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Pa3paboraHHBIl HaMU paHee MOAXOM IUISl OMMMCAaHUS 1ieTiell COMPSIKEHHBIX (hepMEHTATUBHBIX peakiIuit
npoiecca hOTOCMHTE3a BIIEPBbIE MO3BOJIMI MPEMIOXKUTh CTPOTYI0 MaTEMAaTUUYECKYI0 MOENb HEeTPsSIMO-
YTOJIbHOM TUIEPOOJIbI, KOTOPAasi OMMCHIBAET 3aBUCUMOCTb CKOPOCTH (hOTOCUHTE3a OT UHTEHCUBHOCTH CBE-
ta (/), xonuentpaunu CO, 1 B3aumMoneiicTBre 3TuX IBYX hakTopoB. DyHIaMEHTAIBHBIMYU TTapaMeTpamMu
3TOI MOZEJU SIBISIIOTCS CBETOBas ([) U yriekuciaoTtHas (Ck) cyOcTpaTHbIE KOHCTAHTBI, @ TAKXKE KPUBU3HA
runepo6oIIbl (Y), TapaMeTpsl CONPSLKeHUs (Fp U Fop) M MaKCUMaJibHast ckopocTh hoTocuHTesa (P™). [pen-
JIOXEHBI CrieMaIbHbIE CIPSIMIISTIONINE KOOPAWHATHI, B KOTOPBIX BCE CEMENCTBO IMIepOOI MMeeT BUI Mpsi-
Mol TuHuU. [1aBHBIE MTapaMeTpbl MOTYT OBITh HaitIeHbI TOJIBKO MPU MTOCTPOSHUH 3KCIIEPUMEHTATbHBIX JaH-
HBIX B CIIPSIMJISTIONIMX KoopAuHaTtax. [Ipennaraemast Moenb HEMPSIMOYTOJILHOM TUITEpOOJIbI TPUMEeHMA KakK
IIJIST oTTcaHMsI Tipoliecca (hOTOCMHTE3a Y MOPCKMX BOJIOPOCIIEi M BBICIIIMX PACTEHU, TaK U ISl TOTJIOLLIEHUST
BUTaMUHA B, BOIOPOCISIMH, U 3aBUCUMOCTH CKOPOCTH BBISTAHUS MUY 300TUITAHKTOHOM U PBIOOIA.

KnoueBble cioBa: B3auMoeiicTBue MHTeHCUBHOCTU cBeTa U CO,, KpMBU3HA HENPSIMOYTOJIbHOM TUnepoo-
JIbI, MOJIEJIb HETIPSIMOYTOJIbHOM I'MIIEPOOJIBbI, CBETOBAsI U YIJIEKUCIOTHAsI KpUBbIe (OTOCUHTE3A, CBETOBASI U
YIJIEKUCIIOTHAST [TIOCTOSTHHBIES
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BBEAEHME rae Pu P™ — TeKyluMii U MaKCUMaJIbHbII (DOTOCUH-
Te3, [ 1 [|  — THTEHCUBHOCTb CBETA U KOHCTAHTA 110~
JIYHACBIILIEHUS].

DTa MoIenb TakKXke HEYIOBJICTBOPUTEIBHO OITH-
chiBajia peajbHyl0 P—/ 3aBUCUMOCTb. B oTiimuue ot
mopenu Blackman, momens Baly Obuta “ciaminmkom
MJaBHOM”, IO CpaBHEHUIO C SKCIIEPUMEHTATbHBIMU
KpuBbIMU. CTaJI0O OYeBUAHBLIM, YTO pealbHbIE CBETO-
Bble KpUBHEIe (DOTOCHMHTE3a HAXOISITCS MEXIY JIoMa-

Hoii Blackman u npsiMmoyroyibHO# ruriep6osioit Baly.

HccnemoBaHust cBETOBOII KpUBOM (DPOTOCHUHTE3a
(P—1 3aBUCUMOCTb) HayaJIUCh OOJIee CTa JIeT Ha3al.
IlepBoe KoJMuecTBEeHHOE onucaHue P—J/ 3aBUCUMO-
ctu 6bu10 caenano B 1905 1. Blackman [1]. Ero mo-
Jedb OCHOBaHa Ha “3akoHe MUHMUMyMa” JIlubOuxa:
APAMOAUHENHO 80CX00sujell IaCTU, 3aKaHYMBAIOIICICS
PE3KUM TIEPeJIOMOM, 3a KOTOPBIM CJEIYET 20pU30H-
manwsHas wacme (I — MTHTEHCUBHOCTD CBeTa; P™ — mak-

CUMaJTbHBIN (DOTOCHHTES; OL — TAHTEHC YIVIa HAKJIOHA):

P=0ol(0<1I<P"/a);

(la)
P=P"(>P"/0).
OnHako peajbHble KpUBbIE MMEIOT OoJjiee TIaB-
HBII TIEPEXO/ OT JUHENHOTO y4acTKa K HACBILLIEHUIO,
110 CpaBHEHMIO ¢ JIoMaHoI tnHueit Blackman. B 1935
r. Baly [2] ncmonp3oBan KWHETUKY U30JIMPOBAHHOTO
¢depMeHTa B BUAe MPSIMOYTOJIbHOM rurepoolisl [3],
3aMEHMB KOHIEHTpaluio dhepMeHTa Ha MHTEHCUB-
HOCTb CBeTa:

I
I+ 1

m

P (16)

14

IMoapo6HoOe uccaeagoBaHe CBETOBOM U YIIEKUCIOT-
HOM KpUBHIX (poTOCHHTE3a OBLIO IpoBeacHO Pabu-
HoBUYeM [4]. ABTOp 3aK/IIOYMJI, YTO 3aBHCUMOCTU
P—I—CO, nomxHbl ObITh NPEACTABICHBI HEIPSIMO-
YIOJILHOM TUIIepOO0JI0il MU KpUBBIMU O0Jiee BbICO-
Koro mnopsaka. OnqHakKo NpueMIeMoil MaTeMaTuye-
CKOii (OpPMYJIMPOBKM ITUX 3aBUCUMOCTEN TOTAA
MpeaIoXeHO He ObLIO.

[To3zgHee OBUIO MPEMTOXKEHO OONBIIOE KOTUYe-
CTBO MaTeMaTWUYECKUX BBIPAXEHUI sl ONMUCAHUS
CBeTOBOII KpuBOU (oTocuHTe3a [5—8]. Bce BHOBB
MpemiokeHHble (YHKUMK pacnojaraiuch MeXIy
nomanoi Blackman mn rpssMoyTronsHOM runepOosIoi
Baly. Bce Mmonenu, kpome Mozeneii [1, 2], ObUIM 3MIIn-
puueckumu. [TpoBeneHHbIN aHAJIU3 TTOKA3bIBAET, YTO B
HacTosi1Iee BpeMsl [IJIsl ONIMCaHuUs TIEPBUYHOIO MPOIY-



®OOTOCHUHTE3: TEOPUA N DKCITEPUMEHT 15

LUPOBAHUS UCIONB3YIOTCS MPAKTUYECKU TONBKO 3M-
MAPUYSCKUE MOJCIN UJIN MOJEIb [2].

151 XapaKTepuCTUKM CBeTOBOM (P—1) nnu yrie-

kucnotHoi (P—CQO,) kpuBoii poTocuHTE3a HAUOO-
JIee 4acTo KCIONIb3YIOTCS ABa MapaMeTpa — TaHTEeHC
yIJla HaKJIoOHa HadaJbHOro ydacTka (0) M MaKCH-
MaJIbHBI ypoBeHb ¢orocuHTe3a (PM) [6, 9]. Yron
O — SMITMPUYECKUI TTapaMeTp, KOTOPKI He ClIeayeT
W3 TeOpUU KPUBOI hoTOCUHTe3a. MHOIIa UCITONB3Y-
€TCsI KOHCTaHTa IoJIyHachleHuss Muxasnuca-MeH-
TeH (/,,) npu P = 1/2P™ [3, 4]. OnHako Ha cero-
IHSIIHUN IeHb He ompenceHbl IapaMeTpbl OIHO-
3HAYHO XapaKTepU3yollrie KpUBbie (DOTOCUHTE3A.

Ilenblo maHHOI pabOTHI SIBISIETCS IIPOBEACHUE
TEOPETUUECKOTO M BKCIIEPUMEHTAILHOTO aHalin3a
MOJIeJIM HENpPsSMOYTOJbHOM TUMnepOoJbl IIpoliecca
¢oTOoCHHTE3a B 3aBUCMMOCTH OT ABYX (haKTOPOB: MH-
TEHCUBHOCTY CBETA U KOHLIEHTPALIUU YIJTIEKUCIOTHI,
obpairasgs ocoboe BHMMaHHME Ha B3aMMOACHCTBUE
3TUX ABYX (DaKTOPOB.

MATEPHAJIBI U METOJbI

OObekTaMu IJI 3KCIIEPUMEHTAJIbHBIX H3MeEpe-
HUI cIrykKmiy onTrudecku ToHkue (D < 0.2 equHUIIBL)
00pa3slibl MOPCKUX MaKpPOBOJIOPOCJIEii, a TAKXKe CyC-
MEeH3Usl OMHOKJIETOUHOUM Bomopochau Porphyridium
cruentum 1 CMMOMOTUYECKOI MUKPOBOIOPOCIN Z00-
xanthellae. CKopocTh (poTOCHMHTE3a M3MeEpPsIach I10
CKOPOCTH BBIACICHUS KUCIOpPOIa aMIIepOMeTpude-
cknM Mmetomom [10]. Uzmepenmnsa Ha Zooxanthellae
MPOBOAMINCH BO BpPEeMSI MOPCKUX IKCIIEAULMKA Ha
Hay4YHO-HMCCJIEAOBAaTEIbCKOM  CyaHe  “AKageMUuK
Anekcanap HecmesHoB”. M3amepeHnss Ha MOPCKUX
BOIAOPOC/SAX ITPOBOAMJIMCH Ha MOPCKOM 3KCIepu-
MEHTaJIbHOM cTaHuun MHCTUTyTa OGMOIOrMM MOPS
HanpHeBocTouHoro orneneHus: PAH, pacmonoxeH-

17714

Hoit Ha ocTpoBe ITornoBa B 3aymmBe [leTpa Bemmkoro.
JlaHHBIC MO YIJIEKUCIOTHOM 3aBUCUMOCTHU ITpoliecca
¢doTocuHTe3a ObLIM B3STHI U3 MOHOTrpaduu E. Pabu-
HoBMYa [4].

MatemaTudeckue pacyeThbl ¥ MIOCTPOSHUS TPOBO-
JIWJIYCH C TOMOIIbIO TTiporpammMbl Grapher.

PE3VJIBTATHI
OcHoebt nooxoda

Panee Hamu ObUT pa3paboTaH ITOAXOM IJISI OITMCAHUS
LeTeit ConpsDKeHHBIX LIMKIMYECKMX peakiuii [8, 9, 11].
brina paccMoTpeHa ympollieHHasi MOZAENIb IIpolecca
¢orocuHTe3a B Buae Lienu oT 3 10 10 compszKeHHBIX
LUKJIMYECKUX peaKlnii, KoTopasl O3BOJISIET MOJYyYUTh
MaTeMaTHM4eCKOe OMNUCaHue 3aBUCUMOCTU CKOPOCTU
mpolecca OT MHTEHCUBHOCTY CBETa, KOHLIEHTPALUU U
conpotusienust nudpdysuu CO,. IlpenioxeHsl cre-
LIMaJIbHBIEC CIPSIMIISIIONIE KOOPJAMHATBI, B KOTOPBIX
BCE CEMEIMCTBO TUIepOOoI UMeeT BUI IIPSIMOi IMHUM.
C ITOMOIIIBIO 3TUX KOOPAMHAT YCTAaHOBJIEHO, UYTO CBE-
TOBasI U YIVIEKUCJIOTHAsI 3aBUCHMOCTH CKOPOCTU O~
TOCHMHTE3a MOPCKHMX BOJAOPOCTEH B IIEPBOM MPUOIIH-
KEHUU OIMUCHIBAIOTCS YpaBHEHUEM HEMNPSIMOYIOjb-
HOM TUITePOOJIBI.

Obuwas modeav pomocunmesa

Oo6mas monenb GOTOCHMHTE3a OblIa B3sITa M3 pa-
60Tl [12]. YOpolieHHast cxemMa 3TOro Ipoliecca Mo-
JKET OBbITh MpencTaBjlieHa B BUIE MOCAEI0BaTEIbHON
LIeTIU CONPsiKeHHbIX peakuuid. [TockonbKy nocneno-
BaTeJIbHasl 1IeMb COMPSIKEHHBIX peaklMii ONUChIBa-
eTcd 1LienHoi npodnio [11], To cxema Ha puc. 1 umeer
pellieHre B BUJIE LIETIHOM ApoOu (ITOCKOIbKY LIeITHAas
JIpoOb UMEET OTpaHUYEHNE 110 BbICOTE, APOOH pasie-
JIEHa Ha TpU cJIaraeMEbIX (a, 0, B)):
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Puc. 1. Cxema npouiecca ¢oTocrHTe3a Kak MoJIMCYyOCTPaTHOM LIeTTH COMPSIKEHHbIX LIMKIIMYecKuX peakiuuii. [IpencraBienue

B3aMMOJEHCTBHSI KOMIIOHEHTOB Y€PE3 OTHOCUTENbHBIE CONPOTUBIEHUs (r5): HyO/O) — LMK pasioxeHus BOIbL; COSu

C012 — KOHLIEHTPALUS YIJIEKUCIOTHI BHE M BHYTPU KJIETKU; Z—Z+2, Q—Q*,

NADH-NADH?' ... ATP-ADP — KOMIOHEHTbI

cucremsl; PSI, PSII — dotocucremst I u IT; ol u BI — nonu cera, nornomaemeiMu dorocucremamu I u I1; 13 — nocraBka

sHepruu [1] B uukn Kanbuna, 14 — uuki KansBuna; 1,2...6,7 ...

IIOHECHTOB.

rae V' — oTHocuTeIbHas CKOpPOCTDb IIpoOIlIEcca, rij —
SHAYCHUA OTHOCUTCIIbHBIX COHpOTHBJ’[eHHﬁ, PaBHbBIC

= P" U, LEPIED)), e ky —

o 0 0
aevictust, E;', E; — nojHasi KOHIIEHTPALKsI B3aUMO-

JIEeCTBYIOIINX KOMIIOHEHTOB, P™ — CKOPOCTb LIETH;
o/, BI — oTHOCHTENIbHBIE MTHTEHCMBHOCTH CBETA Tep-

KOHCTaHTa B3aMMO-

16, 17 — mopsiiKOBbIe HOMEPA B3aUMOIEICTBYIOLINX KOM-

BOIl 1 BTOpOW cucteM; / — OTHOCUTENbHAsI UHTEH-
CHBHOCTb CBETa, JOCTaBlieHHasd B LMK KaibBuHa;
H,0 — xoHueHtpauust Boapl; C, — OTHOCUTEJbHAs
KOHLIEHTpalMs yriiepoaa BHE KJIETKW; 7y — COIPO-
TuBAcHUE MU Py3uu.

JIBa mepBBIX cinaraeMbix, (a) u (0), IIpeacTaBIIsIIOT
peleHue W11 3JeKTpOH-TpaHcopTHoi eru (DTL),

®U3NOJOTUI PACTEHUM TtoM70 Nel 2023
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Puc. 2. ki KanbBuHa, onychIBalOLINM B3aUMOASHCTBME MHTEHCUBHOCTU CBETa U KOHLIEHTPALIMHY YIJIEKUCIIOTHI: @ — MOJIENb
¢ aOCOJTIOTHBIMU CKOPOCTSIMM TIpoliecca — P “TUIeplKII” BOCCTAHOBJIEHUS yriaepona; 6 — Ta e MOJAENIb C OTHOCUTEIbLHOMN
CKOpOCTbIO (Vp), OTHOCUTENLHOI MHTEHCUBHOCTH cBeTa (/) 1 OTHOCUTENIbHOM KoHUeHTpauueii (C); B — Moznesb 3aBUCMMOCTHI
OT MHTEHCUBHOCTH CBETA; T — MOJIEJIb 3aBUCUMOCTH OT KOHLIEHTPALIUU YIIeKUCIOTHL. Ep, Ep, Ep — pa3auyuHbIe COCTOSTHUS
“ximo4eBoro” hepMeHTa (KOMIOHEHTA); kp, Kcp — PEAKLIMU BTOPOTO MOPsIAKA B3aMMOIEHCTBHS (hepPMEHTATUBHOMN LINKJINYE-
CKoOil cucteMbl “I” (KOMMOHEHT Ey) n uuxianyeckoit cuctemsl “C” (KOMINOHEHT E(); kp — peakuMsl BblIEJIEHUS MPOLYKTa;
[/] — maTeHCcHBHOCTD cBeTa; [C, |  [C;] — BHEWIHAA 1 BHYTpeHHsAa KoHueHTpauuu CO,; Ey, Ey’, Ec, Ec’ — pasnuyHbIe COCTO-
STHUSI KOMIIOHEHTOB £ 1 E; k| M K¢ — KOHCTaHTBI CKOPOCTH BKIIIoYeHMs cyocTparoB / u C; kp — KoadhduumeHT nuddysnn

COy; 1p, F'cp» 'p> 'q — OTHOCUTEJIbHBIE COMTPOTHBIICHUSI.

Torda Kak (B) — peuieHue mis nukia KaisBuHa. B
nukie KaibBuHa (puc. 1) cCOMpOTUBIEHUE F 4 U KOM-
MOHEHTHI “15” 1 “17” MOXHO 3aMEHUTb 9KBUBAJIEHT-
HBIMU COTIPOTUBJIEHUSIMU Y| U Y,, COOTBETCTBEHHO, U
ux cymma (Y=7, + Y, + ry49) IpEACTaBJIcHA B OKOHYA-
TeJlIbHOM pelreHuu (r). CyMMmapHasi CBETOBasI SHEP-
rusi, nocTaBjieHHas B Iuki KansBrHa, Ha puc. 1 mpen-
cTaBjieHa KOMIIOHEHToM “13”, a B peuieHuM (r) —
cumBoioM [I].

Huxa Kaaveuna

Ha puc. 2a otnenbHo npeacrasieH LUK KanbBu-
Ha, YTO JAaeT BO3MOXKHOCTh MOAPOOHO PaCCMOTPETh
B3aMMOJICHCTBYE UHTEHCUBHOCTU CBETa WM KOHIICH-
Tpauuu yriekucyiotrel (CO,). CO, BKIOYaeTCsd B
LUK BoccTaHoBIeHUs (P) ¢ momolbio epMeHTa
E-. CnoxHbIif UK BOcCTaHOBJIeHUs yriepoaa (P)
MpeacTaBJIeH B BUIE OTHOTO “TUIIEPIMKIIA KIIOUEBO-
ro” ¢depmenra (komrnoHeHTa) FEp. IlormioueHHbIe
KBaHTHI cBeTa (/) BKIIIOYAIOTCS B TUIIEPLIMKII Yepe3
¢epMEHTATUBHYIO HUKIUYECKYIO CUCTEMY KOMIIO-

OU3UNOJIOTUI PACTEHUU Ne 1

ToM 70 2023

HeHTa (F}), SBJISSICb WCTOYHUKOM DSHEPIUU IS
(YHKIIMOHUPOBaHUS LIUKJIa BOCCTAaHOBJIEHUS yTIJie-
poma (P). Kaxnoe B3aumoneiicTBue (peakiius) co-
MPOBOXAAETCS W3MEHEHUEM COCTOSIHUSI COOTBET-
cTBytoniero pepmenra (puc. 2a).

B craunyoHapHOM COCTOSIHMM, KOILJa CKOPOCTU
B3aumopeicTBuii (P) BO BceX 3BEHbBSIX PAaBHBI MEXIY
co0o01l1, cxeMa TIpeaCTaBIISIETCSI CUCTEMOM YpaBHEHU M
(puc. 3):

L. P = klI][E];

2.P= klP[EI'][Ef"];
3. P =Kky([C]-1CD);

4. P = kGIEC]; )
5. P = kel ELILES]:

rme P — ckopocTh npolecca; [/] — MHTEeHCUBHOCTh
CBeTa, noctasiaeHHoro B ki KansBuna; [C.] u [C)] —
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OTtHOcuUTeIbHasE CKOPOCTh, V= P/P™

Puc. 3. CseroBsie (/ — P) xpuBble OTOCUHTE3A, TTOTY-
yeHHble U3 ypaBHeHuit (11), (13) u (14) B 0ObIYHBIX (a) U
copsMsiiolux (6) KkoopauHatax. 3HaUYeHUsI ITapaMeTpa
HENpAMOYrojabHOCTU runepoossl vy = 0.0 (M-M, npsiMo-
yrojibHast runep6osa Baly); 0.5, 0.9 (uudpsl Ha KpUBBIX)
u 0.9999 (BL — nomanas Blackman). [Ins cpaBHeHUst
TpUBEACHBI (PYHKIIMU SKCIIOHEHTHI (€Xp) U TUIepOoIu-
yecKoro TaHreHca (tanh).

BHEIIIHSISI M BHYTPEHHSISI (BHYTPH KJIETKM ) KOHIIEHTpa-
LMY YIIEKUCIOTHI; [E;] — KOHLIEHTpalluM pa3inyHbIX
(opM (HepMEHTOB (KOMIIOHEHTOB); K; — KOHCTAaHTBI
CKOPOCTH TPOLIECCOB; kg — KOaduumeHT nuddysuu.

Cucrema (3) B cBoeM coctaBe umeeT 10 mepemMeH-
HBIX, OOJIBIIYI0O YacTh M3 KOTOPBIX HEBO3MOXKHO
omnpeAeauTh UIu u3mMeputhb. [lo 3Toit mpuumHe cu-
creMy (3) B TaKOM BUJIE PELIMTh HEBO3MOXHO. Heo0-

XOIUMO WCKJIIOUMTb HE M3MepsieMble BEJIUWYUHBI U
00BEIMHUTH B U3MepsieMble. Eciiu B cTalluOHapHOM
COCTOSIHUM CyMMapHasi KOHILIEHTpalusli Bcex (hopm

0 .
KaX[I0ro KOMIIOHEHTA [ £; | ocTaeTcsl HEU3MEHHOM, a
CyMMa OTHOCUTENIbHBIX KOHIEHTpaluii paBHa “1” —

[E;]/[E,-O] + [E,-']/[E,-O] =e¢ +e =1, Torma:
[E)] = [E]+E}],
[EC] = [Ec] +E¢],
[Epl = [Ep] + [Ep] +[Ep]

unn 1 =ec +eg; “4)
l=ep +ep+ep.

M3 mepBoro u BTOpOTo ypaBHEHUU cucTeMBbl (3) uc-
KJoyaercs BeauuunHa [C;] u ¢ yuetoM ypaBHeHuUii (4)

(ec = [Ec]/IE2]) monyamw:
0
P= ({kc[Eé%] .1} - @PJ e
d

= ({kelEQIIC.1} - raP) ec.

Kak BunHo, nonneiii notok CO, npu GoTOCUHTE3E

(&)

0
COCTOMT M3 BHELLHETO ITOTOKa yriepona ko[ E-][C,] 3a
BBIYETOM MOTPaBKKU Ha nuddy3uto ryP.

AHayn3 nmokasbIBaeT, 4To cucreMa (3) comepkuT
IBe 3amauu: 1 — 3agaya 0 MaKCUMaJIbHOI BeJIMYMHE
¢dotocunHTe3a (P™); 2 — 0 BO3IEeHCTBUM BHYTPEHHUX
M BHEIIHUX (haKTOPOB Ha IapaMeTpbl CUCTEMBI (110
HallleMy MHEHUWI0, UMEHHO 3Ta mpobjeMa paHee He
MO3BOJIWIIA PELIUTD 3a/1a4y O CBETOBOI KpUBOii). Be-
JuyrHa P™ — mapameTp, KOTOpBIM XapaKTepusyeT
CUCTEMY B LIEJIOM U CIYXXUT CBOEOOpPa3HbIM 3TajlO-
HOM, C KOTOPbIM MOXHO CpaBHUBATh Ipyrue mnapa-
METpPBI CUCTEMbI. BeTMunHy MakcUMaJIbHO CKOPO-
ctu (P™) HEBO3MOXHO OJHO3HAYHO BBIPA3UTh YEPE3
BHYTPEHHUE MapaMeTpbl, €e B KaXKI0M KOHKPETHOM
cllydyae MOXHO TOJIbKO U3MepuTh. [ToaToMy B Jaib-
HeWIeM BeJIWYMHY P™ HeoOXOAMMO MCKIIIOUYUTH U3
paccMoTpeHus B cucteme (3).

IMonenus obGe yacTu ypaBHeHMI cucTeMbl (3) Ha
BeMYUHY P™ 1 0603HauuB V' = P/P™ c y4eTOM ypaB-
HeHwmii (4) u (5), cucrema (3) npuMeT Bu (puc. 20):

LV ={k(ENDP )] les;

2.V =kl EN1LERD)/ P™} (1 = eep;

3.V = ({kel E2D/ PTHC - b ) e (6)
4.V ={(kepl EZILER)/ P™H(1 — ec)en;

5.V ={(kolE3)/ P} ep.

HMmMeHHO 3Ta omepauus — nepexoa OT abCoJIoT-
HOU ckopocTHu (P™) K oTHOCcUTENbHOM (V) mo3BomMI
MEePEUTH OT aGCOTIOTHBIX HE M3MEPSIEMbIX BETMYUH K
OTHOCUTEIbHBIM U3MEPSIEMBIM BEJTMUYMHAM: B CUCTE-
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Me ypaBHEHMI (6) TTOTOKM MOXHO COITOCTaBHUTH C
IJIABHBIM ITOTOKOM P™,
B ypaBHeHusx 1 1 3 cuctemsl (6) UMeIOTCS ABa OJl-

HOTUIIHBIX mapameTpa: [g ={Pm/(k1[EIO ])} u

Cx = {Pm / (kC[Eg])}. DTU mapaMeTpbl UMEIOT pas-
MEPHOCTb KOHLIEHTPAIlUU U XapaKTepU3ylT MaKCU-
MaJIbHO BO3MOXXHO€ YCBOEHUE CBETOBOI SHEPTUH U,
COOTBETCTBEHHO €1, MAaKCMMaJIbHO BO3MOXHYIO CKO-
POCTb YTUIN3alMU YIJIEKUCIOThl. B ypaBHeHUsIX 3 u
5 cucreMsl (6) MeeTcsT IBa OMHOTUITHEBIX Ge3pa3mMep-

HBIX TapaMerpa: Fp = Pm/(klP[E,O][Ef,)]) U rep =

0 0
= Pm/(kCP[EC] [Ep]). ITapameTpsl #jp U 7cp — OTHOCH -
TeJIbHbIC COMPOTUBJIEHUS (M0 OTHOIIEHUIO K V) pe-
aKIIN YCBOCHWE CBETA U YTWIN3AIINN YTICKHCIIOTEI.

OHM XapaKTepU3YIOT MPOIMYCKHYIO CITIOCOOHOCTD pe-
aKINi IIMKJIOB COMPSDKEHUSI CBETOBOTO (F)) 1 yrite-
KUCJIOTHOTO (E-) GEepMEHTOB U LIMKJIA “KII04eBOT0”

tdepmenra Ep. BoipaxeHue r, = Pm/ (kplEJ]) ompe-
JeJisieT MPOITYCKHYIO CIOCOOHOCTh peakLuil Bblaee-
HUSI IPOIYKTA.

Bnaromapst BBeaeH10 6e3pa3sMepHBIX KMHETUYES-
ckux napametpoB I =[1|/l, u C, = [C,]/C v oTHOCU-
TEJbHBIX COMPOTUBJIEHUI 3BEHBEB Fip, Fcp, Fp OKA3A-
JIOCh BO3MOXHBIM TOJYYUTh NOCTATOYHO MPOCTHIE
MaTeMaTUYeCKUe BbIpaKeHUs ISl ONUCAaHUSI CBETO-
BOIi U YTJIEKUCIOTHOM KPUBBIX CKOPOCTHU NTEPBUYHO-
ro nponayuupoBaHusi. Mcrionb3ysa ypaBHeHus (4) u
(5), cucteMy (6) MOXHO TIPEICTAaBUTh B CICAYIOIIEM
BUJE:

V = Ie e = V/I;

V =(C, —rV)ec ec =V/)/(C.—1V);

V=(-e)ep/np wmn ey =neV /(1 —e) = gk JA=V/D); ™
V=qa- ec)eP/"CP €p = rCPV/(l —ec) = "ch/(1 - V/(Ce —rV));

CyMMUpYyS TpY OCJIETHUX YpaBHEHUST CUCTEMEI (7) B

MPAaBO YaCTU U YUUTHIBAs, UTO ep + ep + ep = 1, To-
JlydyaeM BbIpaXkeHUe:

eV eV
1- V/I 1- V/(Ce —rV)
Kaxk ykasbIBajioCch BbIllle, TIOMUMO PEaKILIU BbI-
JeJieHusl MpoaykTa (rp), LMK P BKJIIOYaeT peakiuu

mukia KaneBuHa (puc. 1 uukisl (15) u (17); puc. 2:
Y= rp + r,). Torna ypaBHeHue (8) mpumeT BULI;

+(r+r)lV =1 (8)

i1 eV gy ()
- - V
[I]/IK [Ce]/CK -V

CootHouieHue (9) spisiercs Haubosee obIUM
dyHIaMeHTaIbHBIM BhIpaxkeHUEM 11 MOJIe I (DOTO-
CUHTE3a, KOTOPOE OINMUCHIBAET COBMECTHOE BIIUSTHUE
MHTEHCHBHOCTU CBETAa W KOHLIEHTPALIUU YIJIEKUCIIO-
Thl C y4eToM ee Auddy3un Ha CKOpOCTh Mpolecca
(puc. 20). YpaBHeHue (9) — COOTHOIIEHUE LIECTOMI
CTEMIeHM I10 OTHOIIEHMIO K cKopocTu V. ITockoibKy B
CTallMOHAPHOM COCTOSIHUM COITPOTUBIeHUE TUddy-
3UM HEBO3MOXHO OTIEIUTb OT IPYTUX COCTABIISIIO-
mux BriatoueHust CO,, mjisi MPOCTOThl OyneM pac-
cMmatpuBathb (9) 6e3 yuera nuddysuu (ry =0):

ripV eV (10)
- Y
11/ Ik [C]/Ck
DOU3BUOJIOTUA PACTEHUN ToM 70 Ne 1 2023

eV

—  —oT

1-v/ U1y

XKaeT YTWIM3aluIo SHEPTUU CBETA, TOLNA KaK WIEH
TepV

1-V/(Cl/Cx)
MOJIEICTBUE BbIPAXKaETCsl yepe3 OOIIUil mapameTp Y
(puc. 20). CiemyeT OTMETUTH, YTO B ypaBHeHUU (10)
YjIeHbl, OTOOpaxKawllue YTUIU3ALUI0 DHEPTUU U
YCBOGHHUE YIJICKMCIOTbI CUMMETPUYHEI 10 OTHOIIe-
HUIO K o0uemy napamerpy Y. CootHoweHue (10) —
ypaBHEHUE ISITOI CTENIEHU TTO OTHOIIIEHUIO K CKOPOCTHU
V' 1 oHO He MOXeT OBITb pa3pelIcHO OTHOCUTEILHO
“)”’, a MOXeT OBITh MPEICTAaBJICHO B MapaMeTpuie-
cKux KoopauHartax (11a) — X =[1]; (116) — X =[C]:

M3 (9) u (10) sicHO, YTO WieH obpa-

— YCBOEHHE YTJIEKUCIIOThI, a X B3aM-

v
1/ 1y = ;
/K 1_ rIPV V
1—yV - rch (11a)
1_
[C)/Cx
Y=V,
v
[Cl/Ck = ;
/K 1— repV >
I—YV—LV (116)
1_
[1)/ I
Y=V.
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Kak yxa3zbiBasioch BblIlIe, mapameTpsl Iy u Cg ci1y-
KaT ToKa3aTeIsIMM MaKCUMAaJIbHOM IIPOIYKTUBHO-
CTU NTAaHHOTO pacTeHus: mapametrp Iy oToOpaxaer
MaKCUMAaJIbHO BO3MOXXHYIO JOCTABICHHYIO SHEPTUIO
B uukia KajnpBrHa B €AMHUILY BpEeMEHU U OTHOBpE-
MEHHO ¢ Heii mapameTp Cx — MaKCUMaJIbHO BO3MOX-
HOE KOJIWYECTBO (PMKCUPOBAHHOI YIJIEKUCIOTHL 3a
TOT XK€ MPOMEXYTOK BpeMeHu. Benuuunsl Iy u Cg,
Kak 1 ux otTHoureHue I/ Cy, IBISIOTCSI KOHCTAHTaMM
U Kaxnoro pacreHusi. B panpHelimem Iy Oynem
0003HaYaTh “CBETOBYIO CYOCTpPAaTHYIO KOHCTaHTY”
paccmatpuBaeMoli cucteMbl, a Cx — “yIrJIeKuciaoT-
HYI0O CyOCTpaTHYIO KOHCTaHTy’. WMHTEHCUBHOCTH
CcBeTa 1 KOHLICHTPALIMIO YIJIEKUCIIOTHI YI00HO BhIpa-

X =[]=1Ig
a) 1-

Y=rv

30eck yYT€HO, YTO Yy =/t +Fy +Fep =Y+ Icp
(puc. 2B) u Yo = Y + Kp (puc. 2r).

OmnHako, 4TOOBI HamycaTh MAaTEMATUIECKOE BBI-
paXkeHue WU MOCTPOUTh rpaduK IS KOHKPETHOIO
o6pa3siia, HeoOXOIMMO HalTH Bce ITapaMeTphl ypaB-
Henust (12a) (y;, rip, Ix) 1 (126) (Yc, rep, Cy)- Hike
OIMCAHBI TTOAXOMbI, HA OCHOBAHUU KOTOPBIX MOXXHO
HaWTH 3TU ITapaMeTphl. YpaBHeHud (9)—(12) ymanoch
TOJIYIMTH OJIarofapst pa3mesIeHUIo 3a1a4i Ha IBE — O
MaKCUMaJIbHOM cKopoctu (PM), u 0 BO3mEUCTBUU
BHYTPEHHUX U BHENTHUX (PAKTOPOB Ha 3TY CKOPOCTb.
Benuumna (P™) BXOOUT BO BCe MapaMeTPhbl MOIESIIN:

OTHOCUTENILHOU CKOpOCTH V' = P/ P™, cybeTpaTHBIX

komctant Cy ={P"/ (ke BN}, I ={P"/(k LB D).
COIMPOTUBJICHUA rlp, Fcp. NwmenHO IIO3TOMY HEBO3-

MOXHO BbIpa3uTh P™ yepe3 BHYTpEHHUE MMapaMeTphl
CHCTEMBL.

Ypaenenus emopoeo nopsoka

YpaBHeHust (12) MOXHO YIIPOCTUTh OO KPHBBIX
BTOPOTO TOpsiaKa (MMesl B BULY, UTO Yy + fp = 1 WK

Ye + fep = 1). Tak, n1s1 cBeTOoBOI KpuBOiA (12a) momy-
Jaem:

v
= h—"7
Va-y) v

=1 1-vV

T A

Takum o6pa3zoM, CBETOBAS U YIJIEKUCIOTHAS KPU-
Bble OymyT BEIIISIOETh Kak (13a) u (130) (B mpaBbIX
ypaBHenusix [ = [1]/Ix u C =[C]/Cy):

KaTh B €IWHMIIAX WX CYOCTPAaTHBIX KOHCTaHT: [ =
= [1]/Ix u C, = [C,.]/Ck. Pe3ynpTrarsl pacueToB narorcs
B noJisix ot Iy wiu Cy.

Oounogaxmopnvwte ypasnernus om [I1] u [C]

VpaBHeHus (11a) u (116) MoxXHO “pa3iaoXuTh” HA
JIBa ONHO(AKTOPHBIX YpaBHEHUSI [J1sl CBeTOBOI1 (12a)
U yIJIeKMCJIOTHOH (120) 3aBucuMocTu (puc. 2B U 2r).
CootHomieHus (12a) u (126) — ypaBHEHUS TPETHETO
HopsiiKa OTHOCUTENIbHO V. UX y1oOHO pa3pelinThb 0
OTHOIIIEHWIO K cyocTpaTtaM [ /] man [ C] 1 TTocTpOuTH B
rmapaMeTpuuecKUX KOOpAWHATaxX; CBETOBasi KpUBasl
oynet umeThb BuA (12a), a yrnekuciotHast — (126):

X=[Cl=c,—Y .
|- _teeV
T (12)
Y=V
= Ie—~Y—1-yV) um
=v (13a)
Vzl—f{l_ /1_&12},
2y, I-1
PR %
(€)= G (= YcV)
- (136)

V:I_I{l— /1—4Y—CC2}.
2Yc 1-0)

VYpaBHeHus (13) He3HAUUTEIBLHO OTIUYAIOTCS OT
(12) — MOTHOTO OIMMCAHMS CBETOBBIX U YIIEKUCIOT-
HBIX KpMBBIX. B criTy cBOE# IIPOCTOTHI, UX 11€71€C000-
pa3HO MCIOJb30BaTh MPU MOAEIUPOBAHUU PACTU-
TEJIbHBIX 9KOCUCTEM, KOTOPbIE Ha TOPSIAOK TOUHEe
OIUCHIBAIOT MPOLIECCHI, MO CPABHEHUIO C MPSIMO-
YroJibHOM runep6osoii Muxasnuca—MeHTeH (ypaB-
HeHwue Baly [2]).

Cnpamasrouue KoopouHamol 0451 cemelicmea eunepoon

Ve B pabote [4] oTMedasioCh, YTO CBETOBBIE U yT-
JIEKUCJIOTHBIE KPUBHIC SIBJISIFOTCSI HETIPSIMOYTOJILHBI-
MU TunepOojlaMyu WM KPUBBIMU 00Jiee BBICOKOTO
nmopsinka. Mpl He HalIM padoT, Ile C HOJKHOM
OIPEeNIeICHHOCTBIO IIPOBEPSITIOCH OBl COOTBETCTBUE
9TUX KPUBBIX TUIIEPOOIaM.

Hamu B 1986 1. GbUTH TTpEIOXKEHBI CIIPSIMIISIONIE
KOOpAWHATBI I CEMEMCTBA TUIIEPOOJ, B KOTOPHIX
MOXHO OTHO3HAYHO OTJIMYUTH TUIIEPOOJTYy OT IPYTUX
noxoxux KpuBbix [11]. Ecau cootHomeHus (13a) u
(130) mepenucaTh B BUAE:

X=V, v-= [I]% = (-yy),  (l4a)
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X=V; Y= [C]I_TV =Cl—YcV).  (146)

TO TIpH (14) B
Y = ([1]%) OT X =V = Cpoy (1 ¥ = ([C]%)

oT X =V — I, TN COOTHOILIEHUS OynyT UMETh BU
MPSIMOMA C yIJI0M HakJIoHa — Y; (WU — Y, OCAEeaHEE
Ha PUCYHKE He IpeacTtasieHo) (puc. 3). Tax, npu y; =0
ypaBHeHMe (14a) mpeBpaimiaeTcss B ypaBHEHHE MpsI-

MOCTPOCHUU KOOpOUHAaTax

MOYToJIbHO# runep6onsl [2, 3]: = % Wi
V = ﬁ [Tpu yBenuuenuu napametrpa y; — 1 (y; =

= 0.9999) ono nepexogut B toMaHyo Blackman [1].
Takum ob6pazoM, ypaBHeHMe (14a) onmuchIiBaeT Kpu-
Bble CaMOli pa3JIMYHON KPUBU3HbBI: OT MPSMOYTOJb-
Holi rurtep6obl Baly 1o momanoit Blackman (puc. 3).
B 00b14HBIX KOOpAMHATAX BCE KPUBbIE UMEIOT OWH U
TOT XK€ HavyaJbHbI yroJ HaKJoHa U MaKCUMaJIbHBI
YPOBEHb HACBILIEHUS], TOTAA KaK MpencTaBlIeHHbIE
V — I XpuBble UMEIOT OJHY U Ty K€ UHTEHCUBHOCTb
CBETa HACBIILIEHUSI, PAaBHYIO CyOCTpaTHOM KOHCTAHTE —
[/] = I (puc. 3).

BaxHO OTMETHUTB, YTO CBETOBast KOHCTaHTa (Ix) U
napaMmeTp KpUBU3HBI (Y;) SABJSIOTCA (PyHIaMEHTaIb-
HBIMM TTapaMeTpaMu JJIsi MOAEIY HEMPSIMOYTOJIbHOM
runepOoibl CBETOBOI KpMBOIi. B cooTBeTCcTBUU C
3TOI MOJIENbIO MapaMeTp Y; MOXET MPUHUMATD JIIO-
Oy1o BennuyrHy OoT 0 10 1 ¥ onucath CBETOBYIO KpU-
BYIO 1100011 KpuBU3HBI. Ha puc. 3 mpuBeneHs! pyHK-
mu V' =exp(l) u V = tanh(/), KoTopsble, 1O CI0BaM
aBTOPOB, HAWJTyUYILIMM 0Opa30M OIUCHIBAIOT SKCIIEPH-
MEHTaJIbHbIE CBETOBbIE KpUBbIe [6]. OnHaKO 3T KpU-
BbIC HE CJEAYIOT U3 TEOPUU U HE CIPSIMIISIOTCS B
MIpeIIoXEeHHbBIX KoopanHaTtax (puc. 30, KpuBkIe “exp”
u “tanh”). CootHomenus (14a) u (146) ABIISIIOTCS MO-
JIeJISIMU “TIOJIHOCTBIO” HEIPSIMOYTOJIbHBIX TUIIEPOOJI.

CootHomrenus (13a) 111 cBETOBOI KPUBOM MOTYT
OBIThH IIpEICTaBICHBI (IIpe0Opa3oBaHbl) B KAHOHUYE-

ckoii popme:tne X=IuY =V;y=vy, =Y aunb—
MOJIyOCH:

2
y—=l, rae a* =2

2 (
S I Lk B R
(FPei-y) 2 a

D10 mokasbiBaeT, 4yTo cootHoineHus (13) u (14)
SIBJISTFOTCSI HETIPSIMOYTOJIbHBIMU TUTIEPOOJIaMU.

2
X
2

N
S

3KCH€puM€Hmdﬂbel€ ceemoeble
U yeneKkuca0nHsle Kpuesble U UxX napamempbuvl

Kak cnenyer u3 moneneitr (13) u (14), nns Toro
YTOOBI ONPEACIIUTD ITapaMeTPhl SKCIIEPUMEHTATBHO
KPUBOIT HEZOCTATOUYHO ITOCTPOUTH KPUBYIO TOJBKO B

OU3NOJIOTUA PACTEHUN Ne 1

ToM 70 2023

“0b0blyHBbIX” KoopauHatax P — I (wumu P —» C). B
TaKUX KOOPAMHATAaX HEBO3ZMOXHO HAUTH IJIaBHBIE TTa-
paMeTpbl MOJIEIU: CyOCTpaTHbie KOHCTaHThI I (Cy) U
KPUBU3HY HEMPSMOYTOJbHON rumepoonsl Y, (Vo).
151 TOrO YTOOBI OIIPEASINTh 3T ITapaMeTphl, HE00-
XOIVMMO TOJIyYeHHBIE 3KCIIEpUMEHTAIbHbIE TOYKU
CKOpPOCTHU (pOTOCUHTE3A IMTOCTPOUTH B CIPSIMJISIIOLIIUX
KOOpIWHATAX: JaHHBIC M3MEPEHUI TepecynuTaTh B

OTHOCUTENIbHYIO CKOPOCTh X =V = P/ P"™ u napa-
metp ¥ = [I](1-V)/V umu Y =[C|(1-V)/V, u mo-
JIydeHHBIC pe3yJbTaThl TOCTPOUTh B KOOpAUHATaX Y
ot X (puc. 40, r).

ITocnae aToro yepes Bce IKCHEPUMEHTAIbHBIE TOUKH
B CIIPSIMJISTIOLIMX KoopaurHaTax B uHTepBasie X = 0—0.9
MpoBOIUTCS IpsiMast (runepoona) ¥ = Y,(AX + B) no
repeceueHus ¢ ocotlo X =V, tne ¥, = Iy — cBeToBOM
cyOcTparHblii mapameTp (puc. 40, 1), a ¥, = Cx — yrie-
KUCJIOTHBIN CyOCTpaTHbI mapameTp (puc. 4e; mpsi-
Mmas “4”). [Ipsmas ¥, — X, COOTBETCTBYET HEMPSIMO-
YIOJIbHOI THUIIEPOOJIbI C TAaHT€HCOM YIJIa HaKJIOHA
Xy =V, =-B/A=1/y, wm 1/yc, otciona rp =1 -,
WU 7-p =1—7Y- (puc. 46, 1, e). Takum oOpasom,
onpezaessieTcsl “kpuBU3Ha” runepoossl (Y;) U conpo-
TUBJIEHUE CONPSIKEHUSI CBETOBOTO (rp) Ix WU yrie-
KkucaoTHoro (Ye u rcp) CO, nmkia. Jns opueHtrpa
MPOBEACHBI JIMHUM, COOTBETCTBYIOIIME JIOMAHOM
Blackman [1], ¥ = Y,(1 - X), 1 OpsSIMOYrOlbHOM -
nep6osnsl Baly Y = Y, [2] (puc. 46, r, e; npsimble 1 1 2),
cayKalllue MpeaeJbHBIMU TIpaHULIAMU W3MEHEHUS
KPUBBIX.

OIHako B CIPSMIISIIOIIMX KOOpAWHATaX peaiab-
HbIE€ CBETOBbIE U YIJIEKUCIOTHbIE KPUBbIE B MHTEPBa-
ae V = 0.9-1.0 OTKJIOHSIIOTCSI OT HEIPSIMOYTOJIbHOM
rurepoossl (OT npsiMoii 4, puc. 40, 4r, 4e), focTUras
V=10mnpu Y= 0. B cipamisgommnx KoopauHaTax
noaHble ypaBHeHus (11a, 116) OyayT uMeTh BUI:

X =V - Chu
1-V 1-V
a)Y=[Il—=I———,
)Y =117 S
1—vV
X=V—>1I_.; ! (15)
1-V 1-V
)Y =[Cl—=C———.
R
1=V

B ypaBHeHnusix (15a) u (150) koopauHaTa V oTo6-
paxaet C,, ¥ I, COOTBETCTBeHHO. [loncTasiusis B
(15) HaiineHHBIE JaHHBIE Fyp, Y; (MU Fcp, V), TOTyYa-
€M ypaBHEHUE KPUBOi1 B CPSIMIISIOLLIUX KOOPIUHATAX

(puc. 40, 1, e; Kpussbie 3). YneHbI iV
1 - YIV

— Ha YIJICKHMCJIIOTHBIX KPUBbLIX OITMCbhIBAIOT

Ha CB€TOBBIX

g eV
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3BAJIMHCKUU
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Konuenrparmst CO,, MKM OTHOCHUTeNbHAs! CKOPOCTh, V= P/P™

Puc. 4. DxcriepuMeHTaTbHBIE CBETOBBIE 1 YTIJIEKMCIIOTHBIE KPUBBIE TTpoliecca (OTOCMHTe3a: a, 0 — CBETOBbIE KPUBBIE MUKPOBO-
nopocnu Porphyridium cruentum; B, T — CBETOBbIE KPUBbIE MaKpoBogopocau Porphyra sp.; 1, € — YIJIeKUCIOTHAsl KpMBasi BOIHOTO
pactenust Cabomba caroliniana, TOCTPOSHHBIX B OOBIYHBIX (a, B, 1) ¥ CIIpsIMIIsiOIIUX (O, T, €) KOOpaAMHATax; 1, € — aaHHbie [10].
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OTKJIOHEHWE 3THUX KPUBBIX OT HETIPSIMOYTOJIBHOM TH-
1epOoJbl (pUc. 4, KpUBBIE 3 U 4).

W3 puc. 4 BugHO, 9YTO B CHIPSIMIISTIONINX KOOPIM-
HaTax ruriep6oJia (kpuBasi 3) u peanbHas (KpuBasi 4)
OTJIMYAIOTCS BeChbMa HE3HAYUTEIBHO, a B “cTaHIapT-
HBIX” KOOpIMHATAX OTJIMYME OyNIeT ellle MeHbIle (Ha
PUMCYHKe He TToKa3aHo). DTO 03HavyaeT, YTO KBaapar-
Hoe ypaBHeHUe (13) sIBIIsIeTCS XOpOIIMM IIPUOJIIIKE -
HUEM 1JIs1 TOYHOIO ypaBHEHUS TpeThelt cTeneHu (12).

Tonpko mocie 3Toro mo cootHoureHusM (12)
CTPOSITCSl KPUBBIE B “CTaHAAPTHBIX” KOOpAMHATAX —
X =[], Y =V (puc. 4a, 4B, 41, xpussle 3). be3 aHa-
Jiuza rpahMKOB B CIIPSIMIISTIOLIIMX KOOpAUHATAX KpU-
BbIX (DOTOCHHTE3a HEBO3MOXHO OIPENeauTh (poTo-
CHUHTETHUYECKHE TTapaMeTphl. TakuM obpa3oM, ycTa-
HaBJIMBaeTCsl MOJHOE aHaJUTUYEeCKOe ypaBHEHUE
KOHKPETHOM 3KCIEepUMEHTAJILHOM KpUBOM, dyHOa-
MEHTaJIbHBIMU MapaMeTpaMMu KOTOPOU SIBJISIIOTCS:
cybctparHble napametpbl — Iy (Cyx), KpUBU3HA THU-
1epOobl — Y; (Yc), CONPOTUBIIEHUS COTPSIKEHUSA —
rip (rcp) (puc. 46, B, €), IpU 3TOM MaKCUMaJlbHasl
CKOpoOCTh (potocuHTe3a (P™) u3mepsieTcst OTASIBHO.

M3 uszMepeHuit ogHON KPUBOII MOXHO OIpeae-
JINTH TOJIBKO ONHO HE3aBUCHMMOE CONIPOTUBJICHUE: Y| —
U3 CBETOBOW U Y- — W3 YINIEKMCIOTHON KPMBOW, a

TAKXKeE OIHO 3aBUCUMOE — Hip =1 — Yy U tep =1 — )¢
Mbl HEe HalLIM OOJHOBPEMEHHBIX 3KCIIEPUMEHTAIb-
HBIX JAHHBIX U3MEPEHUIl CBETOBBIX U YIJIEKUCIOT-
HBIX KpUBBIX (DOTOCUHTE3a, MOTYYEHHBIX HA OMTHOM U
TOM ke obpasue. Ho Tak Kak BEJIMYUHBI Fp U Fcp HA
pa3HbIX 00paslax UMEIOT OJ1M3Kue 3HaueHus (puc. 40,
T, €), TO MOXHO IOMYCTUTb, YTO JJI1 OMHOTO 00pasiia
OHU UMEIOT TaKKe OJIM3KUE 3HAYEHUS: F1p = Fep.

IIpuBeneHHbie naHHBIE (PUC. 4) TIOKA3BIBAIOT, YTO
COIIPOTHUBJICHUST COTIPSIKEHUSI CyOCTpaTHBIX (CBETO-
BOI'O 1 YIJIEKUCJIOTHOIO) UKIOB Oosee yeMm B 20 pa3
MEHBIIIE, YeM CyMMapHOe CONTPOTUBIIEHHUE [IUKJIA TIe-
pepabotku P: rip = rep = 0.02—0.05uy= 0.92—-0.95.

Bzaumodeiicmeue unmencuenocmu céema
U KOHUeHmpauuu ye/aeKucjaomol

Kak yka3zaHo BhIllIE, YTOOBI YCTAHOBUTH COBMECT-
HOe BJIUSIHWME MHTEHCHUBHOCTU CBETa M KOHIIEHTpa-
LIMM YTJIEKUCIIOThI HA CKOPOCTb (POTOCUHTE3a, HEOD-
XOJIUMO U3MEPUTh CBETOBBbIE U YIJEKMCIOTHBIE Ha
OIHOM M TOM XK€ 00paslie U MOCTPOUB UX B CIIPSIMIISI-
IOIMX KOOpAMHaTax, Haiitu Iy, Cy, rp rcp, ¥ Y. [lon-
CTaBJISISI 9TU AaHHBIe B cooTHolneHue (10) wiu (11)
MOJTy4aeM UCKOMOE YpaBHEHUE.

Ha puc. 5 mpeacraBiaeHbl CBETOBbIE KPHUBBIE MOP-
ckoit MmakpoBonopocnu Ulva fenestrata v cuMOUOTU -
yecKoil Bogopocin Zooxanthellae (puc. 5a 1 5B cooT-
BETCTBEHHO), U3MEPEHHBIE TTPU IBYX KOHIICHTPAI-

ax CO, — Ipu paBHOBECHOI ¢ BosmyxoM (CO5™) n

Opyd MOpPOAYBAaHUM BOIBI BO3IYXOM, COIepXKalluM
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+1.0% — naceienue CO, (COY™). Tpu Hackiie-
Huu CO, ypoBeHb (hOTOCUHTE3a MOUTU B 3 pas3a Bbl-

11e, ueM rpu paBHoBecHoit CO5 ™ (ns U. fenestrata —

ymax/pam = 2 7 a nus Zooxanthellae — V™/)Rum =
=2.63) (puc. 5a, B).

max

CaeTtoBble KpUBbIe NPU HackllieHnu CO, —, Kak

npy paBHOBeCUHM ¢ BoayxoM (CO5™), B cipsamisio-
IIUX KOOpAMHATAX TakKXe YKIAAbIBAIOTCS Ha TIpsi-
MYIO HENpsIMOYIoJibHOI rumep06oibl (puc. 50, T,
Kpussbie 1h, 2h).

B CIIPAMJIAIOIIMX KOOpAMHATaX IMMpru HACBIIICHUN

atm

COJ™ umeer 6oJiee BbICOKYIO I, uem ripu CO5 ™",
TIPY 3TOM pas3Indre OBIJIO MPOITOPIINOHAIBLHO U3Me-
HeHMIO YypoBHS ¢otocuHTe3a: mist U. fenestrata —

IP™ [ I3 = 83/31 = 2.68 m V™/Jam = 2.7 st Zoo-
xanthellae I7™ [ I7™ = 75/29 = 2.6 u Y™/ pam ~ 2,61
(puc. 50, r; KpuBbIe 1, 2).

KoH1eHTpalus yrieKucIoThl B atvocdepe (CO5 ™) =
=~ 340 ppm unu =13.9 Mxmonb/a [13], a paBHOBecHas
CO, B Bozie (CO5™) =10.3 Mxmon/1 [10]. M3meHeHne
YpOBHs (DOTOCHHTE3A IPOUCXOAUT TMPOMOPLIUOHAIb-
Ho KoHueHTpauuu CO, (puc. 56, 1), T. €. Cx / ™" o=
~ Vmax/V‘“m = 2.7, 1.e. C¢™ = 27.5 mxmorb/i. Ta-

KuM obpazom, Kak 1 U. fenestrata, Tak v ajist Zoo-
xanthellae cnipaBeIJINBO COOTHOIIIEHUE:

Iglax/lléilm - Kmax/clitm - Vmax/Vatm ‘ (163)

DTOro ClemnoBalio OXUIAaTh, MOCKOJIBKY M3 OOIIETo
ypaBHeHus (10) caenyert:

G -
I 1]

€1, u_Icj (166)
1 K CK

YunThiBast M3I0KEHHOE BBIIIIE, MOXXHO 3aK/IIOYUTh,
YTO ITOJIHOE MPeNCTaBICHNE O B3aUMOJIEHCTBUN MHTEH-
CHBHOCTH CBETa 1 YIJICKUCIIOTHI BO3MOXHO TOJIBKO ITPpU
COBMECTHOM MCCJICIOBAHUM CBETOBBIX M YIJICKMCIIOT-
HBIX KpUBBIX (hoTocuHTe3a (puc. Sa, ). [Ipu paBHOBe-
cuu ¢ CO,M™ p3MepsieTcst CBETOBast KpuBasi “o0bIu-
HBIX” U B CIIPSIMJISIIOLIIUX KOOpIMHATaX OIpeaesiioT -

atm atm atm
cd mapameTpel Iy , Y , hp

yCTaHaBJIMBAeTCsSI MHTEHCUBHOCTb cBeTa [[] = Iﬁtm,
U3MeEpsIeTCsl YIJICKUCJIOTHAsI KpuBasi U TakXke B
CIPSIMJISIIOIINX KOOpAWHATaX OIIPEAeIISIIOTCS I1apa-

atm atm atm
metpel Cy , Yo , fcp , (HA PUCYHKE HE ITOKa3aHo).

Ha ocHoBe 3Tux BeIMYMH ONpeneisieTCs II0JTHOE
npencrasieHue o I — P — CO, kpuBoii o6pasua.

(puc. 506). 3arem

DTOT NOAXO/ MO3BOJISIET COBEPIIEHHO MTO-APYTro-
MY OIpEIeNIsiTh KBAHTOBBIM BbIXOA (POTOCUHTE3a
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Puc. 5. DkcniepuMeHTaIbHBIE CBETOBBIE KpUBHIE Ipoliecca (porocunTeda Ulva fenestrata (a, 6) n Zooxanthellae (B, T) B MOpCKOit
BOJIE C paBHOBECHBIM coziepxaHueM CO, ¢ armocdepoii 1 HachlleHHOo#t Bo3ayxoM ¢ CO,: 1 — 1% CO,, 2 — CO, atMochepsl,

3 — nomanast Blackman (0O0bsICHEHHE C TEKCTe).

(0,,) (17a) U yneJbHYIO MOJISIDHYIO aKTUBHOCTb
kapboxkcunupymwouiero depmenta (Ko) (176) [4, 12]:

a) ¢, = P"/aly; 6)Kc = P"/Cy, (17)

o€ a — IMOoIIOIIECHUE CBECTA.

B 3ToMm ciyvyae nmonmydeHHBIE BETMYMHBI TapaMeT-
POB O, U K- onpenessitoTcsl HA OCHOBE BCETO MacCHBa
OKCIIEPUMECHTAJIbHbIX JaHHBIX, 1 OHU 6YZLYT TOYHEEC
TeX, KOTOPBIE OIPENeNSIIOTCS TI0 HAaYaIbHOMY YTITy
HaKJIOHA CBETOBBIX MJIN YTJIEKUCIOTHBIX KPUBBIX.

Takum O6p330M, MOXHO OCYIIE€CTBUTH KOMIIJIIEKC
M3MepEeHUI Tipu 11060 npyroit KonueHntpauuu CO,,

max

HaripuMep, nipu HaceimeHuu CO, Wi KOHIIEH-

tpauuu CO, < CO;™. Kak nokasaHo Ha puc. 5, npu

pa3Hbix KoHleHTpalusx CO, napamMerpbl CBETOBBIX
(Y1, F1p) Y1 YTJIEKUCIOTHBIX (Y, F'cp) KPUBBIX Jaxe I
OogHOTrO o0Opasua pasziaudaloTcs. Takume umcciaeaoBa-
HMsI, Ha HaIll B3IJISI, MOTYT AaTh LEHHYIO MH(pOopMa-
1Mo 0 paboTe LMKJAa BOCCTAHOBJIEHMS yTrjepona.
VYpaBHEHUSsI, KOTOpbIe MOMOTYT MUCCJIeNIOBaTh LUK
KansBuHa, mpuBeneHBI B TabaNIIE 1.

OBCYXIEHUNE

PazpaboTaHHBII paHee MOaXO/ 1JIsl ONMCaHUs 1ie-
e COMPSDKEHHBIX (DepMEeHTAaTUBHBIX peakiuii [§, 9,
11] mo3Bonus pazpaboTaTh MOJETb HEMPSIMOYTOJb-
HOW TUIIepOoJIbl 1715 TIpoliecca (poTocuHTe3a. Mare-
MaTU4decKasi MOAENb MPEICTaBIseT LEeNMHYI0 IPOOb,

®U3NOJOTUI PACTEHUM TtoM70 Nel 2023
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Tabomuna 1. Criucok ypaBHeHUI npoliecca (poTocuHTe3a 11 pa3TuYHbIX ClTydyaeB

Ne ri/m VYpaBHeHuUs JI1s KaKuX clydaeB
L. npV N repV e 1. ®yHgamMeHTaIbHOE BbIpaxeHue ISl MOJIeU Mpoliecca
1 V 1— V h v doTocuHTe3a ¢ yyeToM nuddy3uu (puc. 20).

1)/ Ik [C.)/Ck — 1V 2. bes yuera muddysuu (puc. 2B, r).
) iV eV [1], Ix — NHTEHCUBHOCTb CBETA U €r0 KOHCTAHTA;

: 1 % + | CPV =l-vyV [C], Cx — xoHueHTpauusa CO, 1 ero KOHCTaHTa

[71/Ix [Cl/Ck
3. % /1 B 1% To ke camoe, UTO U I1. 2, B TapaMeTPUIECKUX KOOpIMHATaX
K- 1- rlPV
repV
1=—vyV — CpP
e v
[C)/Ck

Y=V

4. X =[[1=1] Vv ) CaeToBas1 KprBas B mapaMeTpUIeCKIX KoopauHaTax (och ¥
=Ul=1Ix | neV 3aMeHeHa Ha KoHueHTpauuto CO,). CM. puc. 50, T
1-yV
Y=V > Chau
5. X =V > Cp CBeToBast KprBasi B CIIPSIMITSIIOIIINX
-V KoopauHaTax (och X 3aMeHeHa Ha KoHueHTpauuio CO,). Cu.
Y= = =) e, 56. 1
6. Ul=1 Vv (1 —yV) un CBeToBast KpMBasi: MPUOIMKEHUE YPaBHEHUST BTOPOTO
K 1-V " nopsaka.
1-7 dxy <1 — CBETOBasI KpUBasi OTHOCUTEJBHO [/].
V= 2%y, xAl= - (-1 } — CBETOBasl KpUBasi OTHOCUTEJIbHO V'

TIpumeuanue: B 1. 4-6 npuBeneHbl ypaBHEHHUS [UTSI CBETOBOM KpBOii. YTOGBI HamMcaTh ypaBHEHUS IS YIJICKUCIOTHOM KPUBOIA, Ha-

1o nomeHArs [1]/Ig u [C]/Ck mectaMu.

KOTOpasl ONUCHIBAaeT 3aBUCUMOCTH CKOPOCTU (POTO-
CUHTE3a OT MHTEHCUBHOCTHU cBeTa ([), KOHIIEHTpa-
1 CO, U B3auMMONIEHCTBUE ITUX JIBYX (PaKTOpPOB.
IMpennoxeHsbl crielMagbHbIe CIPSIMIISIIONIE KOOPAU-
HAaThI, B KOTOPBIX BCE CEMECTBO TUIIepOOI MMEET BULT
npsiMoit imHun. CpsiMIISIIoIIie KOOPAWHATHI TT03BO-
JILJTU KOJTMYECTBEHHO ONPEeeTUThb CBETOBYIO (/i) Uiu
yriieKucJoTHY10 (Cyx) KOHCTaHThI ¥ TapaMeTp Henpsi-
MOYTOJIbHOCTU TUNIEPOOIIBI Y; WK Y. PaccmoTpenne
B3aMMOAECMCTBUSI MHTEHCUBHOCTH CBETA U KOHILIEH-
tparuun CO, MO3BOJMIO ¢ MaKCHMMAaJIbHON TOYHO-
CThIO CMOJICIMPOBATh SKCIIEPUMEHTAJIbHbIE KPUBBIE.

CnenyeT oco00 OTMETUTD, YTO MOIEIb HEIIPSIMO-
YIOJIbHOM TuIepOoJibl MPUMEHNMA HE TOJBKO IS
ornucaHus mnpoliecca (OTOCUHTE3a MOPCKUX BOJO-
pocieii (puc. 4 u 5), oHa UMeeT 6oJiee 001U XapaKTep.
Kunerurka npoiiecca (poTocruHTE3a BBICIIMX PACTEHUI
TaKXe CJIelyeT 3TO MOEeu, ¢ KpUBU3HOMI Y= 0.9 [14];
3aBMCUMOCTb CKOPOCTH POCTa reTepoTpo(HbIX opra-
HM3MOB OT KOHILIEHTpALMU MUK [ 15] Takke onuchi-
BaeTCsl 3TOM KMHETUKOI ¢ KpuBU3HOMI Y= 0.94. 3aBu-
CUMOCTb CKOPOCTH IIOTpeOJIEHUSI KJIEeTOK (UTO-
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IUIAaHKTOHA XMBOTHBIMU Daphnia n Calanus ot ux
KOHIIEHTpaluu [16], CKOpoCcTH BblemaHUS ALY PbI-
6oii [17] moka3asno, Bce 3TU IIPOLECCHI TAKXKE IIPOTE-
KaroT MO0 KWHETUKE HENMPSIMOYTOJbHOM TUIEpPOOIIbI C
KpuBU3HOi1 Y= 0.95—0.98.

DoTOCHHTE3 PACTUTENBHON KJIETKUM — TIJIaBHBIN
HWCTOYHUK €€ CKOpOoCTU pocTta. [ToMmruMo cHaGxeHus
CBETOM U YIJIEKUCJIOTOM, pacTUTeNbHasl KJeTKa
JIoJKHA cHabXaTbCsi OMOT€HHBIMU BeleCTBAMU B
COOTBETCTBUM CO CBOUMMU MOTPEOHOCTSIMU, KOTOpast
MOXET ObITh BbIpakeHa uyepe3 UX IMOCTOSIHHYIO (KOH-
craHTy) (N — coenuHeHusl a3ota, P — COeNUHEHUSs

docdopa):

rpV repV +
1-V/(/Iy)  1-V/(C)/Ck) (19)
InpV opV”

+ +..=1=-9yV,
1=V/(NI/Nx) 1-V/[(PI/F)

rae Ng u Px — cyOCcTpaTHbIE KOHCTAHTBI COEAUHEHUS

azota u docdopa COOTBETCTBEHHO U T.1.

Mb1 YK€ HE pa3 O6paH_IaI[I/I BHMMAaHME Ha TO, 4YTO
KaK CBC€TOBBIC, TaK WU YIJICKMCIIOTHBIC OKCIICPUMECH-
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TalbHBIE KpUBbIE (pHC. 4a, B, 1) PE3KO OTIMYAIOTCS
OT YacTO WCIIOJIb3yeMOil B MOACIUPOBAHUN 3KOCH-
CTEM KPHMBOM IPSMOYTOJBLHOM TUIlepOooabsl Muxa-
snuca-MeHTeH; o popMe OHUM CKopee OImKe K JIo-
maHoit biskmana [18, 19].

Pa6oTa BeITIOTHEHA TTPY YACTUIHOM (DMTHAHCOBOIT
nonaepxke Poccuiickoro ¢oHma pyHmaMeHTaIbHBIX
ucciaegoBaHuil, mpoekThl NeNe 15-35-50443 1 18-35-
00543; mpuopuTeTHOI KOMIUIEKCHOM IIpOrpaMMBbI
Poccuiickoit akamemuun Hayk “HanbHuit BocTok”,
rpaHTbl NoeNe 18-1-007 u 18-1-010; mporpamMmbl ¢hyH-
MaMEHTAJIPHBIX HAyYHBIX HWCCIEIOBAaHMWII Tocymap-
CTBEHHbIX akaneMuit Hayk Ha 2021 — 2023 1. (Tembl
Ne 0211-2021-0008 “HcciienoBaHre OCHOBHBIX ITIPO-
1IECCOB, ONIPEACIISIONINX COCTOSTHIE U U3MEHINBOCTD
OKEaHOJOTUYECKNX XapaKTEPUCTUK OKPaMHHBIX
Mopeit A3uu U Tipujeraroimux paitoHoB Tuxoro u
WNnunniickoro okeanoB” u Ne 0211-2021-0014 “BDko-
JIOTO-OMOTEOXMMHUYECKNE TIPOIIECChI B MOPCKHUX
9KOCHUCTEMAaX: POJIb MIPUPOIHBIX U aHTPOIIOTEHHbBIX
¢dakTopoB”).

Hacrosiiast craThst He COAEPKUT KaKMX-IU00 UC-
cJIeIOBaHUI C y4aCTHEM JIIOACH 1 SKMBOTHBIX B Kaue-
CTBE OOBEKTOB MCCIIEAOBAHUSI. ABTOP 3asIBIISIET 00
OTCYTCTBUU KOH(MIMKTA UHTEPECOB.
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