBa WHAUKATOPOB
rajobHocTH. bBoJjiee MOJIOBUHBI COCTaBa JOMHHAHT

Bacillariophyta

Chlorophyta

Cyanobacteria

Euglenophyta
— Kimounk

Ochrophyta

= Cpetnosp
= CBaTOE ] enoBCcroe

Puc.2. TakcoHOMHMYeCKOe pa3HOOOpa3re AOMUHUPYIO-
IMX Mo 6uomMacce rpynn (pUTOIIAHKTOHA KapCTOBBIX 03P
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9
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Puc.3. Dxosoro-reorpadpuueckasg  XapaKTepUCTHKa
JOMUHUPYIOIINX BUJIOB UcciieyeMbix o3ep (I — mectoobuTa-
Hue, II — reorpaduueckuii saemeHT ¢Giophl, III — raJso6HOCTS,
IV — pH cpeppl, V — cannpo6HOCTD).

[Ipumevanus:

I — 1. — n1aHKTOHHBIE, 6. — GEHTOCHBIE, JI. — JINTOPAJIb-
HEIE, 0. — oOpacTaTesy, 3. — SINOUOHTEHI, Yepe3 Jeduc — rere-
POTOITHBIE BUJIBI;

IT — KOCM. — KOCMOTIOJIUTHI, C-a — CEBEPO-AJIbIIUIICKIE,
00p. — OopeasbHEIE;

III — uaA. — nuHANG@EpeHTHI, OT. — OJIUTOraI00k,

IJ1. — raJouJsl, ro. — raaodoosr;

IV — uaA. — nuHANG@EepeHTH, ajl. — aJKaIU(UIILL,
an. — aquaoQUIIbL

V — UHAMKATOPHI canpoOHOCTH)
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XapaKTepHU30BaINCh WHAUGMGEPEHTHHIM OTHOIIEHHEM
K pH Bogsl. Buppsl, npeanounTaroniye wiejI0uHble yCJio-
BUA B 03. KUTFOUMK COCTaBMJIM YyTh MeEHEE ITOJIOBUHBI
cocTasa, B 03. CBeTJj105p — 19%, B 03. CBATOE [leioBCKOe
— 25%. Uuaukatopsl kucabsix Bof (Vacuolaria virescens
Cienkowski, Aulacoseira distans (Ehrenberg) Simonsen)
OBbLIH OTMeUYeHHl TOJIBKO B o3epax Kirourik u CBeTsiosAp.

Cpemu mnokasaTesiell OpPraHMYecKOro 3arpss-
HeHuAa B 03. Kimounk u 03. CBATOe JleqoBCKOe OTMe-
yeHO TpeolbialaHre UHIUKATOPOB [3- Me30carmpoOHOT0O
3arpsasHeHus. B oszepe CBerJyiogp HapsAAy € BBICOKOH
noJieil [3-me3ocampo6oB, 3aMeTHBIN BKJIAJ] OTMeuYeH
JUIsl TIpeJICTaBUTEJIeH Q-[-Me30canmpoOHON 30HBI. Ilo
pe3yJibTaTaM MHOTOJIETHUX WCCJIEJOBAHUM AJIA 3TOTO
BOJIOEMA IOKa3aHa TEHJEHIMsA K BO3PACTaHUIO Tpe-
CTaBJIEHHOCTH B OOIIEM BHIOBOM COCTaBe WHIUKATO-
pOB 0GoJiee 3arpsi3HEHHBIX BOA [3-a, a-B Me3ocampob-
HBIX, O-Me30CalpOOHEBIX U O-Me30-[10JIMCAaPOOHBIX BOJ
(c 9 mo 13%,) uTO MOXET CBHETEJIbCTBOBATH O BO3-
pacranuu 3BTpodupoBanus Bogoema (Okhapkin et al.,
2022b).

JU1sa Bcex OMHHMPYIOUIMX BUJIOB OBLIM pacCyu-
TaHbI UHJEKCH BeTpeuaeMocTu (pF), 4acTOThl JOMUHU-
poBanus (DF) u nopsigka qomunuposanus (Dt). Y3 114
BBISIBJIEHHBIX B COCTaBe JIOMUHAHT TAaKCOHOB, JIMIIH 13
nMeJsi Beicokue nokasatesau DF>10, Dt>10 u pF>20
(Tabmuna 3). OTMeueHHble BU/IBI MPUHAAJIEXAIN K 5
rpynmnaM BoJopociieil — KpunToUTOBbIe, SBIJIEHOBHIE,
XapoBhble, AUAaTOMOBbIE U JUHODUTOBbIE, 13 HUX JIUIIb
cpeu AuHOMJIAaresAT ObUIM BBISABJIEHBI OOIIMeE JOMU-
HUpYIOI[Ie TAKCOHBI BO BCEX MCCJIEJOBAHHBIX O3epax.

[IpecHoBOAHBIE AMHOQJIATe UIATHl  ABJIAIOTCA
BaXXHBIM KOMIIOHEHTOM O03€pHOro (UTOIIaHKTOHA
(Tpudonosa, 1990). [na skojoruu JUHODUTOBBIX
BOJIOpOCJIell XapaKTepHO MIMPOKOe paclpocTpaHe-
HHUe B BOJl0eMax pasjIMyHOIro Tpoduyeckoro craryca,
TOJIEPAHTHOCTh K HU3KON OCBENIEHHOCTH. a TaKxe
CIOCOOHOCTh K MUTpAAM U MUKCOTPOPHOMY THUITY
MMUTAHUA, YTO [MO3BOJIAET UM KOHKYPUPOBATh B 3KCTpe-
MaJIbHBIX YCJIOBUSX: TIpU AeduIuTe OGMOreHOB, 3aKHC-
JIeHUY, MOBBIIIEHHON MuHepaiu3anuu Bogsl (Regel et
al., 2004). B ucciiemoBaHHBIX 0O3€epax MaKCHUMAaJIbHbI
BKJIAJ] TUHO(MUTOBBIX B 00IIyI0 G1IOMACCHI, KaK MMPaBUJIO,
OTMeYaJiCsi B MepUoJ JIeTHEU cTpaTudUKaIU U MOT
COCTaBJIATH A0 68-93% cymMmapHBIX 3HaueHHi (03epa
Cesaroe JlenoBckoe 1 CBeTJIOAP COOTBETCTBEHHO). B
o3epe Kimtounk, nMmeronieMy pa3Hble 0 TEPMUYECKOMY
PeXHMY aKBaTOPHUU, JOMHHUPOBaHHE AUHO(PUTOBBIX
OBLIIO 3aMETHBIM JIUIIH B IPOT'PEBAEMOM YaCTU BOJOEMA,
Bo3pactas 3aech 40 50-70% cymMmMapHBIX MOKa3aTeJsell.
Cpenu mpeacTaBUTe e 3TON IPYMIBI BRICOKUM TTOPSAA-
KOM JOMUHHUPOBAHUS XapaKTEPU30BAJIMCh KPYITHOKJIE-
TOYHbIE MAHI[UPHBIE TEPUAVNHEN U3 (PYHKIMOHATIBHON
rpynnsl L — Ceratium hirundinella (O.F.Miiller) Dujardin
(Dt=64,5-76,2) u Peridinium cinctum (O.F.Miiller)
Ehrenberg (Dt=77,5-92,74), 13 HuxX NOOCJeHUI B
KayecTBe JOMUHAHTa OTMEYaJICS BO BCEX TPEX O3epax.
H3BecTHO, uTo C. hirundinella — yacThIi1 JOMUHAHT JIET-
HETO IJIAaHKTOHA OOJIBIIIMHCTBA 03€P YMEPEHHBIX IUPOT
(Tpudonosa, 1990; Darki and Krakhmalnyi, 2019),
OJIVH 13 HauboJiee TeIJIOJII0MBBIX BUOB AUHOdIare-
jat. Tloka3aHo, 4TO ero BereTamus o0yCJIOBJIEHA YCJIO-
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Ta6uunia 3. JloMuHHpyOIe BUAB U QyHKIMOHAJIbHBIE
rpymmnsl (OI') GUTOIMIAHKTOHA UCCIIeIyEMbIX BOJOEMOB

§ Takcon or- | D | pF | DF | Dt
g (xom0H)
[~
Bacillariophyta
Cyclotella B 59 |75.4153.6|71.1
distinguenda
& Cyclotella sp. A 15 139.1(13.6|34.8
é Cryptophyta
~ | Cryptomonas sp. | Y | 17 |42.7|15.4|36.1
Dinophyta
Ceratium hirundinella| Lo 19 [22.7|17.3|76.2
Peridinium cinctum Lo 31 |36.4(28.2|77.5
Bacillariophyta
Lindavia comta B 11 | 50 [14.5| 29
Asterionella formosa C 11 | 50 [14.5| 29
Dinophyta
Ceratium hirundinella| Lo 20 |40.8126.3|64.5
g Peridinium cinctum Lo 26 [(43.4|34.2|78.8
5 Eugelenophyta
| Trachelomonas w2 | 10 [21.0(13.1|62.4
rugulosa
Trachelomonas w2 19 [67.1| 25 |37.2
volvocina
Trachelomonas w2 12 |22.4|15.870.5
volvocina
var. subglobosa
Bacillariophyta
Cyclotella sp. A 4 |45.2112.9]28.5
& | Tabellaria fenestrata N 6 |45.2]|19.3|42.7
g Cryptophyta
§( Kommacaudata | X2 | 6 |61.3[10.3]315
§ Dinophyta
é Peridiniumcinctuml Lo | 13 |45.2|41.9|92.7
Charophyta
Staurodesmus incus N 15 | 61.3|48.4(78.9
var. ralfsii

IIpumeuanune: * - HauMmeHoBaHHe KOJOHOB [aHO
corjiacHO (PYHKIMOHAJIBHON Kjaccudukanuy (UuTomiaH-
kToHa 1o: Padisak et al., 2009

BusaMHu crpatudukanum (Miracle et al., 1992; Darki and
Krakhmalnyi, 2019), XoTa AaHHBIN BUJ MOXET BCTpe-
yaThCA U B mepuoAbl mnepeMemuBaHus (MacDonagh
et al.,, 2005). MakcumasibHble KOHILIEHTPAIlUUd KJle-
ToK C. hirundinella, xak mpaBuUJIO, POUCXOJAT B 30HE
tepMmokinHa (Hedger et al., 2004). IIpeacraButenu
Buga P. cinctum takxe, kak u C. hirundinella, nmeroT
IIUPOKOe PacCIpOCTpaHeHHe B IPECHOBOJHBIX MECTO-
00UTAaHUAX KaK YMEPEHHOI0, TaK M TPOIHUYECKOTO
MOsICOB (4acTO Pa3BHBAIOTCSA B KOMILJIEKCE), CIIOCOOHBI
MpakTU4ecku 6e3 orpaHWuYeHuil MprUcnocabnMBaThCA K
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okpyxarmmumM ycyioBusaM (Giirkan et al., 2004). Beuto
ycraHoyieHo (Regel et al., 2004), 4uTo A/ JIydLIero
doTocuHTE3a BUJ JOKEH MUTPUPOBAThH Ha ONTHUMAJIb-
Hyl0 TyOouHy (30% MOBEPXHOCTHOI OCBEILIEHHOCTH).
B BeprukaspHOM pacnpefesieHUN AuHOGJIAresuIAaAT
B o3epe CBeTsioAp, B YCJOBUAX BBIPAXEHHOMN JIeTHEH
cTpaTuduKanuy, KOHI[eHTPUPOBaHNe MOMYJIALNNN 3TUX
BUJIOB OTMeYaJIoCh Ha HIDKHEHN rpaHuile MeTaJIHMMHU-
OHa, I'Zle 9TU MpeJAcTaBUTeN 6j1aroaps CriocoOHOCTU
K BepTUKaJIbHOM MUrpanuu npuobdpeTanyu Nnpeumyliie-
cTBa npu Jgeduiute 6roreHoB B amumMHHOHe (Darki
and Krakhmalnyi, 2019); B nepuoz oceHHell roMOTep-
MU — B IIOBEPXHOCTHOM cJioe. MakcuMaJsibHble IOJb-
eMsbl 6uomaccel y C. hirundinella jieToM cocTaBsaIu 10
2-3 /M3, y P. cinctum — okoJio 1 r/m°. B o3epe Kitouuk,
B YCJIOBUSIX CIrJIaK€HHOU cTpaTtudukanuu (BOCTOYHAs
YacTh BOJIOEMA) MPUYPOUYEHHOCTh AUHOMUTOBBIX BOJIO-
pocjell K omnpeJeJIeHHBIM TOPU30HTaM OTMETUTh He
yIaJI0Ch.

BkJtag IUMaTOMOBBIX BOJIOPOCJIEA B MOKa3aTesu
pa3BUTHA GUTOIUIAHKTOHA MCCJIENOBAaHHBIX O3€P OKa-
3aJicsi MaKCMMAJIbHBIM [JI1 TUIICOBOrO o3epa KITiouuk,
371eCch OTMeYaJIoCch UX II0JIHOEe rocroacTBo (6osiee 90%
obmen uncieHHocTH U 50-100% 6romMacchl) B XOJIO-
HOH yYacTu BoJjoeMa U ero rnepexofHoOU 30He. B sToi
YacTH O3epa pas3rpyXalwTCsA BOJBI MOJ3EMHON PEKH,
co3fiaBas GJIarONpUATHBIE YCJIOBUS ISl YYBCTBUTEJIb-
HBIX K CTpaTUGUKALUA AUATOMEH, YacTO OHU Pa3BU-
BaJIMCh y AHA. B yCJIOBUAX BHICOKOU MPO3pavHOCTU (10
8,5 M) U OTCYTCTBUA OrpaHUYEHUs cBeTa GOTOCHHTE3
OBLJT BO3MOXEH BO BCEH TOJIIE BOABI, B TOM YHCJIE U B
npugoHHON 30He (Okhapkin et al., 2022a).

Cpenn ci1abOMUHEPATM30BaHHBIX BOJOEMOB B
o3epe CeaToe [emoBckoe Haubojiee 3aMETHOHM IOJIA
nuatomerd (40-60% oO6mux nokasaTresiell 01MOMAaccChl)
OKa3ajiach BO BpeM:A BeCEHHEro M OCEHHEro IepeMeln-
BaHUA BoJl. B 03epe CBETJIOAP CPOKU MepeMeIlnBaHUA
CKOpPOTeYHHI (MMPUMEPHO [IBe HeAesr), B pe3yJibTaTe
4yero B BojoeMe He (GOPMHUPOBAJIOCH MPOTKEHHBIX
JUISL TOCTMXXEHMA 3aMeTHBIX YMCJIEHHOCTU U GHMOMacCCHI
Bacillariophyta meprnofoB MOHMXEHHOI TeMIlepaTyphl
(5-15°C) u typoynennuu Bog (Okhapkin et al., 2022b).
HesnaumuTesnbHasd [OOMUHUPYIOIIAsA PoJib AgUAaTOMeEN
(ux nmona B cpegHeBereTalMoOHHOU 6Omomacce ObLia
4.64-30.42%) B 3TOM BOJil0EMe, 1O BCeil BHINMMOCTHU,
TaKXe CBsA3aHA C YeTKUM pasfesieHrueM BOJHOW TOJIIU
Ha OKCUT€HHYI0 W aHOKCUTeHHYI0 COCTaBJIAKOIINE,
BBIHOCOM KpEMHUS, HaXOAsAMIerocss B COCTaBe IMaHIU-
peit Bacillariophyta, u3 TpodoreHHro cjios Ha AHO U
cJ1abbpIM MOCTYIIEHNEM ero ¢ BogocOopa. CBelieHUA O
He3HauyuTeJIbHOU 1IeH03000pasymlieil pojau AuaTtoMen
[UIAHKTOHE MPUBOIWJINCH U VI HEKOTOPHIX CBETJIO-
BOJHBIX 03ep yMmepeHHOH 30HHBI Poccuu (I'yces, 2007;
Kopnesa, 2015).

Cpenu IeHTpUYECKUX OuaToOMell BBICOKUE 3Ha-
yenns yactotsl (DF) u nopsgka (Dt) moMuHUPOBaHUA
OTMeYaINCch Ui mpefcTaButesieii pomos Cyclotella,
Lindavia, mnpuHamiexaBmux K GYHKINOHAJIBHOM
rpynne B, obutaresneli Me30TpOGHBIX 03ep, UyBCTBU-
TeJIbHBIX K cTpaTudukaiuu Boa (Padisak et al., 2009).

Ipeo6uiamanue BunoB Cyclotella siBisieTcs xapak-
TEPHBIM JJIs1 03€p KapCTOBOTO TUIMA, KaK B YMEPEHHOM
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30HE, TaK M B TEIJIOM I0sice, 0COOEHHO BO BpeMs BeCEH-
Hero u oceHHero nepememuBanus (Danielidis et al.,
1996; Petar et al., 2014; Udovic et al., 2017). Cpeau
MpeCTaBUTENIEll 3TOTO poJa MaKCHUMaJibHble TMapa-
MeTphl JOMUHUpOBaHUsA oTMevasuch Ay Cyclotella
distinguenda Hustedt (DF=53,6, Dt=71,1, pF=75,4),
KOTOpasi AOMHUHHPOBAjJa TOJIBKO B IJIAHKTOHE THII-
coBoro osepa Kimouuk, ¢opMupys 3gecbh MOHOJOMMU-
HAHTHBIE AJIBTOIIEHO3bl M JOCTUTAsl YHUKAJIBHO BBICO-
KUX 3HaueHuii 6uomacchl (6osee 100 r/m®). JlaHHBIH
BUJ[ PAacCMATPUBAETCS KAK PEOKUU IJis aabrogJiopsl
bacceiina Boaru (Genkal et al., 2019; Vodeneeva et
al., 2020; Okhapkin et al., 2022a), a Takxke AJA peK
Benrpumu (Kiss et al., 2012). Beicokue 3HaUeHUs pa3BU-
TUS 3TOTO BUJIA B MCCJEAYEMOM BOJIOEME CBUIETEIh-
CTBYIOT 00 ONTUMAJIbHBIX YCJIOBUSX U, MO-BUIUMOMY,
MMOJTHOM OTCYTCTBHUU KOHKYPEHIIUU C APYTUMU TIpef-
CTaBUTEJIAMU GUTOILUIAHKTOHA B JJAHHOM COYETAHUU U
JUHAMHKE 3KOJIOTUYECKUX (akTOpoB (BBICOKAs MUHE-
pasmzanms, OJIaronpusTHAsS CBETOBOU PEXUM, HU3-
KU TeMIiepaTypHbIi (OH U OTCYTCTBHE TEPMUYECKON
cTpaTudUKaImm).

B cmabomuHepanuzoBaHHOM o3epe CBAToe
HenoBckoe cpeau BumoB poma Cyclotella oTmeuasnvch
B OCHOBHOM MEJIKOKJIETOYHbIE (OPMBI, a WX MaKCH-
MaJIbHOE Pa3BUTHE MPUXOJUIOCH Ha MOCJIEIHION (asy
BECEHHETo MepeMelnBaHusA. JoJis 3TUX BUJOB dalle
cooTBeTcTBOBaJIO 15-20% cymMMapHbIX 3HaUeHU O61o-
Macchl. B JIeTHUI ce30H OHM yCTymaiau AuHOIIare-
JISITaM, B MEPUOJ] OCEHHEH TOMOTEPMUM — TIEHHATHBIM
BUAAM JUATOMEN WJIM XapOBBIM BOJOPOCJIAM. B o3epe
CBeTJIoAp cpelqy LIEHTPUYECKUX AUATOMOBBIX BBIJEJISA-
sack Lindavia comta (Kiitzing) T.Nakov & al. (DF =14,5,
Dt=29, pF=50). OToT BUj — KOCMOIIOJIMTHBIN U 3BPU-
TEpMHBIH, B OJIMTOTPOGHBIX 0O3epax ABJIAETCA IOMU-
HAHTOM JIETHETO IIJIAHKTOHA, B Me30TPOMPHBIX — BBICTY-
naet B poJiu cyogoMuHaTa BecHol (TpudoHosa, 1990).
B o3epe CsetJiosap L. comta oTMeyasiach Kak COIyTCTBY-
formuii koMrnoHeHT (10-15% cyMmapHBIX MoKasarese,
6uomacca MeHee 1 r/M3) OCHOBHBIM I[€HOTHMYECKHM
KOMILJIeEKcaM (PUTOIJIAHKTOHA, YTO MOXET CBHUJIETEIh-
CTBOBAaTh O NEPEXOJHOM OJIMI'OTPOGHO-Me30TPO(PHOM
cTaTyce 3TOro Bofoema.

3HaUMMble MMOKa3aTeJu JIOMHUHHPOBAHUS Cpeau
MeHHATHBIX AuUaTOMel oTMmeuasinch mjis Asterionella
formosa Hassal (Dt=29, pF=50) (o3epo CaeTjosp)
u Tabellaria fenestrata (Lyngbye) Kiitzing (Dt=42.7,
pF=45.2) (o3epo CeaATOe [leJOBCKOE).

WsBecTHO, 4TO BUAB poxma Tabellaria, BKIIIO-
YyeHHBIE B KOJIOH N, ABJIAIOTCA anuo0MOHTaMM, pas-
BUBasCh B 3aKHCJIEHHBIX Bojgoemax (Battarbee et al.,
1985; Cupenko u IlapmmkoBa, 1993; BopgeHeena,
2006), B MOMEHT HCCJIeJOBaHUI 3HAYeHMsI CJIa0OKIC-
JIoYl peakiuu cpefsl 3aUKCUPOBaHB U B 03. CBATOE
Jenosckoe. Mx mpucyTcTBUE B KauecTBe I[eHO3000pa-
3YIOIAX BHUJOB OTMEYAJ0Ch B PACTUTEJBHOM ILJIaH-
KTOHe anuaHbeix BogoemoB ®umisaHauu (Lepistd and
Rosenstrom, 1998), HOxuout Kapenun (HwukysinHa,
1997), Iseruu (Wahlstrom and Danilov, 2003), B Jjiec-
HBIX O3epaxXx M BoJ0oTOKax Hrpkeropopckoro HxxHOro
3aBosrkbs (Bogeneesa, 2006) u ap. Cpeu BUOB 3TOTO
pona, Tabellaria fenestrata, OTHOCUTCA K XapaKTEPHBIM
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JoMHUHaHTaM 60JIbIINX 0JTUroTpodHBIX 03ep ([TeTpoBa,
1990). IlocToAHHOE NPUCYTCTBHE 3TOr0 TaKCOHa B
aneroieHosax osepa Cearoe [lemoBckoe (014 B 001l
6uomacce 15-60%) nmoaTBepKIaeT OJTUTOTPODHBIN CTa-
TYC 3TOTO BOJI0EMa, ero 3aMeTHbIe MOpGhOMeTpHUYECKe
XapaKTEPUCTUKH, a TaKXe YCJIOBUA 3a00JI0UEeHHOCTH
Bogocbopa.

JIpyroii mpejcTaBUTESb MEHHATHBIX AUATOMEN,
OTMEYEHHBIN B KQUECTBE ITOCTOSTHHO KOMITOHEHTA (PUTO-
IJTaHKTOHA o3epa CBeTJiosp, A. formosa, Takxe paccMa-
TPUBAETCA TUNHUYHBIM JIETHUM JOMUHAHTOM aJIbrorie-
HO30B pa3HOTUNHBIX BogoemoB (TpudonoBa, 1990;
ITetpoBa, 1990), yacTO BCTpEYAIOIIETOCSd B BOJHBIX
aKocucTtemMax Boipkckoro 6accefina (Okhapkin et al.,
2022b). MaccoBoe pa3BUTHE 3TOTO BHJ]a MOXET CBU/JIE-
TeJIbCTBOBaTh 00 yCHUJIEHMU MPOIEeCCOB 3BTPOPUPOBA-
HuA. B akocucteme CBeTsosipa MOMYJIAIUM 3TOTO BUA
BCTpeYaJIUCh B BECEHHUU U JIETHUU CE30H, OJJHAKO UX
Pa3BUTHE CTENeHU «lBETeHNUs» He TOCTUTaso. JJaHHBIN
BHJ] BETETHUPOBAJI 10 BCceMy CToJO1y BoAsl (OGromacca
A. formosa Bappuposaia ot 0,15 (Ha riybune 7 m) 1o
0,48 r/M® (Ha MOBEPXHOCTH)).

B BbICOKOMMHepaJIN30BaHHOM o03epe Kirrounk
MeHHaTHbIE TUAaTOMOBBIE, B OCHOBHOM OEHTOCHBIE BHIBI
popos Pinnularia, Navicula, BXoauIu B IepevyeHb JOMHU-
HUPYIOLUX TaKCOHOB, HO 3HAYMMBIX BEJIMYMH YaCTOTHI
U TIopsifika IOMUHUPOBAHUS He UMeJTU.

B o3epe CeAToe [Je10BCKOe B IepedyHe MaCCOBBIX
BH/IOB, MMEIOIINX BBICOKHE TOKa3aTesjau JOMUHUPOBa-
HUsA, OTMeuYeHBl NpeJCTaBUTEN 3BIJIEHOBBIX BOJOPO-
cieii — Trachelomonas rugulosa F.Stein, Trachelomonas
volvocina (Ehrenberg) Ehrenberg wu Trachelomonas
volvocina var. subglobosa Lemmermann (kogoH W2),
NpeAnovyrTaloie MpyUJIOHHBIE CJIOM BOAHOW TOJIIIU.
[TocmenHuii TpeAcTaBUTENb BBIJEJANICA IO I[TOKasa-
TeJAM TNOpsJKa [JOMHWHMPOBaHUA B JaHHOM oO3epe
(DF=15,8, Dt=70,5, pF=22,4). Pa3Butue Tpaxeio-
MOHAJ IPOMCXOJUJIO B TeYEHNE BCET'O BETETAI[NIOHHOTO
ce3oHa (ux fAoJsA Bapbupoainia oT 10-15%), a Takxe
B NOAJIEIHBIN MEPUOJ, I'Zle UX BKJIaJ MOI ObITh OoJjiee
90%. B coBpeMeHHBIII Iepuo[ OoTMedaeTcsAa TeHAeHI1sA
K IMOCTETNIEHHOMY BO3PaCTaHUI0 POJIU 3BIJIEHOBBIX BO/IO-
poCJiel B ajIbrolleH03aX B JIETHUM CE30H, YTO MOJXET
CBUETEILCTBOBAaTh O BO3pacTaHUM KOHI[EHTpALUU
OpraHMYeCcKUX BEIIECTB B BOJIE U YCUJIEHUH MPOI[ECCOB
3BTPO(PUPOBAHUA.

B osepax Kiouuk u Csaroe [leioBckoe cpeau
3HAYUMBIX CTPYKTypooOpasyiomux durodareisiat
TakkXe OTMeYeHbl TMPEACTABUTETN KPUITOPUTOBBIX
Bofopocieil (Cryptomonas spp. — DF=15,4, Dt=236,1,

pF =42,5; Komma caudata (L.Geitler) D.R.A.Hill - DF
= 19,3, Dt = 31,5, pF = 61,3). OTu Bubl, UMes CXO-
XY ¢ AUHODUTOBBIMU U 3BIJIEHOBBIMU BOJOPOCJIAMU
CIIOCOOHOCTH K MUKCOTPOGUM U MUTPALUAM, CIIOCOOHBI
KOHKypUpPOBaTh C APYTUMHU NpeAcTaBUTEIAMU (PUTO-
IJITAaHKTOHA 3a pecypchl. B IJIaHKTOHe uccjieAyeMBbIX
0o3ep KpPUNTOMOHAJbl Yallle BBHINOJIHAIN COIYyTCTBYIO-
mye poJjid, a UX J0JiA B IoKa3aTeJIsAX pa3BUTHA Bapbu-
poBajia ot 7 1o 15%.

B o3epe CaAToe JleqoBckoe cpeqy APYTUX Py
(uTonaHKTOHA 3HAYMMEBIE IlOKa3aTeJ il JOMUHUPOBa-
HUA TaKXe OTMeYaJIich JIA [IpeficTaBuTesel AeCMUIu-
eBbIx BomopocJei (otaen Charophyta) - Staurodesmus
incus var. ralfsii (West) Teiling (komoH N, moCcTOsSHHO
WJIM BPEMEHHO llepeMellrBaeMble CJIOU B 2-3 M TOJIIIN-
HOM WJIM MeJIKOBOJHbIe 03epa, rfe cpefHsAs riiyOuHa
9TOTO0 Xe MopAAKa WK 0oJiblile, a TaKXe MUJINMHNUOH
crpatubunupoBaHHbx o3ep) — DF=48,4, Dt=78,9,
pF=61,3, uyto oTpaxaeT 3a00JIOUYEHHBIN XapakTep
Bogocbopa.

CuHe3esieHble BOJOPOCJM KakK JOMUHAHTH U
CcyOJOMMHAHTHI 10 O1oMacce He ObUIN XapaKTepHBI JJ1A
(uTonsaHKTOHA HCCIeJyeMBIX BOJHBIX OKOCHCTEM.
OpHako pa3BUTHE MEJIKOKJIETOYHBIX KOJIOHHAJIbHBIX
nuano6aktepuii (poast Aphanocapsa, Aphanothece), kak
JOMMHAHTOB 4YMCJIEHHOCTH (QUTOIJIAHKTOHA, TaKxe
KaK MeJIKOKJIETOYHBIX KOKKOWUHBIX (POpM U3 3eJIeHBIX
BogopocJieit (poxsl Dactylosphaerium, Dictyosphaerium),
OBLJIO OTMEYeHO [JIA BCeX U3 M3yueHHBIX o3ep. B aHo-
MaJibHO )apkue rofsl (2010 r.) ¢ aHTUI[UKIIOHAJIBHBIM
TUNOM Horofs! B 03. CBeTJIOAp OTMeYaJUCh BCIBIIIKU
I[BeTeHUs AUa30TPOdHBIX IMaHOOAKTepuil U3 KOAOHa
H1 (Buapl, uyBCTBUTEJIbHBIE K IIepeMeIlIBaHUI0 BOJBI)
— mnpencraButesn pona Dolichospermum, KoTopble
MorJu (popMHpoBaTh Ha MuKe pas3BuTud no 32.9 r/m3
(Okhapkin et al., 2022). OgHako B OCJIEAYIOIIHE TOBI
9THU BUBI BhITaAaId U3 aJbIOLeHO30B 03epa.

Meto MHOroakTOpHOI'0O AUCIEPCHOHHOTO aHa-
amnza (PERMANOVA) coctaBa JOMUHHUPYIOIINX BUOB
(uTONIAHKTOHA, YYACTBYIOIIUX B CJIOXEHUU YHCJIEH-
HOCTH U OMoOMAacchl HCCJIeJOBAaHHBIX 03ep (1o Kod(-
punuenty CépeHceHa-UekaHOBCKOro), IOKas3aja CTa-
TUCTUYECKN 3HAUMMYI0 HU3KYIO CTelleHb UX CXOJCTBa
(Tabsmura 4), 4TO MOXET CBUIETEIbCTBOBATh O CBOEO-
Opa3um LieHoreHe3a BOJOPOCJIeH B KaXKAOM U3 U3y4eH-
HBIX 03ep, 00YCJIOBJIGHHOM BJIMAHHUEM OIIpe/ieIeHHOMN
koMmbuHaIuu paktopos. [Ipu Bu3yasm3anuy noJiydeH-
HBIX JTaHHBIX IPOJIEMOHCTPUPOBAHO YeTKOe paszjesie-
HUe HCCJIe[JOBAaHHBIX 03ep II0 COCTaBy aJIbIOIIEHO30B
(Puc. 4).

Ta6suna 4. Cratuctudeckue napamerpsl (F — kputepuii @umiepa, P — ypoBeHb 3HAYMMOCTH) [IPU OLIEHKE CXOJCTBA COCTaBa
JOMHUHHUPYOIINX BUOB [0 YMCJIEHHOCTU U OHOMacce UCCeJOBaHHBIX O3ep.

Permanova
JloMUHAHTHI (110 YMCIIEHHOCTI) JomuHaHTH (110 6Griomacce)
F-xputepuil P (>F) F-KpHTepuii P (>F)
Osepo 13.49 0,001 *** 11.91 0,007 ***
Kitrounk_vs_CBeTsiosip 8.66 0,007 *** 9.44 0,007 ***
Kimrounk_vs_CsiToe JlemoBckoe 17.20 0,007 *** 13.69 0,001 ***
CaertJiosp_vs_CesToe JleqoBcKoe 15.47 0,007 *** 12.71 0,001 ***
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Puc.4. Paznuuusa JOMUHUPYIOMMX KOMILIeKcoB 1o uyncyieHHocTH (I) u 6uomacce (II) duTomiaHKTOHA HCC/IeAYEeMBIX 03ep
(Busyanuzanus 1o JaHHBIM MHOrodaKToOpHOro aucrnepcuoHHoro aHannsa (Permanova)).

IIpu cpaBHeHuu cocTaBa (QYHKIHOHAJIbHBIX
rpynn GpUTONJIAHKTOHA MCCJIeJOBAHHBIX 03ep N0 Ouo-
Macce TakKe IIPOJeMOHCTPUPOBAJl CTaTUCTUYECKHU
3HAYMMYyI0 HU3KYIO cTelleHb Ux cxoAcTBa (Tabiuna 5,
Puc. 5, II), ogHako pasyiuuue cocraBa (QyHKIMOHAIb-
HBIX IpyIN II0 YMCJIEHHOCTU i o3ep CersioAp u
Casartoe Jlenosckoe ObLI BbIpakeHo ciabee (Tabnuma 5,
Puc. 5, I). BeposATHO, 3TO HEKOTOpPOE CXOZCTBO OIpe-
JeJIAJI0Ch YCJI0BUAMU (GOPMUPOBaHUA PUTONIAHKTOHA
JaHHBIX 03€p, & MMEHHO BBICOKMMH 3HAUYE€HUAMHU IJIy-
OMHBI 1 TPO3PAYHOCTU BOJ.

4. 3aknioueHue

B cocraBe ¢uromiankToHa o03ep Kirouuk,
Ceetrsiosp u CeAroe JlenoBckoe BBIABJIEHO 432 BUIO-
BBIX U BHYTPUBUOBBIX TAKCOHOB BOAOPOCJIEH, TPUHA/I-
Jexanuyx 8 oraesiaM. AHaiu3 ajnbro@Jiopel ucciaeno-
BaHHBIX O3€p MOKa3aJl TAKCOHOMHUYECKYI0 3HAUMMOCTh
otaenoB Cyanobacteria, Chlorophyta, Bacillariophyta,
Ochrophyta u Euglenophyta, cocraBisomux 6oJee
70% ot ofOmero BugoBoro dorarcrBa. CocTaB JOMMU-
HUpPYOIIMX BUAOB HacuuTeiBaad 114 BuUOOB BOAOpPO-
cient (26,38% ot obmiero cocraBa): B o3epe CBsToe
JlemoBckoe TmipeoOiiafasii 3eJieHble U JUATOMOBHIE
(50%) Bomopocsi, B o3epe CBETJIOAP — O3BIJIEHUIBI
(25%), B o3epe Kimtounk — auatomen (6ostee 40%).

OcHOBY ()JIOPHUCTHUYECKOTO CIUCKA Cpedu TOMHU-
HUPYIOIIUX BUJIOB aJIbTOI[eHO30B B 03epax CBeTJIoAp U
CeaAToe JleqoBCKOe COCTABJIAIM MJIAHKTOHHBIE (HOPMBI
(58-70% obero crricka). B o3epe Kittounk [10J1s1 T1aH-
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Puc.5. Paznnunsa GyHKIMOHAIBHBIX KOMILIEKCOB 110 YHC-
nennoctu (I) u mo 6uomacce (II) puTonIAHKTOHA HCCIIENY-
eMBIX O3ep (BU3yaym3anusA MO JAaHHBIM MHOTro(pakTOpPHOro
aucrnepcroHHoro aHanusa (Permanova))

Ta6suna 5. Cratuctudeckue napametpsl (F — kputepuii @umiepa, P — ypoBeHb 3HAUMMOCTH) IIPH OL[€HKE CXOJCTBa COCTaBa
JOMHUHHUPYIOIMNX U QYHKIIMOHAJIBHBIX KOMILJIEKCOB HCCIIEJOBAHHBIX O3€p.

Permanova
FG (1o 4rcJjIeHHOCTH) FG (o 6uomacce)
P(>F F value P(>F)
Osepo 16.43 0,001 *** 19.88 0,001 ***
Kirounk_vs_CBeTsiosp 15.53 0,001 %** 16.83 0,001%**
Kimrounk_vs_CsiToe JlemoBckoe 21.71 0,001 *** 22.93 0,001 *%**
Csetsi0sp_vs_CaAToe JlefoBCKoe 7.75 0,007 *** 19.34 0,001 ***
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KTOHHBIX BUJIOB ObLIa B 2-2,3 pa3a HUXe, 3[leCh BO3pac-
Tasa 1o 6eHTocHbIX ¢hopM (o 20%). i1 6oIbIIIH-
CTBa BBISIBJIEHHBIX BHU[OB XapaKTEPHO KOCMOIIOJIUTHOE
pacmpocTpaHeHUe, TpeJCTaBUTENM OOpeasibHbIX U
CceBepo-aJIbIIUIICKHUX apeajioB BCTPeYaIlCh e JUHUYHO.

Cpemu 13 momuHaHTOB (M3 5 OTHIENOB), MMEIO-
mux BeIcOKMe mokazatenu DF>10, Dt>10 u pF> 20,
BO BCE€X O3epax OoTMeueHHB! AuHOGIaresiaTel Ceratium
hirundinella, Peridinium cinctum (pyHKIMOHAIbHAS
rpymna L)), ¢ MakcumasbHbIM Pa3BUTHEM B IEPUOJ
JeTHeHn crpatudukanuu. B rpynmne AuaTtoMOBBIX Be3/e
npeolbJafaiv BUIbI [IEHTPUYECKUX AUATOMEN M3 pojia
Cyclotella (xomoH B), mocturas MakCHMAaJIbHBIX ITOKa-
3arejiell pa3BUTHUS B YCJIOBUAX IMepPeMeNIMBAaHUA BOJ.
CocTaB OCTaJIbHBIX JOMUHHUPYIOMWX I'PYII B KaXAOM
BOJIOEME  OIpeNesisyICsi €ero  JIMMHOJIOTUMYEeCKUMU
0COOEHHOCTAMM.

C wucnosp3oBaHuEM MeToa MHOTO(AKTOPHOTO
nucnepcuonHoro anammsa (PERMANOVA) moka3zaHa
cratuctudecku 3HauyuMas (P (>F)=0,001) Huskas
CTeleHb CXOJCTBa JOMUHUPYIOMNX U (PYHKINOHAH-
HBIX KOMILJIEKCOB (PUTOIJIAHKTOHA, YTO MOXET CBUJe-
TeJIbCTBOBATh O CBOeoOpa3uu IlieHoreHe3a BOJOPOCei
B KaXXJIOM U3 U3YYEHHBIX 03ep, 00YCJIOBJIEHHOM BJIUS-
HUEeM ompeJleJIeHHOU KoMOuHaIuu (pakTopoB, B 4acT-
HOCTH TeMIlepaTyphl, IMPO3PAYHOCTU, BOJIOPOJHOIO
rokasareJis U cofiepXKaHus KUCJIopoJa.

[TosrydyeHHble JJaHHBIE 110 YacCTOTe BCTpeYyaeMo-
CTU U TIOKa3aTesJsAM JOMHHUPOBAHUs BbISBJIEHHbBIX
MacCOBBIX BUJIOB OTPaXaloT UX SKOJIOThYecKre 0cobeH-
HOCTHU, a TaKXe MOTeHI[haJIbHbIe BO3MOXHOCTH MaKCHU-
MaJIbHOTO Pa3BUTHA IPU ONpefieJIeHHbIX COYeTaHUAX
(paxKTopoB, YTO MOXeT ObITh KCIOJIb30BAHO B CHUCTEME
9KOJIOTUYEeCKOT'0 MOHUTOPUHIA BOAHBIX 3KOCUCTEM.
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ABTOpHI 3aABJIAIOT 00 OTCYTCTBHMU KOHQJIMKTa
MHTepecoB.

Cnucok AuTepartypbl

AnumoB A.®., Mwunraszosa H.M. 2001. YHukaibHBIE
9KOCHUCTEMBI COJIOHOBATOBOAHBIX KapCTOBBIX 03ep CpeaHero
IToBomxesa. Kazaub: KI'TY.

baxenoBa O.II. 2017. ®UTOMJIAHKTOH M 3KOJIOTHUYe-
CKOe COCTOsIHME 03ep JIeCHOU 30HbI OMCKOro IIpuupTHIIIbA.
Cubupckuil dKoJorudeckuil xypHaa 24(3): 276-286. DOLIL:
10.15372/SEJ20170305

bakannna ®.M., BopotHukos B.Il., JlykuHa E.B. u
ap. 2001. Osepa Huxeropopnckoi ob6iactu. H. Hosropog:
W3 panue BOOII.

bakanuna ®.M., TloxapoB A.B., IOpraes A.A. 2003.
JlanpmadgTHOe parioHupoBaHue Huxeropopackoii ob6Ja-
CTH KaK OCHOBa palMOHAJIbHOTO NPHPOAOINOJIb30BaHUA. B:
MexayHapoaHBIN HAYYHO-ITPOMBIILIEHHBIN GopyM «Besirkrie
pexu — 2003». H. Hoeropog, HHI'ACY, C. 288 - 290.

bakka C.B., Kucenera H.IO. 2009. Oco6o oxpanse-
MBle TIpUPOAHBIE TeppuTopuy HIrKeropoackon o6JacTu.
AnHoTHpoBaHHBII nepedeHb. H. Hosropog: MuHNpHUpoAb
Hixeropoackon o6siactu.

baxupepa M.B., Acramus A.E. 2015. O3épa ITaBoBCcKOrO
pariona Huxeropoackor 06J1acTi Kak MHAUKATOP Ie0JIoro-re-
omMmopdoJsiorndeckoii obctaHoBkU. ['eorpaduueckas Hayka

218

CKBO3b IIPU3MY COBpeMeHHOCTHU. B: Bo3HeceHckoll A.T'. (pen.),
Martepuass! VIII MexBy30BCKOI HayYHO-IIPAaKTUYECKON KOH-
depeHIIUN CTyJeHTOB U Bcepoccuiickoii MeXBy30BCKOM
HAYYHO-TIPAKTUYeCKON CTyAeHYeCKON KOH(pepeHIun 0
aTHoreorpaduu u stHorpadun. H. Hoeropon, C. 28-30.

basnos H.I'., Kpuguna T.B. 2011. Tunosiorua u cBOU-
cTBa o3ep Huxeropoackoro 3aBosokbsa. M3sectusa PAH. Cepus
reorpaduueckas 5:85-96.

Basnos H.I'. 2019. Osepo Kimo4yuk - yHUKaJIbHBIA
mpupoAHbEIl 06beKkT Hukeropoackoro IToBosmkpA. Tpyast
T'ocymapcTBeHHOrO MPUPOAHOr0 OHOC(EepHOro 3amoBeJHUKaA
«KepxeHckuii», H. HoBropog 9: 65-72.

Bopeneena E.JI. 2006. luHaMmuika 61oMacchl 1 JOMUHU-
pyomye Bu/Ibl PUTOIMJIAHKTOHA B BOJHBIX 00BbEKTaxX 3arnoBel-
HuKa «KepxxeHCKU». Tpyabl rocyJapCTBEHHOI'O IPUPOJIHOTO
6uocdepHoro 3akasHuka «KepxeHckuit», H. Hosropon 3:
46-57.

Bopeneea E.JI., Kymusun II.B. 2019. Bopmopociu
MopmoBckoro 3amoBeJHUKA (AHHOTHPOBAHHBI  CIIKICOK
ByuzoB). @iopa u dayHa 3anoBeHUKOB. Boimn. 134. Mocksa:
O0bequHeHHasA AupeKnusa MOoOpAOBCKOIO rocyJapCTBEHHOTO
MpUPOAHOro 3anoBegHuKa umenu IL.I. CMyuaoBrya 1 HaUuo-
HaJIbHOT'O Iapka «CMOJIbHBII».

TF'op6yimu O.C. 2012. KoMIuiekchl AJOMHUHAHTHHIX (OpM
duTomIIaHKTOHAa Pa3HOTUIIHBIX BOJIOEMOB. AJIBIOJIOIUA
22(2): 303-315.

I'yce E.C. 2007. OcoGeHHOCTH CTPYKTYpH U (YyHK-
I[MOHUPOBaHUA  (UTOIJIAHKTOHA  CTPaTUGUIMPOBAHHBIX
o3ep KapcTtoBoro mnpoucxoxaenus IlentpanpHoll Poccuu
(Bmagumupckas ob6miacts). Jluc. kaHA. 6uosi. Hayk, PAH,
WuctutyT 6uosiornu BHyTpeHHUX Box uM. M.JI. [TamanuHa,
bopok, Poccus.

I'yceB E.C. 2011. BepTukanbHoe pacrpenesieHue Guro-
IJIAHKTOHa B HeOOJIBIIMX KapCTOBBIX O3epax IlieHTpasb-
Hoti Poccum. B: IlepBas MmexayHapojHas KOH(pepeHIVs
“Bomopociii: TaKCOHOMUS, JKOJIOTUSA, WCIOJIb30BaHUE B
Monutopunre”, C. 160.

Kuraes C.I1. 2007. OCHOBBI JIUMHOJIOTUU AJIA TULIPOOUO-
JIoroB U uxruosoros. IlerposaBozck: Kapesibckuil HayuHBIN
uentp PAH.

Kuraes C.II. 1984. DxoJsiornueckrie OCHOBBI OHMOIPOJYK-
TUBHOCTHU 03€p pa3HbIX NPUPOAHBIX 30H. Mocksa: Hayka.

Kopsesa JI.T. 2015. ®uTONIaHKTOH BOAOXPAaHUINUII Oac-
ceiiHa Bosiru. Koctpoma: KocTpoMckoii neqaTHBIH JOM.

Koznos A.B., Tapacos U.A., lensik B.E. 2017. DxoJioro-
rUAPOXUMMYEcKass XapaKTepUCTHKa aKBaTOpUM  o3epa
“Kmmounk” IlaBioBckoro patioHa Hripkeropopackoii o6sacTu.
CoBpeMeHHbIe Tpo0JIeMbl Hayku 1 oOpa3oBaHus 1: 126.

Koznos A.B., Mapkosa [I.C., Cokoiok C.A. u ap. 2019.
DKCIlepTHU3a 3K0JIOTO-TUAPOXUMUYECKOr0 COCTOSHUSA MaMAT-
HUKa npupoasl — o3epa CeetsioAp Huxeropoackoil obJactu.
VYcnexu coBpeM. ecTecTBO3HaHusA 6:74-81.

Maxkcumosuu I'.A. 1963. OcHoBH KapcToBefeHusA. Tom 1.
ITepmp: [lepMcKOe KHIKHOE M34aTeIbCTBO.

Moucees A.B., Jlorunos B.B., Mopesa O.A. u ap. 2019.
CoBpeMeHHOe COCTOSIHMEe M 3KO0JIOrO-phl00X03AHCTBeHHas
xXapakTeprcTrka o3epa BoJibinoe CaToe (CaToe [le10BCKOE).
Tpynasl I'ocygapCcTBeHHOr0 NMPUPOJHOIO 6HMOChEpHOro 3amo-
BeAHUKa «KepxeHckuii» 9: 122-131.

Haymenko M.A., T'ysuBateiii B.B., Canenko T.B. 2014.
[udppoBeie MopdomeTpruueckre MOJeJN MaJbX 03ep.
Vdensle 3anmucku POCCHIICKOTO TOCYyAapCTBEHHOIO THAPOMe-
TeopOoJIOTUYeCKOro yHuBepcurera 34: 26.

Huxynuna B.H. 1997. Ocob6eHHOCTH (PUTONIaHKTOHHBIX
COODOIIECTB CBETJIOBOJHO-aUHBIX M TI'YMUGUIMPOBAHHBIX
o3ep HOxwoit Kapenuu. Peakuus 0O3epHBIX 3KOCHCTEM Ha
n3MeHeHe OUOTHYEeCKHX U abMOTUYeCcKUX ycaoBui. Tpyasl
3UH PAH 272: 29-47.



UapaeuHa E.M. u dp. / Limnology and Freshwater Biology 2024 (3): 195-220

Criey.sbinyck: «JlumHomoeusi 8 Poccuu»

OxankuH A.T'., Ctapriesa H.A. 2003. CocTaB U 5KOJI0THSA
MAacCOBBIX BHJIOB (PUTOILUIAHKTOHA MAaJIBIX BOJAOEMOB T'OPOA-
CKUX TEppUTOPHUH (AMAaTOMOBBIE, 3eJIeHble U CHUHe3eJIeHbIe
Bojiopocin). BoTaHuveckuii xypHai 88(9): 84.

ManarymkuHa O.B. 2004. Dkosiorusa (QUTOINJIAHKTOHA
kapcToBeix o3ep CpenHero IloBosmxba. Jluc. kaHA. OuoJL.
Hayk, KasaHcknil rocyfapcTBeHHBII yHUBepcuTeT, KasaHs,
Poccns.

IMetpoB M.C., Acramms A.E. 2017. lunamuka pacxona
BOIBI KpymHeimero B Hrirkeropojckoil o6JyiacTy poJHUKA
Cypuns. B: Bunokyposa H.®. (pexn.), OpdaHoBcKUe 4TeHUA
— 2017, H. Hosropog, C. 29-32.

IMetrpoBa H.A. 1990. Cyxkueccusas (GUTOIJIAHKTOHA
NIpA aHTPONOTeHHOM 3BTPO(PHpOBaHUN OOJBIINX O3€ep.
Jlenunrpan: Hayka JIeHUHIpaJckoe OTeJIeHue.

IMpomkuna-JlaBpenko A.M. 1953. JlnaToMOBEIE BOAO-
pocu — IMoKa3aTesu COJIEHOCTU BOABL. J[MaTOMOBBIN cOOp-
HuK. JI.: Hayka 1: 187-205.

Pamxnn C.B. 2002. PacnipefesieHne o3ep U pexk Mupa o
pasMepaM paccuuTaHHBIM U3 0as3bl gaHHbiIx WORLDLAKE.
OxpaHa ¥ palOHaJIbHOE HCII0JIb30BaHNE BOJHBIX pecyp-
coB Jlagoxckoro osepa u Apyrux Oosbmux osep. B: Tpyzasl
IV MexayHapogHoro cummosuyMma mno JlagoxXckoMy o3epy,
Cankrt-IletepOypr, C. 435-441.

Cupenko JLA., ITapmukoBa T.B. 1993. Bnusanue anu-
audukanuy cpeibl Ha JKMU3HEAeATeJIbHOCTb BOJOPOCJIEH.
Anprosiorus 2: 3-18.

CHutbko JI.B., Cepreesa P.M. 2003. Bomopociu pas-
HOTUIHBIX BOJOEMOB BOcTOYHOU dYactu HOxHoro VYpaia.
Monorpadusa. Muace: Ypanbckoe otheseHue Poccuiickoit
akajeMuu HayK, MsIbMeHCKUH rocy1apcTBEHHBIH 3a10Be JHUK.

CrankoBckasa T.II. 2014. K Bompocy KOMIIJIEKCHOTO
HCIIOJIb30BAaHUA MaJIbIX 03ep. BectHrk Hinkeropoickoii rocy-
JapCTBEHHOM CeJIbCKOX03ANCTBEHHO! akafeMuu 4: 270-274.

Tapacosa H.I'. 2010. CoctaB ayjbroJiopsl MJIaHKTOHA
ozepa T'omyboe (Camapckasa ob6isacts). Camapckas Jlyka:
npo6JyieMbl peruoHaJibHON U rJjiobasibHON sSKoJsiorumu 19(2):
157-161.

Tpudonosa U.C. 1990. SxoJi0rys U CyKLecCus 03epHOIO
¢urontankToHa. OTB. pea. Huxomnmaes W.H. UHcTUTyT 03e-
posenenusa AH CCCP. Jlenunrpan: Hayka JleHuHrpazackoe
oTAesIeHue.

Tpudonosa H.C. 1994. N3meHeHre GUTONIAHKTOHHBIX
coobuiecTs npu 3BTpodupoBaHuM o3ep. JUc. AOKT. GHOJL.
Hayk, PAH, Boranuueckuii nactutyT uM. B.JI. Komaposa,
Cankr-Iletepbypr, Poccus.

XapuronneiueB A.T. 1978. IIpupoma Huxeroponckoro
[ToBorxpsA: HcTopusA, UCHOJb30BaHHE, OXpaHa. ['OpbKUIL:
Bouiro-BATckoe KHUXXHOH M3aTeJIbCTBO.

MIutukos B. K., Pozenbepr I'. C., 3unuenko T. 1. 2003.
KoJtruecTBEeHHAsA TUIPO3KOJIOTUA: METOABI CICTEMHOU HAEH-
tudukanmu. TomparTu: UOBb PAH.

Aberg B., Rohde W. 1942. Uber die Milieufaktoren einiger
siidschwedischer Seen. Symbolae Botanicae Upsalienses 5: 1.

Battarbee R.W., Flower R.J., Stevenson A. et al. 1985.
Lake acidification in Galloway: palaeoecological test of
competing hypotheses. Nature 314(6009): 350-352.

Chalkia E., Zacharias I., Thomatou A.A. et al. 2012.
Zooplankton dynamics in a gypsum karst lake and interrelation
with the abiotic environment. Biologia 67: 151-163.

Ciorca A.M., Momeu L., Battes K.P. 2017. Same karstic
substratum, different aquatic communities? Case study: Three
water bodies from western Romania. Studia Universitatis
Babes-Bolyai Biologia 62: 67-85.

Danielidis D.B., Spartinou M., Economou-Amilli A. 1996.
Limnological survey of Lake Amvrakia, western Greece.
Hydrobiologia 318(3): 207-218. DOIL: 10.1007/bf00016682

Genkal S.I., Okhapkin A.G., Vodeneeva E.L. 2019. To
the morphology and taxonomy of Cyclotella distinguenda

219

(Bacillariophyta),. Novosti sistematiki nizshikh rastenii)
53(2): 47-54. DOI: 10.31111/nsnr/2019.532.247

Guiry M.D., Guiry G.M. 2024. AlgaeBase. World-Wide
Electronic Publication, National University of Ireland,
Galway. http://www.algaebase.org

Giirkan S., Stemplinger B., Rockinger A. et al. 2004. Bumps
on the back: An unusual morphology in phylogenetically
distinct Peridinium aff. cinctum (= Peridinium tuberosum,
Peridiniales, Dinophyceae). Organisms Diversity & Evolution
24: 1-15. DOI: 10.1007/s13127-023-00635-6

Gusev E.S. 2008. Phytoplankton primary production in
several karst lakes in central Russia. Inland Water Bioljgy 1:
356-361.

Hedger R.D., Olsen N.R.B., George D.G. et al. 2004.
Modelling spatial distributions of Ceratium hirundnella
and Microcystis spp. in a small productive British lake.
Hydrobiologia 528: 217-227.

Kasperoviciene J. 2001. The summer phytoplankton
structure of some lakes located in Lithuanian protected areas.
Biologija 47(2): 80-83.

Kiss K.T., Klee R., Ector L. et al. 2012. Centric diatoms
of large rivers and tributaries in Hungary: morphology and
biogeo-763 graphic distribution. Acta Botanica Croatica 71:
311-363.DOI: 10.2478/v10184-011-0067-0

Krevs A., Kucinskiene A. 2011. Vertical distribution of
bacteria and intensity of microbiological processes in two
stratified gypsum Karst Lakes in Lithuania. Knowleges and
Managemente of Aquatic. Ecosystems 4: 1-12.

Lepistd L., Rosenstrom U. 1998. The most typical
phytoplankton taxa in four types of boreal lakes. Hydrobiologia
369-370: 89-97.

MacDonagh M.E., Casco M.A., Claps M.C. 2005.
Colonization of a Neotropical Reservoir (Cordoba, Argentina)
by Ceratium hirundinella (O. F. Miiller) Bergh. Annalles de
Limnologie - International Journal of Limnology 41: 291-299.

Meng F., Li Z., Li L. et al. 2020. Phytoplankton alpha
diversity indices response the trophic state variation in
hydrologically connected aquatic habitats in the Harbin
Section of the Songhua River. Scientific Reports 10: 1-13.

Miracle M.R., Vicente E., Pedrés-Alié C. 1992. Biological
studies of Spanish meromictic and stratified karstic lakes.
Limnetica 8: 59-77.

Momeu L., Ciorca A., Laszl6 O.T. et al. 2015. The
karstic lake Iezerul Ighiel (Transylvania, Romania): Its first
limnological study. Studia Universitatis Babes-Bolyai Biologia
2: 39-60.

Padisak J., Crossetti L.O., Naselli-Flores L. 2009. Use and
misuse in the application of the phytoplankton functional
classification: a critical review with updates. Hydrobiologia
621: 1-109.

Petar Z., Marija G.U., Koraljka K.B. et al. 2014. Morpho-
functional classifications of phytoplankton assemblages of
two deep karstic lakes. Hydrobiologia 740: 147-166.

Okhapkin A.G., Sharagina E.M., Kulizin P.V. et al. 2022.
Phytoplankton Community Structure in Highly-Mineralized
Small Gypsum Karst Lake (Russia). Microorganisms 10: 386.
DOI: 10.3390/microorganisms10020386

Okhapkin A.G., Vodeneeva E.L., Sharagina E.M. 2022.
Composition and structure of phytoplankton of Lake Svetloyar
(Russia). Inland Water Biology 5: 543-554. DOL: 10.1134/
$1995082922050169

R Core Team. 2015. R: A language and environment for
statistical computing. URL: http://www.r-project.org/

Regel R.H., Brookes J.D., Ganf G.G. 2004. Vertical
migration, entrainment and photosynthesis of the freshwater
dinoflagellate Peridinium cinctum in a shallow urban lake.
Journal of Plankton Research 26: 143-157.

Reynolds C.S. 1984. The ecology of freshwater
phytoplankton. Cambridge: Cambridge university press.




UapaeuHa E.M. u dp. / Limnology and Freshwater Biology 2024 (3): 195-220

Criey.sbinyck: «JlumHomoeusi 8 Poccuu»

Reynolds C.S., Huszar V., Kruk C. et al. 2002. Towards
a functional classification of the freshwater phytoplankton.
Journal of Plankton Research 24(5): 417-428.

Udovi¢ M.G., Cvetkoska A., Zutini¢ P. et al. 2017. Defining
centric diatoms of most relevant phytoplankton functional
groups in deep karst lakes. Hydrobiologia 788: 169-191. DOL:
10.1007/510750-016-2996-z

Udovi¢ M.G.,Kula$ A., Susnjara M. et al. 2022. Cymbopleura
amicula stat nov. et. nom. nov. (Bacillariophyceae)—a rare
diatom species from a karst river in Croatia. Phytotaxa
532(2): 139-151. DOI: 10.11646/phytotaxa.532.2.2

Valadez F., Rosiles-Gonzalez G., Almazan-Becerril A.
et al. 2013. Planktonic cyanobacteria of the tropical karstic
lake Lagartos from the Yucatan Peninsula, Mexico. Revista de
Biologia Tropical 61: 971-979.

220

Vodeneeva E.L., Okhapkin A.G., Genkal S.I. et al. 2020.
Composition, structure and distribution of the phytoplankton
of highly mineralized karst lake. Inland water biology 13(4):
576-584. DOI: 10.1134/51995082920040136

Wahlstrom G., Danilov R.A. 2003. Phytoplankton
successions under ice cover in four lakes located in north-
eastern Sweden: effects of liming. Folia Microbiol (Praha)
48(3): 379-384.

Zarei Darki B., Krakhmalnyi A.F. 2019. Biotic and Abiotic
Factors Affecting the Population Dynamics of Ceratium
hirundinella, Peridinium cinctum, and Peridiniopsis elpatiewskyi.
Diversity 11(8): 137. DOI: 10.3390/d11080137




