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OueHka cBfA3H COAEP/KAHUA XJIOPOPHIIA M OMOTeHHBIX
3JIeMEHTOB B KPYIIHBIX PABHHHHBIX BOJIOXPAHUJIHIIIAX

HccrenoBaHre BHITOIHEHO B pAMKaX rOCyAapCTBEHHOTO
3amanns No. AAAA-A18-118012690096-1.

TIpusedetivl HoBble OaHHbIE 0 COOMHOUIEHUL COOEPIHCAHUAXTOpOPUTLA, 0OWe20 hochopa
u obwyeeo asoma (omwnuxax pumonnanxkmona, Chl/P  u Chl/N, ) 6 so0oxpanunuwyax Bepxneii
Borneu, nonyyennvie npu nposedenuu nonegvix ucciedosarutl 6 iemuuii nepuoo 2015-2018 ee.
VYemanosneno, umo 6 Hsanvkoscrkom, Yemuuckom u Poibunckom 600oxpanunuwax cpeotue
BENUYUHBI Chl/Pmt cocmasenaom 0,48+0,06, 0,42+0,04 u 0,38+0,07, Chl/NM — 31,843,5,
31,4428 u 24,9+2,7 coomeemcmeenno. [lokasano, umo Chl/PM u Chl/Nm » MecHo C6s3abl
Mmedncdy coboil (R°=0,67), ¢ cooepocanuem xnopogunna (R> = 0,72 u 0,80) u mensiomest
6 800ax pasznoll Mmpoguu, 00CMU2as MAKCUMATLHBIX 3HAYEHUL 8 I6MPOQHBIX U 8bICOKO
asmpoghnuix yenosusx. OmKauKy 8 He3HAUUMETbHOU CIMeneHU 3a8UC OM 2UOPOTOSULECKUX
haxmopos, a maxoice om cooepyicanusi P, u N, , HO 3aKOHOMEPHO USMEHAIOMCA 1O
epaouenmy N, /P . Pempocnexmuenviii anamus demoncmpupyem yeenudenue Chl/P  u
Chl/N,, 6 Heanvkockom u Yenudckom 6000XpaHUIUWAX U SHAUUMETbHbIE MeHC20006ble
Konebanusi 6 Pulbunckom eodoxpanunuwe. Ilonyuennvie pe3ynvmamuvl NO360MAIOM
NPOaHanU3UpPOams C6:A3b pPA3GUMUsS (QUMONTAHKIMOHA C COOepIHCAHUEM OUOSEHHbIX
INeMEHMO8, OYeHUMb IPPEeKMUBHOCHb UX UCNOTL308AHUA U O0OECNeYeHHOCMb UMU
KJIemok 8o0opociel, coenams 3aKuoyenue, ymo ¢umonnankmon Bepxneii Boneu menee
yyecmeumener K HAIUYuio asoma u 6 Oonvulell cmenesu 3aUcuM Om HPUCymcmeus
coedunenuil pocghopa.

KiroueBble c10Ba: pumoniankmon, xaopoguii, oowuil azom, obwui gocpop;
so0oxpanunuwa Bepxueil Boneu.

Coxpamenus. Chl a — xnopoduin a, Mxr/a [Chlorophyll a]; Chlcya“ — xsopodmit a
[UAHOMPOKAPHOT, MKI/M [Chlorophyll a of cyanoprokaryotes]; Chl, =~ — xmopodmmn a
JMATOMOBBIX BOmOpocnel, MKr/im [Chlorophyll a of diatoms]; Chl, — xmopodumn a
3eJICHBIX Bogopocieid, MKI/I [Chlorophyll a of green algae]; BD — OnoreHHBIE 271€MEHTHI
[Biogenic elements]; N — oOumii a30t, mr/x [Total nitrogen]; P — obmmit docdop,
MKT/J [Total phosphorus]; Cv — ko3¢ dunueHT Bapuanun [the coefficient of variation]; 7 —
ko3 durment koppessiaun [correlation coefficient]; R? — k03)OUIKUCHT JeTepPMUHALIMN
[Coefficient of determination].

Jas uurupoBanusi: Muneesa H.M. Onenka cBs3u conep>kaHus xyiopoduiia u
OMOTCHHBIX JJIEMEHTOB B BomoxpaHwimmmax Bepxueit Bomnru // BectHuk Tomckoro
ToCyIapcTBeHHOro yHuUBepcurera. bmomormsa. 2021. Ne 53. C. 151-168. doi:
10.17223/19988591/53/8
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BBenenune

Bomopocnu mnaHKTOHa MPOAYHHUPYIOT OCHOBHOM (POHA aBTOXTOHHOTO Op-
TaHUYECKOTO BEIIECTBA, UTpasi KIIOYEBYIO POJb B TPaHC(HOPMAINK BEUICCTBA H
9HEPIruM B SKOCHCTEME BOJOXpaHIIuIL BepxHeii Bonru, koTopsie sBIstoTCS 00B-
€KTaMH MHOTOJIETHHX dKOJIOTHYeCKUX HuccnenoBanuii [1]. K miaBHEIM dakTopam
pa3BuTus U (GYHKIMOHUPOBAHUS (PUTOIUIAHKTOHA OTHOCHUTCS 00ECIeYeHHOCTh
KJIETOK MUHEpAIbLHBIM UTaHHEM. BMecTte ¢ conepxanueM (pOTOCHHTETHIECKUX
nurMeHToB B3 cirykar Mapkepamu TpoHUUECKOTO CTaTyca BOJOEMOB (CM. CBOJI-
Ky [2]). MHOTOUYHCIICHHBIE WCCIISIOBAHMUS BIHUSHUS COSAMHEHUH a3oTa U Gocdo-
pa Ha QUTOMIAHKTOH MPOBOAMIKMCH BO BTOPOil mosioBUHE XX B. IIPHU BO3POCIINX
TEMIIaX ABTPOGHUPOBAHIS BOIOEMOB. B pe3ynbrare momydeHsl HeOOXOAUMBIE IS
OLIGHKU COCTOSIHUS M MPOTHO3a U3MEHEHU 03epHBIX SKOCUCTEM YHUBEPCAIbHbIC
KOJIMYECTBEHHBIE COOTHOMICHISI MEX Y conmepxkanueM bD n 0CHOBHOTO mUTMeH-
Ta 3eneHbix pacteHuil Chl a — moka3zarens 6uomacchl (PUTOIUIAHKTOHA U TPO-
(ugeckoro craryca BojgoeMoB [3, 4]. B mocnennue roasl Ha (oHE MPOIECCoB,
MIPOUCXOASIIUX B BOJHBIX IKOCUCTEMAaX B YCIOBHUSX II00AIBHOTO MOTEIUICHUS,
OTMEUCH HOBBEIH BCIUIECK WHTEpECa K BIMSIHUIO AIICMEHTOB MHHEPAJIHHOTO ITH-
TaHUs Ha pa3BUTHE Bojopocieil [5—9]. BonbmMHCTBO 3THX MyOMUKalMid, KaKk 1
paHee, TOCBSIIEHO 03epaM, JaHHBIX U BOAOXPAHIIHI 3HAYUTEIFHO MEHBIIE.
OpHaKo BBISIBIICHHBIC JUIA 03€p 3aBUCHMOCTH M COOTHOIIEHHS HE BCeraa coOro-
JAfOTCS B BOAOXPAHWINIIAX — MOJIOABIX MMITYTECHO-CTAOMITH3UPOBAHHBIX CHCTE-
Max C BBICOKOW aHTPOIIOT€HHON HArpy3Koi, UCKYCCTBEHHBIM PEryIMPOBaHUEM
CTOKa M CBOeOOpa3HeM THIAPOJIOTHIECKHX yemoBuii [10].

Hammmu nccnenoBanusiMu Ha BOJOXpaHUIUINax Bonru mokaszaHo, 4To coaep-
xanue Chl a peako v mpu HEBBICOKUX KO3(DDUIMEHTaX KOPPEINSAIUN CBSI3aHO C
conepxkanneM N u P . a Taoke ux MuHepaibHbX Gpopm [11, 12], uro cBuae-
TENBCTBYET O CIIOKHOM W MHOTOKOMITOHEHTHOM XapakTepe BiusHus b3 Ha Bomo-
pocnu. B aTux ycnoBusix 0oJiee yCIenHoi oka3anack MonbITka KOCBEHHOM OIIeH-
KH 3TOH CBA3HM Yepe3 cooTHomenne konuentpanuii Chl/P_ m Chl/N, , Ha3BanHOe
«OTKJIHK QurornankToHa» [13] u coorBercTBytomee TepMuny «efficiency» [14].
OTH TIOKa3aTeln, OTpaXarolrue 00eCIIeYeHHOCTh Bogopocield bD u addexTus-
HOCTb WCIIOJNIb30BaHUs MOCHeAHUX [15], mpencTaBisioTcs MOJIE3HBIMH AJIS T10-
Jy9IeHUs] KOTMYECTBEHHBIX 3aBHCHMOCTEH IPU aHAIIN3€ COCTOSHUS BOJOEMOB U
MPOTHO3UPOBAHUH M3MEHEHHH UX Tpoduueckoro craryca. [lepBeie cBeaeHHUs O
cootnomerusax Chl/P  u Chl/N B Bomoxpanunumax Bepxueit Boiru, otHOCS-
muecs k 1980-1990 rr., npusenens! B Hamux myomukanusx [11, 12, 16]. K Ha-
CTOSIIEMY BPEMEHH IONyUYSHBI HOBBIC JaHHBIC IO COACPKAHUIO XJIopodrmia u
B3, no3BosuBIIKE TPOCISAUTH MHOTOJICTHHE TCHCHIIUK B Pa3BUTHU (PUTOILIAH-
KTOHA W BapHaIllMX TPO(PUIECKOro cTaryca Bojgoxpanmui [17, 18].

Henp paboTsl — MpoaHaTU3UPOBaTh COBPEMEHHBIE JaHHBIE O COOTHOIICHUH
xyiopodumiuia 1 b B Bogoxpanwnuinax BepxHeit Bonru, onleHUTh Ha UX OCHOBE
CBSI3b Pa3BUTHs (PUTOIIAHKTOHA ¢ cofepxanueM bD u 3¢ peKTHBHOCTH UX HUC-
MOJTH30BAHMUS B 3aBUCUMOCTH OT (PaKTOPOB CPEIHI.
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Marepuajbl 1 METOAUKH HCCJIET0BAHUS

Marepuanom pabotsl nociayxunu 104 npoObl, oToOpaHHBIE Ha 26 CTaHIUIX
HBaHBEKOBCKOTO, YIIHUCKOTO U PRIOHHCKOTO BotoXpanuui B aprycte 2015—2018 rr.
Bonoxpanunuiia Bepxueit Bonru, kpyrHbie OTHOCHTEIBHO METKOBOIHBIE BOJIOSMBI
(cpenssin mmyomHa 3,4-5,6 M), pacnionokeHbl MexIy 56°51' u 58°22' N, 35°55' u
38°25' E B s1ecHOi1 30HE B MOA30HAX OT XBOWHO-IIMPOKOIMCTBEHHBIX JIECOB JI0 FOXK-
HOH Taiiru. PycnoBsle MIBaHBKOBCKOE M YITIMUCKOE BOJOXPAHIIIMILA XapAKTEPU3Y-
FOTCsI CE30HHBIM PETYIHPOBAHUEM CTOKA M BHICOKOW MHTEHCHBHOCTBIO BOJOOOMEHA
(10,6 m 10,1 rox "), 03epoBrIHOE PHIOMHCKOE — MHOTOJICTHUM PETYIMPOBAHUEM CTO-
Ka ¥ 3aMeieHHbIM BomoooMerHoM (1,9 rox ) [1]. BomoxpaHmwnuina cyIecTBeHHO
pa3IHM9aloTCs MO CTETICHH 3apacTaHus BBICIIEH BOTHON pacTHTEIHHOCTEIO, 3aHUMAa-
rouied 7,4 % akBaropuu B YIIHMUCKoM Bonmoxpanunuiie, 4,1 % — B PeiOuHCKOM 1
29,2 % — B IBanbKOBCKOM (TIepcoHaNbHOE cooduieHne B.I [Tamaenkosa).

Tonmel HAOMIONEHNST B MHOTOJIETHEM DSy XapaKTePH30BAIUCH KaK TEIUIbIC.
Temmeparypa BOABL, IPEBHIIIABIIAS CPEIHIE MHOTOICTHHE TTOKA3aTeNN IS aB-
rycta [1], cocraBisina 19,9-23,7 °C, u Tonbko B PeIOMHCKOM BOJOXpaHUITHUILE B
201512017 rr. camxanace g0 16,6 u 17,7 °C. [1pu 3TOM npoXmagHbIi U TOXKJTH-
BbIi1 JeTHU# ce30H 2017 T. BBLAETSUICA HU3KOM CpeHel TemIeparypou Bo3ayxa
(12,1 mporus 13,5-14,6 °C B ocTasibHbIe TObI). CpeTHUE BETUIUHBI IPO3PAYHO-
ctu (0,8-1,1 M) u uBetHoCcTH BoAbI (40—60 Tpan.) TUMUYHEL ISl BOAOXPAHUIIHIII,
s B Aok miBoM 2017 T iBeTHOCTH yBennauBanach 10 70 rpaj.

Anamu3 Chl a BeimonHeH (ryopecleHTHBIM MeTofoM [19] B MHTErpaibHBIX
pobax, UIs TOyYeHUsT KOTOPBIX CMEIIHBAIN PaBHBIE 00BEMBI BOJIBI, OTOOPaHHOM
6aTomMeTpoM DIITMOpKa U3 Ka)I0TO METpa BOTHOM TONIIM OT OBEPXHOCTH JI0 THA.
Merton o3BOISIET OIpeneNsITh cymMmMapHoe koimmaecTBo Chl a HenmocpencTBeHHO B
MIPUPOITHOM BOJIE MO €ro COACPIKAHUIO Y OCHOBHBIX IIPEACTaBUTENEH MPECHOBOI-
HOTO (PUTOIIAHKTOHA — CHHE3ENICHBIX (IIMaHOMPOKAPHOT), AUATOMOBBIX H 3€JICHBIX
BOJIOpOCIIEi (Chlcyan, Chl,_, Chl , coorBercTBEHHO). [lanmbie 1o conepxanuto bD,
MIOTyYeHHBIE B TE XK€ CPOKM Ha TeX ke cTaHmisx 11.3. CTernanoBoii, IpUBECHHI B
coBMmecTHOU myOnukanuu [18]. IIpu craructuyeckoit 06paboTke mMaTepuaia (pac-
9eTe CPeHUX ITOKa3aTeNiel, MX MOTPEeNTHOCTeH, KOA(P(UINECHTOB KOPPEIALINHA U
Bapualluy, ypaBHEHUI Perpecchy U MOCTPOSHUsI Tpa()uKOB) MCIIOIb30BaHbI CTaH-
napTHeie nporpamMmHbie lakeTsl MS Excel u StatSoft STATISTICA. Jlns omeHKH
TECHOTHI CBSI3M TOKa3aresiell UCToNb30BaIK KO3(D(MHUIIMEHT paHTOBOW KOPPEIALUH
Crompmena. Paznmans cpeaHuX BeTHIHH OIIEHUBAIN C TOMOIIBIO #-Kputepusi CThIo-
JICHTA W CYUTAIIN CTATHCTUYICCKU 3HAYUMBIMH TIPH €TI0 3HAYCHHUSX, TIPEBOCXOASIINX
tabmuanbie pu 95%-HoM ypoBHE 3HadHMOcTH (p < 0,05).

PesysabTarsl Hccaeq0BaHuS U 00CYKIeHAE

IuppoxumudecKuil pesKiM B Kackaze BOIOXPAHWINII, 00pa3oBaHHBIX Ha pe-
Kax, TeKyIIUX B MEPUIMOHAJIHLHOM HAIPaBICHUH W MEPECEKaIOUINX Pa3InyHbIe
MIPUPOIHBIE 30HBI, (POPMHUPYETCSI TIPH B3aUMOACHCTBUN 30HAIBHBIX M a30HAJIb-
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HbIX (pakTopoB. Bonoxpanwnuina Bepxueld Boiru xapakTepu3yroTcs BBICOKUM
cogepxanueM b3 [1]. B ronsl uccrnepoBanus 0HO U3MEHSIIOCHh B OJTM3KUX TIpelie-
JIax IPU OAMHAKOBOM COOTHOLICHUH Nm[/Pm W CHIKCHHUH CPEIHUX BEIUYHH Pmt Hu
N, B Poibunckom Bonoxpanunuiie Ha 11 u 42 % coorBercTBeHHO (TadM. 1).

Ta6numa 1 [Table 1]
Ipenennnbie (1) u cpeaHue (2) 3HAYEHUS HCCIIE0OBAHHBIX MOKa3aTe el
B BooxpaHuaumax Bepxueii Boaru (2015-2018 rr.)
[The limit (1) and mean (M+m,) (2) values of the studied parameters
in the Upper Volga reservoirs (2015-2018)]

n HBanbkoBCKOE BIXP. Yruuckoe BAXp. PeibuHCKOE BAXP.
Okasarelb [Ivankovo Reservoir] [Uglich Reservoir] [Rybinsk Reservoir]
[Parameters] 1 ) 1 5 1 )
Chl a, pg/L 7,5-172 41,754 |11,9-96,7| 38,5£3,6 | 2,7-46,5 | 23,0+£2,6
Chl. , ng/L 0,5-137 26,2+4.4 | 4,0-82,1 | 27,4+£3,0 | <1-42,1 | 16,4+2,3
Chl,, pg/L 0,5-71,0 13,3£1,9 | <1-53,8 | 9,7£1,6 | <1-28,1 | 6,2+1,6
Chl_,pg/LL 0,3-8,5 2,2+0,2 <1-3,8 | 1,4+0,1 | <1-1,8 | 0,6+0,1
P_,pg/L 31-153 90+3,0 63—-124 9343 31-165 | 84+9,0
N, , mg/L 0,69-1,90 | 1,34+0,08 (0,59-1,93|1,27+0,05|0,52—1,42{0,94+0,05
N, /P, 8-57 16+1,0 8-30 14+1,0 5-36 14+2,0
0,48+0,06 B 0,42+0,04 _ 0,38+0,07
ChI/P 0,07-2,13 (0.33) 0,13-1,17 (0.41) 0,03-1,13 (0.23)
31,843,5 31,4+£2,8 24,9427
ChI/N, 3-123 (23.1) 8-79 (31.0) 4-49 (24.7)

Konnenrtpanust P, He3HaYUTENbHO MEHsIach B MIBAHBKOBCKOM M YIJINY-
CKOM BOJIOXpaHUIUIIAX, B PEIOMHCKOM OoHA yBenuumBanach B 2015 I. u cHUXa-
nack B 2016 . bonee crabunbHoe KomuuecTBO N, | TIOBCEMECTHO CHMXKAIOCH B
npoxyanaoMm 2017 1. Coxepxanue xmopoduiuia (puc. 1) THIIMYHO IS JIETHETO
MaKCHMMyMa B CE30HHOM LHKJIE (PUTOTUIaHKTOHA Bojoxpanunuil Bepxueit Bon-
ru [12].

OcHoBHo#t Bkian B ¢poua Chl a BHOCHT Chlcym (53-92% B PribunckOM BO-
noxpanmwmmie, 40-85 % B YrmmuackoM u 28-67 % B VIBaHBKOBCKOM), BTOPYIO
nosunuio 3anumaer Chly (640, 10-55 n 25-60 % COOTBETCTBEHHO), YTO CO-
TJIacyeTcsl ¢ COCTaBOM JIETHHX anbrornero3os [20]. MuauManbHOE cofepsKaHue
Chl . n makcumym Chl, - moscemectro ormedensl netom 2017 . Mexronossie
pa3nu4us B pa3BUTHH (QUTOIIAHKTOHA BOJOXPAHWIHI 00YCIOBICHBI THAPOME-
TEOPOJIOTUIECKUMHU 0COOEHHOCTSMU JIET HAOIIOACHUS U JTIOKAJIbHBIMH MTOTOAHBI-
mu ycrmousimu [12, 17, 18]. Konnenrparuu Chl a 20-30 MKT/J, TONTy4YeHHBIE
B PribunckoM Bogoxpanwmnumie B 2015 u 2018 rr., B Ymnmuckom — B 2017 1., B
NBanbkoBckoM — B 2015 I, COOTBETCTBYIOT 3BTpO(HOM Kareropuu; 35—52 MK/
(PribunCcKOe Bonmoxpanwiuie B 2016 r., Yruuckoe — B 2015, 2016, 2018 rr,,
NBanbkoBckoe — B 2016-2018 1) — TumeprpodHoi, u Tosbko B 2017 1. B PHI-
OMHCKOM BOJOXPAaHWIHIIE OHHU CHIDKAIHMCH JI0 YMEPEHHO 3BTPO(HOro ypos-
Hs —13 Mkr/n (puc. 1).
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HIBaHBKOBCKOE BIXP. VIIHYICKOS BIXp. PrIGHHCKOE BIXP.
[Ivan'kovo res.] [Uglich res.] [Rybinsk res.]
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Puc. 1. MHoroneTHre U3MEHEHUS UCCIIEI0OBAHHbIX II0Ka3aTeNlell B BOJOXPAHUIUILAX
Bepxneii Boru (M+m,); nannsie 1981-1995 rr. npusenenst no [11, 12])
[Fig. 1. Long-term changes of the studied parameters in the Upper Volga
reservoirs ((M+m, ); data for 1981-1995 are given in [11, 12])]
A-Chla, B-P_,C—N,_, D-Chl/P_, E—ChI/N

tot’ tot’

Ha stom ¢one conepxanue Chl ¢ Ha eaununy obuiero ¢ocdopa u odiiero
a30Ta U3MeHseTcs B mupokom auanasone: Chl/P_ — or 0,03 mo 2,13, ChI/N  —
oT 2,55 1o 123 npu MakcCUMaJIbHBIX B BBICOKO 3BTpo¢HOM lllommHckoM miece
NBanbkoBckoro Bogoxpanmwimma (aBryct 2018 r.). CpeaHee i1 Bcero MaccuBa
nanubix orHoenue Chl/P  cocrasnser 0,43+0,03, Chl/N, — 29,8+1,9 ¢ xoa¢-
¢unmentamu Bapuanuu 77,0 u 63,9%. [Ipeobnanaronue 3HaueHUS 000MX HHICK-
coB orpanuyeHbl 6osee y3kumu npenenamu: Chl/P  —0,10-0,50 (67% Bennuun),
ChI/N, ,— 10-40 (51%) (Tabmn. 2). DTH IOKa3aTeIu CONOCTABUMBI C TTOTYYEHHBIMH
B BomoxpaHnwnuiax Juempa [21], ozepax BenukoOpuranuu [15] u CHIA [13],
Bopoxpanmmiax Muccypu [22], ozepax @nopuzst [23].
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Tabnuna 2 [Table 2]
Yacrora Berpeuaemoctu (%o oduiero ynciaa nabaonenuii n) Chl/P,
u ChI/N, B Bonoxpanunumax Bepxueii Bosrn (2015-2018 rr)
[Occurrence rate (% of total observations ) of Chl/P

and ChI/N,  in the Upper Volga reservoirs (2015-2018)]

HBaHbpKOB- Pribunckoe BIXp.
ITokazareinb HurepBan Yrauuckoe BAXP. Rybinsk
[Parameters] [Limits] CKOC BAXP. . .| [Uglich Reservoir] [Ry ms-
[Ivankovo Reservoir] Reservoir]
n — 44 36 24
<0,2 18,0 14,0 42,0
0,2-0,5 48,0 64,0 33,0
Chl/P,, 0,5-1 25.0 19.0 210
>1 9,0 3,0 4,0
<20 9,0 3.0 8,0
20-50 73,0 19,0 33,0
ChIN,, 50-100 16,0 67,0 47,0
>100 2,0 11,0 12,0

Ocpennennoe 3a uetbipe roxa Habmonenue Chl/N, , mano pasmuuaercs B
VIBaHBEKOBCKOM 1 YTIIIUCKOM BOJOXPAaHHJIHIIAX, HO YBEIIUMBAETCs B PRIOHHCKOM;
Chl/P , yObiBaer B psiny VIBaHbKOBCKOE, YIIIMUCKOE, PHIOMHCKOE BOJOXPAHUIIHILA
(cm. Tabi. 1). Cpenaue 3Ha4EHUS 000MX OTKIIMKOB B YTIIMYCKOM BOJOXPAHUIIHIIE
1 Chl/N, B PrIOMHCKOM paBHBI CBOEH MEIMaHe U XapaKTEPU3YIOTCS YMEPEHHOM
crenensio mMeHunBoctd (Cv ~50%). Oba cpeaHnx nokaszareis B VIBAHBKOBCKOM
u Chl/P_ B PeibunckoM Bonoxpanunuiie 6onee Bapuabensubl (Cv = 76-89%) u
BBIIIE, Y€M UX MEIMAHBI, YTO CBHACTEIHCTBYET O 3HAYUTEIILHOM Pa30poce TaHHBIX
TOJ1 BO3JICWCTBAEM HEKOHTPOJIMPYEMBIX UITU HEYUTCHHBIX (haKTOPOB.

B Ka)k10M BOIOXPaHWJIUIIE HPOCIIEKMBAIOTCA MEXTo0BbIe u3MeHerus Chl/P
u Chl/N_ (cm. puc. 1). Bce makcumanbhbie nokasareny noinydesns! B 2016 1., a
MHHUMaIIbHBIC B IBaHEKOBCKOM Bogoxpanuiuie — B 2015 r., B PeIOMHCKOM — B
2015 u 2017 rr., B YrnuckoM — B 2017 u 2018 rr. CpeaHue BelMYUHBI OTKIIHU-
KOB pasnnyarorcs B 1,4-2 pasa u Tonmpko Chl/P B PribuHCKOM BOMOXpaHMIIH-
IIe — MECTUKPATHO. DTH Pa3IUyUsl CTATUCTHYCCKH 3HAYUMbI B VIBAHBKOBCKOM H
PpIOMHCKOM BOIOXpaHIIMINAX, HO HE 3HAYUMBI B YITIMUCKOM BOIOXPAHILUTHIIE.
Cymectsennas BapuabenbHocTh Chl/P B PHIOMHCKOM BOTOXPAHUIIHILE MOXKET
OBITE O0YCIIOBJIIEHA €TO HEYCTOHYMBBIM THAPOJIOTHUECKAM PEKUMOM — YacCTHIM
BETPOBBIM IMEPEMEIIHBAHIEM OOLIMPHON MEIKOBOIHOW aKBAaTOPHHU, MEHSFOIIIM
BHYTPEHHIOIO (OCPOPHYIO HArpy3Ky.

Koppensunonustii ananu3 nokaseiBaet, uto Chl/P_ u Chl/N,  TecHO cBs3anbl
Mexy coboit (puc. 2). Koaddurmentsr koppensiuu coctapnsioT 0,73 B PeiOnn-
cKoM Bofoxpanuiuiie, 0,91 — B Yrmuuckom, u 0,92 — B IBAHBKOBCKOM, a JIsI TpeX
BOIIOXPaHWINNI B Kax 1l rox Habmomenus (2015-2018) — coorsercTBenHo 0,79,
0,76, 0,87 u 0,81. O0a oTKIIMKA 3aBUCAT OT COAEPNKAHUA XJIOpodUIIa — MoKa3a-
TEIsl Pa3BUTHA (PUTOIIAHKTOHA, YTO OOBSICHSIET UX BPEMEHHBIE (MEKTOJOBBIC) H
MPOCTPAHCTBEHHBIE (II0 aKBAaTOPUH KaXKIOTO BOAOXpaHMIMINA) pa3nuuus. Hau-
oonee Tecno Chl/P_ u Chl/N _ cBasanbl ¢ cymmaprbiM KonudectsoMm Chl a u ¢
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Chlcyan, TIPH 3TOM KO3 GUITMESHTHI KOPPEIAINUU B PRIONHCKOM 1 YIJIHUCKOM BOJIO-
XpaHWIMIIAX BhlIe, yeM B MBaHbKOBCKOM (Tabin. 3). B aToM BomoeMe 0OMIBHO
Pa3BUBAIOTCS MaKpO(UTHI, KOTOPBIE MOTYT KOHKYPHPOBATh ¢ BOXOPOCIsIMH 3a BOD
(BUsIHUE 3apacTaHUM Ha OTKJIMKH YCTAHOBJIEHO AJIsl JaTcKux o3ep [24]). TecHoTta
CBSI3M HE MEHSIETCS B TOJbI HAOIIONCHHS, XOTS B IpoxyiagHoM 2017 T. cHUKaert-
cst conepakanme Chl, —(oOunme muanonpokapuot) u ysenundusaercs gost Chly
(o6mme muatoMoBEIX). [locneaHuit THITE YMEPEHHO KOPPETHPYET ¢ 0OOMMH OT-
KJIMKamu, a ko3 duiuentsr perpeccun mis 3apucumoctd Chl/P u ChU/N,  or
Chl,  BbImE, YeM OT Chlcy‘,m (puc. 3). DTO CBHICTENLCTBYET O OOJIee HHTCHCHB-
HOM roTpeOieHnn B3O anaToMOBBIM KOMIUIEKCOM WM 0OJiee BBICOKOM BBIXOJIE
Onomacchl uaroMeit (xjopoduiuia) Ha eauHUIy BD, 0cobeHHO 3aMeTHOM IS
a3oTa. JlaHHas TeH/ISHIIUsI HAaXOIUT 0OBSICHEHHE B 9KCIIEPUMEHTAX C KyJIBTypaMH,
MOKA3aBIINX PA3IMYHYI0 IMOTPEOHOCTh B MCTOYHHKAX MHHEPATBHOTO IMHUTAHHS
JMaTOMOBBIX BOJIOPOCIEH U IIMAHOMPOKAPHOT [25] u Gosiee HU3KOE MOTTIOIIECHHE
a30Ta Ha eNUHUIY OnoMacchl mocieqHux [26]. M3BecTHO, YTO IMAaHOIIPOKAPHO-
TBI MOTYT NPEOJO0NEBaTh AC(PUIUT a30Ta 3a CUET PA3BUTHUS a30T(HUKCUPYIOIIUX
BHJIOB, & TAKXKE XapaKTEePU3YIOTCS MECHBIIIEH, 110 CPABHEHHIO C TUATOMESMH, T10-
TpeOHOCTHIO B coenuHeHusx gocdopa [27].

U3 cBasu ¢ xnopoduitom ciexyet, uto Chl/P n Chl/N  mensrores B Bogax
pa3HOH TpOodHH, KOTOPYIO CYUTAIOT BaXKHBIM (paKTOPOM U3MEHUYMBOCTH OTKJIMKOB
[28, 29]. i3MeHeHHEe OTKIIMKOB 0 TPO(PHUECKOMY TPAJIUCHTY YCTAHOBIICHO IS
Bogoxpanwin Muccypu [30]. MI3BecTHO, YTO peYHBIE CHCTEMBI HE UCITBITHIBAIOT
nedurmra b [31], 1 BomoxpaHWINIIA, CO3JaHHbBIC HA KPYITHBIX PEeKax, COXpaHsi-
10T 3Ty OCOOCHHOCTB. 3a CUET 3HAYUTENILHON BHEITHEH U BHYTPEHHEH Harpy3ku
BOJDKCKHE BOJOXPAHWININA XapaKTePH3YIOTCs BEICOKUM conepxanueM b9, ¢ xo-
TOPBIM PEJIKO KOPPEIUPYIOT OKa3aTelH Pa3BUTHS (UTOIUIAHKTOHA, B YACTHOCTH
cozepxanue xiopopmmia [11, 12, 18].
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Puc. 2. Bzaumocssa3b Chl/Pwl u Chl/P[m B BoZoxpaHmuiax Bepxueit Bonru
(I — NBanbKoBcKoe, 2 — Yruuckoe, 3 — Peibunckoe. R*= 0,67)
[Fig. 2. Correlation between Chl/P_ and Chl/P,_ in the Upper Volga reservoirs

tot tot

(I — Ivankovo Reservoir, 2 — Uglich Reservoir, 3 — Rybinsk Reservoir. R?2= 0,67)]
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Tabauma 3 [Table 3]
Ko puuunentnst panrosoii koppeasiuun Chl/P,  (nan yeproit) u Chl/P
(mox 4yepToii) ¢ pakTopamu cpeabl B Boroxpanuwnmax Bepxuei Bosru
[Rank correlation coefficients of Chl/P . (above the line) and Chl/P,  (under the line)
with environmental factors in the Upper Volga reservoirs]

Bopoxpanunuie [Reservoir]
[Toka3zarens VBaHb- Void- | PbiOUH- Bce Bogoxpanunuia
[Parameters] KOBCKOE cKoe cKoe [All three reservoirs]
[Ivankovo] [Uglich] | [Rybinsk]
Tonp! [Years] 2015-2018 2015 2016 2017 2018
n 44 36 24 26 26 26 26
s 0,30 0,35 0,38 0,37 0,37 0,37 0,37
Chla 0.45 0.68 0.81 0.83 0.76 0.93 0.83
0,44 0,73 0,87 0,97 0,98 0,88 0,80

P -0,17 0,07 -0,75 -0.43 -0,60 -0,26 -0,01

tot 0,05 0,21 -0,20 0,13 -0,19 -0,12 0,17
N 0.21 =0.12 0.23 0.34 0.25 0,11 0,07

tot 0,05 -0,27 -0,09 0,20 0,17 -0,23 -0,22
N /P 0.36 =0,04 0,72 0.51 0.79 0.29 0.16

tot ™ tot 0,05 -0,39 0,11 -0,04 0,31 -0,14 -0,35
[y6uHa 0,40 0,18 0,18 0,23 0,21 0,35 0,08
[Depth] 0,31 0,14 0,01 0,12 0,26 0,23 0,21
Tenre- 0.19 020 | 075 | 050 | 008 | 060 | 023
parypa 0,13 0,33 0,39 0,28 0,30 0,56 0,14
[Temperature]
Hpospari- 013 | —033 | 004 | 002 | 014 | -044 | 038
Hoctb 0,19 031 | -0,16 | -038 | -0,12 | —037 | -0,29
[Transparency|
[seTHoCTH =0.17 =013 =0,10 0,01 =028 | =044 0,02
[Color] -0,13 -0,17 -0,18 0,07 -0,46 -0,43 0,09

IIpumeuanue. n — 9nciIo HaOIFOICHUN
(p < 0,05).

[Note. n - Number of observations, r, . - Tabular value of the correlation coefficient (p < 0.05)].

» Ty 0 — TAOIMUYHOE 3HaYCHHE KOI(PHLMEHTa KOPPeIALUH
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Xo1/Pobm, OTH.€1I.
[ChL/Ptet, rel.units]
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[Chl/Ntet, rel.units]
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Puc. 3. Cease Chl/N,  (4) u Chl/P_ (B) c cymmapueim conepsxanuem Chl a (1),
ChlCyan (2) u Chl, (3) B Bomoxparumumax Bepxueii Bormru B 2015-2018 rr. (n = 104).
[Fig. 3. Relation of ChI/N,  (4) and Chl/P_ (B) to the total Chl content (1),

Chl.,  (2), and Chl, (3) in the Upper Volga reservoirs in 2015-2018 (n = 104)

Cyan

ChI/N,, = 7,28 + 0,63 Chl (R = 0,80) Ch/P,, = 0,059 + 0,010 Chl (R? = 0,72)
ChUN,, = 13,3 +0,69 Chl_ (R=0,64) ChI/P,, = 0,142+ 0,012 Chl,,,, (R?=0,64)
ChUN,, = 19,3 + 1,04 Chl,_(R* = 0,38) ChI/P,, = 0,290 + 0,014 Chl,_(R*=0,21)
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B 3Tux ycnoBHSX MMEHHO XJIOPOQIIUI aIeKBaTHO OTpakaeT TpodudaecKuit
CTaTyC BOJIOEMOB U CITY>KUT €T0 MapKEePOM.

B Bomoxpanmnumax Bepxueit Bonru, kak u B npeapiaymniue ronasl [12], Be-
smuunel Chl/P u Chl/N, | yBenuuusarorcs ¢ poctom Tpopuu (tadin. 4). Oba mo-
KazaTeysl CTATUCTUYECKU 3HAUNMO HE Pa3InvaloTcs B ME30TPO(HBIX U YMEPEHHO
3BTPO(MHBIX BOJIAX, HO CTAHOBATCS CYIIECTBEHHO BBINIE B SBTPOMHBIX M BBICOKO
3BTPOQHBIX, CBHICTEILCTBYS O OoJiee 3PPEeKTHBHOM HCIIONB30BaHHU b3, MoxxHO
MPEANOI0KUTh, YTO KOJMYESCTBO TOCICAHNX HE OIPAHUYMBACT POCT (PUTOILIAH-
KTOHA NpH ero HeBbIcokoM (<15 mkr/m Chl a) obumuu, T.e. B ME30TPODHBIX U
YMEPEHHO IBTPOGHBIX YCIOBUIX, HO YCHIIMBAECT KOHKYPCHITUIO 32 MHHEPATBHOE
MUTAaHUE TIPH MHTCHCHBHOM Pa3BUTHH BOIOPOCIEH, COOTBETCTBYIOIIEM 3BTPOd-
HBIM H BBICOKO 3BTPO(dHBIM ycioBusaM. [Ipu aTom camo conepxanne BD mano
MEHSETCSI TT0 TPAJUCHTY TPO(HHU: I OOIIETO a30Ta B THIIEPTPOGHBIX BOJAX OHO
yBenuuuBaeTcs Ha 9 %, B monuTpodHbIX — emle Ha 19 %, a obero ¢pocdopa — Ha
10% ¥ TONBKO B HOMUTPO(HBIX yCIOBISIX (Tadi. 4). MI3BecTHO, YTO B BOZax ¢ pas-
HBIM TPO(QUIECKUM CTATyCOM MEHSIOTCS TPOPHUICSCKUE B3aUMOICHCTBHUS, KOTOPBIE
TaKoKe BIIIOT HA M3MEHEHUE OTKINKOB. bonee HI3KIe Ko UIEeHTE Koppes-
un oTKInKoB ¢ Chl @ mony4yensr Hamu [Uist MIBaHBKOBCKOTO BOJOXPAHMIINIINE, TTE
OOMJIBHO Pa3BUBAETCS BBICIIAS BOJHAS PacTUTENbHOCTE. Bepxuuit nopor ChI/N
oTpaxkaeT Bapuanuu 6uomaccel purorutankrona [29], Beicokue Chl/P | nabmona-
0T [IPU «IIBETCHUI) BOIOEMOB H YBEIIMUCHIH OOWIIHS HUTUATHIX ITHAHOIIPOKApH-
OT, a TaKKe NIPU CHUXKEHUU Ipecca 300IUIaHKToHa [15, 23].

Tabnuna 4 [Table 4]
M3meneHue Hec/IeIOBAHHBIX NI0Ka3aTe1eill B Bogax pa3sHoii Tpodun, onenennoii no Chl a
[Changes in the studied parameters in waters of different trophy estimated by Chl a]

Tpoduueckuii
craryc Chla, pg/L.| Chl/P ChI/N,, | P ,ung/L N ,mgL| N /P
[Trophic state]

Me3orpodHsrit
[Mesotrophic]
‘YMepeHHo
3BTPODHBII 10-15 0,19+0,02 | 14,5+1,8 | 90+10 |1,19+0,10 13£2
[Moderate eutrophic]
OBTpOQHBIA
[Eutrophic]
T'uneprpodHbIii
[Hypertrophic]
Tonutpodusiii
[Polytrophic]

<10 0,15+0,02 | 11,1+£1,3 79+6 |1,19+0,22 16£3

15-30 |0,36+0,02 | 25,8+1,4 87+4 |1,16+0,04 1541

30-60 |0,53+0,03 | 35,7+1,5 91+5 |1,29+0,06 15+1

>60 1,03+0,12 | 66,2+6,0 | 100+13 |1,54+0,12 1743

IIpu snauntensHom quanaszone Chl/P n Chl/N, nx MakcuMaibHbIE 3HAYEHHS
JIOJDKHBI OTMEYAThCs NIPU MOBBIIIEHHOM cojiepxkaHun ¢ocdopa (1o gaHHbM [22],
Chl/P_, >1 B ocnoBHOM mpu P >150 mkr/mm). B 510l cutyanmnm Bemymiei crano-
BUTCSI poJb JPYTUX JUMUTHPYHOIUX (hakTopoB [23], B yacTHOCTU oOecreueH-
HOCTBH a30TOM WJIH CBeTOBEIE ycnoBus [29]. OmHako B BogoxpaHuiumax Bepx-
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Heit Bonru B peasibHOM Jariasone P, TpeTh KOHIIEHTpAI|ii KOTOPOro MPEBBIIIAcT
100 mxr/n, makcumasbhbie Chl/P  momydenst ipu P <50 mxr/n. C poctom nocnen-
nero 10 100 mxr/n Bemmaunsl Chl/P - cHibkarorcs BBoe, a Bbime 100 MKr/m — emme
Ha 20% (tabmn. 5). Takas TeHAEHLMs €CTECTBEHHBIM 00pa3oM BBITEKaeT U3 Criocoda
pacuetaN /P .

K BaxubM (akropom usmenuusoctu Chl/P  otHOCAT M conepxanue oOrue-
ro azora [23]. Ho Hamm pe3ynapraThl yKa3bIBAIOT JIHMIIb HA HE3HAYUTEIHHOE yBE-
mmyenure Chl/P_ ¢ poctom N, : B 1,3 pasa npu 1,0-1,5 mr/n u eme na 11% npu
Oonee BBICOKMX KOHIEHTpanusx. MiHTepecno ormetuts, uto Chl/N,  He MenseTcs
BO BCeM Jmanasone P u N . B To e Bpemst 00a OTKIIMKa J1EMOHCTPHPYIOT BbIpa-
KEHHBIE U3MEHEHMS 10 rpaauenTy N, /P, KOTOpBI CIIy’KUT HE TONBKO IIOKa3aTe-
JieM OMOTE€HHOTO JIMMUTUPOBaHUS (PUTOIIIaHKTOHA [32, 33], HO M CAMOCTOSITENbHBIM
(hakTOpOM, PETYAHPYIOIIUM pa3BHTHE Bomopociel [34]. HecMmoTpst Ha BBICOKHE
koHueHTpamu N, 1 P B Bonoxpanuminax Boaru, poct Bogopocieii MokeT ObITh
OTpaHMYEH HAMYUEM JIOCTYIHBIX popM BD. Munnmanbras semauna Chl/P or-
MeYeHa Ipy BEPOSTHOM a30THOM JimmuThpoBanuu (Chl/P <10 mo macce), a Makcu-
mym Chl/P v murmmym Chl/N | —nipu nepumure pocdopa (N, /P >15) (Tabu. 5).
CrenoBarenbHO, 3(p(eKTHBHOCTD UCIIONB30BaHUS B3 onpenensiercs odecneueH-
HOCTBIO HMU KIIETOK Bojiopocieid. [Ipu atom ¢uromnankron Bepxueit Bonru, Be-
POSITHO, MEHEe YyBCTBHUTEINICH K HAJIMYHUIO a30Ta U B OOJIBLIEH CTEIIeHH 3aBUCUM
oT coeauHeHu# pocdopa.

Ta6numa 5 [Table 5]
Hsmenenue ChlI/P_ u Chl/P, 1o rpaauenTy 001ero azora,
odurero gocopa U X COOTHOLIEHUS
[Changes in Chl/P_, and ChI/P_ along the gradient

of total nitrogen, total phosphorus and their ratio]

N,.mgL| chp [ cnnN, [P pg| cave, [ can, [N P [ chrp, [ chnN
<1 06?06; 2;‘%* <50 06?16; 243426 <10 |0.20+0.03|24.443 8
1-1,5 00’?’05: 2;:;* 50-100 06?(?: 23,042,4 | 10-15 |0,290,02|22,9+1,8
Lis | 030% | 212% || 027k {0 ] 15720 04540,10]25946.1

0,07 4,0 0,03 >20 [0,52+0,10(18,5+2,8

OT 0000IIICHHO!N KapTUHBI OTIIMYACTCS CUTYallUsl KaK B OTJEIBHBIX BOJOEMAX,
TaK M BO BCEX TPEX B pa3HbIC robl HaOMroAeHUS (cM. Tabu. 3). B PeidbrHCKOM BOsIO-
XpaHWINLIE Chl/Pwt TECHO CBSA3aH C COACPKAHUEM Pmt Y1 COOTHOIIIEHHEM NwtfPtm; B
YouckoM U MIBaHBKOBCKOM BOAOXPAHWIMINAX OT Nm/Pm CTaTUCTHYECKH 3Ha-
unmo 3aBucaT coorBeTcTBeHHO Chl/N, 1 Chl/P_. B mexronoBom acnekre cra-
THCTHYECKM 3Hauumast cBa3b Chl/P_ ¢ P u N /P _ Bbiseiaena B 2015 u 2016 r.,
Torja Kak BiusHue N, Ha 00a OTKIMKa He npocnexusaercs. Koppensius or-
KIIMKOB MEX1y cOOOM M B psijie ClIydaeB C Nm/Pm TIOATBEPKAAET MPEATIONOKEHUE
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00 WX 3aBUCUMOCTH OT 00ECITEYCHHOCTH BOJIOPOCIICH OUOTeHHBIM MuTaHueM. B Oora-
TeIX (hocopom o3epax u Bopoxpanwmuiax auskue Chl/P, u Beicokue ChU/N,  mo-
TyT OBITH OOYCIIOBIEHBI TaKXKe HAIMYHMEM MHHEPaIbHOH B3BECH, A30THBIM JIH-
MUTHPOBAHUEM WM TPOPUUECKUMU B3auMoseicTeusiMu [15, 22]. TIpu BeicokoM
cozepkaand BD QuTomTaHKTOH MOXKET He pearupoBaTh Ha MX M3MCHEHHE H B
OosnbIeil CTeNeHN UCIBITHIBATh BIUSHUE APYTHX (akTopoB [35], onMHAKO TakUX
cBefeHni HeMHOTo. OTKIMKH MOTYT 3aBHCETh OT MOP(HOMETPHUUECKHUX ITOKa3a-
Tenell — NTyOUHBI U MJIOINAAN BOJJOEMOB, CEIUMEHTALMOHHON HAarpy3KH, OT CBE-
TOBBIX W TEMIIEPATYPHBIX yCIOBUH, IIBETHOCTH [ 15, 22, 36]. B Bomoxpanmmuiax
Bepxwneit Bonru 06a oTKIMKa B HE3HAUUTEIBHON CTETIEHH CBS3aHbI C THAPOJIOTH-
yeckuMH (hakropamu (cM. TabiI. 3). DTa TEHACHIUS MPOCICKUBACTCS IO 4-JIeT-
HUM JaHHBIM AT KQKI0T0 BOAOXPAHUIIMIIA, a TAKXKE B MEKIOJOBOM aCIEKTE —
[0 AaHHBIM, OOBEAMHEHHBIM IS TPEX BOMOXPAHIIIHII IO TOAaM HaONIONCHUS.
YMepeHHasi OTpHULATENbHAsT KOPpENsus ¢ IIyOMHOH, OTpaxarouied ycloBUs
MepeMenIBaHus, 111 000NX MoKa3areliel moxydeHa B VIBaHPKOBCKOM BOZOXpa-
Hunuie. OT TeMnepaTrypsl OHHM 3aBUCAT TOJIBKO B PHIOMHCKOM BOIOXpaHUIHILE
(Chl/P_, — tecno, Chl/N, _ — yMepEHHO), NPO3pa4HOCTh M IIBETHOCTh HA OTKIHMKH
He BIUSIOT. B MeXronoBoM acnexre cutyanus Mmeasercs. B 2015, 2016 u 2018 rr.
MONy4YeHB! OTIEIbHBIE CTATHCTHYECKH 3HaIMMble KOd()OUINEHTH KOpPEIsIun
Chl/P_, ¢ Temneparypoit u nmpo3paqnocThio Bojpbl, Chl/N,  — ¢ mpo3padyHOCThIO U
nBeTHOCTHIO. B 2017 I. ipu poXiagHo#H Moroje, O0JIBIIOM KOJIMYeCTBE 0CAIKOB
U MIOBBIIICHHOM IBETHOCTH BOJBI [ 18] 00a OTKNMKA 3aBUCST OT TEMIIEPATypHBIX U
MO/IBOAHBIX CBETOBBIX YCIOBHH.

PetpocnexTuBHBIN aHanu3 (cM. puc. 1) moxassiBaeT, 4To B 1IBAHBKOBCKOM BO-
noxpanwnuine B 2015 1. 06a OTKJIMKa CpaBHUMBI C MTOKA3aTEISIMHA TPEABLTYIIAX
net, aB 20162018 rr. cranu cyniecTBeHHO Bhmle. [To-Bunumomy, Oosee BEICOKasT
MHTEHCUBHOCTH NOTpeOneHust b2 GUTONMIaHKTOHOM BOJOXpaHMININA B MOCIEN-
HUE TOJIbI CBS3aHA C BO3POCIICH KOHKypeHIuel ¢ MakpopuTtamu. B Yrmumuckom
BOJIOXpaHWIIHIIIE 00a OTKITUKA, KaK M collepkaHue xyiopodunia [ 17], 3SHaYnTeIbHO
BBIPOCIH 32 25-I€THUH NEPUOA, YTO COOTBETCTBYET MOBBIIIEHUIO TPOHHUECKOTO
cTaTyca 1 Iepexofy Me30Tpo(HOTO paHee BOTOXPAHMIIHIIA B Pa3ps] IBTPO(HBIX
[12]. B Peibunckom Bomoxpanunuiie cpeauue sennunnbl Chl/P  u Chl/N,  co-
MMOCTAaBUMEI C JAaHHBIMU Tpeaslrymux JeT [11] u aumb makcumansabie B 2016 T
MPEBOCXO/AT UX. 3HAUUTENIbHBIC MEKTO/IOBBIE KOJIEOaHUS OTKIIMKOB B 3TOM BOJIO-
eMe 00yCIIOBJICHBI YePeI0BaHNEM TIEPHUOAOB C PA3HBIMH ITOTOIHBIMHU YCIOBHAMH.
INoBbImeHHas THAPOAMHAMUYECKAsE AKTUBHOCTb, XapaKTEpHast 111 MHOTOBOIHBIX
JIeT ¢ mpeodaiaHieM UKIOHAIBHOH MOTO/bl, IPHBOANT K MOCTyIUIeHUI0 bO u3
JIOHHBIX OTJIOXKEHHUH, TOT/a KakK MpH NpeoOIaJaHuy MITWIEBBIX YCIOBHH B XKap-
KH€ MaJIOBOAHBIC TOJIBI MX 3aIac B TOJIIE BOIBI MOXKET OBITH HCUEpIIaH.

3akjr0uenune

B BogoxpaHuMnmMmax, cO3AaHHBIX Ha KPYIHBIX PEKax M HE MCIBITHIBAIOLINX
OMOTEeHHOTO Jc(QUINTA, HE BCETNa MPOCIICKHBACTCS HEMOCPEICTBCHHAS CBS3b
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MEXIy pa3BUTHEM (PUTOIIIAHKTOHA (coepikaHueM xyopodmnia) u b3, uro cBu-
JIeTEeNbCTBYET O CJIOKHOM M MHOTOKOMITOHEHTHOM XapaKkTepe MX BIMSHHS Ha BO-
JIopocii. B 3TuX yCIIOBHAX MONE3HBIM HHCTPYMEHTOM JUIS TIOJTyYCHHUS KOJIIYe-
CTBEHHBIX 3aBucuMocterd Mexay Chl a u BD npu ananuse cocTosSHHUS BOAOEMOB
U TIPOTHO3MPOBAaHWN W3MEHEHHH HX TPOQPHUYECKOTO CTaTyca CIYKaT «OTKIHKH
(uronnankrona» — ornoumenue konuenrpanuii Chl/P u Chl/N, . B MBanbkos-
CKOM, YTIIM4YCKOM M PrIOMHCKOM BomoxpaHwiumax (Bepxuss Bonra) mpu mmu-
pOKOM JiHanaszone oboux mokasarenedl cpennue 3nHadenus Chl/P - cocrasmisror
0,48+0,06; 0,42+0,04 u 0,38+0,07, Ch/N,_ — 31,843,5; 31,4+2,8 u 24,942,7 co-
OTBETCTBEHHO. B Ka)k1IoM BOIOXpaHHJIMILIE HPOCIIEKUBAIOTCS MEKIOOBEIE U3-
menenus Chl/P_ u Chl/N,_, TecHo cBA3aHHBIX MexkTy coboit (R* = 0,67), a Takxke
¢ coneprxanuem Chl a (R*= 0,72 u 0,80). 13 cBsA31 ¢ XIOPOYUILIOM CIEAYET, 4TO
ornomenuss Chl/P_ u Chl/N  mensiorcs B Bogax pasHoit Tpopuu. Craructaye-
CKH 3HaYMMO He pa3jInyasich B Me30TPO(HBIX 1 YMEPEHHO 3BTPO(MHBIX YCIOBHAX,
OTKJIMKH CTAHOBSITCSI CYIIECTBEHHO BEIIIE B ABTPO(HBIX M BEICOKO ABTPODHBIX,
CBHUJIETETBCTBYS 0 Oonee 3¢h(heKTUBHOM HcHoNb30BaHUM B ¢ poctoM Tpodu-
geckoro craryca. O0a OTKIIMKa B HE3HAYUTEIFHON CTEICHU 3aBHCAT OT THIPO-
JIOTHYECKHMX (aKTOPOB, a Takxke OoT coaepxanus P u N, HO 1eMOHCTPUPYIOT
BBIPAKECHHBIE M3MEHEHHUS 10 Tpaauenty N /P . KOTOpBIH CIIyKHT MoKasareaeM
OMOTEHHOTO JTMMHUTHUPOBAHUS (UTOIUIAHKTOHA M (PaKTOPOM, PETYITUPYIOIIUM pa3-
BUTHE BOAOPOCHEN. PEeTpOCIEKTUBHBIN aHaIu3 JIEMOHCTPHUPYET YBEIHYCHHUE B
nocnennue roasl Chl/P, u Chl/N, B ByX pyClIOBBIX BONOXPaHHIIMINAX, YTO CBU-
IETENBCTBYET O BO3POCIIeH HHTEHCUBHOCTH TOTpednenus BD ¢uroruiaHkToHOM
NPU KOHKYPEHIIMH ¢ MakpoduTaMu B VIBAHBKOBCKOM BOIOXPAHHJIMILE U COIIPOBO-
JKITaeT TOBBIIICHHE TPOPHUIECKOTO cTaryca YIIIHMUCKOTO BOMOXPAHUIIHUINA, IIepe-
IIE/IIIET0 U3 ME30TPO(GHOTO COCTOSIHUS B 9BTPO(QHOE. 3HAYNTENEHBIE MEKTO/IOBBIE
KOJIEOaHMS OTKIMKOB B 03¢pOBUIHOM PHIOMHCKOM BOZOXpaHIIIAIIE 00YCIOBIICHBI
€ro HeyCTOHYHMBBIM I'MAPOJIOTHYECKHM PEXHUMOM IIPH YepeJOBAHUU TIEPHOJIOB C
Pa3HBIMH IIOTOIHBIME yCIOBHSAMH, YTO IPUBOIUT K NOCTYIUICHHIO BD 13 JOHHBIX
OTJIOXKEHHH NpH BETPOBOM IEpEeMENINBAaHUM M MCUEPIaHHUIO MX 3aIaca B TOJIIe
BOJIBI MpH ITHIAX. TakuM obpasom, otnomenus Chl/P _ wu ChlI/N  mossonsior
MPOAHaIN3UPOBATh CBA3b Pa3BUTHS (PUTOIUIAHKTOHA C cojiepkanueM b0, orieHHuTh
3¢ GEKTHBHOCTD HX HCIIOB30BaHUS M 00ECIICUEHHOCTh MU KIICTOK BOJJOPOCIIEH,
a TaKke 3aKIIF0YNTh, 4TO (PUTOILIaHKTOH Bepxueit Bonru MeHee uyBCTBUTEINCH K
HAJIMYMIO a30Ta M B OOJIBIIEH CTETICHH 3aBUCHM OT COeIMHEHHHU (pocdopa.
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Assessment of the relationship between chlorophyll content
and biogenic elements in large lowland resevoirs

In the second half of the 20th century, with increased rates of eutrophication,
universal quantitative relationships between the content of biogenic elements and
chlorophyll (Chl) were obtained, which serves as a marker of algae biomass, as well as
an indicator of the trophic status of water bodies. Most of these studies were performed
on lakes, however, the patterns and ratios found for lakes were not always observed
in reservoirs, young ecosystems with high development dynamics. Long-term studies
of phytoplankton productivity are carried out in the reservoirs of the Upper Volga.
These studies have shown that a direct relationship of Chl with total nitrogen (N, ) and
phosphorus (P ) is rarely found and is at low correlation coefficients. A more successful
attempt was to indirectly assess this relationship using the ratios of Chl/P,_ and ChI/N_,
which was named “phytoplankton response” (Vinberg, 1987) corresponding to the term
“efficiency” (Kalf, Knoechel, 1978). Our first data on Chl/P _ and Chl/N,_ in the Upper
Volga reservoirs refer to 1980-1990 (Mineeva and Razgulin, 1995; Mineeva, 1993;
Mineeva, 2004). At present, new data have been obtained, which have made it possible
to follow long-term trends in the development of phytoplankton in the reservoirs of the
Upper Volga in connection with the availability of biogenic elements under variations
in the trophic status of the reservoirs.

Samples were collected in August 2015-2018 at 26 stations in three large reservoirs
of the Upper Volga (56°51'-58°22'N, 35°55'-38°25'E): Ivankovo, Uglich and Rybinsk
reservoirs. Chlorophyll content was determined by the fluorescence method (Gol’d
et al., 1986) in integral water samples taken from the surface to the bottom. Data on
biogenic elements obtained at the same time by Dr Irina Stepanova are given in our
joint publication (Mineeva et al., 2021). The standard software packages for a personal
computer were used for statistical processing (calculation of mean values and standard
error of the mean (M=m,,), correlation and variation coefficients, regression equations
and graphing).

In this research, we revealed that nutrient content in the Upper Volga reservoirs
varied within similar limits, the average N /P, ratio was the same, and the average
values of P, and N, decreased in Rybinsk reservoir. Chl content was typical of the
summer phytoplankton maximum in the Upper Volga reservoirs (See Table I). P
content did not change much in Ivankovo and Uglich reservoirs, but in Rybinsk
reservoir it increased in 2015 and decreased in 2016. The more stable content of N,
decreased a little in the cool 2017. Chl concentrations of 20-30 pg/L obtained in Rybinsk
reservoir in 2015 and 2018, in Uglich reservoir in 2017 and in Ivankovo reservoir in
2015 correspond to the eutrophic category; concentrations of 35-52 pg/L (Rybinsk
reservoir in 2016, Uglich reservoir in 2015, 2016 and 2018, Ivankovo reservoir in
2016-2018) - to hypertrophic category, and only in 2017 in Rybinsk reservoir did they
decrease to a moderately eutrophic level of 13 ng/L (See Fig. I). It was found out that
under these conditions Chl content per unit of biogenic elements varied in a wide range:
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Chl/P_, from 0,03 to 2,13, ChI/N,  from 2,55 to 123, with maximum values in the highly
eutrophic Shosha reach in Ivankovo reservoir (August 2018). ChI/N,  slightly differed in
Ivankovo and Uglich reservoirs, but increased in Rybinsk reservoir; Chl/P,_ decreased in the
range of Ivankovo, Uglich and Rybinsk reservoirs (See Table ). Most of both ratios belong
to narrower limits: 0.10-0.50 for Chl/P _ (67% of all values) and 10-40 for ChI/N_ (51%)
(See Table 2). The average Chl/P | ratio for the entire data set is 0.43+0.03, and Chl/N
is 29.841.9 with variation coefficients of 77.0 and 63.9%. The interannual changes (See
Fig. 1) show that all the maximum ratios were obtained in 2016, while the minimum in
Ivankovo reservoir was in 2015, in Rybinsk reservoir in 2015 and 2017 and in Uglich
reservoir in 2017 and 2018. Our results demonstrate that both ratios correlate with
each other (See Fig. 2), as well as with the Chl content (See Fig. 3). The correlation
of both ratios with Chl weakens in Ivankovo reservoir, probably due to the abundant
development of macrophytes. We can observe the same in all reservoirs in the cool
2017 with a decrease in ChlCyzm (the abundance of cyanoprokaryotes) and an increase
in the proportion of Chl,  (the abundance of diatoms). Both ratios are insignificantly
dependent on hydrological factors as well as on P_ and N content, but the situation
can change in individual reservoirs and in different years of observation (See Table 3).
As it was demonstrated, both ratios increase with the growth of trophy estimated by
Chl. They do not significantly differ in mesotrophic and moderately eutrophic waters,
but become much higher in eutrophic and highly eutrophic waters, indicating a more
efficient consumption of nutrients in the latter. At the same time, P, and N change
little along the Chl gradient (See Table 4). Chl/P decreases with the increase in P and
grows slightly with the increase in N _; Chl/N does not change over the entire range of
P and N, _; but both ratios vary along the gradient of N /P (See Table 5) that serves
as an indicator of the biogenic limitation of phytoplankton and a factor regulating
the development of algae. A retrospective analysis shows significant interannual
fluctuations of both ratios in Rybinsk reservoir and a tendency to increase them in
Uglich and Ivankovo reservoirs (See Fig. 1).

Thus, Chl/P , and Chl/N,  ratios are useful for analyzing the relationship between
the development of phytoplankton and nutrient supply that is necessary in order to
assess the efficiency of their use and their availability to algae cells. The results obtained
allow us to conclude that phytoplankton in the Upper Volga reservoirs is less sensitive
to the presence of nitrogen and more dependent on phosphorus.

The paper contains 3 Figures, 5 Tables and 31 References.

Key words: phytoplankton; chlorophyll; total nitrogen; total phosphorus; Chl/P
and ChI/N_ | ratios; reservoirs of the Upper Volga.
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