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TEXHOJIOI'Y A BBIPAIIIUBAHU A
MOPCKOH MUKPOBOJOPOCJIA TETRASELMIS VIRIDIS
NP ECTECTBEHHOM OCBEHIEHHUN
N MUHNMAJIBHBIX TEXHUTYECKUX 3ATPATAX
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I'maBHO¥ MPUYMHON MEJICHHOTO BHEIPEHHSI HAyYHBIX pa3pab0TOK MOPCKOH aJIbTOTEXHOJIOIHH B IPO-
MBILIUICHHYIO MIPAKTHUKY SIBJISIETCS OTCYTCTBHE CHUCTEM, MO3BOJISIOMIMX IMOJTydYaTh OMOMAacCy MHUKpO-
BOJIOPOCIIEH B KOJIMUYECTBAX, KOTOpble HEOOXOIUMBI [T UCCIIEA0BaHNS IOTEHIIMATIBHBIX POAYKTOB
U Uil OTPaOOTKH MPOMBIIIIIEHHONW TEXHOJIOTUM UX MPOM3BOACTBA. Takue CHCTEMBI MO3BOJISIOT 3HA-
YUTEJIPHO CHU3UTh SKOHOMUYECKHUE 3aTpaThl Ha CO3/IaHUE U TOAJIEepkKaHue OJaronpusiTHBIX aOUOTH-
YECKUX YCJIOBMM [UIsl BHIPAIMBAHUSI MUKPOBOIOPOCTEH B MPOMBIIUIEHHBIX MaclITadax, MOCKOJbKY
B KauecTBE MCTOYHMKA OCBELICHWs MCIOJIB3YETCSl SHEpPrusl COJHLA. B craTthe mpemioxeH crnocod
BbIpalllMBaHUsI MOPCKOM MUKpoBoaopociu Tetraselmis viridis ipu eCTECTBEHHOM OCBEILIEHUM U MU-
HUMaJIbHBIX TEXHUYECKHUX 3aTpaTax. ABTOpamu pa3paboTaHa MOOWJIbHAS YCTAHOBKA Uil KYJIbTHUBH-
POBaHMS MOPCKMX MMKPOBOAOPOCTEN U ISl MCCIEAOBAHUS MX POCTOBBIX XapaKTEPUCTHK B YCJIO-
BUSX €CTECTBEHHOIO OCBelleHUs. [aHHYI0 YCTaHOBKY IpEJJIaraeTcsl WCIOJb30BaTh IPU MEPEXOIe
OT J1aGOPATOPHBIX MacIITa00B KyJIbTUBMPOBAHMSI MHUKPOBOJIOPOCIEH K MPOMBIIUICHHBIM. [IpuBene-
Hbl OCHOBHbIe TpeOOBaHMS, KOTOPHIM JOJUKHA YIOBJETBOPSTH MOOWIBHAS YCTaHOBKA, U OOOCHO-
BaHME €€ KOHCTPYKLMH AJS MPOMBIIUIEHHOIO BBIPAIMBAaHUS aJIbIOJOTMYECKH YHUCTOW KYJIBTYpBI
T. viridis. PazpaboTana TEXHOJIOTHS, MO3BOJISIIONIAS OOECTICUNTh OPraHMU3aIMIO TpoLiecca KyJIbTUBH-
poBanus T. viridis ¢ MAKCMMAIbHO# TPOU3BOIMTENBHOCTBIO KYJIBTYPHI 5,7 I-M~2-CyT™ ! 1 IIOTHOCTHIO
271,6 mupn KL-M2 (R? = 0,99). Jana CpaBHHTEJIbHAS OIICHKa OMOXMMHYECKOTO0 COCTaBa M KUHE-
THUYECKUX XapaKTepUCTUK pocta T. viridis mpu BhpaliMBaHUM B MOOWJILHOHN YCTaHOBKE B YCJIOBH-
SIX €CTECTBEHHOI'O OCBENICHHSI M B JIAOOPATOPHBIX KYJIbTUBATOPAX IPU MOCTOSIHHOM MCKYCCTBEHHOM
OCBEILECHUU.

KiroueBble ciaoBa: MukpoBojpopociu, Tetraselmis — viridis, HakonMTelbHas  KyJbTypa,
MPOLYKTUBHOCTh, TPOMBILIUIEHHOE KYJIbTUBUPOBaHNE

WHTeHCHBHOE KYJIbTUBUPOBAHME MUKPOBOAOPOCIEH B OTKPBITBHIX BOJOEMAX MPOBOASAT B OCHOBHOM
IJIsl TIONTy4eHus Oromacchl U ucnolib3oBanus eé B mumly [['yaeunoud, boposkos, 2012; Benemann,
1992; Chaumont, 1993], s npuMeHeHUsI B Ka4eCTBE MCTOUYHUKA ChIPbsl [IJIs1 MPOU3BOCTBA XUMMU-
YECKHMX BEILECTB M MCIOJIb30BaHUs UX B (papMarieBTHUYecKor npomsliiuieHHocTH [JKoHnmapesa, Tpen-
kenmny, 2019; Demmig-Adams, Adams, 2002], a Takxe pis ouncTku ctouHbiXx Boj [de la Noiie
et al., 1992; Dobrojan, 2010; Markou, 2015]. I'1aBHOM NPUYMHOM MEMJIEHHOTO BHEAPEHUS] HAYYHBIX
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Pa3pabOTOK aJIbTOTEXHOJIOTUU B MPAKTHUKY SIBJSETCS OTCYTCTBHUE MPOMBIIUIEHHBIX CHCTEM, TIO3BOJISIIO-
IMX MOJy4aTh OMOMACCy MUK POBOAOPOCIIEH B KOJIMIECTBAX, KOTOPbIe HEOOXOAUMBI /IS UCCIIEI0OBAHUS
MOTEHLIMAIBHBIX MPOIYKTOB U JJIs1 OTPA0OTKU TEXHOJIOTHI UX MTPOU3BO/ICTBA.

TexHOOrMsI MacCOBOTO KYJIbTHBUPOBAHUSI MUKPOBOJOPOCIEH B OOJIBIIMHCTBE CIIy4YaeB Mpearoa-
raet MpuMeHEHNEe OTKPHITHIX CHCTEM C €CTECTBEHHBIM OCBEIIIEHUEM, COCTOSIIIUX U3 OACCENHOB U IPY/IOB.
Yarme Bcero 31o 6acceiiHbl HeOOJIbIION TITyOUHBI, BHICTJIAHHbBIE IUIEHKOMW, peke — IIEMEHTUPOBaHHbIC
TpaHIIIeH, JIOTKU Pa3IUIHON (DOPMBI, IIUCTEPHBL. Takue CHCTeMbl MO3BOJISIIOT 3HAYUTENLHO CHU3UTDH
9KOHOMHMYECKHUE 3aTpaThl HA CO3JaHUE U MOJiepkKaHue OJaronpHUsITHHIX YCJIOBUM JJIs1 BhIpAIlUBAHUS
MHUKPOBOJOPOCTIEH B MPOMBIIUIEHHBIX MACIITa0ax, MOCKOJIBKY B KQUeCTBE UCTOUHHMKA OCBEIIEHUS UC-
MoJIb3yeTcsl SHeprus coHua. OAHAKO MU MPUMEHEHUH OTKPBITHIX CUCTEM CYLIECTBYET BEPOSTHOCTD
3arpsi3HeHHs1 OomMacchl OaKTepUsIMU U IPYTMMU MHBA3WBHBIMU opraHuzMamu. Kpome toro, npousBosa-
CTBa 11eJ1eco00pa3HO pa3MelIaTh B paioHaX, IJie Majio O0TaYHbIX U IOK/AJIMBbIX JHEN U HEBEJIMKU CYTOY-
HbIe Tieperna/ibpl Temrepatyp. OAHUM U3 TAaKKMX PErMOHOB siBjsieTcs 1or Poccuu, uto 00yciosieHo 61aro-
MPUSATHBIMU KJIMMAaTUUYECKUMU YCJIOBUSIMU, TIO3BOJISIOLMMHU BbIpAIIMBATh MUKPOBOJIOPOCIH C UCHOJIb-
30BaHMEM TOJILKO COJTHEYHOUN SHEPrUM HENMpPephIBHO 2—3 Ce30HA B TeueHHWe roja [AOyaaratoB u Jp.,
2018; Borovkov et al., 2020; Peel et al., 2007].

3agaya gaHHOW padOTHI 3aKII0Yasiach B pa3padOTKe JEMEBOrO BapuaHTa MOOWIIBHOM yCTaHOBKH,
yCJIOBHSI B KOTOPOW MPUOIMKEHBI K MPOMBIIUIEHHBIM YCJIOBUSIM BbIPAIIMBAHUSI MOPCKUX MHUKPOBOJIO-
pocnent Ha npumepe Tetraselmis viridis (Rouchijajnen) R. E. Norris, Hori & Chihara, 1980, a takxe
B CPaBHUTEJILHOIN OLIEHKE OMOXMMUYECKOrO COCTaBa M KMHETUUECKMX XapaKTEPUCTHK POCTa BOJOPOC-
JIM TIPY BBIPAIIMBAHUY B JJAOOPATOPHBIX YCIOBUSIX MPU KPYITIOCYyTOYHOM MCKYCCTBEHHOM OCBELICHUU
¥ B MOOWJILHOM YCTAaHOBKE B YCJIOBHSIX €CTECTBEHHOTO OCBEIICHUSI.

MATEPUAJI 1 METO/1bI

B xavecTBe 0OBEKTa UCCIIEIOBAHMUS UCTIONIL30BAIN 3€JIEHYI0 MUKPOBOJOPOCIL 1. viridis — mramm
IBSS-25 u3 komiekimu UL MHBIOM. [TurtatenbHyto cpely rOTOBUIM HA OCHOBE HECTEPUIIBHON vep-
HOMOPCKOM BOJBI CONIEHOCTBIO 1,4—1,8 %0. CocTaB cpepl Ajisl KyJIbTUBUPOBaHUs 7. viridis B TIIOTHOM
KyJIbType npuBeleH paHee [Tpenkenury u ap., 1981]. C nenpio coxpaHeHUs aabroJori4eckd YUCTOU
KYJIbTYpbl MUKPOBOJOPOCIIEN YPOBEHb COJIEHOCTH B Cpejie JOBOJWIU O CPeIU3EMHOMOPCKOTO MyTEM
nobasnenus 15 r-1! NaCl [Cop6ynopa, Tpenkennty, 2020]. Jlna nonyuenus uHokynsata T. viridis
B T€YECHHUE 5 CYT BHIPAIMBAIN B JJAOOPATOPHBIX YCIOBHUSIX HAKOMUTEIbHBIM METOJIOM B KYJIbTUBATOPAX
00BEMoM 3 1 ipu ocBeniéHHOCTH 10 KK Ha nuTartesbHOW cpenie TpeHkennry. JIns 3aceBa OacceiiHa
VICTIONb30BAIM AKTUBHO JIEJIALIYIOCS KyIbTYpy ¢ HaualbHOl mioTHocTbio 0,08 r-17! cyxoro Berectsa.

YcraHoBKa TS KyJIBTUBUPOBAHUSI MUKPOBOIOPOCIIEH OblIa pa3MellieHa Ha rpuJaie J1adopaTopHO-
ro kopryca GULL MHBIOM B niepuoa ¢ 26 aBrycra no 7 cenrsiopss 2020 r. OHa npencraBisieT cooou
OacceiiH pasmepoM 1 x 1 m u BbicoToit 0,1 M (puc. 1). Tak Kak ycTaHOBKa KPYIJIOCYTOUHO HaXO/MJIACh
O] OTKPBITHIM HEOOM, HEOOXOIMMO OBUIO TIOAJEPKUBATH B HEW TeMIIEpaTypy B MpejiesiaX ONTUMyMa
KyJabTuBupoBaHus 7. viridis. C 3TOH Liesbio Oblia MOIKIII0YeHa cucTeMa oxJiakaenus. [1o Bcemy nepu-
MeTpy AHa OacceliHa ObUT YJIOKEH JIMCT MEHOIIACTa, & Ha Her0 — IOJIMypeTaHoBasl TpyOKa, Mo KOTO-
PO# HeMpepPBHIBHO LIMPKYIMPOBaia MopcKas Boja. TpyOKy 3ackinaiy nmeckoM, JHO OacceilHa BhICTIAIM
MOJIMSTUJIEHOBOM TUIEHKOM.

C nomoupio BoassHOro Hacoca Air Pump ACO-008 mouHocteio 120 BTt M gaBieHuem meHee
0,032 MIla Bogy nojaBaiu U3 Mopsl Ha npuyai. [JJHeBHas TemIiiepaTypa CyclieH3uu B OacceiiHe Oblia
HUXe TeMreparypsl Bo3ayxa Ha 3—7 °C. B TeueHue Bcero 3KCepuMeHTa €XeCyTOUHYIO TeMIlepaTypy
B YCTaHOBKe MOJIepKUBaIM B 1uana3zone +23...+28 °C. be3 cuctembl OXJiaxaeHUsI KyJIbTypa neperpe-
BaJsiach 1 3a 36—48 4 norndasna. Bo nzbesxanue rnomnaganust B 0acceitH Mycopa u BO3MOKHBIX OCaJKOB ObI-
JIa yCTaHOBJICHA CKOIIIEHHASI KPbIIIa, OOTSHYTas! MOJMITUIICHOBOM IJIEHKOM (pHC. 1); 3TO 0OecreunBaio
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€CTECTBEHHYIO BEHTHJISIMIO YCTaHOBKH. Pabounit 06béM Oacceitna coctapisin 70 1. C 1enbio KOMITeH-
CallM¥ VCIIAPEHUsT BO/IbI TAKON OOBEM TOIIEPKMBATIA HA TIPOTSHKEHUM BCETO IKCIIEPUMEHTA, JOJIMBAsI
nepe U3MepeHUsIMUA AUCTUILTUPOBAHHYIO BOJY 4O OTMETKH 7 CM.

Puc. 1. Bacceiin ¢ cucteMon oxJiaxIeHus
Fig. 1. The pool with a cooling system

HernpepbiBHOE NIepeMelMBaHie MUKPOBOIOPOCIIEH B OacceiiHe OCYIIECTBIISUIM P MOMOIITHA BOJIsI-
HOJ TIOMITBI CO CKOPOCTBIO TIpoKauku cycriensud 2800 j1-4~!, yto oGecrneunBano KpyriocyTOUHbIA ra-
3000MeH KyJIbTYPHI 1 PABHOMEPHOE OCBEIIIEHNE KJIETOK IO BCeMy 00BEMY yCTaHOBKH. OCBEIEHHOCTb
Ha TIOBEpXHOCTH OacceiiHa KOHTPOJIMPOBAIM 2 pa3a B CyTKH JokcmerpoM F0-116. [lo 3amycka ycra-
HOBKH KYJIbTYpa HaXOJMJIACh B MHBIX CBETOBBIX YCJIOBHUSIX: B JJAOOPaTOPUU OCBEIIEHHOCTH ObLIa IOCTO-
STHHOM, € MHTEHCUBHOCTh ObLJIa HIKE €CTECTBEHHON MaKCUMAaJIbHON CYTOYHOUM OCBEIIEHHOCTH OoJiee
yeM B 6 pa3. [lepBble Tpoe CYTOK, MOKa TUIOTHOCTh KYJIBTYpHI ObLIa HEOOJBINON, KPBIITY OacceiiHa 3a-
TEHSUIM CETKON. B MpoTUBHOM ciTydae B yCIOBUAX 0e3001a4HOM TOTo/Ibl KJIeTKU T. Vviridis TIOTHOCTBIO
obGecrBeynBasiCh. B cpeHeMm, 3a BCE BpeMs SKCIIepMMEeHTa, MaKCUMallbHasi CYTOUHasi OCBEIEHHOCTh
B 00/macT (POTOCHHTETUYECKU aKTUBHOM paauaiuy cocTaisna 300 BT-M~2; 11 pacyéToB MCIOJIB30-
BaJIM JIaHHBIE, NTPeCTaBIeHHbIe B padoTe [YekymkuH u ap., 2020]. 3HaueHne OCBEIEHHOCTH YKa3aHO
¢ y4€toM noriommeHus 25 % COTHEUHOW SHePTryu KphIiliel OacceiiHa.

[MapamnensHo T. viridis BepamuBaiv B J1aOOPATOPHOM KyJIbTUBATOpE TMPU TEX K€ YCIOBUSIX,
YTO M MHOKYJIAT [U1s 3aceBa OacceiiHa. ONTHYeCcKyIo INIOTHOCTh paccunThiBaiy 1o hopmyiie D = —1g(T),
rae T — BesmunHa npomyckanus, onpegensgemas Ha Unico 2100 (United Products & Instruments,
CIHIA) npu pyuae BosHbl 750 HM, B KioBeTax ¢ padoueit muHou 0,5 cM. AOCOIOTHAS MOTPENTHOCTD
He nipebiania 1,0 %.

Jnst ynoOcTBa CpaBHEHMs MOJYYEHHBIX DPE3YJIbTaTOB C JaHHBIMH, MPEICTaBICHHBIMUA B pado-
te [Kongapesa, Tpenkeniiy, 2019], onTuecKy1o INIOTHOCTB €105 CyCHEH3UH (7 ¢M) OIPEAETIAIN Ty TEM
YMHOXEHUsI 3HaueHu# 1oTHocTu B Kiosete (0,5 cm) Ha 14.

[Ipu nepecuére eqUHUIL ONTUYECKOM IJIOTHOCTU Ha CyXyl0 Maccy MUKPOBOAOpOCIeH (nanee —
CM) ucrosb30BaJId SMOUPUYECKU OMNpeeNeHHbll ko3 duimeHT k, paBHbii 0,8 iV em ont. o
CM =k x D55, [bBoposkos, I'eBoprus, 2005]. KoHLIEHTpaLuio KJIETOK ONPEAEIsAIN IPAMBIM IT0ACYETOM
B Kamepe [ opsieBa o1 MUKPOCKOIIOM B BOCBMUKPATHOW MOBTOPHOCTH. MUKPOCKOITMYECKHIA KOHTPOJIb
KYJIbTYPbl IIPOM3BOJWIIM C IOMOILIBIO cBeTOBOro Mukpockona Carl Zeiss Axiostar Plus (I'epmanus).

[MurmenTsl (XJ0pOdUILT @, XJ0podULT b, KAPOTUHOU/IBI) SKCTPArMpOBAIN U3 KJIETOK MUKPOBOJIO-
pocneit atieroHoM (100 %) [KormbeitoB u nip., 2015]. CreKkTpsl NOIIONIEHUs allETOHOBBIX SKCTPAKTOB
(pukcupoBamu B auanazone ot 400 go 800 HM B KBapLEBbIX KIOBETaX C JJIMHOW ONTHUYECKOIO MyTH
1 cm. OneHKy NUTMEHTHOTO COCTaBa IO CIIEKTPY MOIVIOIMIEHUS allETOHOBOIO IKCTPAKTA IPOBOAMIIM
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B TPEX MOBTOPHOCTSAX M0 CTAaHJAPTHOW METOAMKE, C UCHOJIb30BAHUEM JIMHENHBIX YPABHEHUH O TPEM
TOYKaM B CIEKTpe nomnomeHnns 3kcrpakra [Wellburn, 1994]. Bee pacu€rsl mpoBOAWIM 11 YPOBHS
3HaunMocTu a = 0,05. Marematrueckyio oOpabOTKy U MOJETMPOBAHUE SKCIEPUMEHTAIBHBIX TaHHBIX
OCYILECTBIISUIM C TOMOIIIBIO KOMIIBbIOTEPHBIX ITporpamm Grapher 3, MS Excel u MATLAB.

PE3VJIBTATBI 1 OBCY XJIEHNE

Poct kynbtypsl T. viridis B 6acceiine py KpyIrIOCyTOYHOM OCBEIIEHNH KOHTPOJIMPOBAIH B TEUSHHUE
12 cytok. JIMHENHBII POCT KyJbTYPBI 3aPETUCTPUPOBaH co 2-X 1o 10-e cyTku sxkcnepumenTa (puc. 2A).
3a 3710 BpeMs IUIOTHOCTD KYJIbTYPBI YBEJIMUWIach B 7,5 paza.

45 — 4
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= ] P el /./ | Z i Pm=0.28 /.( }
= 35 R-sq=0..99 ./ ! = R-sq=0.99 /{ i
(&) . % } z 3 o !

et -
o =l //‘ : z / :
i . ‘ ; 25 / ‘
E 257 / | £ 1 f :
) 4 ! b _ |
= | g 2 !
;‘ 20 — | = m |
| /@ B =8.67+Pm*(t-2) ! = B = 0.83+Pm*(t-3 !
= i@ ] /  Pm=57 : E 15 il !
3 S , R-sq=0.99 | g i R-sq = 0.99 i
£ ] l S 14 / l
S 10 ! = i ® [
R 5 j ® : g 0.5+ ® :
°] | | 2 $ ¢ |
I | I
0 T i T I T I T I T i T I 0 | 1 | 1 | T I T I 1 i 1 |
0 2 4 6 8 10 12 0 2 4 6 8 10 § )
Bpemsi, cyt Bpewms, cyT

Puc. 2. [lunamuka mnotHoctd (A) u pocta (B) kietok kyasTypsl 1etraselmis viridis py BhIpalliBaHUN
B OacceiiHe B yCIOBUSX €CTECTBEHHOTO OCBELIECHHUS

Fig. 2. Dynamics of Tetraselmis viridis density (A) and growth (B) in the pool under natural light

Ha 5-e cyTkm mnpomyKTHMBHOCTH KydbTypel 1o Ouomacce (Pm) ymenpmmmnace ¢ 5,7
o 3,3 rCM:mM~2 (R? = 0,99); 310, BUIUMO, SIBJISIETCS CIECTBHEM Havaa JUMUTUPOBAHUS PO-
CTa MUKPOBOJOPOCJEH MO YIJIEPOJY WM CBETOBBIM YCJIOBHUSM, MOCKOJIbKY Ha JIMHEWHOM Y4YacTKe
CKOPOCTb pOCTa ONPEAE/IsSeTCs] BEIMYMHON BHEIIHETo MOTOKA (CBETa UM YIJIEKUCIIOrO Ta3a), KOTOPbIH
MOJTHOCTBIO TOIJIOIIAETCSl KYJIbTYPOM M OrpaHMYMBaeT €€ NpoAyKTUBHOCTh [Tpenkenmry, 2005].
Ha 11-e cytku poct T. viridis npekpatuics. OKoHYaHWe JTUHEWMHON (ha3bl POCTa CBUAETEILCTBYET
0 cMeHe JumuTHpyoiero gakropa [Jlenekos, Tpenkeniry, 2007]; orpaHMYMBaTH pOCT MUKPOBOAOPOC-
JIell MOT'YT KaK CBETOBbIE, TAK M MUHEPAJIbHbIE YCJIOBUS Cpeibl. B Hallem sKkcriepuMeHTe MUHEpaibHAs
COCTaBJISAIONIAs HE MOKET ObITh JMMUTUPYIOIIUM (DAaKTOPOM, TaK Kak MUTaTesbHas cpeaa TpeHkeHmy,
Ha KOTOpOH BblpammBanu 1. viridis, paccuuTaHa Ha JOCTMKEHHUE TUIOTHOCTH KyJbTyphl 4-6 1 CM
¢ murpa [Tpenkennty u ap., 1981]. Takum 0Opa3om, Mbl MOKEM TPEIIOI0KUTh, YTO POCT KYJIbTYPHI
ObLT OTpaHUYEH CBETOBBIMU YCJIOBUSIMHU.

[osryueHHbIE XapaKTEPUCTUKY CPAaBHUIIY C pE3YyJIbTaTaMu, Ipe/IcTaBleHHbIMU B [ KoHaapesa, Tpen-
kennry, 2019]. B atoii padote nuneiiHas ¢aza pocra 7. viridis Obia B ABa pa3a Kopode, 4eM MO Ha-
MM JAHHBIM, ¥ ObLJIA OTMeuYeHa TOJIBKO ¢ 1-X 1o 5-e cyTku. C 6-X CYyTOK pOCT MHUKPOBOAOPOCIIEH
MpeKpallaercs, B TO BpeMs Kak B HallleM SKCIIEPUMEHTE BbIEJIEH Y4aCTOK JIMHEIHOM (pa3bl pocTa ¢ 5-X
10 10-e CyTKH, Ha KOTOPOM MaKCHMaJIbHas IPOAYKTHBHOCTb cocTaBmia 3,3 r CM-m~2. Takum 06pa3oM,
MbI HOJTYYIJIM yPOKail MUKpOBOiopociieii, papHbiii 43,4 r CM-M~2, 1 IaHHOE 3HayYeHHue B 2 pa3a BhIIIE,
yeM B [Konnapesa, Tpenkeniry, 2019]. 9To MOKHO OOBSICHUTH CO3JaHUEM ONTUMABHBIX YCIOBHIM

Mopckoii 6uosnornueckuii kKypHan Marine Biological Journal 2023 Towm 8 Ne 3



TexHosorus BhlpalliBaHUsA MOPCKO MUKpoBogopociu Tetraselmis viridis. .. 7

IJ1s BeIpaluuBaHus 1. viridis — HaJM4ulMeM CUCTEMBbI OXJIAXKAEHH, MOBBIIIEHUEM YPOBHS COJIEHOCTU
KyJIbTYPaJIbHOM Cpejibl IO CPeIM3eMHOMOPCKOTO, CJIOEM MHUKPOBOAOpociell B 6acceiiHe 7 cM, 3(pdek-
TUBHOW CHCTEMOM NepeMellIMBaHus. AHAJIOTUYHYIO KAPTUHY HAOJII0AAIN AJ151 AMHAMUKY KOHLEHT Py
kyetok 7. viridis B kynbType (puc. 2b).

VYcTaHOBIIEHO, YTO JIMHEHHBIA POCT KYJbTYPbl MPOUCXOIUT C 3-X 1o 10-e cyTKM IKCIepUMEeHTa,
CO CMEHOH yIJIa HaKJIOHa KpMBOH Ha 6-€ CYTKH, YTO MOATBEPKJAET TEOPHIO O Hayasle JMMUTUPOBAHUSA
pOcTa MUK POBOAOPOCIIEH 10 YIJIEpPOLy WK CBETOBBIM YcJI0BUAM. [IpoaykTuBHOCTE T. Vviridis Ha nepBoM
yuacTKe JIMHEHHOM (hasbl pocTa cocTaBuia 650 ThIC. KJL-CYyT ', Ha BTOpoM yuyacTke (6—10-e cyTku) —
280 ThIC. KJL-cyT '. 3a BpeMsl SKCIepPHMMEHTAa KOHLIEHTPALMs KJIETOK MPaKTUYECKH JOCTHIVA 3Haye-
HuA 4 MIHKIL-MI . Ha puc. 3 mpejicTaBieH BHEINHMIA B OacceiiHa B MOMEHT 3alyCKa M B KOHIIE
IKcrepuMeHTa (depes 12 cyr).

Puc. 3. Bacceiin ¢ kynbrypoii Tetraselmis viridis B Hadaie SKCiepuMeHTa (CjieBa) M B KOHIE (CrpaBa)
Fig. 3. The pool with Tetraselmis viridis culture at the beginning of the experiment (left) and at the end (right)

[Toka3zaHo, YTO MPH KCIOJIL30BAHUM JJIEMEHTAPHOIO 0OOPYJOBaHUS M MUHMMAJIbHBIX KaIMTaJIO-
BJIOKEHMSIX BO3MOKHA OpraHU3alvsl mpoliecca KyabTUBUpoBaHUs 7. viridis ¢ POU3BOAUTEILHOCTHIO
10 5,7 rCM-m~2-cy1!. TIpu 3amycke mpouecca BHIPAIIMBAHKUSA MUKPOBOAOPOCTEH B GOMBIINX O0BE-
Max B YCJIOBUSIX €CTECTBEHHOI'O OCBELIEHHsI NTOKa3aTeJu MPOJYKTUBHOCTH JaJleKU OT TEOPETUYECKOTO
MaKCHMyMa; TaKXKe OHU MOTYT OTJIMYATHCS OT XapaKTEPUCTUK, ONPENeSIEHHBIX B JJAOOPATOPHBIX yCIIO-
Busx [Béchet et al., 2017; Bonnefond et al., 2016].

JlaHHbIe 10 OMOXMMUYECKOMY COCTaBY M KHHETUYECKUM XapakTepuctukam 7. viridis, momydeHHble
MIPU BHIPAIIUBAHUU B JJA0OPATOPHOM KYJITUBATOpE MPHU KPYIJIOCYTOUHOM OCBEIIEHWHU W B OacceiiHe
P €CTECTBEHHOM OCBEIIeHUH, TPUBEICHBI B TAOI. 1.

B o6oux ciryuasx KyJbTypy BHIpAIIMBAIN Ha OTHOM U TOM Ke MUTATEIbHOM cpejie M 6e3 NCTI0Ih30Ba-
HUS JOTIOJIHUTENIBHBIX UICTOYHUKOB yriiepoaa. OToop mpod /i aHaiu3a OCYIIECTBIISUIN B OJJHO U TO ke
Bpems. Ha puc. 4 npencraieH BHEIIHUIA BU JaOOpAaTOPHBIX KyJIbTUBATOPOB B Hauyalle IKCIIEPUMEHTA
1 Ha 12-e cyTKu.

JI71s1 OLleHKH OMOJIOTMYECKON IIEHHOCTH TIOJIyYeHHOTO YpOoskasi MUKPOBOJIOPOCIIEH U OBICTPOro pac-
4y€Ta KOHIIEHTPAIMi MMTMEHTOB B KYJIbTYPE WCIOJIb30BAIM MOJIEIN HATUBHBIX (pOopM XJopoduia da,
xJiopopuiia b 1 cyMMapHbIX KapOTUHOUIOB [YepHsiies u 1p., 2020]. [ToayyeHHbIe pe3yIbTaThl IO XU-
MUYECKOMY cocTaBy 1. viridis Tipy BbIpallMBaHUM B JIAOOPATOPHBIX YCJIOBUSIX XOPOILO COTACyIOTCS
¢ nanHbiMu [ Xapuyk, beperosas, 2019].
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Ta6smma 1. DBuoxumMuveckuil cocTaB M KHUHETUYECKUE XapaKTePUCTHKU pPOCTa MHUKPOBOAOPOCIIU
Tetraselmis viridis (koHell TMHEHHON (ha3bl pocTa)

Table 1.  Biochemical composition and kinetic characteristics of the microalga Tetraselmis viridis
growth (the end of the linear growth phase)

Tetraselmis viridis Tetraselmis viridis
ITapametp o
B JIA0OPATOPHOM KYJIbTUBATOpPE B OacceliHe
Xnopoduin a, % 1,05 £ 0,05 1,01 £0,01
Xnopodusn b, % 0,58 + 0,07 0,52 +0,01
CymMapHble KapOTUHOUABL, % 0,23 £ 0,01 0,21 £ 0,004
MaxkcumainbHas EIIJ'IOTHOCTL, 1,00 £ 0,05 0.62 + 0,03
rCM-n
MakcumanbHasi IPOAyKTUBHOCTb,
rCM-on'cyr! (R?=0,99) 0,122 0,08

3HAYUTENIbHBIX OTIMYUNA B OMOXMMHUYECKOM COCTaBe MUKPOBOAOPOCIEH B 3aBUCUMOCTU OT YCJIO-
BUI BHIpamuBaHus OOHapykeHO He Obuto. [Ipm 3TOM OTMeueHa TEHAEHIMS K CHIKCHUIO KOH-
HEHTpali OMOXUMHYECKUX KOMIIOHEHTOB B KJeTKax 7. viridis TIpu BHIpAllMBaHWUA B OacceiriHe
MIPH €CTECTBEHHOM OCBEHICHUH. DTO MOXHO OOBSCHUTH CMEHOH (PH3UKO-XUMUYECKHX IapameT-
POB, OTCYTCTBUEM BO3MOKHOCTH COOJIIOACHHS CTEPUJIbHBIX YCJIOBUM BBIPAIMBAHMS W3-3a OOJIBIINX
00BEMOB OACCEMHOB, a TAKKE CYyTOUHBIMUA MU3MEHEHHUSIMU OCBEIIEHHOCTH, COMPOBOXKIAIOIIUMUCS TOTe-
PsAMU YacTu OMOMAacChl MUKPOBOAOPOCIIel B TeMHOBOM niepro [ ABcusiH, 2018; Bonnefond et al., 2016;
Xu et al., 2016].

Puc. 4. doro nabopartopHOro KyJabTHBATOpa C MHUKpOBOAOpochblo Tetraselmis viridis B Havane
3KcIiepuMeHTa (cieBa) U Ha 12-e cyTku (cnpasa)

Fig. 4. Photo of the laboratory photobioreactor with the microalga Tetraselmis viridis at the beginning
of the experiment (left) and after 12 days (right)
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BreiBoj. Pa3paborana MoOWIbHAS YCTAHOBKA IS KYJIbTUBUPOBAHUSI MOPCKUX MUKPOBOJOPOCICH.
NccnenoBanel UX pOCTOBBIE XapaKTEPUCTUKU B YCJIOBHUAX €CTECTBEHHOIO OcCBelleHus. [laHHyO ycTa-
HOBKY TpeJlaraeTcsi UCHoJb30BaTh MpU MEpexoje OT JAOOPATOPHBIX MAcCIITa0OB KYJIbTUBHUPOBAHUS
MOPCKUX MHUKPOBOJOPOCEH K MPOMBIIUIEHHBIM. DKCIEPUMEHTAILHO MOKAa3aHO, YTO MUHUMU3ALIUS
KaIUTAJIOBJIOKEHUI 00ECTIeYMBACTCS: HATMIHUEM JIEMEHTAPHOTO 0OOPYIOBAHUS M CUCTEMBI OXJIAK e~
HYSI, TIOBHIITIEHUEM COJIEHOCTH KYJIbTYPAILHOM Cpebl 10 CPeTM3EMHOMOPCKOTO YPOBHSI, BRIOOPOM OIITH-
MaJILHOTO CJIOSI MUKPOBOJIOPOCIIeH B OacceiiHe, OTCYTCTBUEM JIOTIOJTHUTEIbHBIX UCTOYHUKOB YIJIepO/a,
HannuueM 3(P(EeKTUBHOM CUCTEMBI NIEpEMEIIMBAHUS, a TAKXKE SHEPrUM COJIHIA B KAUeCTBE UCTOYHU-
Ka ocsemeHus. [IpeyioxkeHHbIN TOAX0 ] MO3BOJISAET 00eceunTh KyabTuBUpoBanue 7etraselmis viridis
C MAKCUMAJILHOM MPOU3BOAUTENLHOCTBIO 5,7 I'M™2-CyT | M IJIOTHOCTBIO KYJIbTYpHl 27 1,6 MApA KIL.-M 2.
VYCTaHOBJICHO OTCYTCTBHE 3HAYUMBIX OTIIMYMI OMOXUMHUYECKUX W KMHETHYECKUX XapaKTePUCTUK PO-
cra T. viridis Ipu BeIpallliBaHUM B MOOWJIBHOW YCTAaHOBKE B YCJIOBHSIX €CTECTBEHHOTO OCBEICHUS
1 B JJADOPATOPHBIX KYJIbTHUBATOPAX MPY MOCTOSTHHOM UCKYCCTBEHHOM OCBEILIEHUU.

Paboma evinonnerna ¢ pamkax zocyoapcmeennozo 3adanuss PUL] UnbIOM no meme «Hccaedosarue mexa-
HU3MO8 YnpaeneHust npO@yK,L{MOHHblMM npoyeccamu 6 OUOMEXHON0ZUMECKUX KOMNACKCAX C uenvro p03p6l601’)’lKI/l
HAYUHBIX OCHO8 NOAYUEHUS. OUONOZUMECKU AKMUBHBIX BEUECNE U MEXHUMECKUX NPOOYKIMO8 MOPCKO20 2€He3UCa»
(Ne zoc. pecucmpayuu 121030300149-0).
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TECHNOLOGY OF CULTIVATION
OF THE MARINE MICROALGA TETRASELMIS VIRIDIS
UNDER NATURAL LIGHT AND AT MINIMUM TECHNICAL COST

S. Yu. Gorbunova! and A. A. Chekushkin

'A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: svetlana_8423@mail.ru

The main reason for slow implementation of scientific developments of marine algotechnology into in-
dustrial practice is the lack of systems that allow obtaining microalgae biomass in quantities that are nec-
essary for practical study of potential products and development of industrial technology for their
production. Such systems can significantly reduce the economic cost of creating and maintaining fa-
vorable abiotic conditions for growing microalgae on an industrial scale, since solar energy is used
as a light source. The article proposes a method for growing marine microalgae Tetraselmis viridis
in natural light and at minimum technical cost. The authors developed a mobile unit for cultivating
marine microalgae and studying their growth characteristics in natural light. This unit is proposed to be
used in the transition from laboratory cultivation to cultivation on an industrial scale. The basic re-
quirements for the mobile unit for industrial cultivation of algologically pure 7. viridis are specified.
The technology ensuring the organization of 7. viridis cultivation process with a maximum productiv-
ity of 5.7 gm2.day™! and a maximum culture density of 271.6 billion cells-m~ (R? = 0.99) has been
developed. The authors provide a comparative assessment of the biochemical composition and ki-
netic growth characteristics of 7. viridis depending on growing conditions using either the mobile unit
in natural light or the laboratory photobioreactor in constant artificial light.

Keywords: marine microalgae, Tetraselmis viridis, batch culture, productivity, industrial cultivation
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[IpoBeneHo ruIpoaKyCTUIECKOE 30HANPOBaHKE, ONpe/ie/IeHbl TUIOIAIb 1 00BEM BOJL TPUYCTHEBOM 30-
Hbl peku Bogonaanas o rmy6unst 40 M B akBaTopun ropoza fnra (Kpeim, Uépaoe mope). Konnienrpa-
1y 6uoreHHsIX 1eMeHToB (NO,, NO3, NH, u PO,) u taxéneix metasuios (Cu, Zn, Fe, Co, Ni, Mo,
Cd, Pb u Hg) B ipecHOl BOJIE YCThsI KU IPEBHIIIAIOT MX KOHIIEHTPALIMU B PUOPEKHOM MOPCKOM BOJIE
B 3—64 pa3a. BrIsiB€HO BIMsHME CTOKA PEKU Ha 3BTPO(PUKALMIO BOA N3y4aeMOW MOPCKOM aKBaTOPHUHU.
C MCMOMb30BAHUEM MTOCTYEPHOOBLTLCKUX paaron30Tonos *OSr u 137 Cs BhinosHeHa faTMpOBKa TOHHBIX
0CaJKOB U Olpe/iesieHa CKOPOCTh CEIMMEHTALIMH C UCCIIeIOBAaHHOM IUIOIAIM aKBaTOPUM perroHa. Pac-
CUHUTaHBI TOTOKH MOCTYIICHHS 3aT PSI3HSIOIMX BEILIECTB CO CTOKOM PEKH U IIEPUO/BI UX 000pOTa B pe-
KpealroHHOM npuoOpeskbe ropoaa Slnra. [lomyyeHHbIe pe3ybTaThl UCTIONB30BAHbI [J1s 0OOCHOBAHHUS
KOHILIETILIMY YCTOMYMBOTO Pa3BUTHS PEKPEAIIOHHOW 30HBI ropoja fira rmo akropaM 3arpsi3HEHHS
MOPCKOH CpeIbl.

KuroueBnie caoBa: UépHoe mope, KpbiM, Boa, OuoreHHbIe 35ieMeHThl, cTpoHImii-90, ne3mii-137,
TSKETIbIE METAJUIbI, XJIOPOPTAHUYECKUE COSTUHEHH S, JATUPOBKA JOHHBIX OTJIOKEHUN

Axsaropus ropoga fnra (KpbiM) oTHOCUTCS K KpUTHUYECKUM 30HaM YépHoro mops [3aiiues, Ilo-
nukapnos, 2002], B KOTOPBIX COAepkKaHUE 3arpsI3HSIONINX BEIIECTB B MOPCKOM Cpejie MOXET MPEBbI-
IaTh MPUPOJHBIE YPOBHHM WM JOCTUTATh MPEAeSbHO JOMyCTUMBbIX KoHIeHTparuil (manee — ITIK)
IJIsl HaceJleHUs1 U OMOTHYECKUX KOMIIOHEHTOB 3KocucTeM. OCHOBHasi MpUOpekHash peKpeariMoHHas
TEPPUTOPUS TOPO/IA, PACIIONIOKEHHAS HA I0ro-3anaje SINTHHCKOro 3a/uBa, NOABEPraeTcsi BO3IAEHCTBUIO
MOPCKOI'O MOPTa, PEKPEaMOHHO-TYPUCTUYECKON, MyHULIUIIATBHON U arpapHOM JIeATeIbHOCTU Ha MO-
Oepexbe, a Takke BIMsSHUIO peku Bononagnas (Yuan-Cy), uMeromieid MaBoAKOBBIA peXuM cToka. Pe-
Ka OepéT Havasio y nmogHoxus ropel Ai-Iletpu, e€ mmHa coctapiset 7,0 KM, IUIomaas Bogocoopa —
28,9 kM2, VKJOH — 94,3 M-KM ™. OJJHUMH 13 HanbOJIee 3HAUYMMBIX IKOJIOTMUECKUX po0JieM peruoHa
SIBJISIIOTCS TUTIEPIBTPOUKALIYS, BbI3bIBaeMasi OMOTeHHbIMU 37ieMeHTamu [EropoB u ap., 2021], u 3a-
IPSI3HEHUE BOJ TSLKEJIBIMU MeTa/llaMU U XJIOpOpraHnueckumu coeauHenusimu [Eropos u ap., 2018].
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Heo0xoanMoCcTh MMUHMMHU3AIMK HETaTUBHBIX IOCJIEJCTBUI aHTPOIIOTEHHOTO BO3IEHCTBUS HA peKpe-
aIMOHHYIO 30HY ropoaa fnra TpeOyerT pa3paOOTKM M NPUMEHEHHsI MEpPOIPHUSATHN IO pealu3alyu
YCTOMUYMBOTO Pa3BUTHS.

Llenpio HACTOSAIIMX MCCIEA0BAHUI ObIIO HOPMUPOBAHUE TIPE/IEIBHO JOIYCTUMBIX TOTOKOB MOCTYTI-
JIEHUS 3arps3HAIOIIMX BEUIECTB B peKpealMoHHyio 30Hy ropoaa Slnta (Kpeim, YépHoe mope) no 6uo-
reOXUMHUYECKUM KPUTEPUSIM U 0OOCHOBAHME KOHLIEMIIMHI YCTOMUMBOTO Pa3BUTHS 1O (paKTOpam 3arpsiz-
HEHMS] MOPCKOM CpeJibl U3yyaeMol akBaTOpUU. [l HOCTMKEHMsI JTaHHOH LM pellasiv clielylolue
3aJa4u:

* onpejeJicHUe KOHIICHTPAIIUil OMOTEHHBIX 9JIEMEHTOB B BOJIE M OLIEHKA JIMMUTHPOBAHUS IEPBUYHON
MPOAYKIMK (PUTOIIIIAHKTOHA B MPUYCTHEBOM 30HE pekr BomomagHas;

* JIATUPOBKAa [IOHHBIX OTIOXKEHUH M0 NHKaM MAaKCHUMyMOB PpaJVOAKTUBHBIX BbINAICHUI 08y
u '¥Cs Ha MOPCKYIO IIOBEPXHOCTb U OINPEAEIIEHNE IOTOKOB CEAUMEHTALIMOHHOIO JETIOHUPOBAHU S
3arpsA3HSAIONIMX BEILECTB B TOJIIIE JOHHBIX OTJIOKEHUN PeKpealluOHHON 30HbI ropoja fira;

* OLIEHKA 3arpsi3HEHMSI TIPECHOUN BOJBI YCThsI PEKM U MOPCKOUM BOJBI aKBATOPUU TOPOAA PAAMOHYK-
JIMIAMH Y TSDKETBIMUA MeTaJlJIaMH, ONpeie/IeHre TI0 pe3ysibTaTaM COOCTBEHHBIX HaOJII0CHUI OHO-
rEOXMMHYECKMX XaPaKTEPUCTUK CAMOOUMINIEHUS PEKPEAIiMOHHON 30HbI ropoja Slira ot Y.6I1Xb
u Y JIT no ganusiv [Manaxosa, JIooko, 2022], a Takxke OT PAAVOHYKJIMAOB U TSKEJBIX METAJUIOB.

MATEPUAJI 1 METO/1bI

PexpeanmoHHas 30Ha ropoja flira pacrnosyioxeHa Ha I0ro-3arnajJHoM nodepexbe FNTHHCKOro 3aIi-
Ba (Kpbiv, YeépHoe mope) (puc. 1). K ceBepy OT He€ HaxoAsATCs MPUCTaHb IS SXT, IPUYAIIbL 715 Ka-
OOTaXHBIX CyJOB OOCITYKUBAHMUsI TYPUCTUUECKUX MapIIPYTOB U MOPCKOH nopT. C BOCTOKA U C 3anaja
C Hell TPAaHUYMT OTKPBITAst YacTb YEPHOTo Mops.

KPEIMCKWA

YEPHOE
O  wore

4WEN

44° 28 4N

44° 28 30*N

39 36'E 349" WIWI'E  WIWN'E MIWH'E WIIE'E WI'WE  WI'WE

Puc. 1. Batumerprueckas KapTa akBaTOpUH ropoza Slnta m mpuycTheBOl 30HHI pek Boponaanas. KpacHbr-
MH KPYKKaMH OTMEYCHO PACTIONOKEHHE CTaHHI/II/I orbopa Hpo6 BOJIBI ¥ TPYHTA. H06epe>1<be OT YCTbA PEKH
J0 nocenka JIneaans 3aHUMaeT ropoJICKOM MK, OTHOCAINMIACA K PEKpeallMOHHON 30He ropoja snra

Fig. 1. Bathymetric map of the Yalta city water area and the Vodopadnaya River estuarine zone. Red
circles denote the sampling stations. The coastline from the Vodopadnaya River estuary to Livadia settlement
is occupied by a city beach, which is included in the Yalta city recreational zone
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Metoauka okeanorpaguueckux pador. s ruipoaKyCTUIEeCKUX HaOIIOAEHUA UCTIONb30BaIN
MaJjioMepHble Cy/a, ocHamEHHbIe xonotamu Lowrance Elite-7 Ti co BctpoennsiM GPS-nipuéMHuKoMm.
Boay or6upamu 10-1UTpoBBIM 06aTOMETPOM, a TPYHT — TPABUTALIMOHHBIM TPyOUYaThiM MPOOOOTOOP-
HUKOM. [[JIsi TeOXPOHOJIOTMUYECKOrO aHaM3a KOJIOHKM TpyHTa oToOpaHbl Ha ctaHmusx S u 6. Cr. 6
pacriojyiarajach BHE IMOJIMTOHA, M MaTepUasbl UCCIIEIOBAHMN Ha HEeWl MCHOJIb30BaIM ISl CPABHUTEb-
HBIX 1iesieil. batumerpuueckas kapTa akBaTopuu ropoja fAnra u npuycTbeBoi 30Hbl peku Bononaanas
npeJcTaB/ieHa Ha puc. 1. XapakTepucTuka 3a00pTHBIX padoT npuBejeHa B Tadi. 1.

Ta6umma 1. JaThi, KOOPAMHATHI U TIIyOMHA CTAHIIUE OTOOPA IMPOO BOJIBI M IOHHBIX OTJIOXEHUH B SITHHCKOM
3aJI1Be

Table 1. Dates, coordinates, and depths of water and sediment sampling stations in the Yalta Bay

Ne cranumm Iara N Koopmanaret 5 I'ny6uHa, M
1 19.07.2019 44°29.2234’ 34°10.9130’ 35
2 19.07.2019 44°29.1806’ 34°10.9530" 37
3 19.07.2019 44°28.6701" 34°10.30517 40

19.04.2017
28.06.2017
4 44°29.3294’ 4°09.8040 1
19.07.2019 9.329 34°09.8040
22.06.2020
5 19.07.2019 44°28.4208’ 34°10.0072’ 41
6 15.10.2020 44°28.565" 34°11.512/ 58

KoHreHTpaiuio HUTPUTOB, HUTPATOB M aMMOHWUSI B IIPECHOM BOJIE YCThs peku BomonaaHas v B Mop-
CKOU BOJIe €€ MPHUYCTheBOM 30HBI OIpENessf CTaHIAPTHBIM MeTonoM [PykoBojacTBO mo meromam,
1977]. TornomieHne OMOTEHHBIX JIEMEHTOB B TIporiecce OMOCHHTe3a YCTAHABIMBAIM U3 COOTHOIIIE-
Husd [XatunHcoH, 1969; Redfield, 1958]:

1P : 7N : 40C, (1)

13 KOTOPOTO CJIeI0BaIO, YTO Ko uieHT norioiieHus ¢gocgopa no OTHOLIEHUIO K YIJIEpO/1y COCTaB-
nser 0,025, a azota — 0,175. CreneHb TMMUTHPOBAHUS POAYLIMPOBAHUS (DUTOTUIAHKTOHA OMOTEHHbI-
MU JIEMEHTAMU ONpeAesisii U3 crexuomeTpudeckoro otHoteHus N : P = 16 : 1 no MosisipHO#N KOHIIEH-
Tparmy Wik 7 : 1 mo BecoBoi. [Ij1s1 HaXOkIeHNsT IMMUTUPYIOIIETO MPOLYKIIMOHHbIE TIPOLIECCH OMOTeH-
Horo hakTopa MCMOJIb30BAIM CTeEXHOMeTpudeckoe cooTHoteHue Pendunna (PR,,), koTtopoe npu Bbl-
PaXEHHOM B MKI-JI"! pa3MepHOCTH BXOJAIIUX B HErO MapaMeTpoB UMelno cieyomuii Bua [Redfield,
1958]:

PR, (N/P)=1,53(1,35NO, + NO; + 3,44NH,)/ PO, . (2)

ITpu PR, > 16 — numuruposanue no dochopy; npu PR, < 16 — no azory.

JI71s1 TEOXPOHOJIOTMYECKUX HCCIIeJOBAaHUNA OTOOP MPOO KOJOHOK JOHHBIX OTJIOKEHHHA MPOBOAWIN
C TIOMOIIIBIO TPYHTOBOH TPYOKM (BHYTPEHHUI JuaMeTp — 58 MM) ¢ BaKyyMHBIM 3aTBOpoM. [osmyuen-
HBIE KOJIOHKM Hape3a/ly Ha CJIOM TOJIIIMHOU 1 cM ¢ MCHOJIb30BaHMEM BHHTOBOIO SKCTPYIEpa, OMUCAH-
Horo B pabote [Papucci, 1997]. Cpasy nocie Hape3Ku mpoObl B3BEIIMBAJIH, CYIIAIHA ITPU TEMIIEpaType
+40...450 °C u 3aTeM BHOBb B3BEIIMBAJIH, ONPEIEIsAs KOJIMYECTBO BBITAPEHHOM BO/IBI. [1J1s1 OLIEHKU UC-
XOZHOM BJIAKHOCTHU JIOHHBIX OTJIOKEHUI PACCUMTHIBAIM COJEPKAaHUE COJIEH, PACTBOPEHHBIX B IOPOBOM
Bojie [Schafer et al., 1980]. B kauecTBe pagnoTpaccepoB Al JATUPOBKU JOHHBIX OTJIOKEHUI MCIOJIb-
30BaJIM MCKyCCTBEHHbIE pagroRyKuael *0Sr u '37Cs [[ymun u ap., 1994; Mupsoesa u ap., 2005; Paayo-
sKosIornyeckuit otkimk Yeépuoro mopsi, 2008]. Konuenrpaimio 08r u 137Cs ONpelesIsiiv I KaxkI0ro
CJI0S1 KOJIOHOK JIOHHBIX OTJIOKEHUH OTIEJIBHO.
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M3MepeHre akTMBHOCTH “St IIPOM3BOMIIM 110 YEPEHKOBCKOMY HM3Ily4YEHHIO €r0 J0YEPHETO TIPO-
aykta *°Y ¢ MCronb30BaHMEM HM3KO(OHOBOIO KMAKOCTHOTO CLMHTMIUIAIMOHHOTO cuérunka (low
background liquid scintillation counter, LSC) LKB Quantulus 1220 [Pagno3kosoruyeckuii OTKIJIMK
Yepnoro mopst, 2008; Harvey et al., 1989]. Huxuuii npeaen onpezaesisieMor aktuBHocTH (lower limit
of detection, LLD) cocrapnser 0,01-0,04 Bx-kr~! wm Bx-M~ npo6el. OTHOCHTE bHAS TIOTPEITHOCT
MOJTyYEeHHBIX Pe3y/IbTaToB He npeBbiana 20 %. Pe3ynbraTsl moaBepraim MaTeMaTH4ecKoi 00paboTKe
paroCTIEKTPOMETPUYECKUX AaHHBIX [Paanoskonornuecknii oTkaMkK Y€pHoro mops, 2008]. KoHtposs
32 KOPPEKTHOCTBIO IPUMEHAEMON METOAUKH U IOCTOBEPHOCTBIO NOJIyYEHHBIX PE3YJIbTaTOB OCYILECTB-
JISUTA TIYTEM TIOCTOSITHHOTO y4acTHs B MEXAyHApOTHON MHTepKanuOpauun nox srugod MATATD (Be-
Ha, ABctpusi) n HarmonanbHoi naboparopun (Pucé, Janus). [JaHHBIE IO MHTEPKATMOPAIA METOIOB
OITpe/IeJIeHN, MOTyYeHHbIE M0 pe3yJibTaTaM M3MEPEHHUI STATOHHBIX MPOO U MOJIEBBIX MapasuIeIbHbIX
onpeaenennit Mmexxy UL MubIOM u npyrumu MHCTUTYTaMU, CBUIETEIbCTBOBAIM O TOM, YTO MCIIOJIb-
30BaHHasl MeToAuyecKas 0as3a Mo3BoJisia ¢ HEOOXOJUMOM U JOCTATOUHOM CTENEHbIO JOCTOBEPHOCTU
OLIEHMBATh 3aTrPA3HEHUE M3y4aeMBIX SKOCHCTEM JOJTOKUBYIIIM PagoRyKIuaoM *OSr [Pamuoskonoru-
yeckuil oTkuK Yéproro mops, 2008]. Copepxanue '*'Cs B BhICyIIeHHBIX TPo0ax ONpeessI ¢ Uc-
TMOJIb30BaHNEM CIMHTHUISAIIMOHHOTO fnetektopa Nal(Tl). Ero kammOpoBKy OCYIIECTBIISIIN C IIOMOIIIBIO
CTaHAApPTHBIX 00pa3ioB JOHHBIX oTIokeHnd IAEA-306 u IAEA-315, nocrarisiembix MAT'ATD [Pa-
JHMOKOJIOTNYeCKUI OTKJIMK Y€pHoro mops, 2008]; onn umenn ¢opMy M pa3Mepbl, aHAJIOTUYHbIE Ta-
KOBBIM MCCJIEJJOBAaHHBIX HaMH O0Opa3lOB JOHHBIX OTIOKeHUH. CpefHssi OTHOCUTEIbHAS MOTPEIIHOCTD
B Iipo0ax He mpesbiaia 27 %.

Tsaxe€npie metauibl (nanee — TM) M3 MOPCKOW BOJBI BBIIEISIM METOAOM 3SKCTPAKIIMOHHO-
ro KOHUEHTpupoBaHusa B coorBerctBuu ¢ P/l 52.10.243-92 [1993]. OH ocHOBaH Ha 3KCTpak-
LMY YETHIPEXXJIOPUCTHIM YITIEPOIOM KOMIUIEKCOB OIPEAE/ISEMbIX JIEMEHTOB C MCHOJIb30BAaHUEM [IU-
srunauTrokapdamara Hatpus (Na-JJJIK) ¢ mocnemyommm pa3pyiieHrneM KOMIUIEKCOB KOHIICHTPH-
POBaHHOW a30THOM KHCJIOTOW M PEIKCTPAKIMEN 3JeMEHTOB B BOJHBIA PACTBOP MEHBINETO OOBE-
Ma. KosmuectBeHHOE 3KcTparvpoBanue mnpu 3toM aocturaercss mis Fe, Co, Ni, Cu, Zn, Mo, Cd
u Pb [Mirzoeva et al., 2022]. Boinenenrie TM u3 1po0 JTOHHBIX OTJIOKEHUN MPOBOIWIM B COOTBET-
ctBuM ¢ [THA & 16.2.2:2.3.71-2011 [2011]. MeTo BelAEIeHN I OCHOBAH Ha KUCIIOTHON MUHEPATIU3ALIUN
CYXOro BelIecTBa OTVIOKEHUI U BIIEIAYMBAHUM B PACTBOP OIPEIEIISIEMbIX JIEMEHTOB.

Omnpenenenne TM B 3KCTpakTax W3 MOPCKOM BOJB M B MHUHEpaM3arax JAOHHBIX OTJIOXKEHHM
npoBoawu Ha Oaze LIKIT «Cnekrpomerpust u xpomarorpacpus» PUL] MHBIOM metonom macc-
CIEeKTPOMETPUM C WHAYKTUBHO-CBSI3aHHOHM TIIa3Moil Ha Mmacc-criektpomerpe PlasmaQuant MS
Elite (Analytik Jena AG, I'epmanusi) B coorBerctBuM ¢ TOCT P 56219-2014 [2015] u pykoBoacTBOM
1o 3Kcrutyatarmu npudopa [PlasmaQuant MS, 2014]. 1o uaMepsieMbIM 3JieMeHTaM TIpUOOp KamOpo-
BaJIW C UCTIOJIb30BAaHUEM CIEIMAIbHOTO MYJIbTHRJIEMEHTHOTO cTaHgapTHOTO pactBopa [V-28 (Inorganic
Ventures, CIIIA). Ommuoka ornpeaesnenuss TM B mpoOax BOJIB M JOHHBIX OTJIOKEHUN ISl BCEX JIeMEH-
TOB He npeBbimana 10 % npu ux KoHIeHTpauusax B Boge 6omee 0,01 MKT-JT"! ¥ B TOHHBIX OTJIOKEHHUSIX
oonee 0,1 mr-kr!. ITpu 60/iee HU3KKMX KOHIEHTpALUAX omuOKa gocturana 60 %.

[TpoGsl BOBI M TOHHBIX OTJIOKEHHWI Ha OIpejiesieHre B HUX KOHIEHTPALMK PTYTH OTOMPaId OJHO-
BpEeMEHHO. [[/1s1 pa3jiesnieHrst paCTBOPEHHOM M B3BELIEHHON (hOpM PTYTH MPOObI MOPCKOW BOABI (DUK-
CHPOBAJIM Ccpa3y nocje 0TOopa KOHLEHTpUPOBaHHOMU a30THOM kucnortoil (10 M1 HNO; Ha 1 11 Boabl);
3aTeM B JIA0OPATOPUU MPOU3BOAWIN (PUIIBTPALIMIO Yepe3 MpeABAPUTEIbHO B3BEIIEHHBIE HYKJIEOMOPO-
Bble (puibTphl ¢ qramerpoM nop 0,45 mxm. KoHneHTpanuio pTyty B mpoOax B3BEIIEHHOTO BEleCTBa
onpenensuii B cootBerctBun ¢ 'OCT 26927-86 [2002]. U3mepenre nmpoBOAMIM METOJAOM aTOMHO-
a0COPOLIMOHHOM CIIEKTPO(OTOMETPHH C IOMOIIBIO PTYTHOTO aHAIM3aTopa «XupanyMma- 1». s kammo-
POBKM NMPUOOpPa M KOHTPOJIsI KAUeCTBA aHAJIM3a UCTIOJIb30BAJIM aTTECTAlIMIOHHBIE CTaHJAPTHBIE 0OPa3Libl
pryt. Omubka u3mepeHus He rpesbimana 2 %.
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CpenHIo CKOpOCTh OCaJKOHAKOILIEHUS] pPaCCUUTHIBAIM 1O (popmyJe [['ynun u np., 1994]:
S=h/(Ty—T), 3)

rae S — cpeHsAsA CKOPOCTh OCAJKOHAKOILIEHHs], CM-TOM |
T — aOGCOMOTHBIA BO3PACT CJIOsI, TOIBL;
T, — roa or6opa npoodH;
h — cpenHsis rmyouHa cosi, CM.
Bospact c10€B JOHHBIX OTIIOKEHUH B KOJIOHKaxX ornpeaessu no ¢opmyse [Gulin et al., 1997]:

T=T,—h/S, “4)

rae T (Bo3pacT c10s1) — roji HaKOIUIEHUs CJIOSI JOHHBIX OTJIOKEHUH;

T, — roa or6opa npoodH;

h — cpennss ryOuMHA €0 IOHHBIX OTJIOXKEHUM, CM;

S — cpeHss CKOPOCTh OCAIKOHAKOIUIEHHS], CM-TO/L .

MeToj1 Onpejie/leHHsi CKOPOCTH OCAIKOHAKOIUIEHHSI B BECOBBIX €IMHHUIAX (I-M 2-TOH ') omucaH
B pabore [['ymun u np., 1994]. Teopernueckuil aHaiu3 pe3y/abTaTOB HAOJIONEHUI BBIMOJIHSIN
C YYETOM COBPEMEHHbIX NPEACTABJIEHUN O PaJAUOU30TOIIHOM U XMMHUYECKOM T'OMEOCTa3e MOPCKHUX
skocucrem [Egorov, 2021].

PE3VJIbTATDBI

[To mMaTepuanaM 3XOJIOTHOM CHEMKH C UCIOJIb30BaHMEM Takera mporpamMmm WavelLens [Artemov,
2006] mst 00pabOTKH JaHHBIX OIMpeaesieHo, YTo ioans (S) akBaTopuu ropoa Sira B mpuycTeeBon
30He pexu Bononaguas 1o rny6uns 40 m (puc. 1) coctasnser 2,82 kMm%, a 06béM o (V) — 0,08 kv,
[0 JaHHBIM peryJIsIpHbIX M3MEPeHNI THPONOCTa roposa slira, cpeHuii cTok peku B €€ yerbe (V) —
0,384 m>-c™!, wmm 12,11 x 10° m-ron".

JlaTHpOBKa JOHHBLIX OTJO:KeHHil. [lepBuyHble NaHHBIE ISl AATUPOBKU JOHHBIX OTJIOKEHUN
npeacTaBieHbl B Ta0d. 2 u 3.

Ta6uuma 2. KonueHTpaius 08r u 7Cs B Pa3NMYHBIX CJIOSX KOJIOHKHM JOHHBIX OTJIOXKEHUH (1. 0.)
Ha CTaHIIAU 5

Table 2. *Sr and '*’Cs activity concentration in different layers of the bottom sediment (1. 0.) core
at station 5

] Macea cos, T KOHI_I_GIHTpaleI/IH 908, KOHueilliTpam{ﬂ 137Cs,
Cnoii 1. o., cM Bk-kr~' cyxoi maccht Bk-kr™" cyxoi macchl
chipast cyxas PSr * B7¢Cs +
0-1 46,0 30,5 H. 1. H. T 26,6 3,0
1-2 56,5 41,0 H. 1. H. 1. 14,6 1,5
2-3 42,5 32,0 H. 1. H. 1. 15,6 2,2
34 22,0 16,5 H. II. H. I 0 0
4-5 62,0 52,5 H. 1. H. 1. 0 0
5-6 27,0 18,5 1,91 0,52 0 0
6-7 33,5 23,0 5,99 0,87 26,0 4,0
7-8 36,0 25,0 H. 1. H. 1. 0 0
8-9 45,0 31,5 2,19 0,51 0 0
9-10 44,5 31,0 1,97 0,43 0 0
10-11 45,5 31,0 H. 1. H. 1. 19,3 3,1
11-12 45,5 29,5 5,18 0,64 17,2 1,9
12-13 35,0 22,0 4,6 1,0 0 0

[IpogomkeHue Ha cleayIolei CTpaHULIe. . .
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) Macca ctost, T KOHI_I_CIHTpaLlI:IH 908, KOHLlfiIiITpaL[I/EH 137¢s,
Croit 1. 0., cM Bk-Kr™' cyxoii Macchl Bk-Kr™" cyxoii Maccht
chipas cyxas 0Sr + B37Cs +
13-14 39,0 23,0 H. 1. H. 1. 0 0
14-15 39,0 22,5 3,13 0,87 13,5 3,3
15-16 38,0 22,0 7,86 1,26 31,8 2,5
16-17 41,5 24,5 13,17 1,41 227 1,8
17-18 43,0 27,5 10,67 1,48 12,1 0
18-19 42,5 28,5 6,7 0,95 0 0
19-20 55,5 37,5 H. 1. H. 1. 17,5 1,7
21-22 44,5 29,0 3,22 0,69 0 0
22-23 41,5 27,0 H. 1. H. 1. 0 0

Ipumeuanue: H. 1. — HUXKe Tpeesia JeTeKTUPOBAHUSI.
Note: H. 1. denotes values below the detection limit.

Ta6mmma 3. KonreHrpanus RUCY: Pa3IUYHBIX CJIOSIX KOJIOHKM JOHHBIX OTJIOKEHUH (. 0.) HA CTaHLMU 6

Table 3. '3’Cs activity concentration in different layers of the bottom sediment (x1. 0.) core at station 6

. Macca cios, T Konnentpauus '37Cs, Bk-kr~! cyxoit Macchl
Crom 1. 0., cM 37
chIpas cyxas Cs +
0-1 64,0 42,3 12,0 1,5
1-2 49,5 31,4 11,0 1,0
2-3 45,5 28,6 0 0
34 50,0 344 0 0
4-5 36,0 23,2 5,0 0,7
5-6 50,5 31,1 0 0
67 42,5 25,9 2,5 0,25
7-8 45,0 28,8 32,5 1,6
8-9 45,5 30,3 12,5 1,0
9-10 44,5 29,6 0 0
10-11 51,0 34,0 0 0
11-12 44,5 29,0 0 0
12-13 47,0 30,7 0 0
13-14 41,5 26,1 0 0
14-15 42,5 25,5 0 0
15-16 44,5 27,0 23,0 1,6
16-17 46,5 28,5 14,0 2,1
17-18 43,0 26,5 0 0
18-19 45,0 28,0 0 0
19-20 45,0 29,0 0 0

I'pacprueckoe n300pakeHne MeTo1a JATUPOBKY JOHHBIX OTJIOKEHUH MPUBEAEHO Ha puc. 2.

Bb1siesieHbl TOpU30HTHI (PUC. 2), K KOTOPBIM ClIeJIaHbl IPUBA3KM CJIOEB, OTHECEHHBIX K IEPHOLY 3a-
IIPELIEHU S UCIIBITAHUI SIEPHOTO OPYXKHUS B OTKPHITBIX cpenax (1963) u k rony sipepHon aBapuu Ha Yep-
HOOBUILCKOW aTOMHOM 3ekTpoctaHiuu (1986). [IpuBsizka k 9TUM JaTaM MO3BOJISIET OLIEHUTh CKOPOCTh
OCaIKOHAKOIJIEHUsI Y UCIOJIb30BaTh «PaJMOTEOXUMUYECKUE Yachl» [l JaTUPOBKU JOHHBIX OCAJKOB.
Kax ¥ Bo Bcex ciydasix SKCIIepUMEHTTBHBIX U IPUPOAHBIX M3MEPEHUH, pe3yJIbTaThl HAOMIOJEHUI BCe-
I71a OTSATOIIEHB! OIMMOKaMu. B TaHHOM Cilydae OCHOBHBIE OIIMOKH OITPEAEIISIOTCS TIOTPEITHOCTSIMU pa3-
PE3KH KOJIOHOK Ha CJIOM, HEYYETOM M3MEHEHUs INIOTHOCTU OCAJKOB B KOJIOHKE (I10 ITyOMHE), a TaKkKe
TeM (PaKTOM, UTO JIATUPOBKU MPUBSA3BIBAIOTCS K OTAEIbHBIM JIaTaM, XOTsl KaX/Abli BbIICICHHBIN CIION
MO’KET OTHOCUTBCSI K HECKOJIbKMM IOIaM OCaIKOHAKOILIEHUSI.
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Puc. 2. TIpodumu BeprukaisHoro pacnpeneerns *Sr (O) B JOHHBIX OTIOKeHHAX Ha cTanmn 5 u 137 Cs
Ha ctaHiuax 5 (A) u 6 (@)

Fig. 2. Bottom sediment vertical distribution profiles of *°Sr (O) at station 5 and '*’Cs at stations 5 (A)
and 6 (@)

Bce Tpu BepXHHUX NHUKa B NPOUIAX BepTHKaIbHOrO pacnpenenenus *°Sr u '3’Cs B Tomme noH-
HBIX OTJIOKEHW MPAKTUYECKU COBIAJAJM, U CJIOW JIOHHBIX OCA/IKOB Ha ITIyOMHE 7 CM B KOJIOHKAaX
IpyHTa MOXeT ObIThb npuypoueH kK 1986 r. (puc. 2). IIpx 3TOM CKOpPOCTh OCaJKOHAKOIUIEHHUS, OIpe-
leNéHHAas 10 BEpXHEMY MHKy, 32 1986-2019 rr. cocrasur 70 MM / 33 roga = 2,12 mm-ron~'. Hux-
HUE MMKK B MpoWIsAX BepTUKaabHOro pacnpenenenus *°Sr u '37Cs B Tonme JOHHBIX OTIOKeHHit
ObUTM OJIM3KW K coBrajieHWo. Eciy Kaxaplii U3 HUX NpuBs3aTh K 1963 r., TO MOJIyYHMM, YTO CKO-
POCTb OCaJIKOHAKOILIEHHUS, OLEHEHHAA 110 MpoduIio BepTUKaabHoro pacrpeneienus '3’Cs na cr. 6,
cocraBut 3a 1963-2020 rr. 150 mm / 57 ner = 2,63 mmrog !; mo npoguno 137Cs ma cr. 5
3a 19632019 rr. — 160 MM / 56 ner = 2,86 mmroa~'; mo npodumo °Sr 3a 1963-2019 rr. —
170 mm / 56 ner = 3,036 mm-roa~'. CpeaHss BeIMYMHA CKOPOCTU OCAJKOHAKOILUIEHHS COCTABIISET
10,646 / 4 = 2,66 mm-roa~! ¢ pazdpocom ot 2,12 10 3,036 mm-rox~!. [103TOMy paBHOBEPOSATHO, UTO KC-
TUHHOE 3HAYEHHE CKOPOCTU OCAJIKOHAKOIUIEHUs MONaAeT B uHTepBat 2,12-3,036 mm-ron . Tak, ec-
JIM CpeaHss CKOPOCTh OCAJKOHAKOIIeH! — 2,66 MM-TO”!, TO IPaKTHYECKU Kaxk/blii CJION COOTBET-
CTBOBAJI YETHIPEM rojIaM OCAJKOHAKOIUICHHUsI, U MUK, Harpumep, 1986 r. Mor nmonacts B I000€ MECTO
3TOr'O CJIOSI.

MoxkHo 0TMeTHTS, uto *°Sr 1 137 Cs copepskanuck u B 6osee r1y6OKOBOIHBIX CIIOAX KOJIOHOK (pHC. 2).
3Has, 4To sfepHas 9pa Havyauach B uionie 1945 r., MOXHO MPOBEPUTH COOTBETCTBUE BO3PACTa ITUX
CJIOEB C/IEaHHBIM JaTUPOBKaM. IJisi 3TOro JI0CTaTOYHO COOTHECTU INIyOMHY CIIOEB ¢ MUHMMAJIbHBIMU
¥ MAaKCHMaJbHBIMHM 3HAYEHUAMU CKOPOCTEl ocaJKOHaKoIIeHus. *’Sr o0HapyxkeH B KOJOHKE B CJIOe
21 cMm, a B7Cs — B cioe 20 cM. DTO MO3BOIWIO CAEIATh OIEHKH VHTEPBAJIOB BPEMEHM, K KO-
TOPHIM MOKHO OTHECTH HX JIOKAIM3ALMIO C YYETOM MHOrpelHocTeil usmepenumii. Ouenka mo 2°Sr:
IIPU MaKCUMaJIbHOM CKOpPOCTH ocasikoHakoruieHus Te(max) = 210 / 3,036 = 69 ner; npu MUHMMAJIb-
Hoit TB(min) = 210 / 2,12 = 99 ner. Takum o6pazom, 1o *°Sr BO3pacT 3TOTO €0 COOTBETCTBYET
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uarepsany T 1920-1950 rr. Ouenka no '3’Cs: npu MakcHMasIbHOI CKOPOCTH OCAIKOHAKOIIEHHS
Ts(max) =200 / 3,036 = 66 net; npu MmunumaibHOM TB(min) = 200 / 2,12 = 94 roga. Takum oGpazom,
1o '37Cs Bospacr 3Toro cjosi coorBeTcTByeT MHTEpBany Ts 1925-1953 rr.

OuyeBuIHO, UTO BCE HEYUYTEHHBIE MOIPEUTHOCTH BXOISAT B JUANa30Hbl MHTEPBAJIOB OLEHOK 3Haye-
Hui TB. IMeHHO 03TOMY U3 ITPeICTaBJICHHBIX MAaTEPUAJIOB CJIEYET, UTO B 3TU MHTEPBAJIBI BXOJIUT U TOT
Havana saepHoro Beka (1945). Ananus npoduneii BeprukansHoro pacnpeaenenus °Sr u '37Cs B ko-
JIOHKaX TOHHBIX OTJIOKEHWI B LIEJIOM MOKa3asl, YTO BhIOpaHHAs MPUBA3KA K MUKAM MAaKCUMYMOB KOH-
ueHTpauuii 1986 u 1963 rr. 0IHO3HAYHO COOTBETCTBYET CKOPOCTH OCAIKOHAKOIIEHU S, JIeXKallei B UH-
TepBaJie 3HaueHuit Voc =2,12...3,036 mM-rog~! (B cpenHem 2,66 MM-TOg ), a OLIeHKH BO3pacTra Haudo-
Jiee TIyOOKHX CJIOEB I'PYHTOB, COJEPXKAIIUX HEHYJICBbIe KOHIICHTPAIIMN N3MEPEHHBIX PaJIMOHYKIIUIOB,
OXBATHIBAIOT HAYAJIO SIIEPHOM PHI.

B 1esiom ¢ ucnosnb30BaHMEM PaMOM30TOMHBIX JATUPOBOK OMpPEIesieHO, YTO B IPUYCThEBON 30HE
pexku BoponanHas Ha cr. 5 u 6 cemumeHTanms cocraBiser 2,120-3,036 mM-ron ! (B CpelHEM
2,66 mmTon !), a yle/ibHas BeJIMYMHA MARy)1 — 3072,3 r-m2-rox}, wim 8663,9 Troq! must Beeit
akBaropuu 10 ryounsl 40 m (MARy).

buorennbie 3jJeMeHTbI. Pe3ynbraTel oOnpenesieHnii KOHLEHTPAIMM OWOTEHHBIX 3JIEMEHTOB
U pacu€Thl MapaMeTpoB ypaBHeHMi Pendunna npencrasiens B 1adia. 4 [Eropos u ap., 2021].

Ta6smna 4. Konuenrpanus azora B ¢hopme ammonusi (NH,), murpuros (NO,) u HutpatoB (NO3), KOH-

HEHTpalysi CyMMbl MUHEPAJIbHBIX coeauHeHuit asota (LN), konuentparms docdopa (PO,) u mapamerp
Pendunga (R,) B 2020 r. B 3cTyapHoii 30He peku Bononagnas [Eropos u ap., 2021]

Table 4. Concentration of nitrogen in form of ammonium (NHy), nitrites (NO,), and nitrates (NOj3);
concentration of total mineral nitrogen compounds (Y. N); concentration of phosphorus (PO,); and Redfield
factor (R,) in 2020 in the Vodopadnaya River estuarine zone [Egorov et al., 2021]

MOpCKaﬂ BOJa B HpHYCTbeBOI;’I 30HE HpeCHaH BOJa B YCTbE
(cranuus 4) (44°2922.0"N, 34°09'46.6”E)
Ne| Jlara  [NH,x[NO,*[NO; [y~ [PO% NH, % [ NO, % [[NO % [ . = [ PO,
CKO, | CKO, | CKO, " 1l CKO, | R, CKO, | CKO, | CKO, " 1| CKO,
-1 .| -1 MKT-JI -1 at -1 -1 -1 MKTJI -1
MKT'JI MKT'JI MKT'JI MKT'JI MKT'JI MKT'JI MKT'JI MKT'JI
11,50+ | 2,70+ | 32,00 = 17,00 = 72,50+ ] 19,50+ | 1860 % 44,50 +
1] 16.01.:2020 0,60 0,04 0,96 46,2 0,26 6,77 3,74 0,29 56 1952 0,67
9,10+ | 290+ | 20,30 12,20 £ 23,10+ | 10,40 £ | 960 £ 31,30 +
2105032020 0,44 0,04 0,61 32,3 0,18 6,96 1,20 0,16 29 994 0,47
2430+ | 1,60+ | 830+ 340+ 147,20 | 43,80 £ | 586 53,40 +
3123062020 1,17 0,02 0,25 34,2 0,05 42,32 +7,07 0,66 18 7 0,80
19,10+ | 4,60+ | 10,50 £ 9,70 + 9,40+ | 16,50 | 690+ 86,30 =
4 |14.08.2020 0,92 0,07 0,32 32,2 0,15 13,00 0,35 0,25 21 716 1,50
6,80+ | 1,90+ | 10,50 + 10,90 + 23,00+ 21,30+ | 755+ 92,80 +
> |02.10.2020 0,33 0,03 0,32 192 0,16 >12 1,0 0,32 22 799 1,40
11,90+ | 290+ | 12,80 = 6,10 = 12,70 + | 10,30 £ | 1005 + 70,00 £
6 115.10.2020 0,36 0,04 0,38 27,6 0,09 14,46 0,61 0,15 30 1028 1,05
14,00+ | 2,30+ | 11,60 £ 6,50 24,00+ 11,32+ | 555+ 43,90 +
7/26.11.2020 1,58 0,03 0,35 27,9 0,10 14,80 L1 0,17 17 590 0,66
10,00+ | 2,00 | 8,00 % 7,50 + 22,00+ | 1640+ | 766 % 74,80 +
8 |17.12.2020 0,48 0,03 0,24 20,0 0,11 9,20 1,06 0,25 23 792 1,12
Cpennee 13,34 2,61 14,25 30,2 9,16 |14,08| 40,24 | 18,69 | 897,12 956 62,12

Tsekénble MeTaIbI H MAKPOSJIEMEHTBI. Pe3ynbTaThl aHAIUTHYECKUX OIPEe/CHUI KOHIICH-
tpauuii TM B mpecHOW Boie yCThsl peku BojomagHasi 1 B MOPCKOW BoJe €€ IMPHYCThEBOW 30HBI
MIpe/ICTaBJIEHbI B Ta0JI. 5.
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Tadmmma 5. KoHueHTpanmu TSOKENBIX METAIOB M MUKpO3JieMeHTOB B Boge (C,) W OTHOCHTESIb-
Hoe (1o otHoteHuo kK T1JIK [O0 yTBepxkeHnr HOPMATUBOB KayecTBa Bojibl, 2016]) 3arpssHeHue BOJ

Table 5. Concentration of heavy metals and trace elements in water (C,) and relative (considering
MPC [Ob utverzhdenii normativov kachestva vody]) contamination of waters

KonuenTpauus
Ne | [lara Paiion oT60pa H}i‘:}i‘;ﬁ:ﬁ:ﬁg‘e éﬂefec}gg K, wxr! | C, /TIIK, %
MKT-7T!
Fe 5,220 £ 0,230 100 5,22
Co 0,015 £ 0,001 5 0,30
Ni 0,596 + 0,020 10 5,96
Slira, peka Bogonasas, Cu 1,728 £ 0,044 5 34,56
1 | 22.06.2020 IpecHasi BOJa B YCThbe,
C Zn 23,408 + 0,593 50 4,68
o Mo 0,067 + 0,005 1 6,70
cd < 0,025 10 <025
Pb 0,157 £ 0,007 10 1,57
Fe 2,453 +0,158 100 2,45
Co 0,001 + 0,001 5 0,02
dra, conéHas soxa Ni 0,518 + 0,024 10 5,18
2 | 22.06.2020 B HpI/I’yCTbeBOﬁ 30HE, Cu 0,628 + 0,028 > 12,56
p Zn 5,818 0,206 50 11,64
o Mo 1,312 £ 0,047 1 (300) 131,20 (0,44)
cd 0,123 + 0,005 10 1,23
Pb 0,097 + 0,004 10 0,97

IIpumeuanne: B ckoOkax nmpuBeaeHo 3Havenue [IIK amist Mopckux Boj cornacHo [Warmer, van Dokkum, 2002].
Note: in parentheses, MPC values for seawater are given according to [Warmer, van Dokkum, 2002].

PC3yJ’ILTaTH AHAJIMTUYECKUX OHpCHCHCHI/Iﬁ TM B JOHHBIX OTJIOXKEHUAX MpeACTaBJICHbI B Tad. 6.

Ta6uuna 6. Konuenrpaiuu Tsoxébix Meta/uioB (TM) B JOHHBIX OTJIOKEHHMAX Ha CTaHIUHU 5 (Tadi. 1)
Table 6. Concentrations of heavy metals (TM) in the bottom sediments at station 5 (Table 1)

No Crnon IIOHfIbIX HatupoBka Konuenrpauusa TM B gonnbix ocazkax, C £ CKO, mr-kr! CYXOU MacCHl
OTJIOXKCHUH, CM CJ104, TO[, Cr Co Ni Cu Zn Mo Cd Pb

+ + + + + + + +

] ooos | ome T T Tomn | oz | 2 | 6os | 004 | 036
+ + + + + + + +

2| as20 | aes | Zogr® RO R T i | o | oo | onr
] aes oo T R 0 | oo | Cous | ooe | <001 | g
+ + + + + + + +

v | [ R T e T ey
+ + + + + + + +

| nens | e TR N o | oas | s | o1 | 001 | 029
6 | 145-150 1964 13:121 6(’)7,391 zgﬂi 13:?31 43:331 0(,)?8'51 <0,01 7(’;‘1991
| s | R0 T 06 | T0as | oor | oar | oot | <%0 | Tao
e G I e R I Y R Y
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PtyTh. OLIeHKM KOHIIEHTPUPYIOLIEN CIIOCOOHOCTH B3BECEU B OTHOIIEHUU PTYTH B BOJIE aKBATOPUU

ropoja fnra npencrasieHs B Tad. 7.

Ta6amua 7. PesynbraThl i3MepeHnil KoHleHTpauuu pTyTH B Boge (C,) 1 Bo B3BeleHHoM Betectse (C,,,),
a Takxke Koa(pUIreHTs HakorieHus pTyTH (K,,) B3Becblo B akBaTOpuM ropoja snra

Table 7. Results of mercury concentration measurement in water (C,) and suspended matter (C,,,)
and mercury concentration factor (K,,) for suspended matter in the Yalta city water area
Mecto Hara Bec C,, ora! c. C,,,, HO-T !
Neo otbopa orGopa B3BeCH, | PacrtBo- | B3Bemen- | OOwas, HIEIﬁ(m % cyxon K,, x 10°
TIpOOHI TpOObI v péHHas Has Cotm ’ Macchl
Mopckas
1 Boza (1o- | 22.06.2020 1,3 40 5 45 45 3846,15 0,96
BEPXHOCTb)
Mopckas
2 | Boma(mpu- | 15.10.2020 | 6,9 60 8 68 68 1159,42 0,19
JIOHHAs)
3 Mopckas | 28.04.2021 4 30 24 54 54 6000,00 2,00
4 Boja (mo- | 09.07.2021 | 40,7 30 5 35 35 122,85 0,04
5 | BepxHOCTB) | (07.10.2021 31,7 30 120 150 150 3785,49 1,26
Cpennee 60 60
6 22.06.2020 3,1 53 10 63 63 3225,81 0,61
7 | Meeciad 042021 | 2.2 20 100 120 120 4545455 | 22,73
8 BBy(gie 09.07.2021 | 546,8 40 230 270 270 420,63 0,11
9 07.10.2021 1.8 35 70 105 105 38 888,89 11,11
Cpennee 140 140

PC3YJ'IbTaTbI AHAJIMTUYECKUX OHpeHeHCHI/Iﬁ PTYTU B JOHHBIX OTJIOKCHHUAX ITPUBEICHBI B Tad. 8.

B Tpetbeii rpacde Tabi1. 8 mokaszaH Bo3pacT co€B. B msToii rpade npecrapieHsl oneHKH notoka Hg
B JIOHHBIE OCA/IKM aKBATOpUM ropoja fira Ha cT. 6.

Ta6ymma 8. KoHlieHTpalus pTyTH B CJIOSIX JOHHBIX OCaIKOB (Cﬂo) Ha cTaHnuu 6 (tad. 1)

Table 8. Mercury concentration in bottom sediment layers (Cj) at station 6 (Table 1)

Cror ViensHbIN IOTOK PTYTH ToTok pryTé
No Croit TOHHBIX Jartiposka cros, —— ;HOEI;‘ZZEC@CKH’ B JOHHHIE OCA/KIL,
0CaJIKOB, CM ros CyXOii Macch yn = V- 1)10’ My, =1, - S,
MKI-M ™~ -TOJ Kr-roq !
1 0-1 2020 62 264,2 0,75
2 1-2 2018 68 289,8 0,82
3 2-3 2014 66 2812 0,79
4 34 2011 53 225,8 0,64
5 4-5 2007 63 268.5 0,76
6 5-6 2003 141 600,8 1,69
7 67 1999 63 2685 0,76
8 7-8 1996 67 285,5 0,81
9 8-9 1992 80 3409 0,96
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OBCYKIEHUE

Buorennsie 3;emMeHThI. ['paduyeckue MaTepuasbl, MPeICTaBICHHbIE HA PUC. 3, OTPaKAIOT 3aKO-
HOMEPHOCTU U3MEHEHU s KOHIIEHTPAIIKY OMOTEHHBIX 9JIEMEHTOB B YCThE U IPUYCTheBOH 30He peku Bo-
nonaaHasi. IlpecHast Boga ycThsl PeKM XapaKTepu3yeTcsl MOBBIIIEHHBIM COZIEpPKaHMEM a30Ta B COCTa-
Be HUTpUTOB (B 7,2 paza), ammonHus (B 3,0 pa3a), HurpatoB (B 62,9 paza) u MuHepaibHOro ¢ocdgo-
pa (B 13,2 pa3a) no cpaBHEHMIO C UX KOHIIEHTPAIMSAMU B MOPCKOH BOJIe €€ TPUYCTHEBOM 30HBI. DTU JIaH-
HbIE CBUJIETEJILCTBYIOT O CTATUCTUUYECKU JOCTOBEPHOM BJIMSHUM CTOKA PEKU HA U3MEHEHHEe KOHLIEHTPa-
Ml CyMMapHOTO COAep:KaHMs COeAMHEHMI a30Ta, a TaK:Ke MUHEPAJIbHOro hocopa B MOPCKOU BOJE
e€ actyapHoii 30HbI. [TocTyrieHre OMOTEHHBIX 9JIEMEHTOB U3 PEKH B JIETHUH MEPHUOJT MOKET U3MEHSTh
JUMHUTUPOBaHKUE NIEPBUYHON MTPOAYKLIMH C a30THOTO Ha (pocopHoe.

Sum N(fr-w)/Sum N(sea-w); PQ, (fr-w)/POs (sea-w)

40
30 a)
20

1o{A_A/A\A__KA\A/A

0 1 2 3 4 5 6 7 8 9 10 11 12
0.7 - PO, /SumN

04 6)

JinmrTnpoBaHne

o chocchopy

Jinmntnposanmne
o asoty
0 ——r T T T
0 1 2 3 4 5 6 7 8 9 10 11 12
[MopsiakoBbIN HOMep MecsiLia roga

Puc. 3. OTHOonIeHne cymMMapHBIX KOHIeHTparwii coequHennii azora () m munepamsHOTO hocdopa (A)
B IIPECHOM BOJIE YCThsI M1 B MOPCKOM BOJE ITPUYCThEBOM 30HH peku BononanHas (a); OTHOLIEHHE KOHLIEHTpa-
Ui MUHepasbHOro (pocopa K CyMMapHOU KOHLUEHTpaluK COEAUHEHUI a30Ta B MOPCKOM BOJIE€ MIPUYCThe-
BOM 30HBI pekH (0); pacy€THble 3HaYeHUs napameTpa Peadwuina s MOPCKOR akBaTOpUM MPUYCThEBON
30HBI pEKU (B)

Fig. 3. Ratio of total nitrogen (M) and mineral phosphorus (A) concentrations in freshwater of the Vodopad-
naya River estuary to the values in seawater of its estuarine zone (a); ratio of mineral phosphorus concentra-
tion to the total nitrogen concentration in seawater in the Vodopadnaya River estuarine zone (0); calculated
values of the Redfield factor for the sea area of the Vodopadnaya River estuarine zone (B)

B 2019 r. KoHIIeHTpalusi OMOTeHHBIX JIEMEHTOB B YCThe peKu Ha cT. 4 B 14—16 pa3 mpeBblia-
Jla MX coJepaHue B MPUYCThEBOM 30HE MO CyMMe COeIUHEHMI a30Ta, a KOHLeHTpaiums (ocdaro
MOTJIa UMETh TOT ke MOPSAAOK BEIMYUH WM OBITh 1O 25 pa3 BbIllle. DTO YKa3bIBaJIO Ha IBTPOPUPY-
I0lliee BIIMSIHUE CTOKA PEeKH Ha MPUOPEKHbIe BOABI SUITMHCKON aKBaTOPUH MOps. B TOT rog co cTokom
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PEKU B MIPUYCThEBYIO AKBATOPHIO TOPOJIA eXkeJHEBHO rocTynano 330,66 kr-cyr™! coemuHenuii azora
u 7,35 kr-cyr”! munepanbhoro docdopa. Ilpu a30THOM TUMUTHUPOBAHMM TPOAYKIMOHHBEIX MPOLIEC-
COB TIOCTYIUIEHHE OMOTE€HHBIX JIEMEHTOB CO CTOKOM PEKU MOIJIO IPUBOJUTH K TUMEPTPOPHOCTH BOA
Ha momamy 531 000 M2, a ipu pocpoprom — Ha rromamu 88 000 m? [Egorov, 2021].

B 2020 r. mpu cpemHErogoBoM cToke peku 33,18 m’-cyT™! KOHIEHTpalus CyMMbI coeauHe-
Huit azora (LN.) B mpecHOi Boje cocrapisia 956 Mkr-n~', a munepambHoro ¢ocdopa (PO,) —
62,12 mMxr-n~! (Ta61. 4). IIpu 3TOM CyTOYHOE TIOCTyIUIeHHe Y.N; B PUYCTHEBYIO 30HY AKBATOPUH TO-
pona fAnra cocraBuio okoso 31,717 KF-CyT_l, a MuHepasbHoro gocgopa — o 2,060 Kr-cyT‘l. N3-
BECTHO, 4To A1 cuHTe3a 1000 r opranuyeckoro Bemiectsa no macce tpedyercs 80 r yriepoaa, 2 1
(pocpopa u 14 r azora [3unos, 2009]. O1croga ciepyer, 4yTo MpU a30THOM JTMMUTHUPOBAHUU TPOIYK-
LIMOHHBIX MTPOLIECCOB HOBasl MPOYKLMs MoxkeT coctaBuTh (31,717 / 14) - 80 = 181,240 kr Copr-cyT‘l,
a ipu pocpoprom — (2,060 / 2) - 80 = 82,400 kr Copr-cyT‘l. OTU JaHHBIE CBUAETEJILCTBYIOT O TOM,
YTO B YCJOBUSX IBTPOGHOCTH BOJ MO (PUTOIIAHKTOHY, paBHOU 100 mr COPF-M_3~CyT_1, U pacnoJo-
JKEHUU JIETHETO siApa MepBUYHON MpoayKimu B cioe 0—10 M 3a cU€T MOCTYIUIeHUsI COEAMHEHUI a30-
Ta runep3BTPodUKalKs BOJ PacHpoCTpaHUTCsA Ha akpatopuio 181240 M% a npu docdopHOM u-
muTHpoBaHun — Ha 82400 Mm% C yuéTom paHee omyOiMKOBaHHBIX HaHHBIX 3a 2019 r. [Egorov,
2021] 310 O3HA4aeT, YTO IMpH NPEBAIMPYIOIIEM a30THOM JIMMUTHPOBAHUU IIEPBUYHBIX IMPOLYKIM-
OHHBIX TPOIECCOB TEMIThl CYTOYHOTO TMPHPOCTA THUIEPIBTPOPUPOBAHHBIX MO OUOTEHHBIM 3JIEMEH-
TaM BOJl B aKBaTOpUW ropoa fiara B pa3iMyHble IOkl MOTYT COCTaBJIATH OT 6 10 18 % B cyTku
OT TUIOIIA/IU TIOJIUTOHA.

Boanble mMacchl MOMroHa OOMEHUBAIOTCS C OTKPBITHIM MOpPEM uepe3 JKUJIKKME T'PaHUIIbl, 0COOEH-
HO C CeBepo-BOCTOKA Ha ioro-3amaja [EropoB u ap., 2018], BOoiab OCHOBHOU MPHOPEkRHON pekpea-
LIMOHHOM 30HBI ropoja fnra. DTO MOXET NPUBOAUTH K IMOBBIIICHUIO NEPBUYHON MPOAYKUMM aKBa-
TOPUHU, BCIBIIIKAM pa3BUTHS KEJIETeJoro IaHKToHa [Rhizostoma pulmo (Macri, 1778) u Aurelia
aurita (Linnaeus, 1758)] u uBerenuio Boja. IToaTomMy NOCTyIUieHHe OMOTEHHBIX 3JIEMEHTOB CO CTO-
KOM DPEKH SIBJISIeTCS] 3HAYUMBIM (PAKTOPOM CHMKEHUsSI CAHUTAPHO-TMTMEHWYECKOTO KauecTBa BOJ
PEKPEALMOHHON 30Hbl aKBATOPUH FOPO/a.

Taxénpie metannabl 1 pTyTh. B npecHoil Bozie yctbsa peku koHueHrpauuu Fe, Co, Ni, Cu, Zn
u Cd ne npesbimamu 11K, a B coi€Hoit Boe MPUYCThEBOM 30HBI cofiepkaHre Mo B OT/IE/IbHbIE TO/bI
MorJio ObiTh Bhimie TTJIK (tabi. 5, 7), yCTaHOBJIEHHBIX /I BOJOEMOB PHIOOXO3SUCTBEHHOIO Ha3HAYe-
HusA [O0 yTBepkJIeHUM HOPMATHBOB KadecTBa Bojbl, 2016]. ITpu 3TOM conmepxkanre Mo 0CTaBajioCh
Ha J1Ba nopsiaka Huxke ITJIK, pekomeHnoBaHHBIX A1 MOpcKux BoA [Yysxkukosa-IIpockypHuHa u ap.,
2022; Warmer, van Dokkum, 2002]. B akBatopuu ropoja flinta KOHUEHTpaLyy pacTBOPEHHON (POPMBI
PTYTH B IPECHOM 1 COJIEHOM BOJIE ITPUYCTheBOM 30HbI He npeBbiiany [1/IK (tab:. 7). B To e BpeMst KOH-
HEHTpAIMsI B3BEIIEHHOH (POPMBI PTYTH B ITPECHON U MOPCKOH BOJIE, KaK MPaBIJIO, ObLIa BBIIIE U MOTJIa
nipesbiaTh [1JIK. Bplin ycTaHOBIEHBI BHICOKME YPOBHU HAKOIUIEHHUS PTYTH B3BECSIMHU — KO3 (PUIEH-
Tl KOHIIEHTpUpoBaHus ot 0,11 x 10° 10 22,73 x 10°; 9T0 CBUAETEIBCTBOBAIO O BHICOKON 3HAYMMOCTH
B3Becell B murpaiun Hg B BogHoOI cpeje.

Pacnpenenenue TM B Tolle AOHHBIX OCAIKOB C YYETOM PaJUOTPACCEPHBIX JATUPOBOK (puC. 2)
ux Bospacra ¢ 1930 o 2020 r. Ha cT. 5 1 cT. 6 IpeACTaBIEHO Ha puUC. 4.

3a nepuoa ¢ 1930 no 2020 r. (puc. 4) conepxanue Cr, Fe (nocne 2000 r.) u Cu (nocne 1990 r.)
NpY HAIMYMU BapuaOelbHOCTU AAaHHBIX BCE-TAKHM MPOSIBUIO TEHAEHIMIO K YMEHBILIEHUIO B JOHHBIX
ocagkax. B to ke Bpems konueHtpauuu Co (¢ 1990 r.), Mo (¢ 2000 r.), Cd (mocne 2010 r.)
u Hg (c 2010 r.) B IOHHBIX OTIOKEHUSX Bo3pacTayiv. OueHuBaemble KO3(hPUIIMEHTAMU JTETEPMHU-
HAlMM TEH/ECHUUMU YBEJIMYEHUsl 3arpsA3HEHUs] JOHHBIX OTIokeHud Zn u Pb ¢ 1950-x rr. mo Hacro-
sAlllee BPeMs MMENM BBICOKYIO CTEIEHb CTATUCTHYECKO# 3Haummoctd (R = 0,715 u R? = 0,729
COOTBETCTBEHHO).
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Puc. 4. ITpocdunu BeptukansHoro pacnpenerenus Cr (A), Co (B), Fe (C), Cu (D), Zn (E), Mo (F), Cd (G),
Pb (H) u Hg (I), Mr-kr~! cyxoii Macchl, B TOJIIE JIOHHBIX OTJIOKEHUIA B aKBATOPKUH roposa Snta

Fig. 4. Vertical distribution profiles for Cr (A), Co (B), Fe (C), Cu (D), Zn (E), Mo (F), Cd (G), Pb (H),
and Hg (I), mg-kg™! dry weight, in the thickness of the bottom sediments in the Yalta city water area

HMHTEeHCHBHOCTH OHOTreOXHMUYECKUX MPOIECCOB MHTPAIHH TSKEJbIX METAJLUIOB H XJIOP-
OpPraHU4YecKHNX coeJUHEHHII B peKpealnuoHHONl akBaTtopum ropoaa fara. [lokazarenu uHTeH-
CUBHOCTU OMOT€OXMMHUYECKUX MPOIIECCOB B aKBATOPUU ropojaa finra mpuBeaeHs! B a0 9.

Bo BTOpOoM 1 yeTBEPTOM CTOJOIAX Tada. 9 MpeACTaBIeHb! JaHHbIE MO KOHIEHTPALUU 3arps3Hs-
101X BenlecTs (nanee — 3B) B MOPCKOM BOJE M B BEPXHEM CJIOE€ JOHHBIX OTIOKEHUN aKBATOPUU
ropoja fnra. Bo Bropom crosiOlie JaHbel pe3ysbTaThl pacy€éToB myjoB 3B B akBatopuu (00BEM —
80-10% m%). B nsAToM U 11eCcTOM CTONIOLAX MPUBEIEHb OLEHKHM CyMMApPHOTO CeMMEHTAIIMOHHOTO T10-
TOKa ¥ TMIePUOJIOB AECNOHNPOBaHKs 3B B TOJIIY JOHHBIX OTJIOKEHWA. B BOCBMOM M IEBITOM CTOJIONAX
IIPEJCTaBJIEHBl PE3YJIbTATHl PACYETOB NOCTYILIEHNs 3B B aKBaTOPUIO CO CTOKOM PEKU U OLIEHKH IIEPH-
0JI0B X 000pOTa B BOJIE aKBaTOPUU ropoja flira 3a cuér cToka peku. B 1iesloM OHM CBUAETEbCTBY-
10T O BBICOKOM 3HAYUMOCTH (PAKTOPOB 3arpsI3HEHMS BOJ AHATU3UPYEMOU aKBaTOPUU CO CTOKOM PEKM
U e€ CeIUMEHTAIIOHHOIO CaMOOYMIIEHUS B pe3yJibTaTe MPOTEKaHUsI OMOT€OXUMHUUYECKUX POLIECCOB.

Mopckoii 6uonorndeckuit xkypHain Marine Biological Journal 2023 Towm 8 Ne 3



25

Bo3moxkHOCTH peam3ann KOHIENIUN YCTOIZQHBOF O PasBUTUSA PEKPEATUOHHOT'O le/l6pe}KbH. ..

JlarHple TOKa3bBaoT (Tada. 9), yro odopor 3B B akBartopuu ropoma fira B pe3ysbrare BIUSHUS
CeIMMEHTAIIOHHBIX MPOIIECCOB MPOTEKAaeT Ha MaclITabax BPEMEHU OT CYyTOYHOIO JO CUHONTHYECKO-
ro, a 3a CYET CTOKA PeKU — OT TOAOBOrO JI0 MHOTrojeTHero. [Ipu 3ToM nepuoasl 000poTa ITUX 3Je-
MEHTOB 3a CUET IMPOLIECCOB CEAMMEHTAIIMOHHOTO CAaMOOYMINIEHHUSI Ha 1—2 mopsiika BeJMYUH MEHbIIIE,

YEM 3a CYET CTOKA PEKHU.

Tabamua 9. BroreoxuMuueckue XxapakTepiucTUKK 000poTa 3arpssHsomux seuiects (3B) B mpuyctbeBoit
30He peku BononagHas u akBatopun ropoja fira

Table 9. Biogeochemical characteristics of turnover of pollutants (3B) in the Vodopadnaya River estuarine
zone and in the Yalta city water area

K C cenflpMIZ(I)ia— Tlocryme- Hepuon
OHIICHTpA- Myn 3B | KonueHrpa- C/IMEHTA- | CEA Konuentpa- Y obopora 3B
uus 3B [IMOHHBII LIMOHHOTO nue 3B co ..
. B aKBaToO- uusa 3B s 3B 3a CUET
B MOPCKOI notok 3B | obopora 3B . CTOKOM
p¥K TOpOZia | B BEpPXHEM B MIPEeCHOMI CTOKA peKH
BOJIE B JIOHHBIE |B aKBaTOPUH peku Bojo- i
3B SnTa, CJIOE TOHHBIX BOJE pEKH Bogomnaz
aKBaTOPUH . | OTJIOXKEeHHUH, ropoza najHas,
Qu = oToKeHHi, | LT ra Bopomnan- = Has,
Hropoi[:a Cpu - V. | Cppo MIKI™! lf/e[uA;Q ‘g’ . T _ O ;, T, =
1, B KT CYXOHM Macchl - cen MK TR Qe /T,
MKTJI Kr-roj QaKB / HCCH’ KI'-roJ
cyT CyT
Cu 0,628 50,240 17,280 149,712 122,5 1,728 8,23 2,2-10°
Zn 5,818 465,440 63,350 548,857 309,5 23,408 111,47 1,5-10°
Fe 2,453 196,240 H. 1. H. 1.* H. 1. 5,220 24,86 2,9-10°
Co 0,001 0,080 7,370 63,853 0,5 0,015 0,07 408,8
Ni 0,518 41,440 25,900 224,395 67,4 0,596 2,84 5,3.10°
Mo 1,312 104,960 0,350 3,032 1,2-10* 0,067 0,32 1,2-10°
Cd 1,123 9,840 1,350 11,696 307,0 < 0,025 <0,12 >3,0-10*
Pb 0,097 7,760 12,770 110,638 25,6 0,157 0,75 3,8-10°
Hg 0,071 5,700 0,063 0,546 2,9 . 1072 0,14 1,689 9,2.1073
8,5 680,0 1,6 13,9
st Bk-m3 MBk Bk-kr! MBk-rox™! 18- 10° A e A
YIOT* | 1,42 1073 0,114 0,036 0,312 1329 0,32-1073 0,002 2,710
Y 6I1XB*| 6,80 - 1073 0,544 0,010 0,088 22447 1,09 - 1073 0,005 3,8-10%

IIpumevanue: H. . — HET JaHHBIX; * — mgaHHBIE MO [Manaxosa, Jlooko, 2022].
Note: H. 1. denotes no data; * denotes data according to [Malakhova, Lobko, 2022].

PaccmoTrpenue npenctaBieHHbIX MaTepuasioB Mo pacnpenenenuio TM B akBaropuu ropojaa fnra
B 1IEJIOM ITOKa3aJjo (Tabj. 5), 4To B IPecHOW BOJIe MPUYCTheBOM 30HbI peku KoHleHTpanus Fe, Co, Ni,
Cu, Zn, Mo, Cd u Pb cocrasnsina ot 0,25 1o 34,5 % ot [1IK 1715 COOTBETCTBYIOIIMX 3JIEMEHTOB. B co-
JIEHOM BOJIe IPUYCThEBOM 30HBI KOHIIeHTpaIusi Mo Moria nipebiiats [1JIK, ycraHoBnIeHHbIE 111 BOJIO-
€MOB pbI00X03sICTBEHHOT0 Ha3HaueHus1 [O0 yTBepkIeHU HOPMATUBOB KauecTBa BobI, 2016], noctu-
ras 131,2 % I1JIK, a conepxanue npyrux TM nexaio B npeaenax ot 0,02 mo 12,56 % IT[K. Cnenyer,
OJIHAKO, OTMETHUTh, UTO B MPUPOJOOXPAHHOM 3akoHonateabcTBe PP orcyrcrByer ITJK Mo mis mop-
CKMX BOj. BMmecTe ¢ TeM BenMUIHBI KOHIIEHTpalMii Mo B MOpPCKOW akBaTtopuu ropona fnra Obiim
Ha HW>KHEW TpaHuLe 3HaUEeHUH, XapaKTepHBIX A1 Bog Muposoro okeana [Mirzoeva et al., 2022], a tak-
ke Ha 2 nopsiika BenuunH Hoke [1IK, pekomeHIoBaHHBIX 1711 MOPCKUX BOA AOKymMeHTOM [Warmer,
van Dokkum, 2002]. [laHHbIe 110 pacripeesieHuio pTyTH B akBaTopuu ropoaa Slnta (tadi. 7) cBUIeTeNb-
CTBOBAJIM, YTO KOHIIEHTPALIUU €€ PaCTBOPEHHOU (DOPMBI B ITPECHOM 1 COJIEHOU BOJIE MPUYCTHEBOM 30HBI
B nieprios1 HaOmoaeHuii He nipebimany [1JK [O6 yTBepkeHnn HOpMAaTUBOB KadecTBa Bopl, 2016].
B TO 3xe Bpemsi KOHIIeHTpallusl B3BEIIEHHON (pOpPMBI PTYTH B MPECHON U MOPCKOM BOJE, KaK MPaBUJIO,
BBIILIE, U OOlIiee cofepkaHue pTyTy B Boje nocturano 140 % ot ITIK.
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Cretyer 0co00 OTMETHTb, YTO OLIEHKH (Tabi1. 9) mpesiesbHO JOMYCTUMBIX TIOTOKOB HOPMUPOBAHbI
Ha CpeJHEr0J0BOM ypOBEHb CTOKa peku Boponagnas (puc. 5).

Puc. 5. Ycrbe peku Boponagnas npu cpeiHEroI0BOM MHTEHCUBHOCTH CTOKA

Fig. 5. The Vodopadnaya River estuary at the average annual discharge intensity

Mexay Tem peka BomomagHasi iMeeT Tak ke naBoaKoBbie pexuMbl. Tak, 18.06.2021 y UCTOKOB peku
Ha rope Aii-Ilerpu Beimano 84 MM ocaJIkoB, UTO ITPEBBICUIIO MECAYHYIO HOpMY, 72 MM. B pesysbrate pac-
X0 BOfIb B peke poctur 9,9 M>-c™!, mpeBbIcuB cpeHuii ypoBeHb mouTH B 28 pas. ILToM OT MaBOJKOBBIX
BOJl CTOKA PEKM PaCIpOCTpaHsIICA JAJEKO 3a NpeAesbl peKpeallMOHHOM 30HBI ropoja fnra, yxynmas
KauecTBO BoJ tuistkerd FOxxHOro 6epera Kpeima (puc. 6). It OTKJIOHEHUs IUTIOMa OT Oepera, BUIM-
MO, KpOMe BO3BEJIeHUsI Oepero3aluTHBIX MOJIOB (pHC. 1), TpeOyeTcsi CTPOMTENLCTBO COOTBETCTBYIOIINX
TUAPOTEXHUYECKUX COOPYKEHUH.

Puc. 6. Ycree M Mopckas TpuycTheBas 30HA aKBATOpHM ropoja Slita Bo BpeMs MaBOAKAa Ha peke
BoponagHasa

Fig. 6. Estuary and marine estuarine zone in the Yalta city water area during the high water
in the Vodopadnaya River
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Kak u3BecTHO, ONTUMAJILHOU CTpaTeruei MprUpoI0N0JIb30BAHMS SABJISIETCS peasii3alisl KOHIEIUN
YCTOMYMBOTO Pa3BUTHSI, B paMKax KOTOPOH coboaaeTcs 6anaHc Mesk /1y NoTpedIeHueM U BOCTIPOM3BO/-
CTBOM MPHUPOJHBIX PECYpPCOB PerMOHOB. B HacTosiieil paboTe Kak KpUTepuu NOTpeOIeHsI U BOCIIPO-
H3BOJICTBA PECYPCOB KAUCCTBA BOJ B OTHOLMICHUU 3arpsA3HAIONINX BEIIECTB UCIIOJIb30BAHbI PE3YJIbTAThI
HN3YyUYCHUA 3aKOHOMepHOCTCfI BBaHMOHCﬁCTBHH KHUBOI'O 1 KOCHOI'O BE€UIECTBA C paAUOAKTUBHBIMU U XU-
MUYECKMMU KOMITOHEHTaMU MOPCKOU Cpefibl 1 COBPEMEHHbIE TEOpPeTUUYECKHUE MTPEICTaBICHHS O OUOoreo-
XUMHUYECKMX MEXaHU3MaX PaJUOU30TOITHOTO M XUMHUYECKOTO TOMEOCTa3a MOPCKUX 3KkocucTeM [Egorov,
2021]. Kak u3BecTHO, MoKa3aTesieM KadyecTBa BoJ siBjsiercs: BennuuHa [1IK 3arpsisHutesns B BOIHOM
cpene. B coorBeTcTBHM € pa3smMepHOCTBIO 3Toro napamerpa, IIJK — mume quarHoctuyeckas OLeH-
ka. OueBngno, uto aHamm3 otHoweHusa C,/IIJK (%) no3Bonser oneHMBaTh OTHOCUTENBHYIO 9KOJIO-
TMYECKYI0 OMACHOCTh OT 3arpsi3HEHUs BOJ Pa3IMUYHbBIMU KOHTAMUHAHTaMU. Tak:ke MOHUTOPUHT 3TOTO
OTHOILIEHUSI MOXET Ha OIpe/IeIEHHOM MaciuTade BpeMeHH XapaKTepu30BaTh TEHICHLIMU U3MEHEHUs
CaHUTAPHO-TUTMEHUYECKOIO KAayecTBa BOJ, MOCKOJbKY ¢ yMeHblieHneM BeanuuHsl C, /TIIK skoso-
rryecKasl CUTyalysl B akBaTOPUHM B OTHOILEHUH PAacCMaTpPUBAEMOrO 3arpsi3HUTENsE OyleT yaydllaTh-
Cd, a C YBEJIMYEHUEM — YXyIOIIATbCH. O‘IGBI/IIIHO, 4TO IJIA yIIpaBJICHUA SKOJIOFI/I‘IGCKOﬁ O6CTaHOBKOﬁ
AKBATOPUH TIO PAAMOAKTUBHOMY M XUMHUYECKOMY 3arpsi3HCHHIO He0OXOIuMa pa3padoTKa IMOoKa3aTelis
MoTpeOJIeHNs] ¥ BOCIIPOU3BO/ICTBA KAYeCTBa BOJI, UMEIOIIET0 pa3MEPHOCTh MIOTOKOB.

W3 nmpeacTaBiIeHHBIX JAHHBIX clieyeT (Ta0u. 9), 4To B yCIOBUSIX CTAIIMOHAPHOCTH COCTOSTHUSI 9KOCH-
CTEeMBbI PEKpealiMOHHOI 30HbI ropoja fita notok nocrymienus 3B B akBaTopuio ¢ Bogamu peku Boo-
najHas Ha TOIOBOM MaciuTade BpeMeHH ObLT TOKa3aTesIeM CHIKEHHSI (TO eCTh HOTPEOJIeHH ) KauecTBa
Boz. IIpy Takol nHTEpNpeTalM MEXaHU3MOB (POPMUPOBAHKSA CTALIMOHAPHOCTH 9KOCUCTEMbI KOMIIEH-
CHPYIOLIMH 3arpsi3HEHNE CeAMMEHTALIMOHHBIN ITOTOK, 00YCJIOBJIEHHBII OMOre0XMMUYECKUMH Mpoliecca-
MU, OYEBHUJIHO, SIBJISIETCS MEPOM IPUPOAHOIO BOCIPOU3BOJCTBA KAUECTBA BOJ, a COAEpKALIMECs B KO-
7oHKe 6 Tabi1. 9 gaHHbIe 110 NeprogaM odoporta 3B B akBaTopuu 3a CUET CeIMMEHTAMOHHBIX ITPOLIEC-
COB OTPaXal0T €r0 OTHOCUTENIbHYI0 MHTEHCUBHOCTb. ECTECTBEHHO, UTO MPEICTABIEHHBIE B KOJIOHKAX 8
1 9 naHHBIE B PaMKax MPUHATHIX JOIYHIEHUH OTpaXal0T OTHOCHUTENIbHYI0O MHTEHCUBHOCTD ITPOLIECCOB
CHMKEHM S KaUeCTBA BOJ, PEKPEALIMOHHON 30HBI TOpoAa SliTa B pe3yJsbTaTe CTOKA PEKH.

3AKJIIOYEHUE

CamooumuilieHre BoJ OT KOHCEPBATUBHBIX 3arps3HAIOIIMX BellecTB (3B) B pe3ynbraTe BO3AEUCTBUSA
OUOTeOXUMUYECKHX MPOIIECCOB 005A3aTeIbHO CBSI3AHO C JIETIO UX JMMUHAIMK. B KauecTBe BOAHBIX Jie-
[0 MOTYT BBICTYIaTh CMEXHbIE aKBATOPUHU U TOJCTUJIAIONINE CJIOM BOJI, @ B KAYECTBE IeOJJOTMUECKUX
Jero — JOHHbBIe OcafKu. VICTOYHUKOM CeIMMEHTOB MOXKET OBbITh KMBOE, KOCHOE M TEPPUTCHHOE Be-
mecTBo. KoaduirenTsl HakorieHuss 3B pasimuHbIMU KOMIIOHEHTaMu cetuMeHToB (K..) pasimnya-
I0TCA M MOTYT 3aBUCETh OT KOHUeHTpauuu 3B B BogHoW cpexe. s paguonykamaos K., = const
B JMania30He PaJMOaKTUBHOIO 3arpsA3HEHMUS BOJ BIUIOTH 0 107°...1073 mop-1! [[Tonukapnos, 1964].
Hna npyrux 3B K., 3aBUCAT OT pa3MEpHBIX CIIEKTPOB YAaCTHUILL CEIMMEHTOB, a TaKke OT UX COPOLM-
OHHBIX, METAOOIMIECKHX U TPO(PUIECKUX XaPAKTEPUCTHK, KOTOPhIE ONMHCHIBAIOTCS 3AKOHOMEPHOCTSIMHU
Muxasnuca — Menrten, Jlenrmiopa wim ®penpmxa. Ecimu K, = const, T0O MakCUMasbHO [0ITyCTH-
MBI IOTOK CAMOOYMILEHHS BOJ, 32 CUET MOCTYIJICHUS B JIENIO, PABHBIM 9KOJIOTMYECKOW EMKOCTH aKBaTO-
pyM, MOXET OBITh ONIPeesIEH KaK pe3yJbTaT MPOU3BeAeHUs MPpeIeIbHO JOMYCTUMOM KOHIIeHTparuy 3B
B BoiHoOM cpefie (IIJIK) Ha Benmmuuny K., 1 Ha MHTEHCHBHOCTD CEJIMMEHTAIMOHHOIO TOTOKA. B TO ke
BpeMs eciii 3B MocTynaioT B TOJIILY JOHHBIX OCAIKOB, TO MOTOK UX SJIUMUHAIINH, HA3bIBAEMBbII ACCUMU-
JISIIIMOHHOM CIIOCOOHOCTBIO MOPCKOW Cpe/Ibl, 3aBHCHT TaKXe U OT CTETIEH! HACHIIIEHUS afcOPOIMOHHON
CIOCOOHOCTH TPYHTOB B OTHOIIeHUH uzydaemoro 3B [Egorov, 2021]. [ToatoMy copOIMOHHBIE CBOICTBA
JOHHBIX OTJIOKEHUW JOJUKHBI U3Y4YaThCsl M YUUTHIBATHCS IIPU HOPMUPOBAHUM MPEJEJILHO TOIMYCTUMBIX
AHTPOMOTE€HHBIX HAIPY30K HA MOPCKUE SKOCUCTEMBI.
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[IpencraBieHHbIE JaHHBIE CBUIETEIBCTBYIOT O CTATUCTUYECKH JOCTOBEPHOM BIIMSIHMM CTOKA PEeKHU
Ha MU3MEHEHHUe KOHIIEHTPAlUil CyMMApHOTo COJEpKaHUsl COEAMHEHUI a30Ta, a TaKkKe MHUHEPATbHOTO
(ochopa B Mopckoii Bojie e€ acTyapHou 30HbL. [TocTyrieHrne OMOTeHHBIX JIEMEHTOB U3 PEKU B JIETHUIM
NIEPUO]] MOIJIO U3MEHATh PEXKUM JIMMUTUPOBAHUS IEPBUYHON IIPOAYKIMU C a30THOTO Ha (POCOPHBII.
B pesynbraTe cToka pexku obopot Co u Zn B BoJe akBatopuu ropoaa fira nporekaer Ha mMacirabax
BPEMEHH OT YaCOBOI'O JI0 CHHONTHYECKOIOo, a mepuoasl odopora Ni, Cu, ) 6I1XB, Pb, Hg u Mo oue-
Hensl B 81,817,210 cyt. Ilpouiecch cepumenTtanmonHoro obopora Co u Hg mayt Ha macmiradax
BPEMEHM OT CYyTOUHOTO J0 MecsiuHoro, a 1uist Cu, Pb, Cd, %0Sr u Mo oHM Jiexar B npenenax ot 1,1 - 10°
10 185,2-10° cyr.

Anamms nmpoduieit pactipeaenerns 3B B Toe JOHHBIX OTJI0KEHUH OKa3aJ, u4To 3a nepuos ¢ 1930
no 2020 r. B copepxannu Cr, Fe (mocne 2000 r.) u Cu (mocne 1990 r.) npu Hamuunu BapuadeIbHO-
CTU JIaHHBIX MPOSIBIWIACH TEHACHIMS K YMEHbBIICHUIO KOHIIEHTPAIIMU ITUX TSKEIBIX METAJUIOB B JIOH-
HbIX ocagkax. B To ke Bpems koHueHTpauuu Co (¢ 1990 r.), Mo (¢ 2000 r.), Cd (nocne 2010 r.)
u Hg (c 2010 r.) B JOHHBIX OTJIOKEHUSAX BO3pACTAIU. TEHACHIIMM YBEJIUYCHUS 3arps3HEHUS TOHHBIX
omioxkeHui Zn v Pb ¢ 1950-x rr. no Hacrosiiee Bpemsi UMeJU BbICOKYIO CTeTIEHb CTATUCTUYECKON 3Ha-
YUMOCTH. Pe3ysbTaTsl HAOIOACHHI M AHATUTUIECKUX OLIEHOK B I1€JI0M CBUJIETEILCTBOBAJIM, UTO IIPH 00-
11ei O1aronpusATHON SKOJIOTMYECKON CUTYAIlUY B OTHOILIIEHUY 3arpsI3HEHHS BOJ TSKEBIMU MeTaJlIaMU
cojepxaHue pa3iuuHbix 3B B oTaenbHble rogpl Moo npessimath [1JK 1 3HaunTenbHO yxXyamarh Ka-
YeCTBO peKpearMoHHON akBaTopuu ropojaa fnra. B cBs3u ¢ 3tum tpedyercs pa3padoTka HOPMAaTHBOB
peryaupoBaHus KauecTBa BOJ PEKPEAIIMIOHHBIX 30H.

BoiBojpbr:

1. VnmenvHasi ceqMMEeHTAlIMsI aKBATOPUH MPUOPEKHO-MOPCKOTO PEKPEAMOHHOTO MOOEpekbs ropoja
dnra onenena B 2,120-3,036 (B cpemnem 2,66) Mm-rog ', a mo macce — 3072,3 r-m>-roa’,
i 8663,9 T-roa”! s Beelt ruomany 1o rryounst 40 M.

2. IlpecHas Boaa ycThsl peku BoponagHasi xapakTepusyeTcsl OBBIIIEHHBIM COJIEPKAHUEM a30Ta B CO-
craBe HUTpUTOB (B 7,2 pa3a), ammoHus (B 3,0 pasa), HuTpaToB (B 62,9 pa3za) 1 MUHEpPAJILHOTO
ocdopa (B 13,2 paza) no cpaBHEHUIO ¢ UX KOHUEHTPAIMSIMU B MOPCKOW BOJie €€ MPUYCTheBON
30HBI. B mpuOpekHON pekpealoHHON 30He ropoja fira nmpeodiiaiaeT a30THOE JTUMUTHPOBAHNE
MIEPBUYHON MPOAYKIMHU (pUTOIIIaHKTOHA. [TocTyIieHrne OMOTeHHBIX 3JIEMEHTOB U3 PEKU MOXET M3~
MEHSATh PEKUM JIMMUTHPOBAHUS MIEPBUYHON MPOAYKIMH (PUTOTUIAHKTOHA C a30THOTO Ha ocdop-
HBI. 3a CUET MOCTYIUIeHHS] OMOTEHHBIX JIEMEHTOB CO CTOKOM PEKM HOBas MPOAYKIMS B aKBATO-
puu ropoja fita mpu a30THOM JUMUTUPOBAHUM MPOAYKIIMOHHBIX MPOLIECCOB MOKET COCTABUTh
181,240 kr Copr-cyT‘l, a ipu pocopHom — 82,400 kr Copr-cyT‘l. IIpy a30THOM JIMMHUTHPOBA-
HUU MPOJIyKITMOHHBIX MPOIIECCOB TEMIIBI PUPOCTA THIEPIBTPOPUPOBAHHBIX BOJI B JIETHUH MEPUO]]
MOTYT COCTaBJIATh OT 6 10 18 % B CyTKHU OT IUIOLIAIU PEKPEAIMOHHON aKBaTOpUH ropoja fnira.

3. B mpecHoli Boge npuycTheBo 30HH peku KoHleHTpauuu Fe, Co, Ni, Cu, Zn, Mo, Cd u Pb cocras-
qstmm ot 0,25 o 34,5 % ot I1IK. B con€noit Bojie NpruycTheBOM 30HbI OTHOCUTE/IbHbIE KOHLIEHTPA-
MU TSOKENBIX MeTauioB m3MeHsch ot 0,02 no 12,56 % ot ITJK. KonnenTpanus oomiei prytu
B CpellHEM B TIpecHOU Bojie coctanisiia 60 %, a B Mopckoin — 140 % ot ITJIK.

4. B pe3ynbrare cToka peku o0opoT Co 1 Zn B BoJie aKBaTOPHHU ropojia flira mpoTekaeT Ha MacIlTa-
06ax BpeMeHH OT YacOBOTI'O JI0 CHHONTUYeCcKOoro; nepuoasl odopota Ni, Cu, Pb, Hg u Mo onenenst
B 81,8+17,2 - 10° cyr. [Ipouecch ceaumenTauorHoro obopora Co u Hg uayT Ha Maciuta6ax Bpe-
MEHH OT CYyTOUYHOT0 J0 MecsiyHoro, a ajis Cu, Pb, Cd, 908t 1 Mo oHM Jiexar B npenenax ot 1,1 - 10°
10 185,2-10° cyr.

5. 3a nepuon ¢ 1930 o 2020 r. conepxanue Cr, Fe (nmocne 2000 r.) u Cu (nocne 1990 r.) B TOHHBIX
ocaJKax MpOsIBWIO TeHIEHIMI0 K yMeHbleHuo. Konnenrpammu Co (¢ 1990 r.), Mo (c 2000 r.),
Cd (mocme 2010 r.) u Hg (c 2010 r.) B OOHHBIX OTJIOXeHHSAX OoJiee MOJIOJOrO BO3pacTa
YBEJINYNBAIUCH.

Mopckoii 6uonorndeckuit xkypHain Marine Biological Journal 2023 Towm 8 Ne 3



Bo3MOKHOCTD peanu3aliy KOHLIENLUHA YCTORUYMBOTO PA3BUTHUS PEKPEALIMOHHOTO MTPUOPEXKBA. . . 29

6. Ha npumepe npuycTheBOI 30HBI peKH ropoja fliara mpoJeMOHCTpUpOBaHa pa3padoTKa METOJOIIO0-

T'MU peaTn3alliy KOHLENIIUY YCTOMUMBOTO Pa3BUTHSI AKBATOPUH B YCIIOBUSIX, KOrja MOTpedIeHue Ka-
YecTBa BOJI B OTHOIIEHUH 3arPS3HSIONINX BEIIECTB He MIPEBBIIIAeT MX BOCIPOU3BOCTBO B pe3yJIbTa-
Te OMOreOXMMUYECKUX MPOIIeccoB. [IJis peaym3aiiuy yCTOMYMBOTO pa3BUTHS aKBATOPUU ropoja Si-
Ta 10 (paKTOPY COBPEMEHHOTO YPOBHSI 3arpsI3HEHU I MOPCKOU CPeibl IOMYCTUMOE MOCTYTIICHHE B €€
MPUYCTHEBYIO 30HY HE JIOJKHO MpeBbimath: 11 Cu — 149,7 kr-rog~'; Zn — 548,9 kr-ron~'; Co —
63.9 kr-roq'; Ni — 2244 kr-ron~'; Mo — 3,0 kr-roq}; Cd — 11,7 kr-rog~'; Pb — 110,6 kr-rog!;
Hg — 0,546 kr-rox™!; YT — 0,3 kr-rox”!; Y6ITXB — 0,1 kr-rog!.

Paboma evinoanena ¢ pamkax eocyoapcmeernozo 3adanusi PUL] HnbFOM no meme «Moaucmonoeuueckue

U buUozeoXUMUUECKUE OCHOBbL 20Me0CMA3a MOPCKUX skocucmem» (Ne zoc. pezucmpavuu 121031500515-8).
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THE POSSIBILITY OF IMPLEMENTATION
OF THE SUSTAINABLE DEVELOPMENT CONCEPT
FOR THE RECREATIONAL COASTLINE OF YALTA CITY
REGARDING BIOGENIC ELEMENTS, RADIONUCLIDES,
HEAVY METALS, AND ORGANOCHLORINE COMPOUNDS (CRIMEA, BLACK SEA)

V. N. Egorov, N. Yu. Mirzoyeva, Yu. G. Artemov, V. Yu. Proskurnin,
A. P. Stetsiuk, Yu. G. Marchenko, D. B. Evtushenko, I. N. Moseichenko,
and O. D. Chuzhikova-Proskurnina

A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: egorov.ibss@yandex.ru

In the Yalta city water area (Crimea, Black Sea), hydroacoustic sounding was carried out, and area
and volume of waters of the Vodopadnaya River estuarine zone were determined down to a depth
of 40 m. Concentration of biogenic elements (NO,, NO3;, NHy, and PO,4) and heavy metals (Cu, Zn, Fe,
Co, Ni, Mo, Cd, Pb, and Hg) in freshwater of the river estuary exceeds their content in coastal seawater
by 3-64 times. The effect of the river discharge on seawater eutrophication was assessed. Using post-
Chernobyl radioisotopes *°Sr and '*’Cs, bottom sediments dating was carried out, and the sedimentation
rate in the studied water area was determined. Fluxes of pollutants with the Vodopadnaya River runoff
and the periods of their turnover in the Yalta city recreational coastline were calculated. The obtained
results were used to substantiate the sustainable development concept for the Yalta city recreational
zone in terms of the factors of pollution of its marine environment.

Keywords: Black Sea, Crimea, water, biogenic elements, strontium-90, cesium-137, heavy metals,
organochlorine compounds, bottom sediments dating
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The Solovetsky Archipelago, situated in the White Sea, comprises six large islands. Out of them,
the two largest ones, Bolshoy Solovetsky and Anzersky islands, possess an extensive system of lakes,
streams, and canals, which are connected with each other and with the sea. The study of hydrobionts,
including fish, from freshwater bodies of the Solovetsky Archipelago is of great importance for under-
standing historical processes of fauna formation. The freshwater ichthyofauna of the Solovetsky Islands
has been monitored for almost 30 years. As a result of these long-term observations, two sticklebacks
were recognized as the most abundant native fish species of the Solovetsky Archipelago: the three-
spined stickleback Gasterosteus aculeatus and the nine-spined stickleback Pungitius pungitius. These
fish play an important role in inshore and offshore communities of the White Sea, being a com-
mon prey of predatory fish species and marine mammals. There have been few parasitological studies
of the White Sea sticklebacks. Most parasitological data available on sticklebacks from the White Sea
concern its marine forms from various areas and sticklebacks from the river mouth areas at the White
Sea coast. So far, there is no information on parasites of sticklebacks of the Solovetsky Archipelago.
In this paper, we present data on parasites of two stickleback species, P. pungitius (freshwater and ma-
rine forms) and G. aculeatus (marine form), caught in the Solovetsky Archipelago waters (the White
Sea). Standard parasitological investigation methods were implemented. Diplostomum spathaceum
metacercariae were additionally identified with the use of mitochondrial marker cox1. The para-
sitic fauna of both stickleback species from two study sites at the Solovetsky Archipelago was poor.
Ten parasite species belonging to Copepoda, Monogenea, Nematoda, Cestoda, and Trematoda were
found. The marine three-spined stickleback caught off the coast of the archipelago was infected with
6 helminth species. The parasitic fauna of the nine-spined stickleback from a freshwater stream on Bol-
shoy Solovetsky Island comprised 4 helminth species, while the marine form harbored 5 species. Cryp-
focotyle sp. metacercariae were the most abundant and widespread parasites recorded during our study.
Most of the parasite species were acquired by sticklebacks through various invertebrate food items.
Zoonotic species (nematodes Eustrongylides excisus, cestodes Diphyllobothrium spp., and trematodes
Cryptocotyle spp.) were revealed in fish analyzed. Further research is needed on the parasites of various
fish species of the Solovetsky Archipelago, inter alia applying molecular methods.

Keywords: Bolshoy Solovetsky Island, Anzersky Island, Gasterosteus aculeatus, Pungitius pungitius,
parasites, Diplostomum, cox1
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The Solovetsky Archipelago, situated in the White Sea, comprises 6 large islands with a total area
of 295.23 km? and more than 110 small islands. The largest 2 islands, Bolshoy Solovetsky and An-
zersky, possess an extensive system of lakes connected by streams and canals with each other and with
the sea [Prirodnaya sreda Solovetskogo arkhipelaga, 2007].

The study of hydrobionts, including fish, from freshwater bodies of the Solovetsky Archipelago
is of certain interest for understanding historical processes of fauna formation [Bolotov, 2014]. Firstly,
the freshwater ichthyofauna of the Solovetsky Islands was investigated by A. Zakhvatkin [1927a]. Then,
it was monitored in 1989-2016, and 40 lakes located on these islands were examined. As a result of this
long-term monitoring, 15 fish species have been classified into two groups: aboriginal and introduced
ones (see the review of Ja. Alekseeva et al., 2014). The changes in the condition of lake ichthyofauna
have been identified and shown to be associated mainly with natural factors [Alekseeva, Makhrov, 2018;
Alekseeva et al., 2014].

The most numerous aboriginal fish species on the Solovetsky Archipelago are the perch (Perca
Sfluviatilis Linnaeus, 1758) and two sticklebacks: the three-spined stickleback Gasterosteus aculea-
tus (Linnaeus, 1758) and the nine-spined stickleback Pungitius pungitius (Linnaeus, 1758) [Alek-
seeva et al., 2014]. The three-spined stickleback is also the most abundant fish species in the White
Sea in general, playing a significant role in inshore and offshore communities and being a com-
mon prey of predatory fish species [Lajus et al., 2020]. Moreover, both sticklebacks are a common
component of the diet of marine mammals in the White Sea [Svetochev, Svetocheva, 2010; Svetocheva,
Svetochev, 2015].

Recent genetic data indicate that the three-spined stickleback arrived in the White Sea basin
from both Europe and North America after glacial recession [Artamonova et al., 2022]. Therefore,
one may expect it to harbor a diverse parasitic fauna. However, there have been few parasitologi-
cal studies of sticklebacks in the White Sea. Most parasitological information available on stickle-
back from the White Sea concerns its marine forms from various areas [Isakov, 1970, 1974; Rybkina
et al., 2016; Shulman, Shulman-Albova, 1953]. There are also some parasitological data on sticklebacks
from the river mouth areas at the White Sea coast [Lumme et al., 2016; Mitenev, Shulman, 2005].
So far, there is no information on the parasites of sticklebacks of the Solovetsky Archipelago.

In this study, we present the first data on the parasites of freshwater and marine forms of Pungitius
pungitius and marine form of Gasterosteus aculeatus from the Solovetsky Archipelago.

MATERIAL AND METHODS

The material for the study was sampled in July 2016 and 2022 in two sampling sites situated
on the watershed of Bolshoy Solovetsky Island of the Solovetsky Archipelago (Fig. 1).

The first sampling site was the so-called Filippovskie cages (N65.03°, E35.68°), a narrow bay sepa-
rated from the sea by an artificial dam. It is thought to have served as enclosure for keeping marine fish
in cages. Three-spined sticklebacks (14 specimens on 3 July, 2016, and 6 specimens on 3 July, 2022)
and nine-spined sticklebacks (5 specimens on 3 July, 2022) were caught in the bay with a dip net.
Three-spined sticklebacks were 60—70 mm long, while nine-spined sticklebacks were 40—60 mm.

The second sampling site was a small freshwater stream near the Solovetsky Settlement (N65.03°,
E35.71°) flowing into the White Sea. Nine-spined sticklebacks were caught in the stream with a dip
net on 2 July, 2016 (14 specimens), and on 3 July, 2022 (11 specimens). Their length ranged from 25
to 65 mm.

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 3



Metazoan parasites of two stickleback species at the Solovetsky Archipelago (White Sea) 35

< LS Anzer'skyrlsland. =

Bolshoy Solovetsky Island

N

e

Bolshaya Muksalma

Fig. 1. Sampling sites: 1, Filippovskie cages; 2, a stream near the Solovetsky Settlement
Puc. 1. Mecra cbopa mateprana: 1| — QuanmmoBckue caiku; 2 — pydeid okoso noceénka ConoBenkuit

All specimens were examined macroscopically for the presence of ectoparasites immediately af-
ter capture and then dissected and studied for endoparasitic helminths and other metazoan parasites
using a standard parasitological method [Bykhovskaya-Pavlovskaya, 1985]. All parasites were pre-
served in 70% and 96% ethanol. Nematodes were cleared in 80% lactic acid, and temporary glyc-
erol preparations were made. Parasitic copepods were fixed in 70% alcohol and mounted on slides
with Faure—Berlese mounting medium. Monogeneans were cut into two parts. The opisthaptors were
prepared for morphological examination, and then partially digested by proteinase K in a final concen-
tration of 60 ug-mL™" prior to their preservation in ammonium picrate-glycerin [Zietara, 2004]. Cestodes
were stained with iron acetocarmine, dehydrated through a graded ethanol series, clarified in clove oil,
and finally mounted in Canada balsam [Georgiev et al., 1986].

Trematodes were stained with acetocarmine, dehydrated, contrasted (cleared) with dimethyl phtha-
late, and finally mounted in Canada balsam. Trematodes of the genus Diplostomum von Nord-
mann, 1832 were sampled for an integrative study with the use of both molecular and morpho-
logical approach. Several metacercariae were stained with acetocarmine and mounted in Canada
balsam. Measurements and morphological identification of parasites were made under an Olym-
pus CX41 microscope according to the keys of S. Delyamure er al. [1985]; A. Shigin [1986];
A. Gusev [1987]; R. Bray and R. Campbell [1996]; F. Moravec [1994]; T. Scholz et al. [2007];
and O. Pugachev ef al. [2010].
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Ecological parameters characterizing fish infection, prevalence, and mean abundance were calculated
according to A. Bush et al. [1997].

Diplostomum metacercariae were investigated applying molecular method. Genomic DNA was iso-
lated from an ethanol-fixed specimen (in total, two metacercaria from two different fish species were
studied this way) using DNA-Extran kits (Syntol, Russia). The fragment of the mtDNA coxl
gene was amplified using the primers Coxl_schist 5 (5-TCTTTRGATCATAAGCG-3’)
and Cox1_schist_3" (5-TAATGCATMGGAAAAAAACA-3’) of A. Lockyer et al. [2003]. PCR assay
was carried out in 25 pL of reaction mixture containing 10 ng of total DNA, 75 mM of Tris-HCI (pH 8.8),
20 mM of (NH4),SOy4, 0.01% Tween 20, 5 mM of MgCl,, 0.25 mM of each dNTP, 1.5 pmol of each
primer, and 0.6-0.7 U of Taq DNA polymerase. Cycling parameters of PCR amplification followed
those of [Lockyer et al., 2003].

PCR products were purified using ColGen Extraction Kit (Syntol) following the manufacturer’s
instructions and then sequenced directly using the same primers of PCR reactions with MegaBACE
1000 DNA Analysis System (Beagle, Saint Petersburg, Russia) (https://biobeagle.com/). Consensus se-
quences (404 bp) were assembled in MEGA v. 10 [Kumar et al., 2018]. The sequences were deposited
in GenBank with accession numbers ON995624 and ON995625.

Identity of newly-generated sequences was checked with the Basic Local Alignment Search
Tool (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi). The novel sequences were aligned with the rep-
resentative sequences of Diplostomum spp. previously reported from different places with MUSCLE
algorithms implemented in MEGA v. 10 [Kumar et al., 2018] and edited manually. The cox1 align-
ment (353 nt) comprised 2 novel and 44 sequences of Diplostomum spp. from GenBank. Tylodelphys
clavata (JX986908) were used as an outgroup.

Bayesian Inference analysis was conducted using MrBayes software (v. 3.2.3) [Ronquist et al., 2012]
with TN93 + I + G model assigned in jModelTest 2.1.2 [Darriba et al., 2012]. Markov chain Monte
Carlo (MCMC) simulations were run for 3,000,000 generations, log-likelihood scores were plotted,
and only the final 75% of trees were used to produce the consensus trees by setting the “burn in”
parameter at 7,500. FigTree v. 1.4 software [Rambaut, 2018] was used to visualize the trees.

RESULTS

The parasitic fauna of the two stickleback species examined in our study was represented
by 10 species (Tables 1, 2) from 5 systematic groups: Copepoda, Monogenea, Nematoda, Cestoda,
and Trematoda. Six of these species were found in sticklebacks caught in the sea: Thersitina gas-
terostei (Pagenstecher, 1861); Bothriocephalus scorpii (Miiller, 1776) Cooper, 1917; Diphylloboth-
rium sp.; Hysterothylacium aduncum (Rudolphi, 1802) Deardorff & Overstreet, 1981; Podocotyle re-
flexa (Creplin, 1825) Odhner, 1905; and Cryptocotyle sp. The monogenean Gyrodactylus arcuatus
Bychowsky, 1933 was registered in both marine and freshwater sticklebacks. Three species were
recorded in sticklebacks caught in the freshwater stream: Eustrongylides excisus Jagerskiold, 1909; Pro-
teocephalus ambiguus (Dujardin, 1845) Weinland, 1858; and Diplostomum spathaceum (Rudolphi, 1819)
Olsson, 1876.

The morphological taxonomy of the genus Diplostomum is rather complex; so, we barcoded
the metacercariae with the mitochondrial marker cox1 (Fig. 2). The sequences formed a well-supported
clade with representatives of D. spathaceum from different host species and geographical locations, with
the p-distance values ranging from —0.2 to 1.1%. The p-distance value for metacercariae sequences
from P. pungitius and G. aculeatus was 0.2%.
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Fig. 2. Phylogenetic tree of Diplostomum spp. based on the partial cox] mtDNA sequences (353 bp)
inferred using Bayesian Inference analysis. Values lower than 0.5 are not shown. New sequences are in bold

Puc. 2. dunorpamma npeacraButeneid popa Diplostomum, TOCTpOEHHAs MO YACTHYHBIM MOCJIeI0BATE b-
HOCTAM y4vacTKa cox] muroxonapuansHoll [JHK Ha ocHoBanmm Metosna baiteca. 3Hauenus Huke 0,5
He TTIoKa3aHbl. BHOBB TOJIYYEHHBIC MOCJIEAOBATE/IbHOCTU BbIJICJIEHBI JKMUPHBIM IHpI/Iq)TOM

The nine-spined stickleback harbored representatives of all 5 systematic groups recorded in our
study (Table 1). Ectoparasites were represented by the crustacean 7. gasterostei and the monoge-
nean G. arcuatus. The latter parasite was the most common, although not numerous. The most
species-rich group of endoparasites were cestodes: 3 species, each represented by 1 individual, were
found (see Table 1). The cestode P. ambiguus was observed in the intestines of P. pungitius freshwater
form, while B. scorpii was noted in the intestines of the marine form. Several plerocercoids of Diphyl-
lobothrium sp. were registered on the intestinal wall of two marine nine-spined sticklebacks. The lar-
vae of nematodes E. excisus were found on the intestinal wall in almost half of the fish specimens
from the stream, though only 1 larva per fish was recorded in all the cases. Speaking about trematodes,
Cryptocotyle spp. metacercariae infected all individuals of the marine stickleback, and the infection

was high. In contrast, D. spathaceum larvae were found only in several individuals of the freshwater
fish (Table 1).
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Table 1. Parasites of the nine-spined stickleback Pungitius pungitius of Bolshoy Solovetsky Island

Ta6uuma 1. [lapa3uTsl AeBATUUIION KOMOMKY Pungitius pungitius ocrpoBa Bosbinoii ConoBerkuii

Freshwater locality Marine locality
Parasite species 2016 i 2022 v 2022 i
P, % (min—-max) P, % (min—max) P, % (min—-max)
Copepoda
Thersitina gasterostei a _ 3 _ 4/ 5% 1.4
(Pagenstecher, 1861) (1-3)
Monogenea
Gyrodactylus arcuatus 1.3 4.7 1.5
B){chowsl)(]iy, 1933 14 (8-10) 82 (1-18) 475 (1-3)
Nematoda
Eustrongylides excisus 43 0.5 3 3 : 3
Jagerskiold, 1909, 1. (1-2)
Cestoda
Bothriocephalus scorpii _ _ — - 1/5 0.4
(Miiller, 1776) Cooper, 1917 2)
Prot.eoce.phalus ambiguus B B 7 0.45 B B
(Dujardin, 1845) Weinland, 1858 (1-3)
Diphyllobothrium sp., pl. - - - - 2/5 (11 j)
Trematoda
Diplostomum spathaceum
(Rudolphi, 1819) 29 0.5 _ _ _ _
Olsson, 1876, mtc (1-3)
Cryptocotyle sp., 1. - - - - 5/5 4.6
1-9
Number of fish examined 14 11 5
Number of parasite species 4 2 5

Note: P, prevalence; M, mean abundance; min—max, minimum and maximum number of parasite individuals per fish;
L., larva; pl., plerocercoid; mtc, metacercaria; *, number of invaded hosts / number of investigated hosts.

IIpumeuanne: P — 5KCTEHCHMBHOCTh WMHBa3WM; M — cpeiHsis YHCIEHHOCTh; mMin—-max — MHHUMaJbHOE
W MakCHMaJbHOE KOJMYECTBO oOcoOell mapasuTa Ha opHy peiOy; | — smumnaka; pl — mniepouepkonm;
mtc — MeTalepKapiu; * — KOJIMYECTBO 3apaXEHHBIX X0351€B / KOJIMUECTBO UCCIIEJOBAHHBIX X035€EB.

The parasitic fauna of three-spined sticklebacks, all of which were caught in the sea, was repre-
sented by 6 species belonging to 4 systematic groups: Copepoda, Monogenea, Nematoda, and Trema-
toda. In contrast with the nine-spined stickleback, no Cestoda species were found in the three-spined
stickleback (Table 2).

Metacercariae of Cryptocotyle sp., the most numerous and widespread parasites of marine
G. aculeatus, were found on the skin, fins, and gills. Ectoparasites 7. gasterostei from the gills and op-
erculum were less numerous. Single specimens of G. arcuatus were observed on the gills of several
fish. Larvae of nematodes H. aduncum were detected on the intestinal wall in 4 out of 6 fish exam-
ined. A metacercaria recorded in the lens of one stickleback belonged to D. spathaceum, which was
also confirmed by molecular methods (Fig. 2). One specimen of the trematode P. reflexa was registered
in the intestine. In our study, all the parasite species found in the three-spined stickleback were parasites
of marine fish, except for D. spathaceum.
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Table 2. Parasites of Gasterosteus aculeatus of Bolshoy Solovetsky Island

Ta6uuma 2. [lapasutsl Tpéxurioi komoiku Gasterosteus aculeatus ocrpoa Bosbimoit ConoBenkuit

Marine locality
Parasite species 2016 2022
P, % ‘ M (min-max) P, % ‘ M (min-max)

Copepoda

.. . 5.9 4.2
Thersitina gasterostei (Pagenstecher, 1861) 93 (1-31) 5/6* (1-9)
Monogenea
Gyrodactylus arcuatus Bychowskiy, 1933 14 (81—.13 0) 6/6 (1353)
Nematoda
Hysterothylacium aduncum (Rudolphi, 1802) _ _ 476 2.5
Deardorff & Overstreet, 1981, 1. (2-6)
Trematoda
Diplostomum spathaceum (Rudolphi, 1819) 7 0.1 3 3
Olsson, 1876, mtc (D)
Podocotyle reflexa (Creplin, 1825) Odhner, 1905 - - 1/6 (()S
Cryptocotyle spp., mtc 100 (f;é) 6/6 (35_'f 2)
Number of fish examined 14 6
Number of parasite species 4 5

Note: P, prevalence; M, mean abundance; min—max, minimum and maximum number of parasite individuals per fish;
1., larva; mtc, metacercaria; *, number of invaded hosts / number of investigated hosts.

IIpumeuyanne: P — 3KCTEHCHMBHOCTh WHBa3MM; M — cpemHssl YMCIEHHOCTh; mMin—max — MHHUMAJbHOE
Y MakCHMaJlbHOE KOJIMYECTBO 0COOeH napa3ura Ha OJiHy pbiOy; |. — MYMHKa; mtc — MeTalepKapyu; * — KOJIMYeCTBO
3apakEHHBIX X0351€B / KOJMYECTBO MCCIEAOBAHHBIX X035EB.

DISCUSSION

The parasitic fauna of G. aculeatus (marine form) and P. pungitius (marine and freshwater forms)
obtained from two study sites at the Solovetsky Archipelago comprised 10 species. Marine forms
of these two sticklebacks had only 3 parasite species in common: 7. gasterostei, G. arcuatus, and Crypto-
cotyle sp. (see Tables 1, 2). Their other helminths were different, which reflected the differences in their
life styles.

Two parasites, G. arcuatus and D. spathaceum, were recorded both in marine and fresh-
water sticklebacks. This finding agrees with the literature data. According to L. Isakov [1970]
and J. Lumme et al. [2016], G. arcuatus can parasitize both marine and freshwater fish. D. spathaceum
metacercariae have been found in fish from brackish waters [Karvonen, Marcogliese, 2020].

The finding of the trematode P. reflexa in G. aculeatus intestines is very interesting, even though
only 1 specimen was recorded. This species has never been registered in the sticklebacks of the White
Sea before, while a close species, Podocotyle atomon (Rudolphi, 1802) Odhner, 1905, has been
observed [Rybkina et al., 2016; Shulman, Shulman-Albova, 1953].

Sticklebacks become infected with various parasites found in our study in several ways. Only
2 species, G. arcuatus and T. gasterostei, have direct life cycles. Those are transmitted from one host
to another or reproduce on the same host. This infection mode suggests that there is a constant source
of infection in both marine and freshwater fish populations.
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Other parasite species were acquired by the sticklebacks through various invertebrate food objects.
We found chitinous odds of insects and crustaceans, small gastropod, and bivalves in the intestines
of freshwater nine-spined stickleback. The gut of marine nine-spined sticklebacks contained only amor-
phous contents. In the intestines of marine three-spined stickleback, odds of insect larvae, crustaceans,
small bivalves, and algae were recorded.

The presence of large number of helminths registered in our study indicates that sticklebacks
feed on benthos. We found the larvae of nematodes E. excises, whose development is associated
with benthic oligochaetes Lumbriculus Grube, 1844, Tubifex Lamarck, 1816, and Limnodrilus Cla-
parede, 1862 [Barus et al., 1978]. Species of these 3 genera have been recorded in the Solovetsky Islands
waters [Popchenko, 1972].

The same fish was infected with D. spathaceum metacercariae, whose larvae leave their first in-
termediate host and actively penetrate the second intermediate host through the skin [Shigin, 1986].
In all probability, while feeding on benthos, the sticklebacks were infected with diplostomes from Lym-
naea spp. These molluscs were noted in water bodies of the Solovetsky Archipelago, in particular,
in the small lake, through which the stream where we caught sticklebacks flows [Bespalaya et al., 2021;
Zakhvatkin, 1927b]. The nematode H. aduncum infects fish feeding on marine invertebrates, such
as polychaetes, amphipods, copepods, and chaetognaths. The trematode P. reflexa infects fish through
various crustaceans [Kgie, 1981; Moravec, 1994].

Marine forms of both stickleback species were infected by Cryptocotyle spp. metacercariae that
actively penetrated the host after they left their intermediate host, the mudsnail Peringia ulvae (Pen-
nant, 1777) [Golovin et al., 2021; Gonchar, 2020]. This finding indicates that the fish keep close
to the littoral shallows.

The nine-spined sticklebacks from the stream examined in 2022 mostly fed on plankton. It is ev-
idenced by the infection with the cestode P. ambiguus, which occurs through eating planktonic crus-
taceans Eudiaptomus gracilis (Sars G. O., 1863) and Cyclops strenuus Fischer, 1851 [Scholz, 1999],
common on Bolshoy Solovetsky Island [Zakhvatkin, 1927a]. Moreover, these fish were not infested with
diplostomids (see Table 1).

In the sea, the nine-spined stickleback is also more likely to feed on plankton, as evidenced by in-
fection with the cestodes B. scorpii and Diphyllobothrium sp. The fish become infected with the former
parasite by eating planktonic crustaceans Acartia (Acartiura) longiremis (Lilljeborg, 1853), which was
described for the White Sea as an intermediate host of B. scorpii [Grozdilova, Makrushin, 1985].

The parasitic fauna of both stickleback species from two study sites at the Solovetsky Archipelago
included parasites common for these fish in nearby northern ecosystems of the White and Barents
seas [Isakov, 1974; Mitenev, Shulman, 2005; Rybkina et al., 2016; Shulman, Shulman-Albova, 1953]
but was poorer in general. It was also poorer than the parasitic fauna of sticklebacks from Onega
and Ladoga, large lakes situated further to the south [Rumyantsev, 2007]. Some of the helminths found
in all the above-mentioned water bodies, such as Schistocephalus solidus (Miiller, 1776) Steenstrup, 1857
and Diplostomum pungitii Shigin, 1965, are absent in the sticklebacks from the Solovetsky Archipelago.
Apparently, this is due to the absence of the first intermediate hosts necessary for the helminth devel-
opment or due to a local habitat separation from definitive hosts, fish-eating birds, though the latter
ones are numerous and diverse at the Solovetsky Archipelago [Cherenkov et al., 2014]. To the north,
V. Mitenev and B. Shulman [2005] recorded only Schistocephalus pungitii Dubinina, 1959 in P. pungi-
tius, and the closest locality of S. solidus in G. aculeatus is Mashinnoe Lake, Karelian coast of the White
Sea [Borvinskaya et al., 2021]. Besides, the parasitic fauna of freshwater sticklebacks of the Solovetsky
Archipelago does not include numerous nonspecific species, especially larval forms of trematodes
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Ichthyocotylurus Odening, 1969, Apatemon Szidat, 1928, Tylodelphys Diesing, 1850, and Diplostomum,
noted in many northern water bodies [Kuhn et al., 2015; Mitenev, Shulman, 2005; Rumyantsev, 2007;
Soldanova et al., 2017].

Zoonotic species found in our material deserve special mention. Those were represented by larvae
of the nematode E. excisus in freshwater P. pungitius, plerocercoids of Diphyllobothrium spp. in marine
P. pungitius, and metacercariae of Cryptocotyle spp. in all marine fish. These parasites may cause dis-
eases of birds and mammals, possibly including humans [Duflot et al., 2021; Guardone et al., 2021;
Waeschenbach et al., 2017]. Their presence in our material is a consequence of the fact that both stickle-
back species are an integral part of the diet of ringed seal [Svetochev, Svetocheva, 2010; Svetocheva,
Svetochev, 2015], which probably promotes the abundance and dispersal of these parasites.

Nematodes Eustrongylides spp. are cosmopolitan parasites using several freshwater fish species as in-
termediate or paratenic hosts. These nematodes have not been found in either of the two stickleback
species before [Moravec, 1994]. In all likelihood, their invasion is related to their ubiquitous distribu-
tion and temporary contact with the final host, the cormorant Phalacrocorax carbo (Linnaeus, 1758),
which forms large colonies on the Solovetsky Archipelago [Cherenkov et al., 2014]. Similarly, E. ex-
cisus was shown to infect the large-scale sand smelt (Atherina boyeri A. Risso, 1810) in the lake
Massaciuccoli (Italy) [Guardone et al., 2021].

Another exciting finding is the discovery on the intestinal wall of the marine nine-spined stickle-
back of plerocercoids of the genus Diphyllobothrium Cobbold, 1921. According to A. Waeschen-
bach et al. [2017], this genus now includes only the worms whose development ends in marine mam-
mals and, probably, in humans. Those are a threat to human health, and their investigation is very
important. The larvae found in our study presumably belong to 1 of 4 Diphyllobothrium spp. pre-
viously noted in marine mammals in the White Sea: Diphyllobothrium cordatum (Leuckart, 1863)
Gedoelst, 1911; D. lanceolatum (Krabbe, 1865) Cooper, 1921; D. roemeri (Zschokke, 1903) Meg-
gitt, 1924; and D. tetrapterum (von Siebold, 1848) [Delyamure et al., 1985]. However, taking into account
the species composition and migratory pathways of marine mammals from the White Sea to the Barents
Sea and back [Lukin, Ognetov, 2009; Stenson et al., 2020; Svetochev et al., 2017], it cannot be ruled out
that we found Diphyllobothrium schistochilos (Germanos, 1895) Cooper, 1858, which has been identified
in the Barents Sea, but has never been recorded in the White Sea before [Schaeffner et al., 2018].

High infection levels of sticklebacks by Cryptocotyle spp. metacercariae, which were noted during our
study and in different spots of the White Sea [Golovin et al., 2021; Rybkina et al., 2016], are associated
with favorable conditions for the implementation of the life cycle of this trematode. Its first interme-
diate hosts are mudsnails P. ulvae, and its final hosts are fish-eating birds or marine mammals [Duflot
et al., 2021]. P. ulvae are numerous in the White Sea [Golovin et al., 2021; Gonchar, 2020]; more-
over, fish-eating birds (for example, the cormorant) and marine mammals (including the ringed seal)
are widespread in the White Sea and around the Solovetsky Islands [Cherenkov et al., 2014; Chernetsky
et al., 2011; Lukin et al., 2006; Surkov, 1957].

Future research of the fish parasites from the Solovetsky Archipelago, inter alia molecular stud-
ies, will be expanded for several reasons. Firstly, the data on parasites of various freshwater fish
species of the Solovetsky Islands, which are now lacking, would be useful to explore the his-
torical processes of formation of the islands’ fauna. Secondly, the systematics of many parasite
groups (e. g., Diphyllobothrium and Diplostomum) is currently being revised with the use of the inte-
grative method, and any information on these helminths is in demand. Finally, fish play a significant role
in maintaining populations of epizootically important species (Eustrongylides excisus, Cryptocotyle spp.,
and Diphyllobothrium sp.).
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HMI HanOoJiee MHOTOYMCIICHHBIMI a0OpUTeHHBIMU BUIaMu pei0 Ha COJIOBEIIKOM apxurenare OblI
MIPU3HAHBI [1BA BUJIA KOMOILEK — Tpéxurinas Gasterosteus aculeatus v neBatumrias Pungitius pungitius.
3T1H pHIOBl UTPAIOT BAKHYIO POJIb B MPUOPEKHBIX U MOPCKUX coodecTBax benoro Mopsi, sIBISsACH
OOBIYHOW OOBIYEH XUIIMHBIX BUAOB PbIO U MOPCKUX MJleKonUTawommux. [lapa3utonoruieckux mccie-
JOBaHMH Koimolek B berom mMope mpoBeseHO HEMHOTo. BOJIBIIMHCTBO UMEIOIIMXCS Mapa3UTOJIOTU-
YeCKHX CBEIeHWH Mo Komomke u3 bemoro Mops kacaiotcs e€ MOpcKkux (popM M3 pasHBIX paiioHOB
Y KOJIIOLIKM U3 YCThEB peK Ha nodepexse benoro mops. [lo HacTosmero BpeMeH! He ObUIO JaHHbIX
o nmapasuTax komouiky Conosenkoro apxunenara. Hamu nosydeHsl nepBble CBeJeHUs MO Mapa3uTam
JBYX BUJOB KOJIOIIEK, P. pungitius (mpecHOBoAHAasA U Mopckas dopma) u G. aculeatus (Mopckas op-
Ma), BbIJIOBJIEHHBIX B Bofax CosioBerkoro apxureinara (besoe mope). Bolii npuMeHeHb! cTaHjapTHbIE
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METO/Ibl TAPa3UTOIOTHYECKOro uccienoBanus. Metanepkapuu Diplostomum spathaceum ObLHA NOMON-
HUTEJIbHO MOJIEKYJISIPHO UAESHTU(HUIIMPOBAHBI C UCTIONH30BAHMEM MUTOXOHAPHATIFHOTO Mapkepa cox1.
INapasuTodayHa o60oMx BUAOB KOMIOIIEK W3 IBYX MecT ucclienoBanus Ha COJIOBEIIKOM apxuriesare
Obuta 6eHON. OOHapyxeHo 10 BUIOB mapa3uTtoB, oTHocsIuxcsA k rpynnam Copepoda, Monogenea,
Nematoda, Cestoda u Trematoda. Mopckast TpEXuriiasi KOJIOIIKA, BBIJIOBJIEHHAs Y OEpPeroBoid 30HbI
apxurienara, Oblia 3apaxeHa 6 BHIaMH reibMUHTOB. [lapasurodayHa NpecHOBOJHOW JEBSTUUIIION
KOJTIOIIKY U3 pyubs Ha Bospimom CooBenkoM ocTpoBe BKIIOYana 4 Buia reJJbMUHTOB; MOpCKast op-
Ma OblTa MHBa3WpoBaHa 5 Bumamu. Metanepkapun Cryptocotyle sp. ObUTH CaMBIMF MHOTOUHCIIEHHBI-
MU U IIMPOKO PaCIpPOCTPaHEHHBIMY MApa3uTaMU, 3aperMCTPUPOBAHHBIMU B HAIIIEM HCCIIEIOBAHUH.
BosbIIMHCTBO BUOB MAapa3sUTOB MPUOOPETAIOTCS KOJIOIIKAMU Yepe3 Pa3sIMuHbIX OeCrO3BOHOYHBIX
KaK OOBEKTOB MUTaHUS. Y MPOAHATN3UPOBAHHBIX PHIO BBISBIECHB UMEIOIIME Ba)KHOE 3HAUYEHUE 300-
HO3HBIE BUJBI Tapa3suToB (Hematoanl Eustrongylides excisus, niectonst Diphyllobothrium spp. u Tpema-
tozapl Cryptocotyle spp.). Heo6xoaumbl ganbHEHIINE UCCIIEA0BAHMS TAPA3UTOB PA3IMYHBIX BUIOB PhIO
CoJIOBEIKOro apXuIienara, B TOM YHCiIe C UCTIONb30BaHUEM MOJIEKYJISIPHBIX METO/IOB.

KuaroueBbie caoBa: octpoB bosmbimoit CosnoBenkuii, ocTpoB AH3epckull, Gasterosteus aculeatus,
Pungitius pungitius, mapa3utsi, Diplostomum, cox1
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IIpencraButemu pona Pseudo-nitzschia (Bacillariophyta) BeI3bIBaIOT LIBETEHUS B pa3HbIX paitoHax Mu-
POBOTO OKeaHa, MO3TOMY BaKHO 3HATH IKOJOTHUECKHE OCOOEHHOCTU 3THX BUIOB, B TOM YHCIIE TO,
KaK OHM B3aMMOJICHCTBYIOT C IPyrMMH BHJAMHU OJHOKJIETOUYHBIX Bojopocied. Kpome Toro, HeoO-
XOJIMMa METOJIMKa OBICTPON WASHTHU(UKAIIMK JIAHHBIX BOJIOpOCHed B cpejie. B cBsaA3u ¢ 9TuM Ha-
MU OlLIEHEHA TUHAMHUKA YUCJIEHHOCTHU KJIeTOK Pseudo-nitzschia hasleana w Thalassiosira pseudonana
B MOHO- M CMEIITIaHHBIX KYJIbTYpax MMyTEM UX MPSIMOTo nojcuéra B kamepe Haxorra. Takske mpoanau-
3MpPOBaHbI TEMIIEPATYPHBIE KPUBbIE (PIIyOpECLIEHIIMH XJIOpO(pUIIIa a, NOTyYeHHbIE METOJOM JIa3epHO-
MHIYIMPOBAHHOH (hiIyopeclieHIIuH B TeMIlepaTypHOi Kamepe. OmbITH IPOBOJVIIN B TeueHue 14 cy-
Tok. [lokazaHo, uto P. hasleana oka3pBaia pa3audHoe jaeicTBue Ha 1. pseudonana B 3aBUCUMOCTH
OT HavasbHO# uncienHoctn 7. pseudonana. TIpyu HauanbHO# KoHneHTparmy 0,8 x 10* kir.-mm~! npo-
WCXO/MJIA BBIpaKEHHAs] CTUMYJISIMS POCTa STOM AMATOMOBOW Bopopociu. [Ipn HayambHBIX KOHIIEH-
tpamsax 1,6 x 10% 1 3,2 x 10* k.-~ ormeueHo nHrnGupoBaHue eé pocta. B cMelaHHOI Ky IbType
T. pseudonana ocraBanach B CTalTMOHAPHOH (ha3e pocTa, TOrIa Kak B MOHOKYJIBTYPE TTOITY TSNS BXOH-
na B ¢pazy ormupanus K 14-m cytkam onbita. 1. pseudonana varubupoaina poct P. hasleana. Jxcne-
PUMEHT C COBMECTHBIM KyJIbTUBMpOBaHueM P. hasleana v T. pseudonana nokasai, 4ro Ha (iryopecleH-
IO XJIOPO(UILIA @ CMECH OKa3bIBaeT OoJIblliee BO3/IEHCTBUE Ta MUK POBOIOPOCb, KOHIIEHTPALIUS KO-
TOPOM 3HAYUTENHHO Bhile. PIIyopeclieHTHBIN CUTHAM IBYX KYJIbTUBUPYEMBIX OTIEJIBHO MOHOKYJIBTYP
MOTEHIIMATILHO MOXKET ObITh UCTIOJIL30BaH /ISl MX TIOMCKA B CMECH.

KarwueBble caoBa: Pseudo-nitzschia hasleana, Thalassiosira pseudonana, ajnenonatus,
(pryopecuennus xaopopuinia a, MAeHTU(UKAIMSI MUKPOBOJIOPOCIIEH

Ha mpupoanble (pUTOMIAHKTOHHBIE COOOIIECTBA BO3JEHCTBYET MHOKECTBO KOJOTMUYECKUX (pak-
TopoB. OHM CHOCOOHBI BBI3BIBATH IIBETEHHs WM, Ha0OOpOT, MpensATcTBoBaTh MM [Lima-Mendez
et al., 2015]. Iloka3aHo, 4YTO AJOMMHMPOBAHUE TOKCUYECKOTO KOMILIeKca Pseudo-nitzschia spp. cBd-
3aHO CO CHMKEHMEM COOTHOoleHHs N:Si Npu HaJMuuMM CTOKOB KaHAJIM3AaLMOHHBIX BOI. Pseudo-
nitzschia australis Frenguelli, 1939 croco6Ha kK ocMOTpoHOMY TOTpPeOJCHUI0 MOYEBHHBI U aK-
TUBHOMY pOCTy Ha HeHW, YTO $BJsAETCS NPUUYMHOM IBeTeHud 3toro Buaa [Burkholder et al.,
2008]. BnusHue OmoTHuYecKuX (PaKTOpOB, B YACTHOCTU B3aUMOJEHCTBHE MHKPOBOIOPOCIEN Ipyr
C JpyroMm, ocTa€rcsi MeHee HcclieoBaHHOM mnpoOsemoit [Long et al., 2018]. Ounenka pocta
CMEUIaHHbIX KYJbTYp MHKPOBOAOPOCIEH B JIAOOPATOPHOM SKCHEPHUMEHTE — OAMH M3 CIIOCOOOB
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aHaJm3a OMOTHYECKUX B3aUMOJEWUCTBHNA. [Ipy 3TOM HUCCIEQYyIOT OTHOIICHHS TMOIMYJIAUA — IIOIY-
NS, ONpPeAessioT TPAHUIBl YCTOMYMBOCTU COCYLIECTBYIOIIMX BHUJOB, YCJIOBUS UX TOMUHHPOBa-
Huag U sauMmuHauuu [Mikheev et al.,, 2018]. OpHako [0 cMX MOpP OTCYTCTBYET CTaHAAPTU30BaH-
Hasi METOJIOJIOTHSI U3YYeHHUsI BO3JICHUCTBUI TOIMYJISIIIUI BOAOPOCeN APYr HAa Jpyra, Kak Harpumep,
MPU TOKCUKOJIOTMYECKUX UccienoBanusix [Long et al., 2018].

[IpencraBurenu poaa Pseudo-nitzschia MOBCEMECTHO PACIPOCTPaHEHbl B Bogax MHUpPOBOro okea-
Ha [Huang et al., 2009; Sobrinho et al., 2017; Trainer et al., 2012; Yasakova, 2013]. atepec k HUM
BBI3BaH HE TOJIBKO MX MEPUOAMYECKUMH IIBETEHUSIMU, HO U HAJIMYMEM B HUX JOMOEBOW KHMCJIOTHI, SIB-
JIAIOIENCA TOKCUYHOM 1711 TEIJIOKPOBHBIX kMBOTHBIX [Trainer et al., 2012]. Yucnennocts Pseudo-
nitzschia B MOHOBHIOBOM LiBeTeHMH MoxeT gocturath 1 x 106 ki.-mur! [Louw et al., 2017], a MpOJI0JI-
KUTEIBHOCTD LIBETEHUsI — JIByX MecsileB [Bates et al., 1989]. [1pu atom Pseudo-nitzschia spp. MOXeT
cocTaBiATh 99 % obmiero koimdectsa puroriankrona [Lundholm et al., 2005].

B ¢durornaHkToHHOM cO00IIECTBE COBMECTHO ¢ Pseudo-nitzschia spp. peryiasipHO PerucTpUpyiOT
NpeJcTaBUTeNe APYroro poja JMaToMoBbIX Bogopociein — Thalassiosira [Balzano et al., 2017; Orlova
et al., 2009]. TToka3zaHo, YTO y 3THX POJOB OJUHAKOBas MOTpeOHOCTH B keje3e [Cohen et al., 2017].
Thalassiosira pseudonana y4acTByeT B CYKLIECCMOHHOM ITMKJIe (PUTOTUIAHKTOHA ¥ UMEET BaKHOE IKOJIO-
rMYecKoe 3HaYeHre Kak BUj, BIUIONIMIA Ha hopMUpOBaHKe 1IBeTeHUH (putoriankrona [lanora et al.,
2011]. NuTepec K JaHHOW MUKPOBOJOPOCIH OOYCJIOBJIEH B TOM YHCIIE CIIy4yasiMH TMOeNu Jiococen
BO Bpemsi e€ MaccoBoro pazmMuoxeHusi [Mardones, 2020]. Bujibl 5TOro pojia 4actTo BCTpE4aloTcsi B BOAAX
YMEpEeHHBIX U NOJIsApHBIX Mopel [Harris et al., 1995].

Kak npaBusio, o1ieHKy JIeUCTBUS KYJITYpP JPYT Ha Jpyra MpoBOAST HA aJUIeJIONaTUYECKH arpecCuB-
HBIX BUJIaX, B MEHbIIIEH CTereHn — Ha cocyiecTByonmx Bugax [Phatarpekar et al., 2000]. Panee
HaMU MOKa3aHo, 4TO (pIyOpeclieHTHBIE XapaKTepUCTUKu Pseudo-nitzschia MOTyT ObITH UCTIOJIB30BAHBI
s e€ ugeHtudgukauuu B Boge [Popik et al., 2022]. OnHako BeieacTBUE BO3AEHCTBUS BOJOPOCIIEN
ApYT Ha Ipyra pyu COBMECTHOM KYJIbTUBMPOBAHWU BO3HHUKAET BOIMPOC O TOM, MOXKET JIM COBMECTHBII
POCT pa3HBIX BUJIOB OKA3bIBaTh BIMSHUE U HA (PIyOPECIEHIIUIO XJIOpoUslia @ MUKPOBOJOPOCIEH, 3a-
TPYIHSS UX UACHTU(UKAIIUIO B €CTECTBEHHOU cpefie. IMEHHO IMo3TOMY I1eJTh HaCTOSIIeH paboThl — UC-
CJIeI0BaTh POCT M TeMIIepaTypHbIe KpuBbie (hiryopeciieHInu Xopoduiiia a auatoMmen Pseudo-nitzschia
hasleana v Thalassiosira pseudonana B CMEIIaHHOW KYJIbTYpeE.

MATEPUAJI 1 METO/1bI

OOBEKTbl HCCNEeOBAaHUS — IITaMMbl KyJbTYp OIHOKJIETOYHBIX —Bojopociend Pseudo-
nitzschia  hasleana Lundholm, 2012 MBRU_PHI8 wu Thalassiosira pseudonana Hasle
& Heimdal, 1970 (Bacillariophyta) MBRU_TSP-02. Bogopociu BeipanmBanu Ha cpeze f [Guillard,
Ryther, 1962], npurotoBieHHON Ha OCHOBE (PMIIBTPOBAHHON M CTEPWIM30BAHHON MOPCKOW BObI
coNéHOCThI0 32 %0, B 250-mMu KonbOax DpieHMeriepa ¢ 00bEMOM KyJbTypasbHOU cpemsl 100 mu,
npu Temnepatype +18 °C, uHTeHCMBHOCTM ocBemieHHs 70 MKMOIb-M 2-c™' M CBETO-TEMHOBOM
nepuose 144:1049 (cBer: TeMHOTa). B KauecTBe MHOKYJIATA MCIIOJIL30BAIM KYJIbTYPbl Ha SKCIOHEH-
LIMaJIbHOU cTaguu pocta. HavanbHble KOHLIEHTpauuu Kietok — 0,1 x 10* xi.-mr! st P. hasleana
u 0,8x10% 1,6x10* u 3,2x 10* x.-mn! gna T. pseudonana. CooTHOIEeHNE 6GHO0OBEMOB KIIETOK
P. hasleana : T. pseudonana cocraBnsuio 1:1, 1:2 u 1:4. buooosém P. hasleana — 210 MEKM,
T. pseudonana — 26,5 MxM°. PacuéT 61006bEMOB BoiopocIeii por3eeéH 1o hopmystam [Hillebrand
et al., 1999].

DKcIepuMeHTHl TPOBOJIIIM B JBa dTana. Ha nepBoM uccienoBany AMHAMMKY YMCJIEHHOCTH MUK-
poOBOIOpOCTIell B MOHOKYJIbTYpax MPH Pa3HbIX HAYaJIbHBIX KOHLEHTPAIUSIX, HA BTOPOM M3Y4alll POCT
MUKPOBOJIOPOCJIEN B CMENIaHHOUN KyJbType P. hasleana w T. pseudonana. I1pogoSKUTENbHOCTD IKC-

NepuMeHTOB cocTaBiisia 14 cytok. [IpoOsl ajis1 moacuéra kiaetok otoupanu Ha 3, 7, 10 u 14-e cytku.
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YHCITeHHOCTh KJIETOK MUKPOBOJOPOCIICH MmojicunThiBasid B KaMepe Haxorra. CriekTpbl hiryopeciieH-
MM MUKPOBOJIOPOCIIEH, a TAKXkKe TeMIIepaTypHbIe KPUBbIE MHTEHCUBHOCTH (DJTyOPECIEHIMU XJIOPODUII-
Ja a ¥ TeMIlepaTypHble KPUBbIE JUIMHBI BOJHBI (DIIYOPECIIEHIMU XJIOpO(UILIa a OMpeAesiid COTJIACHO
MeTtojam, onucaHHbiM paHee [Popik et al., 2022; Voznesenskiy et al., 2019]. DxkcniepumeHTsI poBe/ie-
HBI B TPEX MOBTOPHOCTsIX. CTaTrcTHUecKast 00paboTKa BBITIOJIHEHA ¢ TIOMOIIIbIo iporpammbl MS Excel.
Ha rpacukax npejcraBieHbl cpeHUAEe 3HAYEHUS U CTAaHJAPTHBIE OTKJIOHEHUS.

PE3VJIbTATHBI

Poct Pseudo-nitzschia hasleana n Thalassiosira pseudonana B MoHoKyJabTypax. KonueHrpa-
uus KJIetok P. hasleana 3 cyTok ocraBajach Ha HU3KOM YPOBHE, a K 7-M CyTKam YyBEJIUYWIAChH

g0 1x10* x.-mn~! (puc. 1). 3a nepuog ¢ 10-x 1o 14-e cyTKM uMciIo KJIETOK Bo3pocio ¢ 3,8 x 10*

10 32,4 x 10% k.-,
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YKCIEHHOCTD KJIETOK,
x 10% k1. -mur !
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Bpewms, cyTku

Puc. 1. Kpusas pocra Pseudo-nitzschia hasleana B MOHOKYIbTYpe

Fig. 1. Growth curve of Pseudo-nitzschia hasleana in the monoculture

K 3-m cytkam uucio knetok 7. pseudonana JOCTOBEPHO HE OTIMYAIOCh IIPU BCEX HAYaJIbHBIX
KOHLEHTpalMAX KJIEeTOK (puc. 2). MakcuMmaslbHasd 4YMCIEHHOCTb OTMeYeHa Ha 10-e CyTKu orbITa.
B nocnenHue qHYM 9KCIIEpUMEHTa YUCIIO KJIETOK B KYJIbTYypax CHUKAJIOCh.

400 -
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5 5 200 A
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Bpewms, cyTkn
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Puc. 2. Kpussie pocra Thalassiosira pseudonana B MOHOKynbType. HavanbHasi KOHIIEHTpalusl KJIETOK,
KIL-MT 't 1 —0,8%x10%2 — 1,6 x10% 3 —3,2x10*

Fig. 2. Growth curve of Thalassiosira pseudonana in the monoculture. Initial concentration of cells,
cellsmL™": 1, 0.8 x 10% 2, 1.6 x 10% 3, 3.2 x 10*
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Poct Pseudo-nitzschia hasleana u Thalassiosira pseudonana B cMellaHHBIX KyJbTypax. Ko-
JIMYECTBO KJIETOK P. hasleana yBennuupaioch nocie 3 CyTok skcnepumenTa (puc. 3). IIpu HavanbHOM
KoHIeHTpaluu kinetok T. pseudonana 0,8 x 10* kin.-m1~! ormeuen Beixon P. hasleana B cralMoHapHyIo
(azy pocra Ha 7-e cyTKH, a ipu OoJiee BBICOKMX HavaJlbHBIX KOHLEHTpauusix 1. pseudonana 4ucio
KJIETOK P. hasleana yBennuuBanioch Aaxe B MOCIEIHUE CYTKU.

2,5 1
2

(e} —
S W = WD

YHCIECHHOCTD KIIETOK,
x 104 .- Mo

0 2 4 6 8 10 12 14
Bpewms, cyTku
——] =2 —3

Puc. 3. KpuBas pocra Pseudo-nitzschia hasleana B cvemannout ¢ Thalassiosira pseudonana KyabType.
HavanbHas koHileHTpanus Kietok 7. pseudonana, KrL-mr 1 —0,8x10%2 —1,6x10%3 —3,2%x10*

Fig. 3. Growth curve of Pseudo-nitzschia hasleana in the mixed culture with Thalassiosira pseudonana.
Initial concentration of 7. pseudonana cells, cellssmL™": 1, 0.8 x 10* 2, 1.6 x 10% 3, 3.2x 10*

YucneHHOCTb KJIETOK 1. pseudonana B CMeCH yBEJIMYMBAJIACh C HA4yajla SKCIEPUMEHTA MPU BCEX
eé HayaJIbHBIX KOHIeHTpaimsx (puc. 4). Ipu kornenTpammn 3,2 x 10* xi.-Mn~! pocT Bogopociu noce
7-X CyTOK MHTMOMpPOBAJICA: KOJIMUECTBO KJIETOK cocTabsano 137 x 10* kin.-mn~!, a B MoHOKy/IBTYpe —
203 x 10* km.-mr.
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Puc. 4. Kpusas pocra Thalassiosira pseudonana B cMelmaHHON KyJbType ¢ Pseudo-nitzschia hasleana.
Hauvanbhas koHneHtpanus kietok 7. pseudonana, kL-mir 1 —0,8x10%2 —1,6x10%3 —3,2x10*

Fig. 4. Growth curve of Thalassiosira pseudonana in the mixed culture with Pseudo-nitzschia hasleana.
Initial concentration of 7. pseudonana cells, cellsmL™: 1,0.8x10% 2, 1.6 x 10* 3, 3.2x 10*

dnyopecuenuus kiaetok P. hasleana B TeueHue NepBOil HEJEIM KOPPEJIUPYET C UX KOHLIEHTpaLu-
eit. [lo mepe pocta KynbTyp Pseudo-nitzschia sp. pasmep kietok ymensiaetcs [Lelong et al., 2012;
Trainer et al., 2012]; cnegoBatenbHO, KOJIAYECTBO XJIOPOHILIA HA KJIETKY CHUXKAETCS, YTO MPUBOIUT
K YMeHblIeHUI0 (piryopectieHIU. [JaHHbIi 3¢ ]eKT 1o/keH Ha0monaTbes pyu 6osiee JIUTEIbHOM KYJIb-
TUBUPOBAHUU, HO JIa)Ke B HAIlIEM SKCIIEPUMEHTE OTMEUYEHO CHUKEHNE MHTEHCUBHOCTH (DIIyOpEeCIIeHITNH
XJIOpopMILIa a KJIETOK Ha 14-i1 AeHb 110 CPaBHEHUIO C TAKOBOM Ha 7-1 JieHb (puc. 5, 6).
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Puc. 5. TemniepatypHbie KpuBble (DIIyOpeCeHITNH KIeToK Pseudo-nitzschia hasleana nipy KyTbTUBIPOBAHUN
B TeUeHHUe OByX Hemenb: ) — Hadvaso sKcrepuMenTa; 3 — 3-i geHb; 7 — 7-1 eHb; 14 — mocie i 1eHb

Fig. 5. Fluorescence temperature curves of Pseudo-nitzschia hasleana cells during cultivation for two weeks:
0, the beginning of the experiment; 3, the 3 day; 7, the 7t day; 14, the last day
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Puc. 6. Temneparyphsie Kpusbie (ayopecieHiyn xopoduia a Pseudo-nitzschia hasleana: a — abcomor-

Hble 3HaYeHHs; O — HOPMHMPOBAHHbIC HA CPETHIO MHTEHCHBHOCTh. Bpemst skcniepyMenTa: ) — Havao;
3 — 3-i1 genp; 7 — 7-1 geHb; 14 — nocnegHUN OeHb

Fig. 6. Temperature curves of Pseudo-nitzschia hasleana chlorophyll a fluorescence: a, absolute values;

6, normalized to mean intensity. The time of the experiment: 0, the beginning; 3, the 3rd day; 7, the 7 day;
14, the last day
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Anamu3 (opmbl TeMrepaTypHbIX KpPUBBIX (hIyopecleHIM XJOpouia @ MHUKPOBOJOPOCIER
P. hasleana (puc. 6) npoBeneH Hamu paHee [Popik et al., 2022]. Tlony4yeHHble B X0J€ KCIIEPUMEHTA
TEMIIEpPATypPHbIE KPUBbIE JUIMHBI BOJIHBI (PJIyOpECUEHLIMH XJIOpO(pHLIa a MOHOKYJILTYpHI P. hasleana o-
Ka3bIBAIOT, YTO B AranasoHe +20...+40 °C MakcuMyM UHTEHCUBHOCTH (PJ1yOpeclieHIInu XJ10poduiia a
HAXOJUTCS Ha JIJIMHE BOJHBI 682,5 HM (puc. 7).
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Puc. 7. U3MeHeHume [IMHBI BOJIHBI
MakcuMyMa (pIyopecleHInd XJI0poduI-
Ja a I MOHOKYJNbTYp Pseudo-nitzschia
hasleana. Bpemsa »skcriepumenta: 0 —
Havuayio; 3 — 3-i geHb; 7 — 7-1 IeHb,
10 — 10-11 genp; 14 — mociiemHUN IEHD
Fig. 7. Changes in the wavelength
of chlorophyll a fluorescence maxi-
mum for Pseudo-nitzschia  hasleana
monocultures. The time of the experi-

] 9 ment: 0, the beginning; 3, the 3 day;
- ] (71, the 7™ day; 10, the 10™ day; 14, the last
ay

JlmHa BOJTHbBI
MaKCHMaJIbHOil (1yopecueHHH, HM

T
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Temmepartypa, °C
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Monokynbtypa T. pseudonana, otcesHHas ¢ koHueHTpanueii 0,8 x 10* kn.-mn~!, nocruraer npe-
AenoB pocra (crauuoHapHas ¢asza) B TeueHue 10 gueit. Ilocie HauMHaeTcss OTMHpaHUE KYJIbTYpBI.
ITO MOKET MPOSABIATHCSA B YMEHBLIEHUN UHTEHCUBHOCTU (PJTyOPECLIEHIIMM OTAEJBbHBIX KJIETOK (pHC. §).
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Puc. 8. TemnepatypHsie kpuBble piryopec-
neHmu KieTok Thalassiosira pseudonana
Mpy KyJHTUBUPOBAHWU B TEUEHHE IBYX
Henenb. Bpems skcnepumenta: 0 —
Havayio; 3 — 3-il genb;, 7 — 7-U IeHb,
10 — 10-11 genp; 14 — nociienHUN IEHDb
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Fig. 8. Fluorescence temperature curves
of Thalassiosira pseudonana cells during
cultivation for two weeks. The time
of the experiment: 0O, the beginning;
3, the 3™ day; 7, the 7™ day; 10, the 10™
day; 14, the last day
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MO3XHO 3aKJIIOUUTh, YTO MUKPOBOJOPOCIH B JJAOOPATOPHON KyJbType HAaXOMUTCS IPUMEPHO B Ta-
KOM K€ COCTOSIHMM, YTO ¥ MUKPOBOAOPOCIH BO BpPeMs peaJlbHOro 1useTeHusa. HopmuposaHHasa temie-
parypHas kpusas uryopecueHunu (nanee — HTK®) kynpTyphl pu 310M BugousmeHnsercs (puc. 9),
u pasnmmune e€ popm coorBeTcTByeT TpEM dtanam: HTK® npu Huskux koHueHrpauusax (0-i JeHb),
HTK® pacryiueit kynbtypsl (3-i1 ieHb) 1 HTK® «craraupyionieii» KyiabTypsl (7—14-i1 1HM) C BBICOKOI
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koHueHTpanyen (puc. 10). Ecim He OpaTh B pacuéT yBemueHue (hIyopecleHInd XJI0podruia a Kie-
TOK, HaOmoamoteecs y 1. pseudonana Ha 3-ii IeHb SKCIIEPUMEHTA, MOXHO CIIEJIaTh BHIBOJ 00 0OpaTHOM
KOppEJISILIMM pOCTa KOHUEHTPAIMK KYJbTYpbl U (PIyOpeCIIeHIIMU XJI0OPOUILIa @ KJIETOK. YBEIUUeHUe

(pryopecuieHmm xaopouiia a mocie nepeceBa MOXeT ObITh BBI3BAHO CBSI3AHHBIM C HUM CTPECCOM
KYJIbTYPHI.
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Puc. 9. TemmepaTypHsle KpuBble QIyopeclieHIIMA XJopodulia a KyJIbTypel MHKPOBOJIOPOCIA
Thalassiosira pseudonana: a — abCOMOTHBIE 3HAUCHNS; 0 — HOPMHUPOBAHHBIE HA CPEHIOI MHTEHCUBHOCTb.
Bpewms sxkcnepumenta: 0 — Havano; 3 — 3-if aeHp; 7 — 7-i AeHb; 14 — nocieJHuiA AeHb

Fig. 9. Fluorescence temperature curves of chlorophyll a for the culture of the microalga Thalas-
siosira pseudonana: a, absolute values; 0, normalized to mean intensity. The time of the experiment:
0, the beginning; 3, the 3rd day; 7, the 7th day; 14, the last day

Puc. 10. TemmnepaTypHble KpHBbIE
(pnyopecuenuyun xjopodusuia
a  KyJIbTypel MHUKPOBOJOPOCIH
Thalassiosira pseudonana, cooT-
BETCTBYIOIIME  Pa3HBIM  3TanaMm
pasButHsA. dtan | — HavabHBIN,
BO BpeMs KOTOpPOro He Tpo-
WCXOIUT CWJIBbHBIA pOCT; 3Tal
2 COOTBETCTBYeT OBICTPOMY, KC-
TIOHEHIIMATBHOMY POCTY; 9Tan 3 —
9Tall «CTarHalyum»

Fig. 10. Fluorescence temperature
curves of chlorophyll a for the cul-
ture of the microalga Thalassiosira
pseudonana corresponding to dif-
ferent stages of development.
Stage 1 is the initial one, during
which there is no significant growth;
stage 2 corresponds to rapid, expo-
nential growth; stage 3 is the stage
of “stagnation”

MakucmanbHas duyopecueHIms
Xiopoduiniia-a, OTH. €.

Temmepatypa, °C

—a— Jran |—e— Dran 2—A— Dtan 3
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TemnepatypHsle kpuBble (uiyopecteHuun 1. pseudonana Aast Bcex TPEX TANlOB UMEIOT CXOJCTBA.
Ot0 crabwibHast BbicoKas (uiyopecueHuus xjaopodwiia a B avanazone +20...+32 °C, Haquuue J1o-
KaJIbHOro Makcumyma ero ayopecueHuuu rnpu +50...+53 °C u crabummsanus (ryopecleHIu: XJ10-
poduilia @ Ha HU3KOM YpOBHE Tpu Temnepartypax Boiiie +60 °C. IIpu 3Tom 17151 HaYaJIbHOTO Tarna po-
CTa XapaKTepHO OoJjiee BBICOKOE 3HaYeHue (hIyopecreHIMU XJI0Opopuilia a B JIOKAJTbHOM MaKCHMyMe,
4yeM JUIsl HOpMaJIbHBIX Temiiepatyp. [1s sTana pocrta JIOKaJbHBI MakCUMyM (pJIyOpecLeHLIMH XJI0po-
(pusuta a 3HAUNTENIPHO HUKE 110 MHTEHCUBHOCTH, YeM (DJIyOpEeCLEHIMS Ha HayaJIbHBIX 3Tanax. JIokasb-
HbIIl MAKCUMYM MHTEHCUBHOCTH (pJIyopecleHIINH XJI0pouiUla a Ha 3Tale «CTarHaluu» COMOCTaBUM
C MHTEHCUBHOCTHIO TIpu Temnepatype +20 °C.

TemnepatypHble KpuBble (hIyOpeCUEHLIMH XJI0pOo(pUlIia @ MOHOKYJIBTYPbl Ha BCEX CTaJUAX KYJIb-
TUBMPOBAHUSI OCTAIOTCSI OTHOCUTENIbHO CTaOmiabHbIMU (puc. 11); mpu +20...445 °C mymHa BOJIHBI
MakcuMyma iryopecueHnu xjgopogusuia a cocraBisger 685,5 HM. Omimune B JJMHE BOJHBI MakK-
cuMyMa B 1-i [IeHb OT TaKOBOM B OCTaJIbHBIE JHU MOKET ObITh CBfI3aHO C aJamlTalleil MOHOKYJIb-
TYphl BO BpeMs e€ mepeceBa. Takke CTaOWJIbHBI TeMIlepaTypHble KpPHMBbIE JIMHBI BOJHBI (piyopec-
LEeHLIMU XJopoduuia a Aas BceX THeW KyJIbTUBUpPOBaHUsS B auanasoHe +45...+52 °C. B stom gua-
Ma30He MPOUCXOIUT PE3KOE YMEHbILIEHUE JUIMHBI BOJHBI MAaKCUMyMa (DIyOpecLEHIMU XJIOPO(pUI-
nma a ¢ 685,5 no 680,5 um. [lanee HaGmogaeTcsi HE3HAUMTEbHBIA POCT UIMHBI BOJIHBI B TEUEHUE
2-3muH (dT =2...3 °C) c nocieayouMM MeIJeHHBIM MOHOTOHHBIM €€ yMeHbllleHueMm. [1pu 3Tom B 1ua-
na3oHe +55...+80 °C temneparypHble KpUBbIE AJIMHBI BOJIHBI (PJIyOpecleHIUH XJI0poduilia d KyJbTy-
Pl HA Pa3HBIX dTaNax KyJIbTUBUPOBAHUS HAYMHAIOT OTIMYATHCS JIPYT OT ApPYra. ITO MOXET ObITh CBSI-
3aHO C Pa3IMYHON KOMIO3MIMEN MUTMEHT-OEJIKOBBIX KOMIUIEKCOB AJIS1 KYJIbTYpbl, KOTOPast IIPOXOANT
BCE ITaIlbl pOCTa.

PEPPOOOYy
p .‘W‘ :

JlniHa BoNHBI
MaKCHMAalIbHOM (p1yopecleHnH, HM
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Temmneparypa, °C
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Puc. 11. V3meHenue makcumyma hiryopecieHIIMU XJIopopuilia a AJii MOHOKYJIbTYP MUKPOBOJIOPOCIU
Thalassiosira pseudonana. Bpems sxcnepumenta: 0 — nHavano; 3 — 3-ii geHb; 7 — 7-i1 gens; 10 —
10-11 genb; 14 — nocnenHuil AeHb

Fig. 11. Changes in chlorophyll a fluorescence maximum for monocultures of the microalga Thalassiosira
pseudonana. The time of the experiment: 0, the beginning; 3, the 3™ day; 7, the 7™ day; 10, the 10" day;
14, the last day
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Tak kak MHKpoBoJopociu Pseudo-nitzschia criocoOHb! (popMHpPOBaTh KpacHble MpuiuBkl [ Trainer
et al., 2012] u yacTo pa3BUBAIOTCA COBMECTHO C JIPYITMMH JMaTOMOBBIMU BOJOPOCIIAMU, U3ydeHUE (Iy-
OPECLICHTHBIX XapaKTepUCTUK cMecell Pseudo-nitzschia n Ipyrux quaTtomMel MpeAcTaBisieT 0CoObld UH-
Tepec AJis JaJbHEHIIEero X MCIOJIb30BaHUS B 9KOJOTMYECKOM MOHHUTOpHHre. M3-3a pa3sHoOll ckopo-
CTH pocTa Ha 7- IeHb SKCIIEPUMEHTAa MUKPOBOJOPOCTU B cMecu P. hasleana : T. pseudonana naxo-
Juich B KoHeHTpauusx 1:30. [Ipy TakoM COOTHOIIEHUU BO3JEUCTBUE (DIIyOPECUEHIIUU KYJIbTYPhI
P. hasleana B cMecu CTaHOBUTCS HE3HAUUTEJIbHBIM, MTOCKOJIbKY OCHOBHOW BKJIaJ B CUTHal iyopec-
ueHmu BHOCUT 1. pseudonana. Tak Kak (yopeclEHTHbIE XapaKTEPUCTUKHU TUIAHUPYETCS UCIIOJIb30-
BaTh JJI1 9KOJIOTMYECKOIO MOHUTOPUHIA, U3YUEHHE CMECEW, B KOTOPBIX HEJNb3s1 U3MepsATh (hIyopec-
LEHTHBIN curHai xjopopusia a P. hasleana, ne nmeet nepcnektus. [losatomy pemieHO He U3MEPSATH
(pyopecuennuio xjaopoduiuia a cMeceid Ipy JajibHENIeM KyIbTUBUPOBaHUU. B TeMniepaTtypHbIX Kpu-
BBIX JUTHBI BOJIHBI (DJIyOpECHICHIIMH XJIOPO(HIUIA @ UCCIIEOBAHHBIX CMecel peodialaii BOIOPOCITH
T. pseudonana (puc. 12). ®opma HTK® cmeceii cuiibHO koppenupyeT ¢ popmoit HTKD mukpoBoo-
pocneit T. pseudonana, uro BugHo nipu cpaBHeHuu HTK® cmecu u HTK®, nonyueHHoi kak cymma
HTK® mMoHOKYIBTYP.
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Puc. 12. ®dnyopecuieHTHbIE XapaKTEPUCTUKU CMecU KyJbTyp Pseudo-nitzschia hasleana w Thalassiosira
pseudonana: a — TeMIepaTypHble KpHUBBIE [UIMHBI BOJIHBI (hJIyOpecleHIMU Xjopodwina a CMEecH;
6 — HOopMHUpOBaHHBIE TemriepaTypHble KpuBbie (yopectienimn (HTK®) cmecn. Bpems skcniepriMenTa:
0 — nHauajno; 3 — 3-i JgeHp; 7 — 7-11 IeHb

Fig. 12. Fluorescent characteristics of the mixed culture of Pseudo-nitzschia hasleana and Thalassiosira
pseudonana: a, temperature curves of chlorophyll a fluorescence wavelength of the mixture; 6, normalized

fluorescence temperature curves of the mixture. The time of the experiment: 0, the beginning; 3, the 3" day;
7, the 7™ day

Ha puc. 13 npeacrasnenst cpaBHenust HTK® cmeceit 1 cyMMUPOBaHHBIX MOHOKYJILTYP. CymmMupo-
BaHre HTK® ocymecTBismm ucxos U3 NponopUMOHAILHOTO COOTHOIIEHUS KJIETOK B KYJbTYpPE CMe-
cu. [Ipu cymmupoBannn HTK® nnsa 0-x cyrok ucnons3oBasiu HTK® T. pseudonana navanpHoro sta-
na, a npu cymmupoBannd HTK® mia 3-x u 7-x cyrok — HTK® T. pseudonana sxcnnoHeHIMaIbHOTO
JTarna pocra.
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Puc. 13. TemmepatypHsle Kpusble (IyopecleHIMrd XJopoduiia a cMecu KyJabTyp Pseudo-nitzschia
hasleana w Thalassiosira pseudonana B CpaBHEHWH C TEMITEPATYPHBIMHA KPUBBIMU (DITYOPECIICHITUH COOT-
BETCTBYIOIIMX MOHOKYJIBTYP M MX MaTeMaTHYeCKOW CYMMBI: & — HOPMHPOBAHHBIE TEMIIEPATYpHBIE KpPU-
Bole (payopecueniyn (HTK®) Thalassiosira pseudonana na nadaneHou cragun; 6 — HTK® Thalassiosira
pseudonana B Havane cranguu pocta; B — HTK® Thalassiosira pseudonana B KOHIE CTaguMl pocTa;
r — HTK® Thalassiosira pseudonana Ha cTagum «cTarHaln»; 1 — W3MepeHHasl XapaKTepUCTUKA CMe-
CH; 2 — XapaKkTepuCTUKa MOHOKYJBTYPH Pseudo-nitzschia hasleana; 3 — xapaKkTepucTHKa MOHOKYJIBTYPhI
Thalassiosira pseudonana; 4 — XapakTepuUCTUKa CMEC MOHOKYJIbTYP

Fig. 13. Fluorescence temperature curves of the mixed culture of Pseudo-nitzschia hasleana and Tha-
lassiosira pseudonana compared to fluorescence temperature curves of the corresponding monocultures
and their mathematical sum: a, normalized fluorescence temperature curves (NFTC) of Thalassiosira pseudo-
nana at the initial stage; 6, Thalassiosira pseudonana NFTC at the beginning of the growth stage; B, Thalas-
siosira pseudonana NFTC at the end of the growth stage; r, Thalassiosira pseudonana NFTC in the “stag-
nation” stage; 1, measured characteristic of the mixture; 2, characteristics of Pseudo-nitzschia hasleana
monoculture; 3, characteristics of Thalassiosira pseudonana monoculture; 4, characteristics of monoculture
mixture

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 3



BsaumoeiicTBie IMATOMOBBIX Bojiopociie Pseudo-nitzschia hasleana v Thalassiosira pseudonana... 57

OBCYKIEHUE

KoHkypeHIus 3a TUMUTHPYIONIMNA pecypc (IKCIUTyaTallMOHHAsI KOHKYPEHLIUsI) SIBJISIETCSI OJJHUM
13 OMOTUYECKUX (DAKTOPOB, OINPEIEIISIONINX CTPYKTYPY (PUTOIIAHKTOHHOTO cooOmecTBa. [Tpu Takux
YCJIOBUSIX OPraHU3M C MEHBIIIUM MOTpedIeHUEeM MOXET ObITh yCIeITHee JPYruX OPraHu3MOB B JAHHOM
COO0O0IIIeCTBE, CTAHOBSICh HOBBIM JOMUHAHTOM. Jlpyras cTpaterusi — uHTEp(EpPEeHIIMOHHAS KOHKYPEeH-
U OMUH OPTraHU3M MHIMOUPYET POCT JPYTrUX OPraHU3MOB MPSIMO WA OTMIOCPEIOBAHHO Yepe3 CeKpe-
LIMI0 XUMUYECKUX BEIIECTB, MEKKJIETOUHBIE B3aUMOJIEHCTBUS U T. JI. B 9BTpO(pHBIX aKBaTOpUsX Ha Mep-
BBl TUIAH BBIXOJUT MHTEp(EepeHIMOHHas KOHKypeHus [Zhao et al., 2018]. VickyccTBeHHBIE Cpelibl,
Ha KOTOPBIX BHIPAIIMBAIOT MUKPOBOJIOPOCIIH, OOraThl MUTATEIbHBIMU BEIIECTBAMH, HA OCHOBAHUH YETO
MO3KHO TPEINOJIOKUTh, YTO TP COBMECTHOM KyJbTUBUpPOBaHUM P. hasleana u T. pseudonana viveet
MeCTO B OOJIblliei cTeneHn UHTep(hEePEHITMOHHAS KOHKYPEHIIUSI, YeM KOHKYPEHIIUS 32 PECyPChI.

[Ipu cOBMECTHOM KYJIbTMBUPOBAHWUHU BOJOPOCTIEN He OOHApykeHO M3MEHEHW pa3MepoB M MOp-
(ponorum KJ€TOK HU Yy OAHOTO M3 BUJIOB. B TO ke BpeMsi MpH MCCIeIOBAHUM JEUCTBUS MaKpO(pUTOB
Pyropia haitanensis (T. J. Chang & B. F. Zheng) N. Kikuchi & M. Miyata, 2011 na Pseudo-nitzschia
multiseries (Hasle) Hasle, 1995 u Pseudo-nitzschia pungens (Grunow ex Cleve) G. R. Hasle, 1993 orme-
YeHbl UICKPUBJIEHUE CTBOPOK M KOHJIeHcalus xioporuiacta [Patil et al., 2020]. Tak:ke B akcriepuMeHTax
Ha MpeICTaBUTENAX TMHO(UTOBBIX poaa Alexandrium Halim, 1960 npu cOBMECTHOM KyJIbTUBUPOBAHUHT
C IPyTMMU MUK POBOJOPOCIISIMU, B TOM YHUCJIE TUATOMESIMH, 3a(PMKCUPOBAHO HETATUBHOE BO3JIEIICTBUE
auHO(JIAreUIST Ha YMCTIEHHOCTh U MOP(OJIOTHIO KJIETOK TAPreTHHIX BUAOB. Kpome Toro, moj neicTBu-
€M BbIEJIsIeMbIX AUHO(pIIare/uisTaMu MeTaboJIMTOB U3MEHSIIOCHh (PU3HOJIOTMYECKOE COCTOSIHUE: TIPOUC-
XO/IWJIM MHrMOUpoBaHKe padboThl (hoTocrcTeMsl 11, oBHIITIeHNe cofepkaHus AKTUBHBIX (DOPM KHUCJIOPO-
1a B KJIETKaX, N3MEHEeHHUe JIMITHIHOTO COCTaBa, MOBPEKIeHNE MeMOpaH, UMMOOWIIN3AIIHS U OCAKICHHEe
kyetok [Long et al., 2018; Tan et al., 2019; Zheng et al., 2016].

B niepuopn, korna P. hasleana naunnana 6ojiee MHTEHCUBHO PacTH, MPOUCXOAMIO TIOIABJIEHHE PO-
cra T. pseudonana ¢ Ha4YaJIbHBIMU KOHIIEHTpArsMu 1,6 X 10* u 3,2 x 10* k..M. OmHako B 310 *Ke
BpeMsi OTMeueHa cTumyJsiuusl pocta 1. pseudonana ¢ HaMMEHbILEH HavaabHOW KOHILEHTpaluen —
0,8x 10* xn.-ma~!'. Panee nokasaHo, 4TO HayagbHAs KOHIEHTPALMSA KJETOK MOHOKYJILTYPHl B CMe-
CH BIMSIET HA OTKJMK MHKPOBOJIOPOCTENd Ha METa0OJMTHl IPYroro BHA: MPH KyJIbTUBUPOBAHUM
Skeletonema costatum (Greville) Cleve, 1873 na ¢unbrpatax Heterosigma akashiwo (Y. Hada) Y. Hada
ex Y. Hara & M. Chihara, 1987 poct S. costatum MHrmOMpOBAJICS TIPU HU3KON KOHIICHTPALIMU KJIe-
TOK M He TIoJIBeprajicsi i3MEHEeHUsIM TTpH BhICOKOH [ Yamasaki et al., 2009]. Takoe e siBjieHue HaOJI0-
JaJu 1pU KyJabTUBUpoBaHuu Phaeodactylum tricornutum Bohlin, 1898 ¢ Prorocentrum donghaiense
D. Lu, 2001 [Cai et al., 2014]. Cuurtaercs, 4T0 MeJKUe BUAbI BOJOPOCTEW MOABEpPKEHbI OOJIbIIe-
My BO3JEHCTBUIO aJlJIeJIONAaTUYECKUX BellecTB, yeM KpynHble [Felpeto et al., 2019; Prasetiya et al.,
2016]. B 1o ke Bpemsl MeJIKHe BUIbI TIOJTYYal0T KOHKYPEHTHOE TIPEUMYIIIECTBO 3a CYET OBICTPOTrO po-
cta [Mikheev et al., 2018]. B nieiom T0, Kakoi Buj OyJaeT MMeTh IMTPEUMYIIECTBO — TOKCUYHBINA HJIH
YYBCTBUTEJIbHBII K TOKCHHY, OIpeJesiseTcsl TeM, Kakoi BUJ HAa4yHET AJOMUHMpOBaTh B cpene [Hulot,
Huisman, 2004]. B skcnepumente ¢ P. hasleana n T. pseudonana 06a Buia B CMEIIAHHBIX KYJIbTYypax
OKa3bIBaJIM APYT Ha JIpyra BO3/IeiiCTBHE, B OCHOBHOM MHTHOMpYIolee, 3a UcKodenueM 1. pseudonana
IIpU CaMOil HU3KOI HayaJbHOW KOHLIEHTpALUU KJIETOK B cpeje. MOXKHO MpeanosokuTh, YTO B3aUMO-
AEVCTBUSI MEXy BOJOPOCIISIMU 3aBUCST OT UX BUJIA, U B HACTOSIIIMIA MOMEHT CJIOKHO YBU/IETh YHUBED-
CaJIbHYIO CXeMy B3aUMOJIEHCTBHSI MUKpPOBOAOpocied. Ha ceroqusimHuii feHy HanOosiee N3y4eHHbIMU
TOKCHYHBIMU BOJIOPOCJISIMU B TUIaHE BO3/ICHCTBUS HA APYTUe BUMABI SBJSIOTCS TUHODIIATEIATH poaa
Alexandrium [Long et al., 2018; Zheng et al., 2016].

B skcnepuMeHTax 1o COBMECTHOMY KYJIbTUBUPOBAHUIO Pseudo-nitzschia multiseries v Bacillaria sp.
MIOKa3aHo, uto y Bacillaria sp. unciaeHHOCTh cHUkanack Ha S0-70 % [Sobrinho et al., 2017]. Marudupo-
BaHue pocta 7. pseudonana B cMelllaHHOM KyJbType ¢ P. hasleana 3a¢vkcupoBaHO Ha 3-M CYTKHU OIIBITA.
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YncireHHOCTD KJIeToK Rhodomonas salina (Wislouch) D. R. A. Hill & R. Wetherbee, 1989, Chattonella
marina (Subrahmanyan) Hara & Chihara, 1982 u Akashiwo sanguinea (K. Hirasaka) Gert Hansen
& Moestrup, 2000 kak 3a CUET JIM3HUCA, TAK U 32 CYET UHTUOUPOBAHUSI POCTA YMEHBINATACH IIPU COBMECT-
HOM KYJIbTUBUPOBAHUM C P. pungens, B TO BpeMsl Kak y Prorocentrum minimum (Pavillard) J. Schiller,
1933 u Phaeocystis globosa Scherffel, 1899 uncneHHOCTb KJIETOK B CMEIIaHHOM KYyJIbType ¢ P. pungens
OCTaBaJIach TaKOM ke, Kak B MOHOKYJIbType [Xu et al., 2015].

JlomoeBasi KMCJIOTa HE OKa3blBaeT TOKCMYHOIO BIMSAHMSA Ha MUKpoBogopociu [Lundholm et al.,
2005; Poulin et al., 2018]. B cBf3u ¢ 3TUM MOXKHO NPEAINOJIOXKHUTh, YTO MHIMOMPOBAHMUE POCTa
T. pseudonana oOyCIOBICHO BBHIIEJIEHHEM JPYTUX BemecTB. VI3BeCTHO, YTO AMATOMOBBIE BOJOPOCIH
MPOU3BOISAT OOJIBINIOE KOJIMYECTBO MOJIMHEHACHIINIEHHBIX aibieruioB [Pichierri et al., 2017], kotopsle
3aITyCKalOT KacKaJl peaKInii, BRI3BIBAIOIIMX THOEb KIIETOK MUKPOBOIOPOCIIeH myTéM arnonTo3a [lanora
etal., 2011].

CornacHo TeopuH NapajoKca MIaHKTOHA, O POMHOE Pa3HOOOpa3ye IMIAHKTOHHBIX BUIOB B 9KOCUCTE-
Me C OrpaHMUYEHHBIMH peCypcaMi BO3MOKHO TOJIBKO IIpU OanaHce KOHIEHTPAIMI X KJIETOK, a TaKke
JOCTYITHOCTH CcBeTa W nutatesbHbIX BemecTB [Hutchinson, 1961]. B Hacrosiiiiee Bpems asuienonarusi
CUUTAETCS] OCHOBHBIM, KJIIOUEBbIM KOMIIOHEHTOM B KOHKYPEHIIMU Meskay MUKpoBogopocisiMu [Ternon
et al., 2018]. MoXHO MPeANoNI0KUTh, YTO B MPUPOAHBIX COOOIIECTBAX B3aMMOJIEHCTBHE BUIOB poja
Thalassiosira n Pseudo-nitzschia SiBnsieTCs1 OHUM U3 OT'paHUYUTENIEN UX PAa3MHOKEHUS ITPU BBICOKOM CO-
AepkaHrK OMOTeHHBIX 2JIeMeHTOB. Panee Ha mpumepe S. costatum v H. akashiwo moka3zaHo, 4TO B3aUMO-
AEWCTBUE MEXIYy STUMM BUIAMU — OJMH U3 (pakTopoB (popmMHpoBaHUs MOHOLBeTeHUs [Yamasaki
et al., 2007]. YBermueHue YUCIEHHOCTH OJHUX BUJIOB B (DUTOITAHKTOHHOM COOOINECTBE MOXET CHH-
*KaTh TIPECCUHT «BbIeIaTesiel» Ha Apyrue Bujbl coodiectsa. Tak, B FOxHo-KuTaiickom Mope B city4ae
POCTa YUCIEHHOCTHU S. costatum yMeHbIIaeTCsl MPECCUHT 300IUIAHKTOHA Ha P. pungens, a 3TO BTOPOU
BaXXHBII (pakTOp (T10Cie TeMneparypsl) 4 gaHHoro Buja [Huang et al., 2009].

3akmouenne. Pseudo-nitzschia hasleana v Thalassiosira pseudonana okasplBajiu Ipyr Ha Apyra
BJIMSIHME B CMEIIaHHOM KyJbType. Bo3neiictBue P. hasleana na T. pseudonana 3aBuceso OT Ha4aIbHOU
KOHIIeHTpaluu ki1etok T. pseudonana. B uactrocty, ipu 0,8 x 10* ki1.-m1~! mporicxoyna BrIpakeHHas
cTumyJsanus e€ pocta. Ilpy HauanbHBIX KOHUEHTpanusax 1,6 x 10* u 3,2 x 10* xo1.-ma! orMeueHo uH-
rubupoBanue pocta 1. pseudonana; 3p¢eKT BO3pacTal ¢ MOBBIIIEHNEM € Ha4aIbHOU KOHIIEHTPAIIUH.
Mexny TeM B cMellaHHOW KyJbType 7. pseudonana Haxoquiach B CTallMOHApHOM (paze pocra, TOraa
KaK B MOHOKYJIbTYpE TOIYJISIHs BXoAWa B pasy ormupanus. 1. pseudonana oka3piBajia THTHOUPYIO-
1iee BIUsHUE Ha pocT P. hasleana, v yncineHHOCTb P. hasleana B cMelIaHHOM KyJIbTYPe K KOHILY OMbITa
ObLlIa HUKE TAKOBOIM B MOHOKYJIbTYpe B 16 pa3. DKCIEpUMEHT C COBMECTHBIM KYJIbTUBUPOBAHUEM MUK-
poBogopocien P. hasleana v T. pseudonana nokasai, 4yTo Ha (pJIyopecUEHIMIO XJI0poduilia a CMECU
OKasbIBaeT OoJblllee BO3AECUCTBUE Ta MUKPOBOJOPOC/b, KOHIEHTPAIMsS KOTOPOW 3HAUUTENIHLHO BBIIIE.
BunousmeHeHre KpUBBIX OTIEIBHBIX KYJIbTYP B CMECSIX HE TTPOUCXO/IUT.

Paboma svinonnena npu gpurarcosoii noooepacke epanma PH® Ne 21-74-30004.

Bbaarogapuocts. Kynetypsl MukpoBogopocnein Pseudo-nitzschia hasleana MBRU_PHI18 u Thalassiosira
pseudonana MBRU_TSP-02 (Bacillariophyta) mpenocraeieHsl pecypcHbIM LEeHTpoM «Mopckoil OnoOaHk»
HHIIMB IBO PAH (http://marbank.dvo.ru).
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INTERACTIONS OF THE DIATOM ALGAE
PSEUDO-NITZSCHIA HASLEANA AND THALASSIOSIRA PSEUDONANA
IN THE MIXED CULTURE

Zh. V. Markina! and A. Yu. Popik?

'A. V. Zhirmunsky National Scientific Center of Marine Biology, FEB RAS, Vladivostok, Russian Federation
Institute of Automation and Control Processes, FEB RAS, Vladivostok, Russian Federation
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Representatives of the genus Pseudo-nitzschia (Bacillariophyta) cause blooms in different areas
of the World Ocean. Therefore, it is necessary to know their ecological features, including the way
those interact with other species of unicellular algae. Moreover, for rapid identification of these algae
in the environment, a certain technique is needed. Thus, we assessed the dynamics of cell abundance
for Pseudo-nitzschia hasleana and Thalassiosira pseudonana in mono- and mixed cultures by their
direct counting in a Nageotte chamber. Temperature curves of chlorophyll a fluorescence obtained
by laser-induced fluorescence in a temperature chamber were also analyzed. The experiments lasted
for 14 days. As shown, P. hasleana had different effect on 7. pseudonana depending on initial abun-
dance of T. pseudonana. At initial concentration of 0.8 x 10* cells-mL™", a pronounced stimulation

of the growth of this diatom occurred. At initial concentrations of 1.6 x 10* and 3.2 x 10* cells-mL™!,
T. pseudonana growth was inhibited. In the mixed culture, 7. pseudonana remained at the station-
ary growth phase, while in a monoculture, the population entered the dying phase by the 14" day
of the experiment. 7. pseudonana had an inhibitory effect on P. hasleana growth. The experiment
with P. hasleana and T. pseudonana co-cultivation showed as follows: chlorophyll a fluorescence
of the mixture is more affected by the microalga with much higher concentration. The fluorescent
signal of two separately cultivated monocultures can potentially be used to search for these cultures
in a mixture.

Keywords: Pseudo-nitzschia hasleana,
fluorescence, microalgae identification

Thalassiosira pseudonana, allelopathy, chlorophyll a
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The genus Cladophora is one of the largest genera of green algae, representatives of which are found
in all water bodies throughout the world. Cladophora creates habitats for different groups of organ-
isms, including epiphytic unicellular algae. The aim of the article is to examine the vertical distri-
bution of diatoms in the structured space of Cladophora mats and in benthic sediments of a hy-
persaline lake in Crimea. In the vertical structure of the Cladophora mat, the floating and ben-
thic mats were distinguished, each having a characteristic structure. The total of 20 diatom species
of 12 genera were observed throughout this study. The total abundance of diatoms and their biomass
on Cladophora (per unit of dry biomass) and in benthic sediments (per unit of dry mass) varied
over a wide range. On Cladophora, the abundance varied from 1.85x 10° to 69.52x 10° cells-g™!,
and the biomass, from 7.77 to 157.43 mg-g”'. In the bottom sediment, the abundance varied
from 6.05x10° to 16.87 x 10° cells-g”!, and the biomass, from 7.76 to 36.39 mg-g™'. The share
of the diatom biomass in the wet mass of the entire Cladophora mat averaged 1.06%.

Keywords: diatoms, epibionts, filamentous green algae, floating mats, hypersaline lake

The genus Cladophora Kiitzing, 1843 is one of the largest genera of green algae, representatives
of which are found in all water bodies worldwide: freshwater, marine, and hypersaline ones [Dodds,
Gudder, 1992; Higgins et al., 2008; Prazukin et al., 2020; Zulkifly et al., 2013]. Due to morphologi-
cal features of Cladophora thallus and the ability of these algae to form extensive benthic and floating
mats [Bootsma et al., 2004; Higgins et al., 2008; Gubelit, Berezina, 2010; Messyasz et al., 2015; Prazukin
et al., 2008, 2018, 2019], Cladophora can be characterized as an ecological engineer [Zulkifly et al.,
2012, 2013]. This organism creates, changes, and maintains the habitat [Jones et al., 1994]. Cladophora
creates habitats for various groups of organisms, inter alia epiphytic unicellular algae. On its surface,
communities of unicellular algae are formed, with a great variety of taxonomic groups [Hardwick et al.,
1992; Malkin et al., 2009; Mpawenayo, Mathooko, 2005; Zulkifly et al., 2012, 2013]; those create high
density and biomass of cells [Bergey et al., 1995; Malkin et al., 2009; Marks, Power, 2001; Stevenson,
Stoermer, 1982; Young et al., 2010].

In Crimea, there are many saline lakes [Anufriieva, 2018; Shadrin et al., 2017] where floating
and benthic Cladophora mats are formed constantly or with a certain periodicity, covering large parts
of lake water areas [Ivanova et al., 1994; Prazukin et al., 2008, 2018, 2019].
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Unicellular algae of Crimean saline lakes and, in particular, epiphytic unicellular algae on Cladophora
remain poorly studied [Nevrova, Petrov, 2008; Senicheva et al., 2008]. There is the question: how are mi-
croepiphytes distributed along the vertical component of Cladophora mats? To answer, we chose a small
hypersaline lake, Lake Chersonesskoye, where a biogeochemical cycle of substances with Cladophora
participation occurs annually. We hypothesized that Cladophora mats are ecological engineers in Lake
Chersonesskoye during the spring—autumn period. To test this hypothesis, we considered the vertical dis-
tribution of diatom algae in the structured space of Cladophora mats formed in different parts of the lake
shoreline.

MATERIAL AND METHODS

Study area. For 20 years (2000-2020), investigations were carried out on Lake Chersones-
skoye (44°35’09”N, 33°23’39”E), located at Cape Khersones, Crimean Peninsula [Gubanov,
Bobko, 2012; Mukhanov et al., 2004; Pavlovskaya et al., 2009; Prazukin, 2015; Prazukin et al.,
2008, 2018, 2019, 2021a, b; Senicheva et al., 2008; Shadrin et al., 2008, 2017]. The above-mentioned
works portrayed a detailed description of the water body and its inhabitants, which allows us to re-
strict ourselves to a brief representation. It is a small lake with a surface area of 0.05 km?, a catchment
area of 0.92 km?, an average depth of 0.38 m, and a maximum depth of 1.5 m. The lake is separated
from the sea by a narrow boulder—pebble isthmus; it is fed mainly due to the filtration of seawater
and its inflow during severe storms (Fig. 1A—C). In some years, the maximum values of water tem-
perature (+43 °C) were registered in July and August in the lake upper layer; the minimum tempera-
tures were down to —0.5 and —0.7 °C (December 2004). The maximum salinity value for the obser-
vation period was 340 g-L™! (August 2009), and the minimum was 27 g-L™' (May 2018). Throughout
the entire study period, 61 algal species were found in the lake phytoplankton [Senicheva et al., 2008].
Macrophytes were represented by 6 species, 5 of them belonging to green filamentous algae of the phy-
lum Chlorophyta (Cladophora vadorum (Areschoug) Kiitzing, 1849; C. siwachensis C. J. Meyer, 1922;
C. echinus (Biasoletto) Kiitzing, 1849; Ulothrix implexa (Kiitzing) Kiitzing, 1849; and Rhizoclonium
tortuosum (Dillwyn) Kiitzing, 1845) and 1 belonging to the seagrass phylum Angiospermae (Ruppia cir-
rhosa (Petagna) Grande, 1918) [Prazukin et al., 2008]. Macrophytic vegetation of the lake is character-
ized by seasonal dynamics of biomass [Prazukin et al., 2008]. In winter months, macrophytic vegetation
can be preserved in small, narrow, and intermittent strands of filamentous algae along the entire lake
shoreline and in small thickets of R. cirrhosa in the southwestern part of the lake. However, three times
during the observation period (2000-2020), a complete absence of Cladophora in the lake was recorded
in winter. In mid-March, Cladophora mats begin their formation along the shoreline; by mid-August,
those can occupy up to 60-90% of the lake area. In autumn months, floating mats are destroyed; they
lose their ability to stay afloat and sink to the lake bottom; and active destruction processes occur.

Our previous studies showed that Cladophora mats have a well-defined vertical structure, which
changes during the vegetative cycle [Prazukin et al., 2008, 2018]. In late summer and autumn, a great
variety of mat conditions is observed in different parts of the lake. Moreover, in a small lake area, one
can find mats with clear signs of destruction and mats that retain their juvenile and mature structure.

In May and June 2017, practically every day, daytime air temperature in the lake area exceeded
+20 °C; early to mid-July, the values varied from +26 to +35 °C. There was no precipitation during
these months. Cladophora mats were formed only in the shore area of the lake. Apparently, due to high
temperatures, those began to deteriorate in late July, and a wide range of their states was observed.

We selected two sites: at the southeastern (D) and northeastern (E) shores of the lake (Fig. 1). At each
site, two visually different biotopes were identified (D1, D2 and E3, E4) (Fig. 2). There were no obvious
signs of mat destruction at DI, and the same could be said about the mat at E3, while the mats at D2
and E4 were aging.
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Fig. 1. Lake Chersonesskoye on Crimean Peninsula in various scales (A—C) with the layout of sampling
stations (C) and algal mat layers (D-G); sampling stations near the southeastern (DI, D2) and northeast-
ern (E3, F4) shores of the lake. On D-G: the upper (A1) and lower (A2) layers of the floating mat (A);
the algal layer under the floating mat (B); the upper (F1) and lower (F2) layers of the benthic mat (F);
the “liquid” (G1) and “solid” (G2) layers of the bottom sediments (G); H, depth; UBM, the upper bound-
ary of the Cladophora mat; LS, the upper boundary of the lake; C, the water layer between the bottom mat
and the upper boundary of the lake; a, 9, €, ), sampling points within the boundaries of the mat and in the bot-
tom sediments. Spots of water temperature measurements within the boundaries of the mat and beyond
it are marked with black dots

Puc. 1. O3zepo Xepconecckoe Ha KpriMckoM nostyocTpoBe B pa3Hbix Macitadax (A—C) co cxeMol pacro-
JioxeHus craniuii oroopa mpod (C) u cnoés BogopocieBoro mata (D-G); craHiuu 0T00pa mpod y BOCTOYHO-
ro (D1, D2) u ceBeproro (E3, E4) 6eperos o3epa. Ha D—-G: BepxHuii (A1) u HyxHUI (A2) 10U IJ1aBy4ero
MaTta (A); cioit Bojopoceit nox riaBydum MatoMm (B); Bepxumit (F1) u vmkamit (F2) cnon noHHOTO Ma-
ta (F); «xupkuii» (G1) u «tBEpmblit» (G2) cou noHHBIX oTnoxenuit (G); H — rimyouna; UBM — BepxHsist
rpaunuia mata Cladophora; LS — BepxHsis rpanuia ozepa; C — cJIoi BOJbI MEXly JOHHBIM MaTOM U BepX-
Hell rpaHuIiei 03epa; a, O, €, 1| — MecTa 0TOopa Mpod B rpaHUIIaX MaTa U B JOHHBIX OTIOKeHUsX. YEpHBIMU
TOYKaMK 00O3HAUYEHBI MECTa M3MEPEHHUsI TEMIIEPATyPhl BOJIbI B TPAHUIIAX MaTa M 3a €ro Inpeje/iaMmu

. () = e o)

Fig. 2. Stations (D1, D2, E3, E4) and sampling points at the southeastern (a) and northeastern (b) shores
of the lake. The sampling points are marked by lines

Puc. 2. Craunmu (D1, D2, E3, E4) u Mecta otdopa mpod y BocTouHOro (a) u 3anaaHoro (b) 6eperos o3epa.
Mecra ot6opa npod yKa3aHbI JIMHUSAMU
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Sampling and sample processing. On 26 July, 2017, 30 samples of the Cladophora mat and 9 sam-
ples of benthic sediments were taken from the southeastern (sta. D/ and D2) and northeastern (sta. E3
and E4) shores of the lake (Figs 1C, 2) to analyze the species structure and biomass of diatoms.
From each horizontal mat layer (a, 9, €, see Fig 1D-G), 0.5—1 g (wet mass) of Cladophora were sampled
with tweezers. Each algae sample was placed in a 10-mL glass container.

Benthic sediments were sampled in triplicate from the upper 1-cm layer using a cylindrical plastic
sampler with a working section area of 7.1 cm? Soil was placed in a glass container and mixed with
3 mL of 40% formalin solution.

At all the stations, algae were sampled in triplicate to assess the vertical structure of Cladophora
mats. A cylindrical sampler with a cross-sectional area Sy = 0.0452 m? was used: this allowed al-
gae sampling in layers throughout the entire water column, as described earlier [Kiihl, Jgrgensen,
1992]. When sampling, algae of each horizontal layer of the Cladophora mat were placed in separate
plastic bags.

At sta. DI, E3, and E4, water temperature and salinity were measured directly in the floating
mat (in the middle of the layer) and in the algal layer underneath (near the bottom) using a mercury
thermometer with an accuracy of 0.1 °C and a Kelilong WZ212 refractometer; at sta. D2, measure-
ments were carried out at a 2-cm distance above the benthic mat and in it. At sta. D/ and D2, water
temperature within the mat and beyond it was measured at short time intervals for 6.5 h, from 10:00 a.m.
to 04:40 p.m.

Sample processing in the laboratory. Samples of the Cladophora mat taken to assess its vertical
structure were washed in freshwater, dried on filter paper, and weighed on a WT-250 electronic bal-
ance (Techniprot, Poland) (sample wet mass, Wye). To determine dry mass (W), the samples were
dried at a temperature of +105 °C to constant weight and weighed on the same balance.

Fragments of Cladophora thalli sampled from different horizons of the mat to determine micro-
phytofouling were quickly delivered to the laboratory. There, the state of their fouling was assessed under
a microscope, and diameters of Cladophora thalli were measured. Then, samples were fixed by adding
1.5 mL of 40% formalin solution and maintained for 1-3 weeks. After that, Cladophora thalli were
placed in a Petri dish, and epiphytic algae were carefully removed with tweezers and a scalpel or a plas-
tic spatula. Then, Cladophora was washed and squeezed into the dish. The process was monitored under
a microscope; the washing of microalgae was continued until they were completely absent on a randomly
taken fragment of macrophyte thalli (Fig. 3).

To determine the species composition of diatom algae, their shells were cleaned from organic mat-
ter by the “cold” method, and permanent preparations were made according to the technique described
in [Diatoms of the USSR, 1992]. Species were identified in accordance with literature sources, includ-
ing species guides [Diatomovyi analiz. Kniga 2, 1949; Diatomovyi analiz. Kniga 3, 1950; Guslyakov
et al.,, 1992; Lange-Bertalot, 2001; Proshkina-Lavrenko, 1963; Witkowski et al., 2000] and numer-
ous publications. Nomenclature names of microalgal taxa are given according to the Internet database
https://www.algaebase.org/ [2020]. Microphotography and identification of diatoms were carried out
under an Olympus BX53F light microscope using a x100 immersion objective (Olympus immersion oil,
n = 1.518), with a Jenoptik ProgRes Gryphax Arktur camera and Gryphax Arktur software. Moreover,
to analyze fine structures of diatom shells, those were photographed under a Hitachi SU3500 scanning
electron microscope (magnification factor 5-300,000; resolution up to 3 nm; and depth of field 0.5 mm).

The sample volume (V,), obtained as a result of the above manipulations, was measured with an ac-
curacy of 0.1 mL; from it, a quota (Vg, =0.02 mL) was taken to determine the quantitative characteristics
of diatom algae. Removed Cladophora thalli of each sample were washed in freshwater, dried on filter
paper, and weighed on a microanalytical balance with an accuracy of 10™* g. Then, these samples were
dried at +105 °C to constant weight (W) and weighed on the same balance.
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(H)

Fig. 3. Fragments of Cladophora thalli as seen under a light microscope (Olympus BX53F): A—C, before
cleaning, overgrown with diatoms; D-H, after cleaning (processing)

Puc. 3. ®parmentst TamuiomoB Cladophora mop cBeroBeiM MukpockorioMm (Olympus BXS53F):
A—-C — 110 o4rCTKH, 00pOCIHe qUATOMOBBIMY BojopocisMu; D-H — nocie ounctku (06padoTK)

In case when Cladophora thalli were subject to significant destruction, a sample was vigorously
shaken. The contents were homogenized and diluted with water to required suspension density (sample
volume, V,); from it, a quota (Vg, = 0.02 mL) was taken with a dispenser to determine the quantitative
characteristics of diatoms.

To analyze the species structure of diatom algae in benthic sediments, a soil sample was diluted with
water to obtain an arbitrary volume (Vy,s was measured with an accuracy of 0.1 mL) and thoroughly
mixed; from this suspension, a 0.02-mL quota (V,,) was taken with a dispenser for subsequent mea-
surements of diatom characteristics under a microscope. The remaining soil suspension was centrifuged
for 3 min at 500 rpm. The precipitate was placed on a metal foil, dried at a temperature of +105 °C
to constant weight (W), and weighed on a microanalytical balance. The above operation was also
carried out when working with suspension obtained from destroyed Cladophora thalli.

Diatom cells were counted under a LOMO Mikmed-2 light microscope (magnification from x40
to x1,500) on special lined counting glasses; on their surface, a few drops of suspension from a thor-
oughly mixed test sample were applied with a 0.02-mL dispensing pipette. To calculate the cell mass
of diatoms, we used the true volume method (formulas for the geometric similarity of cells) proposed
by L. Kiselev [1956]. The calculation of biomass and abundance was carried out according to standard
techniques [Vodorosli, 1989].
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Calculation of indicators and statistical processing of data. Based on the data obtained, certain
indicators were calculated.
A. The volumetric concentration of Cladophora biomass at different sampling points was calculated
using the equation:
C’VV = Wdry/vmat > (1)

where Cy, is the amount of dry mass of algae per unit volume of the mat, kg-m~ (dry weight);
Wary 1s dry weight of the Cladophora mat sample, kg;
Vnae 1S the mat volume, m?>.
The value of V,, was calculated by the formula:

Viat = S0 I, 2)

where V, 1s the volume of a floating or bottom mat, m>;
So is the cross-sectional area of a cylindrical sampler equal to 0.0452 m?;
h is the thickness of a floating or bottom mat, m.
B. Dry and wet mass of the Cladophora mat algae per unit of the lake area at the sampling point
were calculated applying the following formulas:

mdry = Wd'r’y/SO ’ (3)

Mopet = Wwet/SO ’ (4)

where mg,y is dry mass of the Cladophora mat algae per unit of the lake area at the sampling point,
g-m~2 (dry mass);

My, 1S wet mass of the Cladophora mat algae per unit of the lake area at the sampling point,
g-m~2 (wet mass);

Wy is dry weight of the mat sample, g;

Wet 18 wet weight of the mat sample, g;

S is the surface area of the lake from which the sample was taken, m?.

C. The abundance of the i species of diatom algae per unit of dry Cladophora mass or dry mass

of benthic sediment was calculated by the formulas as follows:

Ni = (Nz(qu)/‘/qu) ’ (‘/Ysus/WCl) > )

N, = (Nz(qu)/vqu> ’ (‘/sus/Wsed> > (6)

(2

where N; is the abundance of the i species of diatoms per unit of dry mass of benthic sediment,
cells-g™! (dry mass);

Niqu 1s the abundance of the i species of diatom algae in the volume of a sample
quota (Vg = 0.02 mL), cells;

Vs 1 the sample volume, mL;

W, is dry mass of Cladophora in the sample, g;

Wieq 1s dry mass of benthic sediment in the sample, g.

D. The amount of biomass of the i species of diatoms per unit of dry Cladophora mass or dry mass

of benthic sediment was calculated according to the formula:

Wi=N; B )

where W; is the amount of biomass of the i diatom species per unit of dry Cladophora mass,
mg-g”! (dry mass);
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Biniq 1s mean cell mass of each diatom species, mg.

The individual cell mass for the i species (Bpiq) was calculated as follows:
Bria =0 p s (8)

where v; is the mean cell volume of the i diatom species, pm™ (it was calculated using the formulas
for the geometric similarity of cells);

p is the specific weight of a diatom cell (p = 1.2 x 10 mg-um™ [Oxiyuk, Yurchenko, 1971]).

E. The total abundance of diatom cells in the Cladophora mat per unit of the lake area at the sampling
point was calculated using the formula (the number of algal species in samples varied from 3 to 13):

13

ND/SO = Z(mdry ’ Nz)n ’ )]

n=3
where Np/S, is the total abundance of diatom cells in the Cladophora mat per unit of the lake area
at the sampling point, cells-m™>;
myyy is dry mass of the Cladophora mat algae per unit of the lake area at the sampling point,
g-m™2 (dry mass);
N; is the abundance of the i diatom species per unit of Cladophora dry mass, cells-g™! (dry mass);
n is the number of algal species in samples.

F. The total biomass of diatom algae in the Cladophora mat per unit of the lake area at the sampling
point was calculated applying the formula:

13
WD/SO = Z(mdry ’ Wz)n > (10)

n=3
where Wp/S, is the total biomass of diatom cells in the Cladophora mat per unit of the lake area
at the sampling point, g-m™>;

W, is the amount of the i diatom species per unit of dry Cladophora mass, mg-g”! (dry mass);

n is the number of algal species in samples.

G. The calculation of mean values, their standard deviations (SD), correlation coefficients (R),
and variability (CV), as well as the parameters of the regression equations, was carried out
in MS Excel 2007. To compare the species composition of the communities of unicellular algae,
the indices of similarity of Jaccard and Czekanowski—Sgrensen—Dice were used [Semkin, 2009]:

K;=c/(a+b—c), (11)

Kosp =2¢/(a+D), (12)
where K; and K g, are the indices of similarity of Jaccard and Czekanowski-Sgrensen—Dice,
respectively;

¢ is the number of species common for both sites or time periods;
a is the number of species found in the first case;
b is the number of species found in the second case.

The threshold values for making a conclusion about the similarity of the species composition
are 0.42 (Jaccard) and 0.59 (Czekanowski—Sgrensen—Dice) [Semkin, 2009].
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RESULTS

Temperature and salinity inside and outside the mat. In the upper mat layer at sta. D1/, salinity
was 71 g-L7!; at sta. E3 and F4, the values were 67 and 67.3 g-L™!, respectively.

Air temperature at 2:40 p.m. at a height of 1 m from the mat was +32.8 °C. Water temperature
in the floating mat and in the algal layer underneath (sta. DI), as well as in the benthic mat and above
it (sta. D2), changed regularly throughout the day (from 10 a.m. to 04:40 p.m.) (Fig. 4A, B). As a function
of the time of day (t), at this time interval, it is described by the equations as follows.

Variation of water temperature (T) in the floating mat (sta. D1):
T = 28.984 + 0042t — 0.000086>

(the standard error of approximation, s = 0.51; R? = 0.95) .
Variation of water temperature (T) in the algal layer under the mat (sta. D1):

T = 27.107 + 0.038t — 0.000066t%(s = 0.29; R? = 0.99) .
Variation of water temperature (T) in the water layer above the benthic mat (sta. D2):

T = 28.157 + 0.042t — 0.000079¢%(s = 0.38; R? = 0.98) .
Variation of water temperature (T) in the benthic mat (sta. D2):

T = 28.202 + 0.042t — 0.000076t%(s = 0.48; R? = 0.97) .

T, °C |
32
. Fig. 4. A, water temperature
30 variations in the floating mat (1)
1 and in the algal layer underneath (2)
28 at station DI; B, water temperature
26 T variations in the bottom mat (4)

and above it (3) at station D2;
_ C, difference (AT) between water
temperature in the floating mat
and in the algal layer underneath (5)
and water temperature within the bot-
tom mat and above it (6)

Puc. 4. A — wu3MeHeHUs TeMIie-
parypel Boabl B ILiaBydyeM Mmate (1)
U B cjioe Bojgopociiedl mox HuM (2)
Ha cranimuu DI; B — wusMeHeHUs
TeMIlepaTypsl BOABI B TpaHUIAX
JoHHoro Mara (4) u Hag HuM (3)
Ha ctraHimu D2; C — paznuna (AT)
MEXAy TeMIlepaTypoill BOJbI B IUIa-
BydeM MaTeé M B CJIO€ BOJOPOCIeH
o, HUM (5) ¥ MeXIy TeMIepaTypoi
BOIBl B TpaHMIAX JOHHOTO MaTa
u Hag HuM (6)

‘l _II||||||||||||||||||||||||l||||||||||l|||||

10 11 12 13 14 15 16 17
Time of day
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The values of water temperature in the floating mat (sta. DI) throughout the considered time period
were higher than in the algal layer underneath. The temperature difference in the first half of the day
averaged 2 °C; in the second half, it decreased to 0.5-1 °C (Fig. 4A, C). Water temperature values
in the benthic mat and in 2 cm above it (sta. D2) almost did not differ (Fig. 4B, C); the temperature
difference was 0.1-0.3 °C. For one hour, from 03:40 p.m. to 04:40 p.m., water temperature in the benthic
mat was higher than above it.

Water temperature measured in the floating mat and in the algal layer underneath at sta. E3 at 05 p.m.
was +31.2 and +31.5 °C, respectively.

Structure of the Cladophora mat. Atsta. D1, E3, and E4, in the vertical structure of the Cladophora
mat, a floating mat (A) and the algal layer underneath (B) are distinguished (Fig. 1D, F, G).
In all these cases, the floating mat was a dense accumulation of Cladophora near the water sur-
face (3.6-15.2 kg-m™ of dry mass, Table 1), where two horizontal layers were clearly distinguished:
the upper (Al), relatively thick (1-3 cm), dirty green or yellow, and the lower (A2), thin (0.1-1 cm),
green or dark green (Fig. 5). The algal layer under the floating mat, freely floating in water of Cladophora
thalli, was characterized by a low bulk density (0.2—1.4 kg-m™ of dry mass, see Table 1), and the algae
forming it differed in color at various stations. Thus, at sta. DI, those were dark green; at sta. E3, dirty
green; and at sta. £4, pink. In the latter case, the algae were in a state of decomposition; on their surface,
purple bacteria Chromatium Perty, 1852 and Ectothiorhodospira Pelsh, 1936 developed, giving them
the appropriate color. Within the entire algal mat, the floating mat accounted for 86.9% of Cladophora
biomass at sta. D/ and 62.2 and 66% at sta. E3 and E4, respectively; the share of the upper layer
in the floating mat ranged from 75 to 86.7% of its mass (Table 1, Fig. 6a—c).

At sta. D2, the benthic mat of algae, a mat lying on the bottom, was structurally similar to the floating
mat; on the bottom surface, it occurred in separate “spots” of different sizes (Figs 1E, 2A). The upper
mat layer was no more than 2 cm thick and was dirty orange, which indicated the presence of purple
bacteria in high abundance. The bottom layer was thin, 0.2-0.3 cm, and dark green.

D1 D2 E3 E4

(b) (d)

Fig. 5. View of Cladophora mats and their separate elements at sampling stations (DI, D2, E3, F4).
Top (a) and bottom view (b) of the floating mat at station DI. Top view (c, d) of the bottom mat at sta-
tion D2. On d: the bottom mat upper layer is partially removed (o), uncovering underlying layers (9, 1).
Top view of the floating mat at stations E3, E4 (e, g). On f, h: the floating mat upper layer is partially
removed (o), uncovering underlying layers (g, 1)

Puc. 5. Buemnuii Bug matoB Cladophora v X OTeIbHBIX 9JIEMEHTOB Ha CTaHIUAX 0TO0pa npod (DI, D2,
E3, E4). Bun cepxy (a) u cauzy (b) Ha ruiaByumii Mat Ha ctadimu D1. Bug cBepxy (c, d) Ha JOHHBIA MaT
Ha crannuu D2. Ha d: BepXHWUii CJIO JOHHOTO MaTa YaCTUYHO CHSAT (0l), UTO MO3BOJISIET YBUIETh HIDKeJIeKa-
e ciou (9, ). Bun cBepxy Ha rutaByunii Mat Ha ctanimsx E3, E4 (e, g). Ha f, h: BepxHwmii cioii miaByyero
MaTa YaCTUYHO CHSAT (0.), UTO MO3BOJISIET YBUAETh HUKENEKAIIHE CIIOU (€, 1)
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Fig. 6. Cladophora biomass per unit of the lake bottom surface at various horizons of the mat (a—c).
The total abundance (d—f) and biomass (g—i) of diatoms per unit of the lake bottom surface at various
horizons of the mat. The share of diatom mass in the total mass of the Cladophora mat (j-1). D1, E3, F4,
sampling stations; a, 9, €, sampling points

Puc. 6. buomacca Cladophora B pacuére Ha eTUHUIYy TIOBEPXHOCTH JHA O3epa Ha Pa3HBIX TOPU30HTAX
Mata (a—c). Obmras yncneHHocts (d—f) u 6Guomacca (g—i) TMaTOMOBBIX BOJIOPOCIIEH B pacyéTe Ha eIUHHUILY
MOBEPXHOCTH JTHA 03epa Ha Pa3HbIX 'OPU30OHTAX Mata. J{oJisl Macchl JMATOMOBBIX BOJOPOC/EN OT oOmIen
Mmaccel mMata Cladophora (j-1). D1, E3, F4 — craniuu otdopa rpo6; a, 6, € — mMecTta oToopa npod

The species composition of diatom algae in Cladophora mats and benthic sediments.
At the time of the study, 23 microalgal species were found on Cladophora and in bottom sediments
in the area of the stations surveyed: Chromista (Ochrophyta, Bacillariophyceae), 20 species (Table 2,
Fig. 7); Chromista (Myzozoa, Dinophyceae), 3 species (Gymnodinium sp.; Kryptoperidinium fo-
liaceum (F. Stein) Lindemann, 1924; and Protoceratium reticulatum (Claparede & Lachmann)
Biitschli, 1885). Within this article, we are going to limit ourselves to considering the species com-
position and quantitative characteristics of diatom algae of Cladophora mats and benthic sediments.
Out of the diatoms identified, only one species (Cocconeis kujalnitzkensis Gusliakov et Gerasimiuk, 1992)
was recorded in all the samples studied (see Supplement s1). Frequency of occurrence of Nitzschia incon-
spicua Grunow, 1862 in the samples was 92%, and the value for Halamphora coffeiformis (C. A. Agardh)
Levkov, 2009 and Mastogloia braunii Grunow, 1863 was 85%. Four species (Achnanthes bre-
vipes C. A. Agardh, 1824; Mastogloia lanceolata Thwaites ex W. Smith, 1856; Navicula cancellata
Donkin, 1872; and Nitzschia pusilla Grunow, 1862), accounting for 20% of the species number,
were identified only in 2 samples out of 13. Other four species (Amphora sp. 1; Neosynedra provin-
cialis (Grunow) D. M. Williams & Round, 1986; Nitzschia sigma (Kiitzing) W. Smith, 1853; and Tha-
lassiosira eccentrica (Ehrenberg) Cleve, 1904) were registered just in 1 sample. The maximum species
diversity, 14 species, was observed in the benthic mat. In the floating mat, the value varied from 3 to 8,
averaging 5.7 (SD = 2.517; CV = 0.444); in the algal layer under the floating mat, it varied from 4
to 10, averaging 6.3 (SD = 3.25; CV = 0.507). In terms of species richness, the samples of benthic
sediments were less variable (CV = 0.143); the number of species in these samples ranged within 6-8,
averaging 7 (SD = 1.000).
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Fig. 7. Diatom species to be frequently found on Cladophora thalli in Lake Chersonesskoye as seen
from different angles: A, B, Achnanthes brevipes; C-E, Cocconeis kujalnitzkensis; F-H, Halamphora cof-
feiformis; I-M, Mastogloia braunii; N-O, Nitzschia inconspicua. A, C, F, G, L, J, N, under a light micro-
scope (Olympus BX53F); B, D, E, H, K-M, O, under a scanning electron microscope (Hitachi SU3500)

Puc. 7. Yacro BcTpevalomyecs: BUabl AUATOMOBBIX Bojopocieit Ha Tawiomax Cladophora B o3epe Xep-
COHECCKOM, pasHble pakypcel: A, B — Achnanthes brevipes; C-E — Cocconeis kujalnitzkensis; F—H —
Halamphora coffeiformis; I-M — Mastogloia braunii; N—O — Nitzschia inconspicua. A, C,F, G, L, J, N —
o1 cBeToBBIM MuKpockorioM (Olympus BX53F); B, D, E, H, K-M, O — o1 cKaHUPYIOITFM 3JIEKTPOHHBIM
mukpockorioM (Hitachi SU3500)
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Table 2. Average, minimum, and maximum values of the individual cell mass for diatoms identified
in the samples (Lake Chersonesskoye, 26.07.2017)

Ta6suma 2. CpejnHuie, MUHUMaJIbHble M MaKCUMaJIbHbIE 3HAUCHUs WHAWBUIYaJTbHON MACChl KJIETOK
JIMATOMOBBIX BOJIOPOCIIEH, MIeHTH(HUITMPOBAHHBIX B Ipodax (03epo XepcoHecckoe, 26.07.2017)

. Individual cell mass, B; x 1076, mg
Species — -
average minimum maximum

Achnanthes brevipes C. A. Agardh, 1824 3.842 3.458 4.226
Achnanthes longipes C. A. Agardh, 1824 5.795 2.151 8.904
Amphora sp. 1 4.421 - -
Cocconeis kujalnitzkensis Gusliakov et Gerasimiuk, 1992 2.082 1.345 2.954
Cyclotella caspia Grunow, 1878 0.467 0.111 0.926
Cylindrotheca closterium (Ehrenberg) Reimann et J. C. Lewin, 1964 0.128 0.095 0.178
Halamphora coffeiformis (C. A. Agardh) Levkov, 2009 2.239 0.342 4.746
Halamphora hyalina (Kiitzing) Rimet et R. Jahn in Rimet et al., 2018 3.824 3.455 4.521
Mastogloia braunii Grunow, 1863 6.802 5.469 9.260
Mastogloia lanceolata Thwaites ex W. Smith, 1856 8.619 7.988 9.250
Navicula cancellata Donkin, 1872 0.452 0.415 0.490
Navicula pennata var. pontica Mereschkowsky, 1902 1.061 0.381 2.355
Navicula ramosissima (C. Agardh) Cleve, 1895 0.231 0.117 0.283
Neosynedra provincialis (Grunow) D. M. Williams & Round, 1986 0.227 - -
Nitzschia inconspicua Grunow, 1862 0.192 0.118 0.286
Nitzschia pusilla Grunow, 1862 0.116 0.100 0.132
Nitzschia sigma (Kiitzing) W. Smith, 1853 7.438 - -
Nitzschia tenuirostris Mereschkowsky, 1902 0.186 0.132 0.235
Parlibellus delognei (Van Heurck) E. J. Cox, 1988 1.845 1.082 2.628
Thalassiosira eccentrica (Ehrenberg) Cleve, 1904 1.654 - -

The values of the similarity coefficients of the species composition (K; and K ;) between the sam-
ples are given in Table 3. K; and K, values, calculated when comparing the diatoms of plant mats
at sta. £3 and E4 (the northeastern shore of the lake), were 0.67 and 0.80, respectively. This means a lack
of clear dissimilarity in the species composition of the compared objects. Comparison of the species com-
position of diatoms at sta. D/ and D2 (the southeastern shore of the lake) showed their similarity as well;
however, the values of the coefficients were close to the threshold ones (0.44 and 0.62, respectively), ex-
ceeding them only slightly. A pairwise comparison of diatoms in plant mats of the stations on the south-
eastern and northeastern shores revealed a noticeable dissimilarity between them (see Table 3). A more
detailed comparison of diatoms, separately for the floating mat and for the algal layer underneath at dif-
ferent stations, also revealed a clear similarity between stations on the same shore and a dissimilarity
between stations on the northeastern and southeastern shores (Table 3). Comparison of the species com-
position of the benthic mat, its upper and lower layers (sta. D2), with that of similar layers of the floating
mat at sta. D/ and E4 did not reveal any similarity for diatom communities. A pairwise comparison
of benthic sediment samples from different stations showed as follows: in benthic sediments at each
station, the composition of diatoms peculiar to them alone is formed. Another type of comparison, com-
parison of the samples by the vertical component of the mat at all the stations studied, revealed that
the upper and lower layers of the floating mat, the algal layer underneath, and benthic sediments do
not differ in diatom species composition. There is an exception, a slight dissimilarity at sta. D2 between
the benthic mat and benthic sediments; K; and K, values are in the threshold zone, accounting for 0.40
and 0.57, respectively.
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Table 3. The similarity coefficients of the diatom species composition in the considered objects under
pairwise comparison (Lake Chersonesskoye, 26.07.2017)

Ta6uuna 3. KoaduimenTs cxoacTBa BUAOBOIO COCTaBa AUATOMOBBIX BOJOPOCIIEH B pacCMaTPUBAEMBbIX
00BbEeKTax MpH UX MApHOM CpaBHeHUH (03epo XepcoHecckoe, 26.07.2017)

Pairwise comparison objects K, Koo
Comparison of the upper and lower layers of the mat at different stations

la—18 0.44 0.62

20— 28 0.71 0.83

4a - 49 0.67 0.80
Comparison of the upper layer of the floating mat and the algal layer underneath at different stations

la-—1e 0.55 0.71

4o —4e 1.00 1.00

Comparison of the floating mat and the algal layer underneath at different stations

I(a+9)-1le 0.73 0.84

3(a+9)-3e 0.75 0.86

4(a + 0) —4e 0.83 0.91

Comparison of the floating mat and the soil layer underneath at different stations

2(0+ 0) — 21 0.40 0.57

3(a+06)-3n 0.50 0.67

4(a+8) —4n 0.56 0.71
Comparison of the algal layer under the floating mat and the soil layer underneath at different stations

3e - 31 0.67 0.80

4e — 4 0.63 0.77

Comparison of the upper layer of the floating mat at sta. DI and E4
la—4a 0.33 0.50
Comparison of the upper layer of the bottom mat at sta. D2 with the upper layer of the floating mat at sta. DI and D4

20— la 0.38 0.56

20— 4o 0.33 0.50

20— (1 +4)a 0.33 0.50

Comparison of the lower layer of the floating mat at sta. DI and E4
186 4% 0.38 0.55
Comparison of the lower layer of the bottom mat at sta. D2 with the lower layer of the floating mat at sta. DI and D4

286-19 0.36 0.53

28 -49 0.29 0.44

280 - (1 +4)d 0.40 0.57

Comparison of the bottom mat under the floating mat at different stations with each other

le — 3¢ 0.40 0.57

le —4e 0.36 0.53

3e—4e 0.80 0.89

Comparison of floating mats at different stations with each other

I(a+98)—3(a+9) 0.20 0.33

I(o+8) —4(a + ) 0.25 0.40

3(a+90)—4(a+90) 0.80 0.89

Comparison of the bottom mat at sta. D2 with the floating mat at different stations

2(o+9)—1(a+9) 0.35 0.52

2(0+9) —3(a +9) 0.21 0.35

2(0+9) —4(a + ) 0.33 0.50

200+ 0)—(1+3+4)(a+9) 0.50 0.67

Continue on the next page...
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Pairwise comparison objects K; Keop
Comparison of soils under the mat at different stations with each other
2n-31 0.18 0.31
21 —4n 0.36 0.53
3n-4n 0.40 0.57
Comparison of entire plant mats at different stations with each other
DI -D2 0.44 0.62
DI -E3 0.33 0.50
DI - E4 0.29 0.44
D2 -E3 0.29 0.44
D2 - F4 0.33 0.50
E3-FE4 0.67 0.80

Average, minimum, and maximum values of the individual cell mass for diatoms identified

in the samples. These values are given in Table 2. The total row of cell biomass values fits into two

orders of magnitude, with the minimum registered cell biomass in Cylindrotheca closterium (Ehren-

berg) Reimann et J. C. Lewin, 1964 (0.095x10® mg) and the maximum recorded in M. brau-
nii (9.26 x 107° mg). Each algal species occurred within its characteristic range of B; values, and it was rel-
atively narrow for most species (Fig. 8A). Four algae stood out (Achnanthes longipes C. A. Agardh, 1824;
Cyclotella caspia Grunow, 1878; H. coffeiformis; and N. pennata var. pontica Mereschkowsky, 1902):

their individual cell mass varied within a relatively wide range. Moreover, there were four species (Am-
phora sp. 1; N. sigma; N. provincialis; and T. eccentrica) represented by single specimens in the sam-
ples. The range of variation of the individual cell mass (AB;) expands with an increase in the aver-

age cell size (Bniq), characteristic of each algal species (Fig. 8B), and this relationship is described

by the equation:

M. braunii

M. lanceolata
A. longipes

N. sigma

H. coffeiformis
A. hyalina

Amphora sp.

A. brevipes

C. kuyalnitzkensis

P. delognei

N. pennata var. pontica
T. eccentrica

C. caspia

N. cancellata

Nitzschia. sp.

N. ramosissima
N. tenuirostris
N. provincialis

C. closterium
N. pusilla

log AB; = —0.578 4 0.944log B, ;; (s = 0.361; R2 = 0.87) .

(A)

0.1

T T T

1

B;- 109, mg

T

T T rrrrT

10

108
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loga=-0.578
b=0.944
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Fig. 8. A, the individual cell mass (B;) variation ranges in different diatom species identified in the sam-
ples (Lake Chersonesskoye, 26.07.2017); B, dependence of the individual cell mass (AB;) variation range
on the average cell size (B,,;4) characteristic of each algal species

Puc. 8. A — nguanasoHs! BapbUpOBaHNs MHAMBUIYaJIbHOI Macchl Ki1eTok (B;) y pa3sHbIX BUIOB AMATOMO-
BHIX BOIOPOCJICH, MIeHTU(PUIIMPOBAHHBIX B Mpodax (03epo XepcoHecckoe, 26.07.2017); B — 3aBucUMOCTb
JMana3oHa BapbMpOBaHUA WHIMBHIYAJIBLHON Macchl KJIETKH (AB;) oT cpegHux pasmepoB KieTok (B,4),
XapaKTepHBIX AJI KaXA0TO BUJa BOJOPOCIEH
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Fig. 9. Total abundance (A, C, E, G) and biomass (B, D, F, H) of diatom algae per unit of dry Cladophora
mass and bottom sediments at stations DI, D2, E3, E4; a, d, €, 1], sampling points

Puc. 9. Oo6mas uucnendocts (A, C, E, G) m 6uomacca (B, D, F, H) muatomoBHX Bomopocieit
Ha noBepxHocTu TaymoMoB Cladophora Ha crantusix D1, D2, E3, E4; a, 9, €, 1 — MecTa oTOopa npod

The total abundance and biomass of diatoms per unit of dry mass of Cladophora and benthic
sediments. At the sampling points, the total abundance of diatoms and their biomass on Cladophora (per
unit of dry biomass) and in benthic sediments (per unit of dry mass) varied over a wide range (see Sup-
plements s1, s2, Fig. 9). On Cladophora, the abundance varied from 1.85 x 10° to 69.52 x 10° cells-g™";
the biomass, from 7.77 to 157.43 mg-g”'. In benthic sediments, the abundance varied from 6.05 x 10°
to 16.87 x 10° cells-g™!; the biomass, from 7.76 to 36.39 mg-g™!. At all the stations, high values of the cell
abundance and biomass per unit of Cladophora mass were recorded in the lower layer of the floating mat:
47911 x 10° cells-g™ (SD = 34.783; CV = 0.726) and 115.06 mg-g™' (SD = 65.599; CV = 0.570), re-
spectively. Low values were registered in its upper layer: 8.957 x 10° cells-g! (SD = 6.329; CV = 0.707)
and 17.21 mg-g™! (SD = 8.197; CV = 0.476), respectively. In the algal layer under the floating mat,
mean values of the abundance and biomass were 14.713 x 10° cells-g™! (SD = 14.457; CV = 0.983)
and 35.11 mg-g™! (SD = 33.532; CV = 0.955), respectively. The values of the characteristics studied
at sta. DI and D2 (the southeastern shore of the lake) were approximately the same and noticeably
higher than those observed at sta. £E3 and E4 (the northeastern shore of the lake), with the lowest val-
ues at sta. £4. In terms of the cell abundance per unit of dry mass of benthic sediment, sta. E3 and E4
did not differ much from one another, but the values were 3 times lower than those determined at sta. D2.
At the same time, in terms of cell mass per unit of dry mass of benthic sediment, sta. E3 and E4 differed
from one another by 3 times, while sta. D2 exceeded them by 5 and 3 times, respectively.

At sta. D1, D2, and E3, one species, C. kujalnitzkensis, prevailed in the abundance in both the up-
per and lower mat layers. At sta. DI and E3, it averaged 96.1% (SD = 1.9; CV = 0.02); at sta. D2,
54.1%. At sta. E4, two species, M. braunii and C. kujalnitzkensis, contributed much to the total abun-
dance of the floating mat diatoms. There, in the upper mat layer, M. braunii accounted for 67.5%
of the total abundance, and C. kujalnitzkensis, for 20.2%. In the lower mat layer, their contribution
was approximately the same: 44.8 and 54.1%, respectively.
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At all the stations studied, C. kujalnitzkensis prevailed in the abundance in the algal layer under
the floating mat, where its share averaged 72.2% (SD = 15.33; CV = 0.212). At sta. D2 and E4,
this species prevailed in the abundance in benthic sediments as well (70.3 and 66.8%, respectively);
at sta. E3, the prevailing species was N. inconspicua (76.3%).

The distribution of various diatom species taking into account their contribution to the total mass
at different stations is largely repeated in the samples with their distribution by the abundance. The main
contributor to the total biomass of diatoms (from 63 to 99%) in the upper and lower mat layers at sta. D1,
D2, and E3 was C. kujalnitzkensis. This species also prevailed (79.2% of the diatom mass) in the algal
layer under the mat at sta. DI and E3. At sta. E4, M. braunii prevailed in the floating mat and in the algal
layer underneath (84.7 and 55.2% of the diatom mass, respectively). At the same station, in the al-
gal layer under the floating mat, the contribution of C. kujalnitzkensis to the total diatom biomass
was 38.5%. In the upper and lower layers of the floating mat, its contribution was even less, 6.47 and 18%,
respectively.

In benthic sediments at sta. D2, C. kujalnitzkensis accounted for 66.4% of the total diatom
biomass, while at sta. E4 and E3, its value dropped to 38 and 4.97%, respectively. At sta. E4, 58.3%
of the diatom biomass in benthic sediments was formed by M. braunii. At sta. E3, the main con-
tributors to its formation were two algal species, H. coffeiformis and M. braunii (40.9 and 43.1%,
respectively).

The total abundance and biomass of diatoms of the Cladophora mat per unit of the lake
bottom surface. The total abundance of diatoms of the Cladophora mat per unit of the lake bot-
tom surface varied from 14.59 x 10® cells-m™ at sta. E3 to 130.47 x 10® cells:-m™ at sta. DI and av-
eraged 53.54x 10® cellsm™ (SD = 66.63 % 10%; CV = 1.24). Their total biomass ranged from 3.22
to 29.28 g'm'2 (wet weight), with average value of 12.99 g'm_2 (8D = 14.20; CV = 1.09) (see Table 1,
Fig. 6d-i). The share of the diatom biomass in the wet mass of the entire Cladophora mat aver-
aged 1.06% (SD = 0.68; CV = 0.64), while in separate mat layers, it differed noticeably. For ex-
ample, in the lower layer of the floating mat (&) at sta. DI, it reached 4.69% with average val-
ues of 2.41% (SD = 1.98; CV = 0.82) calculated for three stations (Fig. 6j—1). In the upper
layer of the floating mat (o), this indicator varied widely as well, but average value was low,
0.74% (SD=0.57; CV =0.77). The same was observed in the Cladophora layer under the floating mat (¢),
1.05% (SD = 0.99; CV =0.95).

The absolute values of the abundance and biomass of diatoms calculated per unit of the lake bottom
surface in relation to various mat layers at sta. D/ were many times higher than those observed at sta. E3
and E4 (Fig. 6d-i). The nature of the distribution of diatoms over the layers of the Cladophora mat is pe-
culiar to each station. In terms of diatom mass and abundance, the lower layer of the floating mat stands
out at sta. D1, and the upper layer, at sta. E3. At sta. E4, the distribution of diatoms over the Cladophora
mat layers was relatively uniform.

DISCUSSION

This investigation is one of the areas of our activity in studying Crimean hypersaline lakes and,
in particular, Lake Chersonesskoye near the city of Sevastopol. The research is driven by the hypothesis
that Cladophora mats in Lake Chersonesskoye are the main habitat-forming elements in spring—autumn
and that they spatially structure communities of epiphytic unicellular algae.

In literature, different numbers of diatom species found as epiphytes on Cladophora are pub-
lished. Specifically, in [Malkin et al., 2009], the number is 17; that is how many species were iden-
tified on 26 May on Cladophora (Cladophora glomerata (L.) Kiitzing, 1843), which begins its veg-
etative growth in the Great Lakes. Interestingly, 57 species belonging to 26 genera were identified
by [Mpawenayo, Mathooko, 2005] on Cladophora sampled in various areas of the Niero River in Kenya.
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Moreover, on Cladophora sampled from the Colorado River, there were 78 diatom species representing
20 genera [Hardwick et al., 1992]. On Cladophora albida (Nees) Kiitzing, 1843 in two Black Sea areas,
24 diatom species were recorded [Ryabushko et al., 2013].

As shown in the present study, in Lake Chersonesskoye in July 2017, on Cladophora orga-
nized in mats, 20 diatom species belonging to 12 genera were identified; in benthic sediments,
13 diatom species representing 10 genera were registered. In the same lake, during the observa-
tion period from August 2002 to March 2006, 61 species of unicellular algae belonging to 7 divi-
sions, 10 classes, 22 orders, and 41 genera were found and described in a water column outside
the Cladophora mat [Senicheva et al., 2008]. The first place in the species number was occupied
by dinophytes (19 species); the second place, diatoms (15 species). Out of diatoms, benthic forms pre-
vailed (Nitzschia tenuirostris Mereschkowsky, 1902; Nitzschia sp.; Cocconeis scutellum Ehrenberg, 1838;
and Pleurosigma elongatum W. Smith, 1852); there were practically no planktonic species, except
for individual finds of C. caspia and T. eccentrica. In Crimean saline lakes, 68 species and 69 in-
traspecific taxa of bottom diatoms were recorded [Nevrova, Shadrin, 2008]; off the Crimean coast,
465 species, inter alia 769 intraspecific taxa, were registered [Nevrova, Petrov, 2008]. To date, more than
1,000 species of all benthic microalgae have been found in the Black Sea, including about 650 species
of diatoms [Ryabushko, 2013].

Our study also reveals that epiphytic communities of diatoms in various areas of Cladophora mats
differ in species composition, total abundance, and biomass, as well as in the significance of certain
algal species in the community structure. Most taxa show overlapping distributions in the vertical com-
ponent of a vegetation mat, while some are found in its specific horizons alone. For example, Ampho-
ra sp. 1 and N. provincialis were registered only in lower layers of the floating mat; N. sigma, in bottom
sediments alone.

Based on information in literature, we are going to discuss the possible causes of the observed
distributions of epiphytic unicellular algae within the Cladophora mat.

The upper and lower layers of the floating mat and the algal layer underneath are biotopes with
pronounced environmental conditions, both for Cladophora and its epiphytes. The floating mat, espe-
cially its upper layer, experiences strong daily temperature fluctuations [Prazukin et al., 2008]; more-
over, a high level of solar radiation is observed there. According to our previous studies [Prazukin
et al.,, 2018], in the upper thin layer of the floating mat, algae can undergo drying (dehydration);
in other cases, a dense layer of salt can be formed on the mat surface. B. Ibelings and L. Mur [1992]
found out that the absorption of carbon dioxide and nitrogen by algal cells decreases as those be-
come dehydrated. High levels of ultraviolet radiation can cause photoinhibition, degradation of pho-
tosynthetic pigments, and cell death in the upper mat layers [Jiang, Qiu, 2005]; as a consequence,
in this part of the mat, there are relatively low values of the intensity of photosynthesis com-
pared to the values in the underlying layer [Prazukin et al., 2019]. In the daytime, oxygen con-
tent can be 200% of saturation in the upper mat layer against the backdrop of a lack of oxygen
in the lower mat [Shadrin, Anufriieva, 2018]. Insects and their larvae actively develop on the mat sur-
face, and they graze on epiphytic algae [Furey et al., 2012]. Algae of the floating mat may be lim-
ited in their access to biogenic elements from bottom sediments, as noted for pelagic phytoplankton
populations [Bootsma et al., 2004].

For the communities of unicellular algae in the lower layer of the floating mat and the algal layer
of the benthic mat, habitat conditions are completely different from those observed in the upper layer
of the floating mat. Thus, even in thin periphyton films of unicellular algae, there is a strong verti-
cal gradient of light [Kiihl, Jorgensen, 1992]. In the floating mat of Pithophora Wittrock, 1877, only
1% of the incident light reaches a 1-cm depth [O’Neal, Lembi, 1983], while in the Cladophora mat,
the value is 2% [FEiseltovd, Pokorny, 1994]. In dense mats of Chaetomorpha linum (O. F. Miiller)
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Kiitzing, 1845, the light zone is limited to 8 cm [Krause-Jensen et al., 1996]. In turn, the floating mat
in relation to the benthic mat is a screen that prevents the passage of light into benthic layers, causing
a deterioration in photosynthesis conditions and a decrease in water temperature [Goldsborough, Robin-
son, 1996; Prazukin, 2015; Prazukin et al., 2008, 2019]. G. Hardwick et al. [1992] associate vertical
zoning of epiphytic diatoms on C. glomerata in the Colorado River (Arizona) (a decrease in cell density)
with the weakening of light as the depth increases.

The fact of the mutual metabolic effect of epiphytes and the host plant [Young et al., 2010] cannot
be excluded either. This may be reflected in the vertical distribution of epiphytic unicellular algae
in the space of Cladophora mats.

Conclusion. Each of the factors considered, in varying degrees, can determine the vertical distri-
bution of microalgae within the Cladophora mat, but none of them can be called the only determining
one. Cladophora, forming mats that occupy in some years 80—-100% of the surface area of Lake Cherso-
nesskoye, acts here as an ecological engineer. In the space of the mat, a multiplicity of biotic and abiotic
gradients is formed, generating a great variety of habitat conditions, which can naturally or accidentally
be manifested in time.
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CLADOPHORA (CHLOROPHYTA) KAK «<MHZKEHEP-9KO0OJIOI'»
B TMITEPCOJIEHOM O3EPE XEPCOHECCKOM:
PACHPEJIEJIEHUE TUATOMOBBIX BOJIOPOCJIEN
B CTPYKTYPUPOBAHHOM ITPOCTPAHCTBE PACTUTEJIbHBIX MATOB

A. B. IIpazykun, P. U. JIn, 1. C. baasiuesa, 0. K. ®upcos, B. B. Xoua0108B

®I'BYH PUILL «HucTuTyT GHosoruu 10xHbX Mopert uvmern A. O. Koanesckoro PAH»,
Cesactono:nb, Poccuiickas ®epepanus
E-mail: prazukin@mail.ru

Pon Cladophora — oauH U3 KpynmHEHIIMX POAOB 3€JEHBIX BOJOPOCIEH, MPeACTaBUTEIN KOTOPOro
BCTpeUaloTcsi BO BceX Bojoémax mupa. Kiagodopa opranusyer cpeiy oOMTaHUs sl Pa3HBIX IPYIIIT
OpPraHu3MOB, B TOM YMCJIe JUist AMU(UTHBIX OAHOKJIETOUHBIX Bogopociei. Ilenb paboThl — U3yduTh
BEepTHKAJILHOE paclipesieieHue AUaTOMel B CTPYKTYPUPOBAHHOM TpocTpaHcTBe MaToB Cladophora
Y B JOHHBIX OTJIOXKEHUSIX THIIEPCONIEHOT0 o3epa B KppiMy. B BepTHKasHOM cTpoeHn Mata Kiianogo-
PBI pa3IyaIv UIABYYU U JOHHBIA MaThl, KAXIBIM U3 KOTOPBIX UMEIT XapaKTEepHYIO CTPYKTypy. Beero
B XOJIe JAaHHOTO KMCCJIeIOBAHUS 3apernucTprpoBaHbl 20 BUIOB JUATOMOBBIX BOJIOpPOCIel u3 12 poJioB.
OO1mas YucIeHHOCTh aquaToMel u ux omomacca Ha Cladophora (B pacuéTe Ha eIMHUIYY CYXOW OHO-
MAacchl) ¥ B JIOHHHIX OTJIOXEHHUsX (B pacuéTe Ha €IUHUILy CYXOU MAacCChl) BAPHUPOBAIHN B IIUPOKOM
nuanazone. Ha knagodope uucieHHOCTh M3MeHsiach oT 1,85 X 10° o 69,52 x 100 k!, a 6uo-
macca — ot 7,77 mo 157,43 mrr~'. B NOHHBIX Ocagkax YHCIEHHOCTb BapbUpoBasa ot 6,05 x 10°
mo 16,87 x10° xn.-r’!, 6uomacca — or 7,76 mo 36,39 mrr-!. JJonst Guomacchl AMATOMOBBIX
BOJIOpOCTIeil B chIpoil Macce Bcero mata Cladophora B cpeanem coctasuia 1,06 %.

KiroueBble ciioBa: ANaTOMOBLIE BOAOPOCIIH, SHI/I6I/IOHTH, HUTYAThIE 3€JIEHBIE BOJOPOCJIH, IUIaBy4Ynue
Marthl, FI/IHCPCOJ’IéHOC 03€po
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COOTHOIIEHUE IPOIIECCOB ASPOBHOM 1 AHASPOBHOM! JECTPYKIINH
OPTAHNYECKOI'O BEIIECTBA
B TIOHHBIX OTJIOKEHUAX IPUBPEKHBIX AKBATOPUM KPBIMA
(YEPHOE MOPE)

©2023r. B.II Yekayon

®I'BYH PULL «MucTuTyT GMosorun 10xkHbX Mopeid umMenn A. O. Kosanesckoro PAH»,
Cesacromnosb, Poccuiickas ®enepanys
E-mail: valch@mail.ru

IMoctymuna B pegakmmio 25.02.2021; mocne gopadotku 11.06.2021;
npuHATa K myosmkanum 04.08.2023;  ony6smkoBaHa ontais 21.09.2023.

B3auMoCBsI3b BOJHBIX MAcC C JOHHBIMH OTJIOXKEHUSMU SIBISIETCS OUYEBUAHOHN, B MEPBYID OYepelb
B BoIpocax (hOpMHUPOBAHUS KUCIOPOJHOTO PEXMMa M, KaK CJEICTBHE, CAMOOYHUITICHUs BOJOEMOB.
3Hast CKOPOCTb NMOTPeOIEHUS KUCIOPO/Ia, C IIOMOIIbBI0 CTEXUOMETPHUUECKUX COOTHOILIEHUIA MOXHO OL1e-
HUTH PsIf CONPSIKEHHBIX TApaMeTpoB SHepreTudeckoro oomena. Llems HacTosime paboTel — mocpe-
CTBOM WHTEPIIPETAINU JaHHBIX KUCIIOPOIHOTO MOTPeOIeH!sT pacCuMTaTh BO3MOXKHBIA BKJIA]] a3po0-
HBIX ¥ aHa’POOHBIX IMPOIECCOB B AECTPYKIIMIO OPraHUYECKUX BEIIECTB B JOHHBIX OCAJKaX pasJind-
HBIX PaliOHOB KPBIMCKOTO Tpubpexkbs YépHoro mMops. M3amepeHrne cyMMapHOU CKOpOCTH TOTpedIie-
HUS KUCJIOPO/Ia TPOBOVIIN C TIOMOIIBI0 PECIUPOMETPHUIECKON KaMephl, TePMETUYHO COeINHEHHON
¢ kucyopoanbM gaturukom LDO-okcumerpa HQ40D. [lis nogaBieHus: GakTepuaibHOM aKTUBHOCTH
Y BBISIBJIEHHS TEMIIOB OKHWCJIEHUSI BOCCTAHOBJIEHHBIX IMPOAYKTOB aHa3poOMO3a WCIIOIb30BATHA aHTHU-
OUOTHK CTPENTOMUIIMH. BepTHKanbHOe 30HIUPOBAHUE TOJIIM IPYHTA B majieopyciie peku Bennbek
MOKAa3aJI0 POCT C IyOMHOM OKUCIIMTEIHHOTO TIOTEHIIMANA W TOAIOBEPXHOCTHBIN MUK aHA9POOHOM aK-
TuBHOCTU. Benencreue orpannueHHOM auddy3un KUCI0poaa, CKOPOCTh OKUCICHHUsI CEPOBOIOpOIA
B MOBEPXHOCTHOM CJioe OblIa COMOCTaBMMa C TeMIIaMU €ro 0Opa30BaHUsI B HIKEJIEKAIEH TOJIIIe
rpyHTa. HemocpecTBeHHO Ha y4yacTke majeopycia peku YépHas, npuieraorieM K ycteio CeBacto-
TOJILCKO# OYXThI, JIOHHBIE OTJIOKEHUS OTJINYAIUCH OT TPYHTOB HA CKJIOHE OOJIBIIMM YPOBHEM a3p00-
HOT'O MOTpeOJIeHNsT KICIOPOo/a, a TAKKe COfIepKaHUeM BOCCTAHOBJIEHHBIX COSMHEHUM, KOTOpoe 00y-
CJIOBJIEHO 00Jiee BRICOKOM CKOPOCTHIO MX 00Pa30BaHUsI IIPH OTHOCHUTENIbHO HU3KUX TEMITAX OKUCIICHUSI.
[Tornomenre KUCIOpoAa equHULIEH JOHHOK roBepxHocTU B 0,6-cM cioe ocaakoB CeBacTONOIbCKOM
OyXTHl B cpeiHeM cocTapiso 2,18 mxr-cm™2-u~!, B 6yxre Kpyrias Habmogamm pa3iuums Mo JuHa-
MUKE BOCCTaHOBJIEHHBIX coequHeHuii (H,S) Mexay okuciaeHHbIMU (POHOBBIMHU YYaCTKaMU U 30HAMU
BOCCTAaHOBJIEHHBIX TPYHTOB (cyJbpypeT). B cynbdyperax pacu€THble JaHHbIE KOHIIEHTPALIMH, TEMIIOB
OKHCJIEHUS] M 00pa30BaHUsI CEpOBOIOPoa Bhillie Ha 32, 29 u 57 % cooTBeTCTBEHHO. MaKCUMAaJIbHOM,
710 4,05 MKr-cM™>-4~! | CKOpPOCTB YTHITH3AIIMH OPraHMYECKOT0 BelecTBa Gblia B CeBACTOMONBCKOH OyX-
T€ U B IPUJIErAIOIIEN K HEl akBaTopur. BOJbIIas 10715 PUXOAMIACH HA AHA3POOHYIO COCTABIIAIOIIYIO.
JlocTaTouHO BBICOKOU OHa OKasanach U B Oyxte Kpyrnas, Ho 31ech npeodnaiana aspoOHas JeCTpyK-
11, DTO CBSA3AHO C Pa3/IMUMSAMU KaK B IIEJIEBOM UCIIONb30BaHUU OYXT, TAK U B TPAHYJIOMETPHUECKOM
COCTaBe JOHHBIX 0CaIKOB. B rpyHTax cynbgypeTsl Ipy CKOPOCTU OKUCIEHUS OPraHUYECKUX BEILECTB,
PaBHOI TakOBOW (DOHOBOTO YUaCTKa, aHA9POOHAS YTUIIM3AIMS MpoTeKaia Oojee YeM B 2 pa3a UHTEH-
cuBHee. E€ abcomoTHoe 3HaYeHre ObLIO OJIMXe K YPOBHIO, XapaKTEPHOMY ISl TPUOPEKHBIX YUACTKOB
OTKPBITOTO MOPSI, B YaCTHOCTH JIs najieopycia peku benbOek.

KuroueBbie ciioBa: JIOHHbIE OTJIOXKEHUs, MOTPeOJIeHUE KHUCIOPOAa, NEeCTPYKIUsS OPraHUu4ecKoro
BelllecTBa, YEpHOE MOpe
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[Tpu olieHKe COCTOSIHUSI OKPYKAIOIIEH Cpelbl, B TOM YKCJIe JOHHBIX OTIOXeHu! YEpHoro mops,
OOBIYHO TIPUBOAAT AAaHHBIE O COJEpPKAHMM KaK OpraHUMYecKux BemiecTB (nanmee — OB), Tak U BO3-
MOKHBIX MX okuciuteneit [[opmikoBa, 1974; Opexosa, 2010]. B yacTHOCTH, cOOOIIANIOCH, YTO A0JIA
OpPraHMYeCcKOr COCTABJIAIONIEH B ocagkax OyxT ['epakelicKoro moiyocTpoBa KoJjeOseTcsi B peenax
0,51-5,41 % [OpexoBa u ap., 2018]. B mmpokom Auana3oHe W3MEHSIETCS U KOHLEHTpaLuUs KUCJIO-
pona. Tak, OBUIO OTMEYEHO MPAKTUYECKH ITOJIHOE €ro OTCYTCTBHE B JIOHHBIX OTIOXeHHsX CeBacto-
MOJIbCKOUM OyXTHI B TEIIOE BpPeMsI ToJa: ero cojepkaHue B MPUJAOHHOM CJIO€ BOJAbI MOIJIO CHUKATh-
cs1 10 30 MKMOJB-T L, uto B 10 pa3 MeHblIe KOHILIEHTpaluuy B 3uMHUNA nepuoj [OpexoBa, KoHosa-
noB, 2018a]. Ecm B CeBacromosickoit Oyxte [MraateeBa u ap., 2008; Mouceenko, Opexosa, 2011;
Osadchaya et al., 2003] pery/isipHblii MOHUTOPUHT €UIE MO3BOJISET BBIABJIATH ONPENCIIEHHBIE TPEH DI,
TO B OCTAJILHBIX aKBATOPUSX €AMHUYHBIE 3aMEPHI JAI0T BO3MOXHOCTh TOJIbKO KOHCTaTUPOBATh YPOBEHb
BEIIECTB B IAaHHBIA MOMEHT BpeMeHU. TeM He MeHee UX COAepkKaHUe SIBIISIETCS pe3yJIbTUPYIOIEN pa3-
HOHAIPaBJIEHHBIX MTPOIIECCOB, MHTEHCUBHOCTh KOTOPBIX MOXKET CMECTUTh OaJlaHC B Ty WJIM UHYIO CTOPO-
Hy. VIMEHHO M03TOMY HCCJIe[IOBAaHUE TAKUX AMHAMUYECKUX XAPAKTEPUCTHK MO3BOJISIET OCYIIECTBIISATh
KaK KpaTKOCPOUYHOE, TaK U JOJTOBPeMEHHOe MPOrHO3MpoBaHue. [lepecyér HEKOTOPhIX MPOU3BOAHBIX
napaMeTpOB CKOPOCTH TOTpeOJICHHsI KHCIIOpo/ia JaéT BO3MOKHOCTh TIPEJACTABUTh MHTETPAILHYIO Kap-
TUHY TIPOUCXOASIIUX B OUOIIEHO3aX MPOIECCOB. DTO, C OAHOUN CTOPOHBI, (POPMUPOBAHUE YCIOBHUI OKPY-
JKaIoIIEeH cpe/Tbl U CIIOCOOHOCTh K CAMOOYHINIEHHIO, 4 C IPYTrOM — COCTOSIHUE M YCTOMYMBOCTD BXOISIINX
B He€ 2sieMeHTOB. Ha OCHOBaHMM CTEXMOMETPUUYECKUX YPaBHEHUI ITPe/I0KEHBI BADUAHTHI PACUETa BO3-
MO3KHBIX KO3(D(PUITMEHTOB IS IIepexoja MeXAY Pa3IMnIHbIMU MMOKa3aTe MU OMOJIOTMYECKON aKTUBHO-
ctu coodrectra [CanoxuukoB, Merpesenu, 2015]. Takum 06pa3om, 10 U3MEHEHHIO OHOTO TapamMeT-
pa MOKHO OTCIIEIUTh HEJbIA CIIEKTP XapakTepucTHK. C 1eblo U3y4YeHHs] COOTHOIIEHUSI BO3MOXKHBIX
TEMITOB a9pOOHOM M aHa3poOHOH yTrim3anuy OB B pa3iMyHbIX pailoHaX KPBHIMCKOTO MPUOPEsKbs OblTa
MpeIPUHSATA MOMBITKA MPOAHAIM3UPOBATH MOTyYEeHHbIE ABTOPOM JJAHHBIE 10 MOTPEOIeHUI0 KUCTIOPOaa
JOHHBIMH OTJIOKEHUSAMH.

MATEPUAJI 1 METO/IbI

B GonbmHCTBE 00CIe1I0BaHHBIX akBaTOpHid (OyxTa [IBysikopHasi, maneopycio peku Yépnas, Cesa-
cromnofbckas 1 banmakiaBckasi OyXThl) 0OTOOP MPOO MPOU3BOJVIIM C TOMOIIBIO JHOUepnaTess [letepceHa.
Marepuasiom [y1s1 KCcClleJOBAaHUS CITy>KMJI HOBEPXHOCTHBIM CJION JIOHHBIX OCA/IKOB TOJIILIMHOM 2 CM, KOTO-
PBIM JIOBEpXY 3aIOJHSIIA EMKOCTH JIJISI TPAHCTIOPTUPOBKU P00, UCKITI0YAs TIOTaIaHke B HUX BO3/IyXa.
B 6yxTe Kpyrnas 3a00p matepuaa ¢ 3Toro xe ciosi u3 cyiabdypeTsl 1 (POHOBOTO y4acTKa OCYIIECTBIISII
BOJI0JIa3 LINPUIIEBBIMU TpyOKamu. [IpoObl B uncTOl MPHOpEKHOI 30He 3anoBeJHUKA «MbIic MapTbsiH»
U B nasieopyciie peku benpOek u3Biekanu ¢ ryOnHsl 4—6 M TpyOUYaThiM MPOOOOTOOPHUKOM THIA «Py-
MaJIOT», CHAaOKEHHBIM MPO3PavyHON aKpUIOBOM TpyOKoil auamerpom 54 MM U BeicoToil 30 cM ¢ 3anop-
HBIM KJIAITaHOM Ha OOpaTHOM KOHIIE W TPy30M C KpemnekHoi apMaTypoid. IlofHsAThIe KOJOHKU TPYH-
Ta COXpaHsIM, KaK IPaBWJIO, HEHAPYIIEHHOE CTPOEHHE, YTO IMO3BOJISIO MCCIIENOBATh UX IOCIOMHO.
KoopauHate! To4ek 1 Jatel 0TO0pa npod NpuBeeHs! B Ta0. 1.

Coaepsxanue kuciaopona 1 Eh-norteHuuan (OKUCIMTEIbHO-BOCCTAHOBUTEIBHBIN MOTEHIMA) U3Me-
psinu, ucnosns3ys aatyuku LDO-okcumverpa HQ40D u Sension 1 (Hach, CIIIA). Tounocts onpezene-
HUs PACTBOPEHHOTO KUcIoposa cocTasisna +0,1 mr-m~' B unrepsane 0,1-8,0 mr1!. C nenbio cradu-
JM3auuK nokazanuid Eh-noreHnuana gatyvk norpyxaau B npoOy Ha 10 MuH, nocie 3toro (pukcupo-
Basm pe3ysbTar. CkopocTh oTpediierus kuciaopoaa (naee — CIIK) onpenensinu B peciupoMeTpude-
CKOM Kamepe 00bEMoM 60 M1, 3aI0JTHEHHON MOPCKOM BOJIOW U TePMETUYHO COSTUHEHHOM C KMCIOPO/-
HBIM IaTunKoM. MIcXo1Has KOHLIEHTpalys KUCIOpoa B Boje cocTapisna 7—8 mr-n~!. ITpoby o6bEmom
0,2 cM> BHOCHIM B KaMepy, TJie OHa pacrpeensiach Ha miomaan 20 cM2, uTo COOTBETCTBOBAJIO TOJI-
uuHe cyost npumepHo 0,01 cm. Pe3ynbraThl (hvKcMpoBasiv ¢ UHTEPBAJIOM | 4 B aBTOMaTUYECKOM PEXKHU-
Me B TeueHue 20-24 4. Ha ocHoBaHMY 1TOJTyYEHHBIX JaHHBIX B JajibHeWIeM Bbrunciisiii cpeasioo CIIK.
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W3 KOJIOHOK TpYyHTa, W3BJIECUYEHHBIX B pailoHe Mbica MapThsiH, POOBl OTOOpPaHBI C TOPU3OHTOB
0-2 u 3-5 cMm, a B maneopyciie peku benboek — 0-2, 2—4 u 4-6 cMm. lnd KaxAOro cjosi npume-
HsM yHUGUIMpoBaHHyIo cxemy pacuéra CIIK. OHa mpeanonaraeT rnpoBe/ieHUe U3MEPEHUI B yClIo-
BUAX MaKCUMaJIbHOI JIOCTYITHOCTU KHMCJIOPOAA B MOBEPXHOCTHOM ciioe TomuHou 0,01 cM ¢ mocne-
Ayomierd sKcTpanosisanyeid Ha TommuHy 0,6 cM ¢ y4€TtoM ocobeHHocTH ero audgy3uu B TOHHbBIC
otnoxennd [Yekanos, 2016].

OnpepeneHue CKOPOCTU KUCIOPOAHON HENTpaM3allii BOCCTAHOBJIEHHBIX COeTUHEHUN (nanee —
KHBC) npoBoauii aHaIOTUYHBIM 00pa3oM, IpeABAPUTEIIbHO MOJABUB KU3HEAEATEIbHOCTh OaKTepHIA.
JI7151 3TOr0 B U3MEpUTENIbHYI0 EMKOCTh BHOCHIIM CTPENTOMUIIMH U3 Pacy€éTa KOHEUHOW KOHIIEHTpPAIUH
0,1 mr-mi~!; 3aTeM npoBoaMIM UHKYOaLKIO EMKOCTH TIpH +8...+10 °C B TeueHue BCEro Nepuosia us-
mepenusi. C momoripio 0, 1N pacTtBopa cepHOil KUCIOTH cHIKaa pH 110 5 ¢ 1iesbio cMeleHus COOTHO-
IIEHUsI CEPHUCTBIX COEIMHEHU B BOJIE (S*-, HS", H,S) B cropony npeo6saganusi Handosiee aKTHBHO
OKUCJIIEMOT0 cepoBoopoaa. MizMepeHue copepkaHusi KUCIOpoia MPOU3BOIIN KaxIblil yac. Ha ocHo-
BaHUM TMOJIyYSHHBIX TAHHBIX PACCUUTHIBAIIM CPEIHION CKOPOCTh OKUCIIEHHUS CEPOBOIOPOJA, YUUTHIBA,
YTO B BOAHBIX pacTtBopax H,S okucisercs, kak npaBuiio, 10 cepbl U BOJbL:

2H,S + O, — 2H,0 + 285 .

CkopocTb a3poOHOro norolieHus kuciopoaa (aanee — AITK) nomyyany myTéM BEIYUTAHUS U3 CO-
otBeTcTBYIOIMUX ypoBHell cymmapnoro mnoromenuss KHBC. AIIK u KHBC mnpencrasieHs! B Buje
CPE/IHMX C JIOBEPUTEJIbHBIM UHTEepBAJIOM (p = 0,95).

Jlnst ompeneneHnst CKOpocTH oborareHns (TPOLyKIMK) BOCCTAHOBJIEHHBIMHI COEIMHEHUSIMH Cpa-
3y ke rmocyie oToopa MmpoOsl B JabopaTtopHbIX ycinoBusax npoommm m3Mmepenne KHBC o Beixona
Ha IJ1aTO KPUBOM M3MEHEHUs COAEPKaHUSA KUCIOPOJA, TO €CTh CTAOMIM3ALMHU TPUMEPHO Ha OJHOM
ypPOBHE TMOKa3aHWi B TeueHue OoJiee yeM TpEx u3MepeHuid. [1o 00bEMY M3PaCXOIOBAHHOTO MPH ITOM
KHCJIOPOZIA BBIYMCIISII BOBMOKHOE CcoJiepaHue cepoBoiopoaa. [lapamiensHo yacTb mpoOsl omeIa-
71, MICKJTI0Yasi ONailaHue KUCJIOPO/a, B TePMETUIHBIE EMKOCTH, KOTOPBIE COXPAHSUIA B YCJIOBHSX O3~
KHX K eCTeCTBeHHBIM. [IpOJoIIKITEIbHOCTD MHKYOAIMY OITPE/esIsI SKCIIEPUMEHTANIbHO, B Mpe/iesiax
30-60 cyt, o ucreueHun KoTtopeix noTropHO M3Mepsuii KHBC. PaszHocTh MeXOy MCXOIHBIM 3HaA-
YEHHEM U MOBTOPHBIM 3aMEPOM C YYETOM BPEMEHHOTO MHTEPBAJIA MO3BOJISJIA PACCUMTATH CKOPOCTh
00pa30BaHusI BOCCTAHOBJICHHBIX COCTUHEHUI.

Pesynbrarel Mo aspoOHOMY MOTPeOIEHHI0 KUCIOpOJa W AMHAMHUKE BOCCTAHOBJICHHBIX COEIUHE-
Huii (H,S) cornacHo crexuomerpuueckuM ¢opmynam [Opexosa, Konosasos, 2018a; CanoxHHUKOB,
Mertpesenu, 2015] BbipaxkeHsl B BUAe cKOpocTH yruauzauuu OB:

(CH,O),46(NHs),Hs PO, + 1380, = 106C0, + 122H,0 + 16 HN O, + Hy, PO, ,

(CH,0)105(NHs),sHs PO, + 53H,S0, = 106C0, + 16N Hy + Hy PO, + 53H,S + 106 H,O .

Konnentparnuio OB B JOHHBIX OTJIOKEHUAX ONPEEIsI TPABUMETPUUYECKUM METO/IOM 1OCJIE BbICY-
mmBanuA npu +105 °C u panbHenmero npokansanus HaBecok npu +500 °C [I'OCT 26213-91, 1992;
IMHO P 16.2.2:2.3:3.32-02, 2002].

PE3VJIBTATBI 1 OBCY XJIEHNE

B 3aBrCHMMOCTH OT CTENIEeHH M30JISIIUH MCCIIE0BAHHBIX aKBATOPHI TOYKH OTOOPaA MPOO MOKHO 00B-
€/IMHUTh B JIBE I'PYIIbl — PACHOJIOKEHHbIE BHYTPY OTHOCUTEJIBHO 3aMKHYTBIX OYXT M B IPUOPEkKHON
30HE OTKPHITBIX YYaCTKOB Mopsl. B mepBylo rpymnmy BkiIoueHbl cTaHuuu B CeBactonosibekoil u bana-
KJIaBCKOM OyxTax u B Oyxte Kpyrnas, ¢ maciraOHbIM MOCTYIJIEGHUEM B3BECH B JJOHHbBIE OTJIOKEHUS.
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Tak, B CeBacToNONBLCKOM OyXTe CKOPOCTh OCaJIKOHAKOIUIEHHS COCTaBIsANa 2,4 MM-TOJ ™!, a B IPUOpEX-
HbIX paitonax Kpeiva — i 0,35 mm-rog~! [denucos, 1998]. IMomyyennas namu CITK B nepsoit
rpyIne u3MeHsnach B AuanasoHe 2,63—4,36 MKr-cM—>-u~!, Torja Kak BO BTOPOM, KyJa BOILIM CTaH-
iy B OyxTe [IBysikopHas, y Mbica MapTbsiH U B maneopycie peku benbOek, 3HaueHrst He TPeBbIaim

2,90 Mkr-cMm-q~! (Tabm. 1).

Taoauma 1.

coenunennit (H,S) B JOHHBIX OT/IOXEHUAX NPUOPEXHBIX akBaTopuid Kpeima

HOTpC6JI6HI/Ie KUCjiopoga MW IPOU3BOJHBLIC JAHHBIC II0 OUHAMHWKE BOCCTAHOBJICHHBIX

Table 1. Oxygen consumption and derived data on the dynamics of reduced compounds (H,S) in the bottom
sediments of coastal waters of Crimea

0,, MKr-cmM>-y~! Boccranosnennsie coequnenus (H,S)
Koopmanaret Touex Cnou, cm Eh, MB CopepxaHue Okucnenue [Ipoaykius
or6opa npo0, gara ’ ’ ATIK KHBC Aep 3 31 P ny_}u o
MKTI-CM ™~ MKI-CM ™~ -4 MKI-CM ™ ~-4
byxra JIBysikopHas, + +
44.990°N, 35.36°E, 0-0,6 -182 21280_ 0(’)730_ 38 1,49 0,77
07.07.2012 ’ ’
+ +
Meic MapThsH, 0-0,6 14 2(’)4?9_ 0(’)2; 3_ 574 0,57 0,17
44.509°N, 34.256°E, 3365 | 035¢
13.08.2014 3-3,6 -199 1.07 028 567 0,74 0,62
+ +
0-0,6 -193 1,27+ 0.61 + 609 1,30 0,34
[Taneopycno 0,52 0,13
pexu Bermoex, 206 | -176 | 20r | 084x 777 179 0,54
44.631°N, 33.418°E, ’ 0,86 0,60 ’ >
21.05.2013 9,43 + 1,35+
4-4.6 -184 5.48 0.99 1011 2,87 0,17
[Taneopycno Pyco, 2,41+ 0,28 =
pexu YepHas, 0-0.6 -68 0.78 0.09 1320 0,60 1,07
44.618°N, 33.474°E, CKJIOH, 1,25+ 043
26.05.2013 0-0.6 -140 0.43 0.15 797 0,91 0,71
CeBacTomnoJjbCcKas
OyxTa, 2,00 £ 0,63 £
446150N, 335200E, 0—0,6 - 0,59 0’19 1345 1,34 1,00
12.06.2012
®on, 3,39+ 0,35+
Byxra Kpyrmas, ot 30 20 | oag 750 0,75 0,15
44.602°N, 33.441°E, Cyﬂb(b;fpeTa 3 i4 n 0 5’0 n
27.07.2020 0-0.6 =72 0.25 021 1097 1,06 0,35
BanakiaBckas Oyxta,
44.496°N, 33.595°E, | 0-0.6 209 g’gg * 8’32 * 703 0.81 -
23.10.2008 ’ ’
Ipumeuanne: AIIK — aspobHoe moromieHue kuciopoaa; KHBC — kuciopoaHass HeWTpaamM3alius

BOCCTAaHOBJICHHBIX COCHHHCHHﬁ.

Note: AIIK, aerobic oxygen consumption; KHBC, oxygen neutralization of reduced compounds.

Ha ¢opmupoBanue ocagkoB B naueopycie peku YépHas okasbiBaeT BiaussHHE CeBacTONOJIbCKAS
OyXTa, HaxoAsIIasCs MO 3HAYUTEIbHBIM aHTPOIOTeHHBIM JaBieHreM [Opexosa u ap., 2013]. Drtum,
MO-BUIMMOMY, OOBSICHAETCSI CXOJCTBO MEXAy HUMHU IO PsIy MapaMeTpoB, YTO He TO3BOJISET OTHe-
CTU palioH majieopyciia HU K ofHoi u3 rpymnn. Kak cnenuduueckuil o0beKT mnaneopycia pek BOIM-
3u CeBacroroiiss paccMotpeHsl B padore [['ynwmH, Kosamenko, 2010]. JIoHHBIE OTJIOKEeHUs B 00enX
rpyImnax npeacTaBlieHbl c71a00 3arIeHHBIMU MIECKAMU U MeJIKOJUCTIepCHbIMU uiaMu. VinucTas ppakuus
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XapakTepHa Ji1s ocaikoB CeBacTonosbCKoi 1 banakiaBckoi OyxT, maneopycen pek YeépHast u benboek.
OcranbHble MPOOHI MPEICTaBICHBI IECKAaMU ¢ He3HAUUTEIbHBIMU CJIeJaMy 3aujieHus1. B momassionemM
OosbIIMHCTBE TTPOO 3a(pUKCUPOBAHBI OTPUIIATENbHBIE MTOKA3aHUS PEIOKC-TIOTeHIIMAIA, YKa3bIBAIOIIMe
Ha BOCCTAaHOBJICHHbIE YCJIOBUSI CPEJIbI.

Ocanku y mMbica MapThsiH, SIBJISIONIErOCs 3allOBEAHON TEPpUTOpPUEN, U majieopycia peku besb-
OeKk pa3aMyalTcs TpaHyJIOMETPUUECKUMH XapaKTepUCTUKAMU, AHTPOIOTEHHBIM BO3JEHCTBHEM W,
Kak CJIE/ICTBUE, KOHIIEHTpAIleld OpraHnYecKuX COeAMHEeHUW. B To ke BpeMsi BepTHUKaJIbHOE 30H[IH-
pOBaHWe TOMIIM TPYHTA B ITUX TOYKAX BBIBWIO POCT C DIIyOMHOW OKHUCIUTEIBHOTO IMOTEHIIHAA
Y TIOATIOBEPXHOCTHBIA MUK aHA3POOHOHN aKTUBHOCTH (CM. Tad. 1).

B 2008 1. B JOHHBIX OTJIOKEHUSX IIEHTPaJIbHOW YacTh OyXThl Kpyrias ObL1 ornpenesiéH psa napa-
MeTpoB, Bkiouasi cymmapuyio CIIK. Tloropnsie ucciepoBanust CIIK u cogepxanus OB, npoBenén-
Hble B XOJIe HACTOsIIEH paboThl, HE BBISBWIN CYIIECTBEHHBIX W3MEHEHHI THUX MapaMeTpoB 3a Mpo-
meqmee Bpems. Ckopocts CIIK konebanack B npenenax 3,25-3,66 MKr-cM-a! a conepxanue OB
coctapnsno 33 mrr!.

Temribl 06pa30BaHKsI BOCCTAHOBJIEHHBIX COEAMHEHMI 3aBUCENN B TOM YKCJIe OT IpaHyJoMeTpuye-
CKOTO COCTaBa JJOHHBIX OTJIOKEHUI: B UJIaX OHU ObLTH B 1,5—2 pa3a BbIllIe, 4eM B reckax. MakcumalibHble
sHauenus, 6onee 1 mxr H,S-cMm~>-u~!, monyuensl B ummcThix rpyHTax CeBacTOMOJILCKON OYXThL. B 1ie-
oM B OyXTax oTMeueH M 6oJjiee BHICOKMI ypoBeHb KoHueHTpamu H,S — 1o 1,4 Mr-cm~. B npo6ax
NpUOPEKHBIX YYaCTKOB OTKPBITHIX aKBaTOpHiA cofepkanue H,S He nmpeBbiiaio B MOBEPXHOCTHOM CJIOe
0,6 Mr-cM™, a ckopocth o6pasoBanuss — 0,77 Mkr H,S-cm—-u~!. WckimoueHreM SABIAINCH JJOHHBIE
OTJIOKEHHUs B majieopyciie peku YeépHasi, YT0 MOKHO OObSICHUTH BiMsiHUEM CeBacTONOIbCKON OYXTHI.
Tak, MTHTEHCUBHOCTD CYJIb(aTpelyKIMU B MOBEPXHOCTHOM CJioe TpyHTa B OyxTax CeBacTomosisi 10CTH-
raja 93 MKM-)IM_3-CYT_1, win 0,132 mMrr-cm =g~ ! [Eropos u nip., 2012]. BeanuiiHbl 6aKTeprUabHOTO
BOCCTaHOBJIEHU CYJIL(ATOB B OCaJIKaX CEBEPO-3aMagHoro menbga YepHoro Mops cocrapiisau ot 28,3
1o 427,0 mr HZS-KF_I BJIQ)KHOTO ocajika B cyTku [KapnHauyk, 1989].

['moposornyeckue 0COOEHHOCT OTHOCHTENIBHO 3aMKHYTHIX aKBAaTOPHHA OYXT, CBSI3aHHBIE C OTpa-
HUYEHHBIM BOJOOOMEHOM, OCTa0JIEHHBIM BOJTHOBBIM BO3/IEICTBHMEM M, KaK MPABUJIO, 3HAUUTEIILHBIM
MOCTYIJICHHMEM OPraHUYeCKHMX M OUOTEHHBIX BEIIECTB, CIIOCOOCTBYIOT WHTEHCUBHOMY OCAJIKOHAKOII-
neauto [Jlomakun, [Tonos, 2014; OpexoBa u ap., 2013]. IIpu gocTatouHoil adpaniuu 3TO MPUBOIUT
K MOBBIILIEHHON aKTUBHOCTH OMOXMMHUYECKHUX MTPOIIECCOB B MOBEPXHOCTHOM CJIO€ TPYHTOB.

[ocTynnenue KUca0poaa B TOJIIY BOCCTAHOBJIEHHBIX OCAKOB TaKKe MHULIMUPYET OKUCIIUTEIIbHbIE
MPOIIECCHl, UHTEHCUBHOCTh KOTOPHIX MOKET OBITh JIaXke BBIIEe, YeM Ha MOBEPXHOCTH OCaJIKOB. Tak,
B KOJIOHKE TpyHTa U3 naneopycia peku bemsbex AIIK Bospactano ¢ 1,27 mkrO,-cm>-4~! Ha no-
BepxHOCTU J0 9,43 MKr 02-CM‘3‘-q‘1 Ha niyonHe 4 cM. OTMeUYeHHBIN 371eCh TOATIOBEPXHOCTHBIN MK
MPOJYKIIMKM BOCCTAHOBJIEHHBIX COEIMHEHUI CBS3aH, OYEBUJHO, C aKTUBaluen cyibdarpenykuuu. Ot-
HOCUTEJIbHO TOBEPXHOCTHOIO T'OPU30HTa OHA MoBblaerca B 1,5-3,5 pa3za. B To ke BpeMs OKwuc-
JIeHWe TIPOJIYKTOB aHa’poOMo3a B TPYHTaX Majeopycia BCIEICTBUE HelOCTaTOuHOW Muddy3ru Kuc-
JopoJa B Wbl OTPAaHUYEHO JIMIIb MMOBEPXHOCTHBIM ciioeM. COOTBETCTBEHHO, MOCIOMHOE CYyMMUPO-
BaHMe TeMnoB oOpa3zoBaHus H,S m CKOpOCTb €ro OKHCIeHHs B TMOBEPXHOCTHOM CJIOE OKa3bIBAIOT-
Csl BIIOJIHE COTMOCTaBUMbIMU. Y MbIca MapThsiH, B 0O0jiee adpUpPOBAHHBIX IMECUYAHBIX T'PYHTAX, CJIOU
OKHCJIEHVSI BOCCTAHOBJICHHBIX COCIMHEHUN IMOJy4aeTcsi HECKOJIBKO TOJIIE, M B CyMMe MacmTad 3To-
ro Tmporiecca MpeBaMpyeT HaJ MacIITadOM HMX MPOAYLIMPOBAHUS, UTO OINpeesisieT MOJIOKUTEIbHbIC
3HavyeHus Eh.

Kak y:xe oTmedeHo Bblilie, Ha (POPMUPOBAHUE JOHHBIX OTJIOKEHUH B Najeopyciie peku YepHas oka-
3bIBaeT BIMSAHKE OJM30CTh yeThs CeBactononbekor OyxThl [OpexoBa u jip., 2013]. HermocpenctBeHHO
B PyCJIE OHU OTJIMYAIIMCh OT TPYHTOB Ha CKJIOHE OOJIBIIMM MaKCUMaJIbHBIM YPOBHEM a3pOOHOTO TOTped-
JIEHUsI KUCJIOPOJIA, a TaKXKe CofiepKaHreM BOCCTAHOBJIEHHBIX COeIMHEHHIA, KOTOpOe 00yCIIOBJIeHO OoJiee
BBICOKOI CKOPOCTBIO UX 00pa30BaHUS MPU OTHOCUTEILHO HU3KHUX TEMIIaX OKUCIIECHHUS.
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SkcnepumenTtaibHo u3MepenHas CITK B 0,01-cMm cioe ocagkoB CeBacTOMOJILCKOW OYXThI B Cpel-
HeM coctaBuna 0,96 mxr-cm~2-4~! [Uekanos, 2016]. C yyéToM TpearnonaraeMoil IyOuHb POHUKHO-
BeHus kuciopoaa (0,6 cM) 3to coorBercTByer 2,18 MKr-cM 2.9~ !, PaHee coo0manoch [OpexoBa, Ko-
HOBaJIoB, 2018a], 4TO paccyMTaHHas COMIACHO MEPBOMY 3aKOHY PHKa BEJIMYMHA MMOTOKA KUCIOPOAA
Yyepe3 MOBEPXHOCTh JOHHBIX OTJIOKEHUI OYXThl B XOJIOMHOE BpeMs roJja U3MeHsIach HE3HAUUTEIHHO,
COCTaBNIAA B cpeHeM 2 MOJIb-M~>-rof1~ | . DTo 3HaueHue cootBeTcTByeT 0,73 MKI-CM ™ 2-4™!, UTO HECKOJIb-
KO HVKEe MMOJIyYeHHOTO HaMU, OJJHAKO, KaK OTMEUalOT CaMH aBTOPBI, He ObUIA YUTEHBI s reodpusnde-
CKuX (haKTOPOB U BBICOKAsI CKOPOCTh MTPOTEKAHKSI OMOXMMUYECKHUX TporieccoB. B npyroit padore [Ope-
xoBa, KonoBasios, 2018b] paccuntannbie 1151 KPHIMCKOTO Iieib(ha BeTMYAHBI IOTOKA KUCIOPOAA BO3-
pactramu ¢ 2,85 M-m~2-rog~! B 3amagno#t wactu 1o 3,55 M-m~2-rog”! y I0KHOTO MoOepexbs U aajee
10 4,26 M-M~2-ronr”! B BOCTOUHO# akBaTopuu, 4to coorBercTByeT 1,05; 1,31 1 1,56 mMkr OZ-CM_Z-‘{_].

CoBrniaieHue HACTOSIIIMX U MOJYYEHHBIX paHee 3HAYeHUI CyMMAapHOT'O MOMIOIEHU I KUCJIOPOAA JOH-
HBIMH OTJIOXKEHUsIMU B OyxTe Kpyriiasi mo3BosisieT TOBOPUTh O BO3MOKHOM COATAHCHPOBAHHOM COCTO-
STHUU 9TOU cucTeMbl. HecMOTps1 Ha MHTEHCUBHOE PEKpeallMOHHOe UCTIOIb30BaHUe OYXTHI, OIpeaesisio-
IIYI0 POJIb 3/1eCh, BEPOSITHO, UTPAIOT TMIPOXUMHUYECKUI PEKUM U PHIXJIBIN COCTaB TIECUAHBIX TPYHTOB,
41O 0OecrieuynBaeT cBOOOIHOE MPOHUKHOBEHUE B X TOJIIY KHCIOpoja. B 11e10M JOHHbIE OTIOXEeHUS,
B OTJIMYKE OT BOJHBIX Macc, SIBJISIOTCS O0Jiee KOHCEPBATHBHOW CPEIOi, ”THEPTHOCTh KOTOPOW CIIIaKH-
BalOT KaK CE30HHbIE, TAK M MEKrOJOBble KOJeOaHUs TUIPOXUMUIECKHUX MapaMeTpoB. B OyxTe BbIsB-
JIEHbl 30HBl BOCCTAHOBJICHHBIX IPYHTOB C OTPHUIIATENIbHBIMUA 3HAUYEHUSIMU PEOKC-TIOTEHIIMANA, Ha3bIBa-
emble cysbdyperamu. Hamu ormeueHsl pa3ivuns B AUHAMUKE BOCCTAHOBJIEHHbIX coeauHenuil (H,S)
MeXIy OCalKaMH CYJIb(YpeT U COCEIHUX OKUCIIEHHBIX YYaCTKOB. B cylbyperax pacyéTHbie JaHHbBIE
KOHIIEHTPAIMH, TEMITOB OKMCIIeHHst 1 oOpaszoBanusi H,S Obutn Bite Ha 32, 29 1 57 % COOTBETCTBEHHO.

Hcxons u3 nonyueHHbix qanHeix o CIIK, B ToM uucie npyu OKUCIEHUH BOCCTAHOBJIEHHBIX COE/IMHE-
HU, TPOU3BE/IEH PAaCUET BOZMOXKHBIX TeMIToB AecTpykiwu OB (Tadm. 2). Cymma a3poOHOU 1 aHa9poO-
HOJl YTHJIM3AIMM OPraHUYECKUX COeNMHEHMIi 0Ka3anach MAKCUMAJBHOM, 10 4,05 Mkr-cm—-u~!, B Ce-
BACTOIOJILCKON OyXTe W B TpHJIEraiomiei K Heil akBatopur. [Ipu 5ToM GOMbINast A0S PUXOIUIACE
Ha aHAdPOOHYIO COCTABIIAIONIYIO. JlocTaTOUHO BHICOKOHM OHa Obula u B OyxTe Kpyrnas, HO 371ech mpe-
oOsajiaia adpoOHasi AECTPYKIMSA. DTO CBA3AHO C Pa3MYMsIMH KaK B IIEJIEBOM HUCIOJb30BaHUU OYXT,
TaK U B IPaHyJIOMETPHUYECKOM COCTaBe JOHHBIX OCAJKOB. PhIXJIbie IPyHTBI, KaK MPaBUJIO, OOJIee a3prpo-
BaHbl, UTO OIpeesieT mpeodIagaHrue OKUCIUTEIbHOro Tuna Metadonusma. [axe B cybgyperax mec-
YAHUCTHIX TPYHTOB OYXThI Kpyriias ypoBeHb a9pOOHOTO OKUCIICHHS OKa3aJIiCs TaK JKe BBICOK, KaK U B (ho-
HOBOH Touke. [Ipy 3TOM MHTEHCMBHOCTH aHadpoOHOW yTwimzauuu OB paznnuanach Mexay HUMH
BIIBOE, XOT#I €€ a0COIOTHBIE 3HAUEHHSI OCTABAJIUCH OJIMKE K YPOBHIO, XapaKTePHOMY JJIsI IPUOPEKHBIX
YUYaCTKOB OTKPBITOTO MOPsI, B YaCTHOCTH JIJIS Tajieopyciia peku bemboek.

[Tpu BepTHUKAIBLHOM 30HAMPOBAHKMM TOJIIIMA TPyHTA Y Mbica MapThsiH U B nasieopyciie peku beib-
0eK OTMEYEHO TMOBHIIIeHUE C ITyOMHON CIIOCOOHOCTH KaK K a3pOOHOM, TaK U K aHAPOOHOU ECTPyK-
IIUH, YTO 3aKOHOMEPHO TMOBTOPSIET KUCIOPOAHBIN npoduib. Tak, B palloHe Mbica MapThsiH BeIW4h-
Hbl Bo3pactaiu B cjioe 0-3 cm ¢ 1,93 no 2,70 u ¢ 0,34 go 1,22 MKT-cM > -u~! cooTBeTCTBEHHO. AGCO-
JIIOTHBIE 3HaUeHus1 ckopoctell okucnenust OB B ocakax maneopyciia peku benbOek ObLIM HECKOJIBKO
ke — 1,02-1,98 mxr-cm>-u~!. Pasnoxenue OB 3a cuéT cyabdaTpeyKIiu B IOBEPXHOCTHOM FOPH-
30HTE 371eCh OKA3aJ0Ch BABOE BhIIIE; 3HAYEHME, popmupys MK 1,06 Mkr-cM>-u~! Ha ray6une 2 cM,
caukanock 10 0,34 mxr-cM—>-u~!. B joHHBIX ocagkax CeBacTONONBLCKON OYXThI B HOBEPXHOCTHOM CJIOE
TEMITbl aHA9POOHOM JECTPYKIIMH MTPEBBICUINA TEMITbl 29POOHON YTUIM3ALMHA OPTaHUKH, JOCTUTHYB 1,97
npotus 1,61 Mkr-cM—-u~!. Takum 06pa3om, GONbIIAS BAPUATUBHOCTD TIPHUCYIA aHASPOOHOH COCTaB-
nsmomer. [I[poHMKHOBEHME KUCIIOpoJa B CJIOU TPYHTA IiyOxke 1 cM OOBIYHO BechbMa HE3HAYMTENILHO,
B yacTHocTi B CeBactonosbckoil Oyxre — He Oosiee yem Ha 0,5 cm [OpexoBa u 1p., 2013]. B Ta-
KOM CJTy4ae IMpU OTCYTCTBMH KUCJIOPO/A a9pOOHast IECTPYKIIMSI OPTaHUKH, B OTJIMYKE OT aHA3POOHOM,
B HIDKEJIEKAIUX CJIOSIX MPAKTUYECKU npekparniaercs. OTcioaa, NpUHSAB BO BHUMaHUE UHTEHCUBHOCTh
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aHa3pOOHBIX MTPOIIECCOB BO BCEH TOJIIIE IPYHTA, IOTydaeM MPUOIM3UTEILHO PaBHBIN, a HHOTA 1 OoJiee
BBICOKHMI BKJIaj] aHa3poOro3a B cymmapHylo nectpykimio OB. YcraHoBieHo, 9To cyiibaTpeayKius
obecnieurBaet 10 50 % MHUHEpaTu3alKi OPraHMYECKOro YIliepoja B MOPCKUX OTIOXeHUsX [Jgrgensen,
1982]. Ilpu 3TOM 32 €€ cuet pasznaraercs 10 99 % OpraHuyYecKoro yriepoja, pacxoayeMoro Ha CyJb-
(parpenykimio u meraHorenes [Kapnauyk, 1989]. Bc€ aT1o cBUaeTenbCTBYET O BaXXKHOCTU y4yacTHUs
CybgaTpelyKTOPOB KaK B I7100a7bHOM LIMKJIE CEPBL, TaK U B IIUKJIE YIepoa.

Ta6mamma 2. CozaepkaHue OpraHMYECKOro BEIecTBa U paCYETHBIE CKOPOCTH €ro a3poOHON M aHAPOOHOM
JECTPYKIIMH B JIOHHBIX OTJIOKEHUSIX MPUOPEKHBIX akBaTtopuil KpbimMa

Table 2.  Content of organic matter and calculated rates of its aerobic and anaerobic destruction
in the bottom sediments of coastal waters of Crimea

OpraHudeckoe JecTpyKIMsi OpraHm4ecKoro
Touka or6opa mpod T, °C Cro#, cm BEILIECTBO, BeIecTBa, MKT-CM -4~ |
mr-cm aspoOHast aHa’poOHast
Byxta JIpysikopHas +24 0-0,6 25 1,77 1,52
Mpic MaptbsiH +24 0-0,6 17 1,93 0,34
3-3,6 24 2,70 1,22
Maneopycro 0-0,6 45 1,02 0,67
+21 2-2,6 54 1,98 1,06
peku BebOek

4-4.6 46 7,58 0,34
[Maneopycio 420 Pycno, 0-0,6 68 1,94 2,11
peku YépHast CxJion, 0-0,6 51 1,01 1,40
CeBacrononeckas 0yxra | +21 0-0,6 60 1,61 1,97
don, 0-0,6 41 2,73 0,30
Byxa Kpyrnas 25 ey mdypera, 006 34 2,52 0,69

BanaknaBckast OyxTa +19 0-0,6 61 3,18 -

BeiBoa. 3apeructpupoBaHbl ONpeleEHHbIE pa3nyus M0 TeMIaM HCIOJb30BAaHUS KHUCIOPOAA
Y YTWIA3ALUA OPTaHUKH B JOHHBIX OTJIOXKEHUSIX OTHOCHUTEIBHO 3aMKHYTHIX OYXT M OTKPBITBIX aKBa-
topuid. [Ipexe Bcero 3To CBA3aHO C OCOOEHHOCTSIMU T'MAPOJIOTMH, OCAJKOHAKOIUIEHHUS] U MHTEHCHBHO-
CTHU MCHOJIb30BAHUS aKBATOPHIA YeJI0BEKOM. Tak, B 3aBUCUMOCTHU OT YPOBHs aHTPOIIOTEHHOM HArpy3Ku
U COCTaBa JIOHHBIX OTJIOKEHHWH IpeoOnasaer JMO0 a3poOHast JeCTPYKLMS OpPraHUYeCKOro BEIEeCTBa,
kak B Oyxte Kpyrias, 1100 aHaspoOHas1, UTO XapaKTepHO /151 rpyHTOB CeBacTonoIbCKOM OyXThl. B j10-
ke masieopyciia peku Y€pHast orMedeH OoJjiee BHICOKUI YPOBEHb MOTPeOsIeHNsI KUCJIOPOJa U CoflepkKa-
HUS BOCCTAHOBJICHHBIX COEJUHEHMH, YeM Ha CKJIOHAX. ITO MOKHO OOBSICHUTh IPEBAIMPOBAHUEM IIPO-
IIECCOB MX 00pa30BaHMs HaJl OKMCTIEHHEM. 3a(pUKCHPOBaHbI PA3IMIXs 110 JUHAMUKE BOCCTAHOBJICHHBIX
coequnenuii (H,S) mexay ydacTkaMu BOCCTaHOBJIEHHBIX IPYHTOB (CYJIb(PYpeThl) U OKUCIEHHBIMU (PO-
HOBBIMU. B cynbdypere pacuéTHble JaHHBIE KOHIEHTPALK, TEMITOB OKHCIICHUSI M 00Pa30BaHMs CEepo-
BOJIOpoa Bhie Ha 32, 29 1 57 % cooTBeTcTBEHHO. B Heil 6osiee yeM B 2 pa3za MHTEHCHBHEE TPOUCXOIUT
aHadpOOHOE Pa3JIokeHUe OPraHUKH, TOrJa KaK M0 CKOPOCTU €€ OKUCJIEHUS pa3InyMsl BbIsBJIEHBI HE Obl-
mu. B tomme rpyHTa y Mpica MapThsiH 1 B naeopycie peku benbOek ycTaHOB/IEHB! POCT OKMCIUTEIb-
HOT'O MOTeHLIMalIa ¢ ITyOMHOM U MOJMOBEPXHOCTHBIN MUK aHa3pOOHOM akTUBHOCTH. [1pu 3TOM, BCiea-
CTBUE OTrpaHMUYEHHON IU((PY3Un KUCIOPOAa, CKOPOCTh OKHMCIIEHUS] CEPOBOIOPOAA B MOBEPXHOCTHOM
TOPU30HTE U IOCJIONHAS CyMMa TEMIIOB €ro 0Opa30BaHuUs BO BCEH TOJIIE IPYHTA OKAa3aJIMCh COMOCTa-
BUMBI. [1o 3T0ii ke npuYrHe BKJIAJ B JECTPYKIMIO OPraHNYECKOro BEHIECTBA IPOIIECCOB aHAIPOOH03a
3a4acTyio paBeH, a MHOT/A 1 OOJIbIIE JJOJU, TPUXOISAIIEHCS Ha a9POOHBIHA MyTb.

Paboma evinonnena 6 pamxax zocyoapcmeernnozo 3aoanuss PUL] HnBIOM no meme «@yukuyuonanvHule, me-
maboauueckue U MOKCUKON0ZUMECKUE ACNEKMbl CYUECMBO8AHUSL ZUOPOOUOHMOB U UX NONYASUULL 8 OUOMONAX
€ pasauuHbIM PUBUKO-XUMUUECKUM pedcumom» (Ne zoc. peeucmpayuu 121041400077-1).
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RELATIONSHIP OF THE PROCESSES
OF AEROBIC OXIDATION AND ANAEROBIC DESTRUCTION
OF ORGANIC MATTER
IN THE BOTTOM SEDIMENTS OF COASTAL WATERS OF CRIMEA
(BLACK SEA)
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A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: valch@mail.ru

The relationship between water masses and bottom sediments is obvious. This primarily refers
to the formation of oxygen regime and self-purification of water bodies. Stoichiometric ratios allow as-
sessing certain parameters of energy metabolism associated with oxygen consumption. The aim of this
work is to determine the possible contribution of aerobic and anaerobic processes to the destruction
of organic matter in bottom sediments of various areas of the Crimean coast by interpreting the data
on oxygen consumption. The total oxygen consumption rate was measured using a respirometry camera
hermetically connected to an HQ40D oxygen sensor with LDO oximeter. To suppress bacterial activity
and reveal the rate of oxidation of reduced anaerobiotic products, the antibiotic streptomycin was used.
Vertical sounding of the bottom sediment strata in the Belbek River paleochannel showed an increase
with depth of oxidative potential and a subsurface peak of anaerobic activity. Due to the limited diffu-
sion of oxygen, the rate of hydrogen sulfide oxidation in the surface layer was comparable to the rate
of its formation in the underlying sediment layer. A higher level of aerobic oxygen consumption and con-
tent of reduced compounds was observed in the bottom sediments of the Chernaya River paleochannel
in contrast to its slopes. Increased concentration of hydrogen sulfide is due to the higher rate of its for-
mation at relatively low rates of oxidation. In the Sevastopol Bay, the experimentally measured oxygen
consumption by a unit of the bottom surface in the 0.6-cm sediment layer averaged 2.18 ug-cm™2h™.
In the Kruglaya Bay, certain differences in the dynamics of reduced compounds (H,S) were regis-
tered between the oxidized background areas and the zones of reduced bottom sediments (sulfurettes).
In sulfurettes, the calculated values for concentration, oxidation rate, and formation of hydrogen sul-
fide were higher by 32, 29, and 57%, respectively. The maximum rate of organic matter decomposition,

up to 4.05 pg-cm™>-h™!, was recorded in the Sevastopol Bay and the adjacent water areas, with the anaer-
obic component accounting for a larger share. The share turned out to be quite high in the Kruglaya
Bay as well, but there, aerobic destruction prevailed. This is due to differences in both the targeted use
of the bays and the granulometric composition of bottom sediments. In sulfurette sediments, against
the backdrop of the rate of oxidation of organic substances equal to that of the background area, anaer-
obic utilization occurred more than 2 times more intensive. Its absolute value corresponded to the level
characteristic of the open-sea coastal areas, in particular, the Belbek River paleochannel.

Keywords: bottom sediments, oxygen consumption, destruction of organic matter, Black Sea
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Starfish Asterias rubens was found as the first record from the Anatolian coast of the Black Sea (Sinop).
This alien starfish was reported in 1996 in the Bosporus Strait (the Marmara Sea). In 2009, A. rubens
was registered off Karasu and Sakarya coasts in the Western Black Sea. A. rubens (8 cm in diameter;
wet weight 12.970 g) was sampled by a commercial demersal trawl on the sandy-mud bottom at 85.5-m
depth on 12 February, 2022, on the Anatolian coast of the Black Sea, which indicates further expansion
of its areal in the sea.

Keywords: starfish, Asterias rubens, alien species, Black Sea, Turkey

Asterias rubens Linnaeus, 1758 is a fairly common species in the northeastern Atlantic Ocean [Budd,
2008]. Most of the species in the Black Sea are migrants of Atlantic origin that reached the Pon-
tiac basin with the reopening of the Bosporus 7,000-10,000 years ago [Oztiirk B., Oztiirk A.,
1996]. Some of the migrant species [such as Rapana venosa (Valenciennes, 1846), Mnemiopsis lei-
dyi A. Agassiz, 1865, Beroe ovata Bruguiere, 1789, and Anadara inaequivalvis (Bruguiere, 1789)]
have arrived with ship ballast waters. The Bosporus Strait of Istanbul provided the connection be-
tween the Mediterranean Sea and the Atlantic Ocean, as well as the Black Sea. Mediterranean migrants
are the largest community of organisms in the Black Sea biota and account for 80% of the total number
of species [Exotic Species, 2001].

Although the Black Sea has a great habitat diversity, species diversity is low due to low salinity.
This provides favorable conditions for the spread of alien species [CIESM, 2010]. The phylum Echin-
odermata is represented by approximately 7,000 living species [Pawson, 2007]. Species of this phylum
have been recorded in the Sea of Marmara since 1990 [Albayrak, 1996; Karhan et al., 2007; Yiice,
Sadler, 2000].

The release of ballast waters from ships facilitates the inter-sea migration of planktotrophic lar-
vae of non-native species. It is thought that A. rubens was transported to the Sea of Marmara that
way [Zibrowius, 2002]. Nevertheless, it should be considered that current systems affect the dynamics
of the spread of alien species [Jaspers et al., 2018].
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The aim of this article is to report the Atlantic starfish Asterias rubens on Turkish Black Sea coast,
which can be considered an indicator of the spread of this species along the coast of the Black Sea
from Marmara. It is the first record of this alien species from the Anatolian coast of the Black Sea.

MATERIAL AND METHODS

A single specimen of A. rubens (8 cm in diameter; weight 12.970 g) (Fig. 1) was sampled
by a commercial demersal trawl (codend mesh size 40 mm) off Inceburun (42°08’765”N, 34°51’895”E)
and Sartkum (42°06'886”N, 34°52’274”E), Sinop area of the Anatolian Turkey coast (Fig. 2),
on the sandy-mud bottom, at average depth 85.5 m and temperature +8.4 °C, on 12 February, 2022.
The sample was preserved in 96% ethanol.

The analysis of morphological characteristics and description of the starfish were carried out
in the Laboratory of the Fisheries Faculty of Sinop University.

Fig. 1. Asterias rubens (8 cm in diameter) captured at Sinop, the Black Sea (original photos)

Puc. 1. Asterias rubens (8§ cM B auameTpe), BbUIOBJICHHas1 B pailoHe CuHona, Y€pHOoe Mope (OpUruHaIbHbIE
¢otorpacdun)

Body of the starfish is generally small and disc-shaped. The five arms begin to narrow at the base;
the average diameter is 35 mm. On the aboral side, there are small cream spots at the base of the spines,
while the arms are cream-colored, with a brown spot at the tips. The body wall is soft and flexible. There
are numerous papules on the surface [Miiller, Troschel, 1842].

The bottom of the starfish is covered with hundreds of tube feet that are used to walk, cling to rocks,
and catch prey. With these tiny legs, A. rubens moves at speeds of 30 cm per minute, or 60 feet
per hour [Dale, 1997].
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RESULTS AND DISCUSSION

Habitat. Asterias species are found on hard, rocky, sandy, or soft substrates, with most species pre-
ferring rocky sea bottoms. In winter, A. rubens activity is confined to the bottom. Sea stars are able
to attach to hard surfaces and move well [Hennebert et al., 2010], but the movement and attachment sys-
tems are dysfunctional on non-adhesive, i. e. soft, substrates [Anger et al., 1977]. Physical parameters
significantly constrain species abundance, physical activity, and predation rates [Hancock, 1955].

It is known that environmental conditions, such as temperature, salinity, and hydrodynamic regime,
affect distribution, life cycle, nutrition, abundance, and performance of A. rubens [Menge et al., 1994].

In a study conducted by Y. Ceylan and S. Giil [2021], based on current A. rubens distribution, it was
reported that temperature is the most restrictive environmental variable.

Feeding. A. rubens feeds on a wide range of living organisms and carcasses, most of which are com-
posed of macroinvertebrates, including molluscs, polychaetes, and other echinoderms. Sometimes, small
crustaceans are caught by suction discs of tube feet. A. rubens feeds mainly on molluscs, especially bi-
valves and snails. Digestive enzymes enter the hunt along with the everted stomach lining to further aid
digestion. The starfish can also use its tube feet to open a bivalve [Pearse et al., 1987]. However, their food
seems to consist largely of bivalve molluscs [Budd, 2008; Chadwick, 1923]. Therefore, there is no prob-
lem for this species to find food in the Black Sea, because Mytilus galloprovincialis Lamarck, 1819,
a mytilid bivalve, forms very large populations on the coast of this sea [Hancock, 1958]. M. galloprovin-
cialis 1s a species of high economic significance which is cultivated in countries bordering the Black Sea,
and it is important in terms of creating habitats for many hydrobionts [Zaitsev, Mamaev, 1997].

While the spread of A. rubens has been reported around Marmara and in the Bosporus system
for more than 20 years, it is detected for the first time in the current research area.

As a result, new studies are needed to understand the current state of A. rubens in the Black Sea
and its effects on the ecosystem. For the Black Sea, which responses quickly to changes in the ecosystem,
the existence and spread of the species is important. The spread of A. rubens to the shores of Karasu
and Sakarya in the Sea of Marmara, the Bosporus system, and the Western Black Sea has been reported
for more than two decades [Albayrak, 1996; Ceylan, Giil, 2021; Dalgi¢ et al., 2009; Karhan et al., 2007;
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Oztoprak et al., 2014; Yiice, Sadler, 2000], and it was detected for the first time on the shores of Sinop
in this study. As a result of this research, it has been proved that this species has spread to the Anatolian
coast of the Black Sea region.
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IIEPBASI HAXOJKA MOPCKOW 3BE3/IbI ASTERIAS RUBENS LINNAEUS, 1758
Y AHATOJIMMCKOTI'O IIOBEPEXKbS YEPHOI'O MOPS (TOPOJI CUHOII)

E. Aiigemup-Ynas!, 3. Bupunun-O3aemup?, C. O3aemup’

'Kacpenpa MHKeHepHOI 3aIUThI OKPYKAIOMIEH Cpe/bl, MHKEHEPHO-aPXUTEKTYPHBINA (haKyJIbTeT
Cunorickoro yauBepcutera, Cunomn, Typiust
2Ka(benpa MOPCKO# Orosioruu, akyjbreT peidosioBcTBa CuHOIICKOro yHUBepcuTeTa, CuHomn, Typius
3Kacbenpa TeXHOIOrMM PHIOOIOBCTBA, (haKyIbTeT pridosoBcTBa CHHONCKOrO yHIBepcuTeTa, Cunor, Typrus
E-mail: eylemaydemir@sinop.edu.tr

ATnaHTHYecKast MOpcKasi 3Be3zia Asterias rubens BriepBble 0OOHapYKeHa Y AHATOJIMICKOTO MOOEPEKbs
Yeépuoro mops (ropoa Cunomn). B 1996 r. aToT Bu-BeesieHel Obul HaiifeH B nposviee Bocdop (Mpa-
mMopHoe mope). B 2009 r. Mopckast 3Be31a 3apeructpupoBada y OeperoB Kapacy u Cakapbsi B 3a-
nagHoi yactu Y€pHoro mops. Ocobp A. rubens (mmamerp — 8 cm; ceipoit Bec — 12,97 1) mou-
MaHa 12 ¢espansg 2022 r. JOHHBIM TPaJOM Ha TECUYAHO-WIMCTOM JIHEe Ha riryouHe 85,5 M y AHa-
ToNmMiicKoro nodepeskbss YEPHOro Mopsi. DTO CBUAETENBCTBYET O AalbHEHIEM pacllMpeHu apeaia

MOPCKOI1 3Be3/1bl B MODE.

KuaroueBrble cjioBa: MopcKasi 3Be311a, Asterias rubens, Bunbl-BceneHIpbl, YépHoe mope, Typius
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HAPYIIIEHUE KOOP/IUHAIIAN IBUKEHUN
HOILUNGIA HONGKONGENSIS (PLACOZOA)
B IIPUCYTCTBUU UOHOB Zn?*
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®I'BYH PUILL «MucTuTyT GHoNoruu 10xkHbX Mopeii uvMenn A. O. Koanesckoro PAH»,
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Mocrynuna B pepakimio 24.05.2021;  nocne nopadotku 26.06.2023;
npuHaATa K myoskaium 04.08.2023;  ony6smkoBaHa onnaid 21.09.2023.

Hoilungia hongkongensis npuHaIexuT K TUIy IuactuHvatele (Placozoa) — npocreilinum MHOToKJIe-
TOYHBIM OpPTraHW3MaM C JUHAMWYECKVM IJIAHOM CTpOeHUs Tena. B monnepxaHuy 1eJIOCTHOCTH 3TUX
JKMBOTHBIX Ba)KHYIO POJIb UTPAIOT UOHBI KabIWs. B HacTosimel paboTe KCIIepUMEHTAIbHO U3YYeHO
BJIMSIHUE MOHOB IIMHKA Ha B3auMOJENCTBUE KiIeToK H. hongkongensis. Ilpu yBenuueHUN KOHIIEHTpa-
1uu WoHOB Zn2* Ha 20-25 MkM HapyIIaeTcst COrIACOBAHHOCTh aMEOOUHOTO JIBUKEHUSI, YTO IPUBO-
JIMT K 00pa30BaHUIO0 «BETBUCTHIX» (DOPM KUBOTHOTO. JIOKOMOTOPHBIE PECHUTYATBIE KJIETKH JBUIAIOT-
Cs XaOTUYHO W HE3aBHUCUMO JPYT OT APyra. DKCIepUMEHTH TIOKa3aJIi, YTO KOHTAKTHOE B3aUMOJIEH-
cTBUE KJIeTOK H. hongkongensis BaXXHO JJIsi CKOOPAWHUPOBAHHBIX BIKEHUI OpraHMU3Ma, B TO BpeMsi
KaK MOHBI IITHKA MOTYT KOHKYPUPOBATh C MOHAMU KNIV, HApyIasi peryJIsuIo U pa3pylias CBsI3b
MeXKIy KJIETKaMU.

KiroueBLle cJ0Ba: IUIACTUHYATHIE, JIOKOMOLMS, MOHBI KAJIBLVA U [IMHKA

B03MOXHO, YTO MUKPOJIEMEHTHI CHIFPATA BaXHYIO POJib KaK KaTaTU3aTOPhI 3apOKICHUS KU3HU
Ha 3emie. I3MeHeHue cocTaBa MUKPOIJIEMEHTOB B OK€aHaX B T€UEHHUE re0JIOrMUYeCcKOro BpeMeHH Mo3-
BOJISIET MPEJINOJIaraTh, KAK UX JOCTYITHOCTh B MOPCKOH Cpejie BIIUsJIa Ha paHHHE STAITbl OMOJIOTMIeCKOM
sposoniuu [Dupont et al., 2006]. Tak, n36sTok Fe, Co u Cu B apxelcKo# 3pe crocoOCTBOBAJT UX M-
POKOMY UCIIOJIb30BAHUIO MPOKapuoTamMu. B naneonporepo3oe-Me30mpoTepo30€e MPOUCXOUIIO YBEINYe-
Hue cofepxkanust Mo B okeane u 3ameTHoe cHikeHue Fe, Co u Cu, 4To cmioco6cTBOBAJIO MOSIBJICHUIO AJThb-
TepHATUBHBIX MTyTel MeTa00IM3Ma M BOSHUKHOBEHUIO 9yKaproT. O0Iee yBeTnueHre KOHIIEHTPAIUHY Ta-
KHX 3JIeMeHTOB, Kak Mo, Zn, Ni u Cu, B HeornpoTepo30e ¥ KeMOPUH ObUIO OJIarONmpUsITHBIM IS YCIIOK-
HeHMs 1 quBepcuduKanmy qpesHeit onotel [Robbins et al., 2016]. BrickazaHo MHEHHeE, YTO MOSIBJICHUE
TEePBbIX MIACTUHYATBLIX OPrAaHU3MOB CBA3aHO C OTHOILIEHHEM KOHIEHTpaluii oo Mg?* u Ca®* B apa-
TOHUTOBOM OKE€aHE B 3MAKapPCKUI WM KpuoreHHbl nepuois! [Erwin, 2015; Mayorova et al., 2018].

lonkonrckasi xownyurusi Hoilungia hongkongensis Eitel, Schierwater & Worheide, 2018 (ran-
gorun H13), kak u tpuxomnakc Trichoplax adhaerens Schulze, 1883 (rarmotun H1), sBnsercs
MPOCTENIIIMM MHOTOKJIETOUHBIM OPTraHU3MOM, HMMEIOUIMM pasMep A0 1-2 MM, U COCTOUT HpUMEp-
HO 13 50 ThIC. KJIETOK, KOTOpblE 00pa3yloT TPEXCIONHYI0 MiacTuHKy [Smith et al., 2014]. IBuxe-
HHUE XUBOTHOTO OCYIIECTBIISIETCS 32 CUET OMEHUs PeCHUYEK BEHTPATbHOTO MUTEUS U COKPAICHUS
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macTuHKd [Armon et al., 2018]. Cuuraercsi, 4TO UEJIOCTHOCTh OpraHu3Ma MOJAEePKUBAETCS
3a cuér Ca’*-MOCTUKOB, TaK KaK TPUXOIUIAKC pa3pyllaeTcs NoJ AeiCTBUEM XeIaTUPYIOLIUX areHToB,
KOTOPBIE CBA3BIBAIOT MOHBI Kayblus [Ruthmann, Terwelp, 1979].

W3BecTHO, YTO MOHBI METAJUIOB KOHKYPUPYIOT 32 MeCTa CBSI3bIBAHUS C OEJIKAMU COTJIACHO DSy
YCTOWUMBOCTH KoMILIekcoB MpuHra — Busbamca, Mg?t/Ca** < Mn?* < Fe?* < Co** < Ni** <
Cu’* ~Zn** [Rosenzweig, 2002], a nousl Zn’* 3amemaior nonsl Ca’* nipu agcop6umn [Zachara et al.,
1988]. B npeapinymem uccrnegoanuu nokasado [Kuznetsov et al., 2021], 4to MoHbI Zn*, KaK ¥ uo-
upl Ca?*, pacnionaraiorcsi B crieli(pMUeCKUX CAlTaX CBA3BIBAHMS MOJIEKYJ KJIETOUHOH ajre3uy Kaj-
TePUHOB U, TAKUM 00pa3oM, pa3pyIialoT KajablIMeBble MOCTUKH, YTO MPUBOAUT K JUCCOIMAIIAN Teja
TPUXOILIAKCA HA OTJEJbHbIE KJIETKU. B JaHHOW cTaThe aKIIEHT CIeJiaH Ha PACCMOTPEHUM HApYIIeHUs
B3aMMO/ICHICTBUSI MEKAY KJIETKAMH XOWIYHI'MH TIO]T ISUCTBUEM MOHOB ITMHKA.

Llenms pabGoThl — u3yunTh Mopdosorndeckue u3MeHenuss Hoilungia  hongkongensis
TIpy BO3/IeiCTBIM HOHOB Zn>*.

MATEPUAJI 1 METOIbI

H. hongkongensis KyJbTUBUPOBAIM B CTEKJISHHBIX vamkax Ilerpu auamerpom 90 MM Ha Ma-
TaxX OJHOKJIETOYHOU 3eséHoi MuKkpoBojaopociu Tetraselmis marina (Cienkowski) R. E. Norris, Hori
& Chihara, 1980. Yamku Haxonwinch B TepMocTate npu teMneparype +25 °C. JKMBOTHBIX nepecen-
BaJIM Ha CBEXXUI MaT KakJble TPU HEAEIIM, a UCKYCCTBEHHYIO MOPCKYIo Boy (artificial seawater, ASW)
¢ coléHOCThI0 35 %0 MeHsu oauH pa3 B Hedenmo [KysnenoB u ap., 2022; Kuznetsov et al., 2021].
Jlnst Kaxporo ombiTa otOupami He Menee 20 ocoOell XOWayHruu. B cepum u3 TpEX IKCIIEPUMEHTOB
ucrosib3oBaHo Oosee 500 xuBOTHBIX. 3a 30-45 MMH [0 Havana OMbITA XOWJIYHIHMI TepecakhBaju
B IulacTuKoBble vamky Iletpu ¢ ASW 6e3 Bogopocneit mist agantanun. K oco0sM, KOTOpble Haxo-
auuck B 50 M1 ASW, noGasnsimm pactBop ZnCl, Tak, yToObl KOHEYHasi KOHLIEHTPALUsl HOHOB Zn*t
yBeanumiach Ha 10-25 MKM, ¥ U3y4anu MOJONBITHBIX )KMBOTHBIX B TEYEHUE Pa3HBIX ITPOMEXKYTKOB
Bpemenu: 15 u 30 mun; 1, 2, 4 u 24 4. VccnenoBanusi MpOBOIWINA TIOJl CBETOBBIMUA MUKPOCKOIIA-
mu Zeiss Stemi 305 (I'epmanusi) u Nikon Eclipse Ts2R (SInonwusi), o6opymoBaHHBIMU TG POBHIMU
Kamepamu, ipu yBeaudeHuu ot x40 go x400.

PE3VIJIbTATHBI 1 OBCYKJIEHNE

WuKyOanvs XOWTyHruil B Tedenue 2 9 nocie nqooasnenust 15-25 MkM roHOB Zn** BrI3bIBANIA W3-
MEHEHHUE CTPYKTYpPbI U (POPMBI TUIACTUHKH, YTO MPOSIBIISUIOCHh B €€ YTONIIEHUH, a TAKKE B TOSIBJICHUU
y OTEJIBHBIX 0COOel MHOXKECTBEHHBIX OTPOCTKOB, HAIIOMHMHAIOIIHX IIyTaibiia. OTPOCTKY He JBUTAJTHCH,
B TO BpeMsI KaK TeJI0 OpraHu3Ma fepeMelnanoch Brepés. JKMBOTHbIE COXPAHSIIU BUXPEBbIE JBIKEHUS
IPYII KJIETOK B LIEHTPE IJIACTUHKY U ObLTN CIIOCOOHBI MEPEMEIIAThCS MOCTYMATETbHO.

JHanpHeilias KCIO3ULIMs XOMIYHITUI B T€YEHHUE CYTOK C JOMOJIHUTENbHBIMU 15 MKM HOHOB Zn*t
B ASW BbI3bIBajIa YBEJIMYEHUE JOJU KHUBOTHBIX C «BETBUCTOU» CTPYKTypoil (68,1 %) unm uyactuu-
HO pa3pylIeHHBIX OpPraHu3MoB (2,8 %), MPUYEM YacTh pa3pyIIAIIUXCS 0COOer MPOJOIKAIN IBH-
raThCsl XaOTUYHO M HE3aBUCHMO JIPYT OT Jpyra 3a CU€T OMEeHUsI PECHUYEK KJIETOK BEHTPAIBHOTO SIH-
temusi (puc. 16, r). Jlo6aBnenue 25 MKM HMOHOB IIMHKA MPUBOIWIO K TIpagyaibLHOMY POCTY JOJIU
«BETBUCTBIX» U Pa3pyLIEHHBIX KUBOTHbIX 10 77,1 1 16,3 % cooTBeTcTBEHHO (puC. 2).

M3BecTHBl Takve MeXaHU3Mbl TOKCMYHOCTU LIMHKA, KaK BHITECHEHUE MEAU U3 BHYTPUKJIETOUYHBIX
oenkoB [Plum et al., 2010], renepanus cynepokcuaa [Ninsontia et al., 2016] u cBsI3bIBaHHE C THO-
noeiMu Tpynmamu [Gazaryan et al., 2002]. Monsl Zn?* cnocoGHB B3aMMOJIEIiCTBOBATh C CaiiTa-
MH CBsi3biBaHMsT MoHOB CaZt Ha KaarepuHe u kainbmonyiuHe [Kuznetsov et al., 2021]. Ormerum,
YTO TPY MOCJIE0BATEILHOM YBEIMUEHNH KOHLEHTPAMHA MOHOB Zn>*, KOTOphle MOIYT 3aMellaTh HO-
Hel Ca®*, 1018 «BETBUCTHIX» M Pa3pyLIAIONINXCA KUBOTHBIX POCIA MPOMOPLUOHAILHO. OMUCaHHbIE
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MopoJornyeckrie U3MeHeH 1, BEPOSITHO, BO3HUKAIOT U3-3a MePBOHAYAILHOTO HAPYILIEHUS Niepeiaunt
CUTHAJIOB MeX [y oTaebHbIMU KieTkamu [Jékely, 2021; Senatore et al., 2017; Varoqueaux et al., 2018]
Y MOCJIEAYIOUIETO pa3pylleHUs] HETIOCPEACTBEHHBIX (PU3NYECKUX KOHTAKTOB Mex 1y HUMH [Ruthmann,
Terwelp, 1979], Tak kKak MOHBI Ca?*, MIOMUMO KJIETOUHOI are3un, YUYacCTBYIOT B POBEACHUN CUTHAJIOB
BHYTpb KJieTku [Berridge et al., 2003].

Puc. 1. Mopdonornueckue usmenenust Hoilungia hongkongensis nocie HKyOaIyiv B Te4eHUE CYyTOK B MTPU-
CYTCTBHMU MOHOB IIMHKA: 8, B— KOHTPOJIb Oe3 peareHToB; 0, r — 20 MkM Zn?*. Vemuenue: a, 6 — 400 pas;
B, I — 40 pa3

Fig. 1. Hoilungia hongkongensis morphological changes following a day of incubation with zinc ions:
a, B, control without reagents; 6, r, 20 uM Zn?*. Magnification: a, 6, 400 times; B, T, 40 times
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Puc. 2. KonuyecTBeHHbId aHaIM3 aHOMAJIMii, BO3HMKIIMX B pe3yibTare WHKyOamwm Hoilungia
hongkongensis B Te4eHHe CYTOK C I00aBJIEHUEM pa3HbIX KOHIIEHTPAIMA HOHOB IIMHKA. VIHTaKTHBIE OCOOM —
OeNblil 1BET; «BETBHUCTbIE» — CEPBId; HENOBUKHBIE, TIOBPEKIEHHBIE WJIA TOJHOCTHIO pa3pylleHHbIE
0co0M — YEpHBII. B OIbITE UCTIONB30BaHO 245 KUBOTHBIX

Fig. 2. Quantitative examination of abnormalities that occurred when Hoilungia hongkongensis was in-
cubated with zinc ions at various doses for a day. Intact individuals are shown in white color; “branched”
individuals are shown in gray; motionless, damaged, or completely destroyed individuals are shown in black.
There were 245 animals used in the experiment
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OOpatiM BHMMaHME Ha TOKCHMYHOCTh IIMHKA [UIS TPECHOBOOHOW Tyokum Ephydatia
Sfluviatilis (Linnaeus, 1759) B koHueHTpauuu, npesbinawomenn 0,1 MM [John, Harrison, 1988],
YTO CPaBHUMO C JIAaHHBIMU HAIIUX dKCIepuMEHTOB Ha Placozoa, a Takke ¢ JaHHBIMU JJis1 IByX BHUJIOB
runp, Hydra vulgaris Pallas, 1766 u Hydra viridissima Pallas, 1766, y kotopbix 96-4acoBbie 3Haue-
nus JI/ls, cocrasnsior npumepHo 35 u 14 MM cootsercteenHo [Holdway et al., 2001]. IToka3aHo,
4yTO y akTuHUM Nematostella vectensis Stephenson, 1935 yxe yepe3 yac nocie Bo3nencrsus MoHoB Hg,
Cu, Cd u Zn npoucxoaut akTuBauusl reHoB (paktopoB paHHed TpaHckpurnuuu Egrl, AP1 u NF-xB
C MOCJEAYIOUIEN SKCIPECCHer F'eHOB CTPECCOBOrO OTBeTa, BKJIovass Hsp, ABC u CYP [Elran et al.,
2014], 9yTO MOXKET KOMIIEHCUPOBATb TOKCUUECKUI 3(PPEeKT MOHOB TAKENBIX MeTaIOB. ¥ Trichoplax
sp. H2, rerom kotoporo gocratoyHo xopouo aHHotupoBaH [Kamm et al.,, 2018], nmpucyrtcTBy-
1ot oprosioru Egrl (RDD41957.1), NF-xB (RDD44621.1) u Hsp (RDD46759.1). Bo3MoxHoO,
uto u 'y H. hongkongensis cylmecTByIOT OJJOOHBIE 3aIIIUTHBIE CUCTEMBI.

Takum 06pas3oM, KCIIEPUMEHTAILHOE BO3/IEHCTBIE MOHAMHU Zn>" MPUBOAUT K PACCOITIACOBAHUIO
améOouHoro OBrkeHus y H. hongkongensis, BbIpaxalonieMycs B MOSIBJIEHUM HEYNPaBJIseMbIX «IIlyIa-
JIe1l», 9TO COMJIACYEeTCsl C pe3ysibTaTaMu SKcriepuMeHToB Ha Trichoplax sp. H2 [Kuznetsov et al., 2021].
OtnenbHbIe 00J1aCTH IUTACTUHKY XOWTYHIMU HAYMHAIOT IBUTAThCsT O€3 KOOPIUHAINH, HE3ABUCHMO JPYT
ot apyra. [To3mHée Teno KUBOTHOTO JUCCOIMUPYET Ha OTIENIbHbIE KJIETKH, YTO MOXKET ObITh pe3yJIbTa-
TOM BMeLIaTeIbCTBA HOHOB Zn”* B peryJisammio nonamu Ca>* 1ByX (hyHIaMeHTaIbHBIX IPOLIECCOB, TAKUX
KaK KOOpAMHALMA COBMECTHOIO (DyHKIIMOHMPOBAHUS KJIETOK U MOJJEPKAHUE LIEJTOCTHON CTPYKTYPBI
TeJla KUBOTHOTO.

Paboma evinonnena ¢ pamxax zocyoapcmeernozo zadanuss PHUL] UnBIOM no meme «Hccaedosanue mexa-
HU3MO8 YnpaeneHust NPOoOYKUUOHHbIMU RPOUECCaMU 8 DUOMEXHON0ZUMECKUX KOMNAEKCAX C Ueavio paspadomxu
HAYUHBIX OCHO6 NOAYUEHUA OUON02UMECKU AKMUBHBIX sgeuecme U mexHuUeCcKux npodyrcmoe MOPCKO20 2eHe3uca»

(Ne zoc. pezucmpayuu 121030300149-0).

BaaromapHocTb. ABTOpHI G1aroaapar mpogeccopa A. V. MrambGep/neBa 3a lieHHbIe PEKOMEHIAINN TP BbI-
nojiHeHun padothl, 10. C. Basauauny, A. B. ITupkosy, 3. C. Yenebuery, O. B. Kpusenko, C. B. Karnpanosa
u B. 1. Ps0y1iiko — 3a MoJie3Hble COBETHI MPH MOJTOTOBKE PYKOIHUCH.
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DISCOORDINATION

OF HOILUNGIA HONGKONGENSIS (PLACOZOA) MOVEMENTS
IN THE PRESENCE OF Zn?* IONS

A. V. Kuznetsov and N. 1. Bobko

A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: kuznet6 1 @gmail.com

Placozoa are the simplest multicellular organisms with a dynamic body plan. Calcium ions play a sig-
nificant role in maintaining the integrity of these animals. We studied the effect of zinc ions on the in-
teraction of Hoilungia hongkongensis cells. The coordination of amoeboid movement was disrupted
by the addition of 20-25 uM Zn*" ions, which led to the formation of “branched” forms of animals.
Locomotor ciliated cells moved without coordination and independently of each other. Experimen-
tal research showed that the contact interaction of H. hongkongensis cells is important for coordinated
movements of the organism, whereas zinc ions can compete with calcium ions, disrupting the regulation
and destroying the connection between cells.

Keywords: Placozoa, locomotion, calcium and zinc ions
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st bropsl TeppUTOPUATBHO-aKBAJIBHOTO 3anoBeiHIKa «Mpic MapThsn», pacnonoxeHHoro Ha HOx-
HoM Gepery Kppima (FOBK), mo matepuanam 2020 u 2023 1. yKa3aHbl TPH HOBBIX BUa MOPCKHX MaK-
poBogopocneil: Punctaria latifolia Grev., Compsothamnion gracillimum De Toni u Dasya hutchinsiae
Harv. (nocneanumii — BrniepBble i TuapoOoTaHnuyeckoro paiioHa Uépuoro mopsi «HOBK»). Crm-
COK Makpo(uTOB 3aloBejIHUKA Terepb BKIYaeT 163 Buaa, wiu okoyio 37 % oOiiero Kojam4yecTsa,
usBecTHoro Juist YépHoro mopsi. TlosrydeHHble pe3ysibTaThl PACIMPSIOT MPEACTABICHUsI 00 YpOBHE
pUpPOJHOTro (PUTOPa3HOOOPA3Ks 3aI0BEAHUKA, THIPOOOTAHNIECKOTO paiioHa 1 PETMOHA B LIEJIOM.

KaroueBbie ciioBa: MakpoputobeHToc, (PIopUCTUYECKHe HAXOIKH, 3aTIOBeJHUK «MbIc MapThsH»,
YepHoe mope

Oco0o oxpaHsiemass npupoiHass teppuropus (ganee — OOIIT) «Mbic MapTesiH» pacnonoxkeHa
Ha IOxxHoM Gepery Kpeima (FOBK), ombiBaeMOoM BosiaMu, KOTOPbIE OTHOCSITCS K OTHOMMEHHOMY THUAPO-
6otaHnyeckoMy paitony (manee — I'bP) Uépnoro mops [Kanyruna-I'ytauk, 1975]. 3aech ¢ MomeHTa
co3nanus (¢ 1973 r. Kak rocyJapCTBEHHBIN 3allOBEJHMK, HbIHE B CTAaTyCe MPUPOAHOIO Mapka) Mpo-
BOJUTCSI THAPOOOTAHUYECKUIT MOHHTOPHHT, 1IeJIb KOTOPOrO — YTOYHEHHE TMPEJCTaBJICHU O cOoCTa-
BE U CTPYKType MakpodurodeHToca tepputopuasibHo-akBaibHOM OOIIT B CBSA3M ¢ onTUMU3aLUen
IPUPOJIOTIOJIb30BaHUs B TPAHULIAX 3allOBE/IHBIX U peKpeallnoHHbIX yyacTkoB FOBK.

[TpoGs1 MakpoduToOeHTOCa OTOMPAITH B10JIb ABYX Ipoduiieil B uHTepBasie riyouH (h) 0—8 m Ha pac-
crostaum (1) mo 200 M ot Gepera — y Mbica Maptbsia (26.02.2020; 44°30°20.3”N, 34°14’40.4”E)
u y mbica Montenop (22.06.2023; 44°3014.7”N, 34°13’59.0"E) — B Xo0Je caMOCTOSITEJIbHBIX I10-
IPYXKEHUI 10 OOIIeNpUHATON TUaApodoTaHrYeckor Metoquke [Kamyruna-I'ytauk, 1975]. HomeHka-
Typa, TAKCOHOMHUsI M oOIllee pacrnpocTpaHeHre MakpoduroB aaHbl o [AlgaeBase, 2020], skooro-
(popuctryeckue xapakrepuctuku — 1o [Kanyruna-I'ytHuk, 1975]. B mpoGax BbIsIBI€HbI pErMOHATIBHO
pelKue BUIBI MAaKpPOBOJOPOCIEH, paHee AJis (pIopsl 3aNI0BEHMKA HE YKa3aHHBIE.

Punctaria latifolia Greville, 1830 — nynkrapusi mmpokonuctHas (Ectocarpales Bessey, 1907,
Acinetosporaceae G. Hamel ex J. Feldmann, 1937). B CBJI' y meica MaptesiH; h = 3 wm;
1 = 60...70 m. DmudurHo Ha Tauiomax mnpenacraButenend Cystoseira s. 1. C3, IIb, OC, MP.

"CBJI — cy6mutopanb; C3 — cesonnbiii 3umanit, Ol — ognonetnuit, CJI — ce30HHbIA eTHUiA; 116 — mmpoko-
6opeanbubiii, Hb — HmkHeOopeanbHbiii; OC — osmrocanpo6usiii, MC — wMe3ocanpoOHblii; MP — Mopcko#,
CM — C0/10HOBaTOBOJJHO-MOPCKOM.
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Ooriee pacripocTpaHeHue: Oepera ATIaHTHYECKOTO OKeaHa, B TOM YKCIIe CyOToJIsIpHbIe PAaHOHbBI U OCT-
poBd; Mopsi CpenuzeMHOMOpCKOro OacceitHa u banTtuiickoe Mope; ceBepHas W [0KHas 4acTu Tuxo-
ro okeaHa. ¥ OeperoB Kpeima BcTpedaercsi oTHocutebHO penko (7 nokamuretoB B 'BP Ne 3, 6-8),
B HeOosbioM KoymvectBe [EBcTurneea, Tankosckas, 2010, 2015, 2018; Escturaeesa u ap., 2015;
Kocrenko u np., 2004; Muponosa, [Tankeesa, 2021 ].

Compsothamnion gracillimum De Toni, 1903 — komncotamHuoH wussiiHenmmil (Ceramiales
Nigeli, 1847, Wrangeliaceae J. Agardh, 1851). B CbJI y mbica Maptesan; h = 8 m; 1 = 200 M. Dnm-
(utHO Ha nucThsxX Zostera noltei Hornemann, 1832. OI1, Hb, MC, CM. Obiee pacnpocTpaHeHue:
Oeperd ArmanTuueckoro okeana ot CkaHAMHABUM 1O Mapokko, B TOM uucie octpoBd; Mopsi Cpenu-
3eMHOMOpCKoro OacceiiHa u Banruiickoe mope. ¥V 6eperoB Kpeima BcTpeuaercst peko (3 JokanureTa
B 'BP Ne 6-7), B HeGoubiiom kosmmuectBe [Kanyruna-I'yrauk, 1975; Kocrenko u ap., 2004].

Dasya hutchinsiae Harvey, 1833 — na3usa Xarumnca (Ceramiales Nigeli, 1847, Delesseriaceae
Bory, 1828). B CBJI y mbica MonTtenop; h = 4,5 m; 1 = 30 M. DmudutHo Ha tannomax Cladostephus
hirsutus (Linnaeus) Boudouresque & M. Perret-Boudouresque ex Heesch et al., 2020 u Cystoseira s. 1.
CJI, HB, OC, MP. Oo6ee pacrpoctpaHeHue: Oeperd ATIaHTHUYECKOTO OKeaHa, B TOM YHUCJE OCT-
poBd; mopsi CpennzeMHOMOpcKoro dacceiiHa. Y OeperoB KpbeiMa BcTpevaetcs peako (3 JokanureTa
B I'BP Ne 3, 6-7), B HeOosnbiioM KosiuuectBe [EBcturneeBa, Tankosckas, 2010; Kanyruna-I'yTHUK,
1975]; pna I'BP «}OBK» ykazan Briepsble.

B pesynabrate Quopa mMopckux makpopuroB OOIIT «Mbic MapThsiH» HbIHE HacCUMTHIBAET
163 Buma, 4To cocraBisieT OKoJo 37 % oT o0Iero KoJIu4yecTBa, W3BECTHOro st YEpHOro Mo-
ps [Minicheva et al., 2014]. [ToysiyueHHbIEe TaHHBIE PACIIUPSIOT MTPEICTABICHHUS 00 YPOBHE TPUPOJHOTO
¢duropaznoodpazust OOIIT, 'BP «IOBK» u pernoHa B mejiom.

Paboma evinoanena 6 pamxax zocyoapcmeennoeo 3adanus PIBYH HBC-HHI] Ne 1023042800079-0-
1.6.11;1.5.8.
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FLORISTIC FINDS
IN THE COASTAL MARINE WATER AREA
OF THE NATURE RESERVE “CAPE MARTYAN” (CRIMEA, BLACK SEA)

S. Ye. Sadogurskiy, T. V. Belich, and S. A. Sadogurskaya

Nikitsky Botanical Gardens — National Scientific Center of RAS, Yalta, Russian Federation
E-mail: ssadogurskij@yandex.ru

Based on the samples of 2020 and 2023, three new species of marine macroalgae are indicated
for the flora of the territorial-aquatic nature reserve “Cape Martyan,” located on the Southern Coast
of Crimea (SCC): Punctaria latifolia Grev., Compsothamnion gracillimum De Toni, and Dasya hutchin-
siae Harv. (the last one is recorded for the Black Sea hydrobotanical area “SCC” for the first time).
The list of macrophytes of the reserve now includes 163 species, or 37% of the total number of taxa
known for the Black Sea. The obtained results expand the understanding of the level of natural
phytodiversity of the reserve, hydrobotanical area, and the region as a whole.

Keywords: macrophytobenthos, floristic finds, nature reserve “Cape Martyan”, Black Sea
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XPOHUKA H HHPOPMALIUA

INAMATHN AJIEKCAH/IPA BUKTOPOBHUYA TPAIIESHUKOBA
(29.01.1951 - 29.06.2023)

29 wona 2023 r. ymeén u3 xu3Hu Asekcangp Bukro-
poBuY Tpane3HUKOB — BBIAAIOIIMUIICS PaJMO3KOJIOT, MPO-
eccop, TOKTOp OUOTOTUYECKUX HAYK, 3aBEOyIOIINI OT/e-
JIOM KOHTMHEHTaJIbHOM pajuoakosoruu Mueruryra sKoo-
MU PACTeHUN U KUBOTHBIX Ypaibckoro otaenenus PAH
U PYKOBOAUTENb BUOGU3NYECKON CTaHIIMU B TOpoOjie
3apeunom (CBepaioBcKast 001acTh).

Pomuncs A. B. Tpanesnukos 29 siuBapst 1951 r. B ropo-
ne [lepmu. B 1973 r. okoHUMII GUOTOTUYECKUA (DaKyIbTET
[lepmckoro rocynapcrseHHoro ynusepcurera. C 1974 r.
padoran Ha Bruodusndeckont cranim UOPuX YpO PAH,
a ¢ 1993 r. 6bi1 3aBeayoOmUM 3T0M cranuueir. B 1990 r.
3alIUTA KaHOUJATCKYI0 Juccepranuio Ha temy «Haxor-
nenue, pacnpenenenue u murpanua °Co B koMoHeHTax
MPECHOBOJIHOM 3KOcHCTeMBI», B 2001 T. — TOKTOPCKYIO
JUCCepTalvI0 Ha TeMy «Palnoskonorusi mpecHOBOJHbBIX
9KOCHCTEM (Ha mpumepe YpajibCKOro peruoHa)». OCHOBHbI-
MU HalpaBJIEHUSIMU HAyYHOW AEATEIbHOCTH AJIEKCaHapa
BukrtopoBuya, kotopoii oH noceatui S0 jier, ObUTH: paguo-
9KOJIOTHS TIPECHOBOJHBIX IKOCHCTEM, MOABEPKEHHBIX BO3JEUCTBUIO MPENNPUITUN SASPHOTO TOTLIMB-
HOro 1uMKJa; uccienopanue murpamuu “H, °Co, %°Sr, 137Cs u 23240Py p peunsix 1 038pHBIX KO-
cUCTeMax U BOJOXPaHWIMIIAX; TOCTPOSHNUE MOIeJIel MUTPALIU TEXHOTEHHbBIX PaJIMOHYKJIMAOB B KPYII-
HBIX PEUHBIX dKOcUcTeMax. Ero Tpyasl umeior 6osbinoe (hyHAAMEHTaIbHOE U MPUKJIAJHOE 3HAUECHHE
i panuoskosiornd. Haydnasi, opraHu3allMoHHasi U IIPOCBETUTENIbCKAS IEATENIBHOCTh AJIeKCaHIpa
BukropoBrya cienana otaen KOHTHHeHTanbHOU panunodkosornu UIPuX YpO PAH B ropone Ekare-
puHOypre 1 Brou3ndeckyio CTaHIMIO B TOPOie 3apeyHOM MPU3HAHHBIM MEXyHapOIHBIM HayUYHBIM
PaIUOIKOIOTMYECKUM LIEHTPOM.

A. B. Tpane3nukoB omnyOnukoBan Oonee 460 HayyHbIX paOoT, B ToM uucie 14 MoHorpadwui,
10 marenroB. Cpeau ero TpyfoB ciaeqyeT OTMETUTh (pyHIaMeHTaslbHble MOHorpaguu — «IIpecHo-
BoAHAs paaunodkoJiorus» (2012) u «PaanosKoJoruyeckuii MOHUTOPUHT TTPECHOBOJHBIX IKOCUCTEM»
B Tpéx Tomax (2014, 2016 u 2018).

Anexcannp Buktoposud 0611 wieHoM O00po Hayuroro coBeta PAH 1o paguotuosnoruu. Emy 6b10
MIPUCBOEHO 3BaHMe «3aciykeHHbli akosor PO». OH HarpaxaéH npemusmu umenu H. B. Tumodeea-
Pecosckoro YpO PAH u I Mexk/yHapoJHOTO KOHKYypCca Hay4HbIX paOOT B 00JIACTH PaJu03KOJIOTHU
umenu B. M. KieukoBckoro, a Takxe Meaaiisio uMenu akagemuka E. H. Aspopuna YpO PAH.
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B Teuenue mHorux siet A. B. Tpane3HukoB BXOAWJI B COCTaB PEAAKIMOHHON KOJUIernuu «Mopckoro
OUOJIOTMYECKOT0 JKypHAIa».

Otaen paguanyoHHod u xumudeckor Ouonoru OUIL MHBIOM ycnemHo U Miog0TBOPHO CO-
TPYAHUAYAII C OTAEJIOM KOHTUHEHTAIbHOU PaIMO9KOJIOTMH TIOJ] pyKOBOACTBOM AJjiekcaHipa Bukroposu-
va. Bpui poBeieHbl COBMECTHBIE HAYYHO-HCCIIeIOBAaTeIbCKUEe paboThl B paMKax npoekta MATATD
u rpanTa PO®U, opraHn3oBaHbl CTaXKUPOBKU MOJIOJBIX YUEHBIX. Pe3yibTaThl 3TUX HUCCIEOBAaHUM J10-
JIOXKEHBI Ha MEKAYHAPOAHBIX KOH(EPEHIUAX U CEMUHAPAX U OTPAKEHbI B KOJJIEKTUBHBIX HAyYHBIX ITyO-
mukauusax. Komeru 3anomannm A. B. Tpane3HruKoBa He TOJIbKO KaK 3aMe4aTeIbHOTO yUYEHOrO, TalaHT-
JIMBOTO OPraHU3aToOpa U PYKOBOJUTEJIS, HO U KaK JOOPOro, AYIIEBHOTO, OT3HIBYMBOTO M BHUMATEILHOTO
YeJIOBEKa, TPEKPACHOTO CEMbSIHUHA.

Corpynauku OPXDB 11y0oKO CKOpOSIT M BBIpAXAOT UCKPEHHUE COOOJIE3HOBAHMS U TOIJIEPKKY
KoJuteram u O;1m3kuM Astekcanipa Buktopouya Tpare3HukoBa.

Compyonuxu OPX5 ®UL] HnBIOM

IN MEMORIAM: ALEXANDER TRAPEZNIKOV
(29.01.1951 - 29.06.2023)

On 29 June, 2023, the outstanding radioecologist Alexander Trapeznikov passed away — D. Sc., Pro-
fessor, and winner of the medal named after academician E. N. Avrorin of the Ural Branch of the Rus-
sian Academy of Sciences. A. Trapeznikov became the author of more than 460 scientific publications,
including a 3-volume fundamental monograph Radioecological Monitoring of Freshwater Ecosystems.

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 3
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