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Beeoenue. Pabota mocBAIIeHA HCCICIOBAHUIO PEIICHUS 3a/1a-
uyn Tpanchopmarmu Gopm dochopa, azora u kpemHus. aH-
Hasg Tpo0jeMa BO3HHKAeT INPH MOJCIMPOBAHHU JHUHAMUKH
(UTOIUIAHKTOHA B MEIKOBOIHBIX BOJOEMax, B TOM UHCIE B
A30BCKOM Mope. Mojienb JUHAMUKA (DUTOILIAHKTOHA ChOop-
MyJIHpOBaHa KaK KpaeBas 3ajada A CHCTEMbl ypaBHEHHUH
1 Hy3nN-KOHBEKIMU-PEaKIUY M YYUTHIBACT IOTJIONICHUE U
BBIZIEJICHHE ITUTATEIbHBIX BEIIECTB (DUTOIUIAHKTOHOM, a TAKKe
Mepexo/ MHUTATeNbHBIX BEUIECTB M3 OJHOTO COCIWHEHHS B
npyroe. Jlnsi pacuera HadalbHBIX YCIOBHII M IHapaMeTpoB
YPpaBHEHHUH, IPU KOTOPHIX HACTYIAeT CTAMOHAPHBINH PEXKHM,
pa3paboTaHO HMpPOrpaMMHOE 0OEcIeueHne, OCHOBOH KOTOPOTO
MOCITY’)KMJIa MOJENb, ONMHCHIBAIONIAs W3MEHEHUs] KOHIIEHTpa-
ouii QUTOIUIAaHKTOHA Oe3 ydera BIMSHUS TedeHWi. JlaHHas
MOJIENb MPEACTABIEeHa CHCTEMOH HEOIHOPOIHBIX OOBIKHOBEH-
HeIX 1uddepeHnmanpHEIX ypaBHeHHi. Ha ocHoBe paspabo-
TAQHHOTO MPOTPAMMHOIO OOECIEUEHHSI HKCIIEPHMEHTAIbHBIM
00pa3oM paccUMTaHbl HadaJIbHBIE YCIOBHUS M IapaMeTpPhl MO-
JIeNT TUHAMUKH (PUTOTUTAHKTOHA B A30BCKOM MODE.
Mamepuaner u memoosi. PaccMaTpuBaeTcs TpexXMepHas Mo-
JIenb TUHAMUAKA (DUTOIUIAHKTOHA C y4eToM TpaHchopmarmm
coenuHeHui pocopa, a30Ta ¥ KPEMHUsI, OCHOBaHHAsI HA CH-
CTeMe YpaBHEHHH TpaHCIOpTa OHOTEHHBIX BemiecTB. Jlns
YTOYHEHHsI MapaMeTPOB MOJENH, TPH KOTOPHIX HACTYHalOT
CTaI[OHAPHBIC PEXUMBI, PACCMAaTPUBACTCS CITy4ail MPOCTpaH-
CTBEHHO-OJJTHOPOJHOTO pacmpejeneHus cyocranmumii. B pe-
3yJIbTaTe€ YNPOLICHHUsS MOJIyYeHa CHCTeMa OOBIKHOBEHHBIX
i depeHIanbHbIX ypaBHEHHH, KOTOpasi pelIeHa MEeTOXOM
Pynre-KyTThL

Pesynomamul  uccnedosanus. Pa3paboTaHO HpPOTrpaMMHOE
obecriedeHne Uil YyTOYHEHHS HAdaJbHBIX YCIOBHH W TIapa-
METPOB MOACIM AUHAMUKH (bHTOl'IJ'IaHKTOHa C YU4€TOM TpaHC-
¢dopmanuu coennHeHu (pocdopa, azota u kpeMmHus. IIpose-
JC€HbI HECKOJIBKO YUCJIICHHBIX 3KCIIEPUMEHTOB B IPECATIOIO0XKE-
HHUH, YTO Pa3BUTHE (bl/ITOl'lJ'IaHKTOHa JIUMUTUPYETCS €UH-
CTBEHHBIM OHOTEHHBIM BEIIECTBOM. B pesynbrare BBIUHCIH-

" PaBoTa BhinosHeHa npyu noazepxkke PH® (mpoekt Ne 17-11-01286).

Introduction. The solution to the problem of transformation of
phosphorus, nitrogen and silicon forms is studied. This prob-
lem arises under modeling phytoplankton dynamics in shal-
low-water bodies including the Azov Sea. The phytoplankton
dynamics model is formulated as a boundary value problem
for the system of diffusion-convection-response equations and
takes into account the absorption and release of nutrients by
phytoplankton, as well as the transition of nutrients from one
compound to another. To calculate the initial conditions and
parameters of the equations under which the steady-state re-
gime occurs, the software is developed, which is based on the
model describing changes in phytoplankton concentrations
without considering current effects. This model is represented
by a system of inhomogeneous differential equations. Based
on the developed software, the initial conditions and parame-
ters of the phytoplankton dynamics model in the Azov Sea are
calculated experimentally.

Materials and Methods. A 3D model of phytoplankton dynam-
ics is considered taking into account the transformation of
phosphorus, nitrogen and silicon compounds based on the
system of nutrient transport equations. The case of a spatially
uniform distribution of substances is considered to specify the
parameters of the model at which the stationary modes occur.
Because of simplification, a system of ordinary differential
equations solved through the Runge-Kutta method is obtained.
Research Results. The software is developed to specify the
initial conditions and parameters of the phytoplankton dynam-
ics model considering the transformation of phosphorus, nitro-
gen and silicon compounds.

Several numerical experiments are performed under the as-
sumption that the development of phytoplankton is limited by
a single biogenic substance. As a result of the computational
experiment, it can be seen that with the obtained values of the
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Belova Yu.V. et al. Study on stationary solutions to the problem of phytoplankton dynamics considering transformation

TENBHOTO SKCIIEPUMEHTA BUAHO, YTO IPU MOJIYYECHHBIX 3Haue-
HHUSX HA4YalbHBIX KOHLCHTPAlWil M IapaMeTpoB ypaBHEHHMIT
HACTYNAIOT CTAllMOHApHBIE PEXHUMBI U1 CHCTEMBI OOBIKHO-
BEHHbIX AU((depeHINANbHBIX YPaBHEHHH, ONMCHIBAIOLIEH
clyqail  TIPOCTPaHCTBEHHO-PABHOMEPHOTO  PacIpe/IeNICHUs
cyOCTaHIIHH.

Obcysicoenue u 3axnouenus. B pabore nccnenoBaHa MaTeMa-
THYecKas Monenb TpaHchopmanuu dopm ¢docdopa, azora u
KpPEMHHUS B 3a]a4€ JUHAMUKH (UTOILIAHKTOHA.

[MomydyeHsl cranmMoOHAapHBIE PEKHMBI JUII CHCTEMBI OOBIKHO-
BEHHBIX (P GEpeHIHAIBHBIX YPABHCHHUH, I KOTOPBIX OMpe-
JieTIeHBl 3Ha4YCeHUs I1apaMeTPOB CHCTEMBI U HadalbHBIE YCIIO-
Bus. IlonydeHHbIC pe3ybTaThl MOTYT OBITh HCIIOJNB30BAHBI B
mponecce JajdbHEHIIEro MOJIETHPOBAHUS AWHAMHKH (HTO-
IUTAaHKTOHA C y4eToM TpaHc(hopManuu coenuHeHnit ¢pocdopa,
a30Ta U KpEeMHHS C y4eTOM KOHBEKUUH-Iu(dy3un, coieHo-
CTH, TEMIEPATYPHL

KioueBsble cioBa: purtoriankToH, Gochop, a3oT, KpeMHHH,
OHMOTeH, XUMUKO-OMOJIOTHIECKHH HCTOYHUK, ypaBHEHHE KOH-
BeKIMH-Iu(hy3uu-peaknuy, 3amada Komm 111 cucTeMbl
OOBIKHOBEHHBIX TH(p(GEepPeHINATBHBIX YpaBHEHHH, CTal[IOHAP-
HBIA peKUM.

Ooépazey ona yumuposanun. benosa, 0. B. MccnenoBanue
CTAIIMOHAPHBIX PEIICHUH 3314 JMHAMUKH (DUTOIUIAHKTOHA C
ydgeTtoM TpaHcopmanmu coeauHeHHH (¢ochopa, azoTa u
kpemuns / FO. B. Benosa [u np.] / Bectauk [loHckoro roc.
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initial concentrations and parameters of the equations, station-
ary modes occur for the system of ordinary differential equa-
tions describing the case of the spatially uniform distribution
of substances.

Discussion and Conclusions. The mathematical model of the
transformation of phosphorus, nitrogen and silicon forms in
the problem of phytoplankton dynamics is studied. Stationary
modes for the system of ordinary differential equations are
obtained, for which the values of the system parameters and
initial conditions are determined. The results obtained can be
used in further simulation of the phytoplankton dynamics con-
sidering the transformation of phosphorus, nitrogen and silicon
compounds with account for convection-diffusion, salinity,
and temperature.

Keywords: phytoplankton, phosphorus, nitrogen, silicon, bio-
gen, chemical-biological source, convection-diffusion-
response equation, Cauchy problem for system of ordinary
differential equations, stationary mode.
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BBenenune. B cBs3u ¢ pazBUTHEM KPYITHBIX TOPOJIOB Ha MOOEPEKbe MEITKOBOJHBIX BOJIOEMOB M PEUHBIX CH-

CTeM, BIAJAIOMMX B JAHHBIE BOJOEMBI, YYaCTHIINCh ClIydadu 3BTpodukanuu. PocT Bogopocneil B BojgoeMax BBI3BaH
YBEJIUYCHHUEM CTOKA a30THBIX U (OCHOPHBIX COSAUHCHHUN C MPUIICTAIONINX PaiioHOB cymiu. Kaxapiii BOIHBIN 00BEKT
SIBIISICTCA YHUKAJIBHBIM U TpeOyeT moapoOHOro ncciepoBanus. s u3ydeHns BOJOEMOB IIPUOETaloT K HaTypHBIM HC-
cinenoBaHUsAM [1], a Takke MaTeMaTHICCKOMY MOJCIMpOBaHHUI0. He mpeyMeHbInas pod HaTypHBIX SKCICPUMEHTOB
MOJKHO CKa3aTh, YTO MAaTEMAaTHYECKOE MOJIEIHPOBAHUE SIBIISICTCS MEHEE 3aTPaTHBIM, a TakKe MO3BOJIAET IPOTHOZHUPO-
BaTh IMOBEICHUE YKOCHCTEMBI.

Jus m3ydeHus A30BCKOTO MOpsl pa3paboTaHa TpexMepHas MOAeTh THAPOTUHAMUKH [2, 3], BKIIOYaromIas
YpaBHEHHUsI IBIKCHHUS IO TPEM MPOCTPAHCTBEHHBIM HalpaBieHUsAM. B padore [4] naHHas Moaeb BHIIOIHEHA IS CITY-
Yasi IMHAMUYECKOTO MEPECTPOSHUSI TEOMETPHUU pacyeTHOI 00J1acTH 3a CUeT NPHIMBHO-OTIMBHBIX siBIEHHH. Mccneno-
BaHUE TOYHOCTH JAHHOI MOJieu puBeieHo B pabdore [5]. B paborax [6—8] mpuBeeHa pEeKOHCTPYKIIUS 3KOIOTHICCKOM
karactpodsl, npomsonreaieii B 2001 roxy, BRI3BAaHHOW Ype3MEPHON KOHIICHTPAIMEH BOJOPOCICH B BOCTOYHON 4acTh
A3zoBckoro mopsi. B pabote [9] npemioxkeHbl MeToIbl 60PbOBI C 3aMOPHBIMU SIBICHUSIMH, BO3HUKAIOIIUMU B A30BCKOM
Mmope. Pa6otst [10—12] mocBsAIIEHBI H3YYCHHIO TUHAMUKA (PUTO- U 300IUIAHKTOHA.

CocrtosiHEE BOJ B MEITKOBOIHBIX BOJOEMAax OBICTPO MEHSCTCS W MaTeMaTHYCCKUE MOIETH TPeOYIOT yTOYHe-
Hus. Pacder mapamMeTpoB TpeXMEpHOH MOJAENH AWHAMHUKH (PUTO- W 300IUTAHKTOHA SIBIIETCS TPYIAOEMKHM, ITO3TOMY
TpeuIaraeTcs U pacdera JaHHBIX MapaMeTPOB UCTIONB30BaTh YIIPOIICHHYIO MOJIEI.

Lenp nanHOW pabOTHI COCTOMT B YTOYHCHHWH MapaMeTPOB MOJEIN NWHAMHKH (DUTOIUIAHKTOHA C YYeTOM
TpaHchopMauu coenHeHHH pochopa, a30Ta U KPEMHHS, IPH KOTOPHIX HACTYIMAIOT CTAI[IOHAPHBIC PE)KUMBI B TIPE.-
MOJIOXKEHUHU MIPOCTPAHCTBEHHO- OJTHOPOIHOTO paclpeieNeHus CyoCcTaHIUA.

Marepuansl m Meroabl. MoJienb OCHOBaHa Ha CHCTEME YpPaBHEHHH TPAaHCIIOpTa OHMOTCHHBIX BELIECTB

[15, 16], BuI KOTOPOI AJIsl KAXKIOTO MOJCIBHOTO OJI0Ka E UMEeT BU

oq. oq. )
LruL v wL =div(kgradg )+ R , 1
o etV TG T divkemda )R, M
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rae ¢, — KOHLEHTpauus i-0oil KOMIOHEHTSHI, [Mr/a]; ieM, M={F, F, F; PO, POP, DOP, NO; NO, NH, Si};
{u,v, w} — KOMITOHEHThI BEKTOPA CKOPOCTH BOIHOTO TOTOKa, [M/c]; k - KosbduimeHT Typ6yneHTHOr0 ooMeHa, [M/c];
R, — byHKUMSA-HUCTOYHUK OHOTE€HHBIX BEIIECTB, [Mr/i-c].

B ypaBuenuu (1) uHzaekc i yka3slBaeT Ha BUJI cyOcTaHImu (Tabnuma 1).

Tabmuma 1
Buorennsie BemecTBa B MOACTH JUHAMUKN (DUTOIIAHKTOHA
Howmep O6o3HaueHUe Hazpanue
1 F, 3enenas Bogopocib Chlorella vulgaris
2 F, CHHe3elieHast Boopocib Aphanizomenon flos-aquae
3 F; JIMaTOMOBasi BOOPOCIb Sceletonema costatum
4 PO, ¢bocdarsr
5 POP B3BEIICHHBII opranndeckuii pochop
6 DOP pacTBOpeHHbIH opranndeckuii hochop
7 NO; HUTPAThI
8 NO, HUTPUTHI
9 NH, aMMOHUH
10 Si PacTBOPEHHBIN HEOPraHUYECKUNA KpEMHUI
! (KpeMHHUEBBIE KHCIIOTHI)

XUMHUKO-OMOJIOTHUECKHUE pCaKnuu OIMUCaHbI CIACAYOIUMH YPABHCHUSIMU
Rl-; = C/A; (1 _KI';R )q/«; _Kl-;uqr; _K/v;/;‘qu s 1= 1’ 3 ’

3
RPOP = ZSPKEDqE _KPDqPOP _KPNqPOP >
3
RDOP = ZSPKF,EqE + KPDqPOP _KDNqDOP ’
3
RPQ, = ZSPCF, (KER _l)qF, +KPNqP0P +KDNqD0P ’

) S(m,)
= ' fN (q no,»Dno, » D,

)qF, +ZSN (KF,D +KF,E )qF, _K42qNH,, >

3 f:vs']) (qNoq Ao, > D, ) 9o,
RNO2 = ZSN CE (KF,R - 1) .

% qr + K42qNH4 - 1<23qNo2 ’
= fN (('11\/03 s o, »Dnu, ) 9o, + 4o,

(1)

3 f N (qN(); ’ QN()2 > qNu4 ) 9o
RN@ = ZSNCE (KF,R _1) ' - qr, +K23qzv0: ’
= Sy (qlvo3 s o, » Dwu, ) 9o, T o,

RS[ = SSfCF, (K[-}R _l)qFJ +SS[KF3[)qF3 .
3HCCB KF,R — YACJIbHAasA CKOPOCTH AbIXaHHUS (I)I/ITOHJ'IaHKTOHa; KED — yAe€JbHAasA CKOPOCTb OTMHUPAHUA (bl/ITO-
IIaHKTOHA; K, — yZAelbHas CKOPOCTh SKCKPEMH (QUTOIIaHKTOHa; K, — yzAenbHas ckopocTs aBronmsza POP; K,
— ko3¢ dunuent pocharopukannu POP; K, — xosbduiuent Gocharopuxanun DOP; K,, — ynenbHas CKOPOCTb
OKHCJICHHUA aMMOHHUSA 1O HUTPUTOB B IPOILIECCCE HI/ITpI/I(l)I/IKaHI/H/I; K23 — YyACJbHasA CKOPOCTb OKUCJICHUA HUTPUTOB 10
HHTPATOB B IIpoIiecce HUTPUGHUKALUH, S, , S, , S, — HOPMHPOBOUHBIC KOA(DDHUIIMEHTE MEX Iy coaepxanueM N, P, Si B

OpPraHUYeCKOM BEIIECTBE.
CkopocTh pocTa GUTOIIIAHKTOHA OTIPEACIISETCS BRIPAKCHHISIMHU:

C. =K. min{ £,(,0,): 1 (Gr0, G0 G, )}

Cﬂ = KNE min {fp (qpq )’ fN (qNax Ao, D, )’f&' (qs,‘ )} ’

rae KNF — MaKCHUMaJlbHas yAejibHasA CKOPOCTb pOCTa (bHTOHJ'IaHKTOHa.
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—  POP y  DOP |

Chv AF-A SC . . Si
47 b | ]
L
¥
NO, NH,

| Nno, ke

Puc. 1. MopenbHas cxema GMOre0XMMHUYECKO# TpaHchopMaru
dhopm pocdopa, a3oTa U KpEMHHUS

(I)yHK].[I/II/I, ONHMCBIBAIOMINE COACPIKAHUA OHMOTEHOB

9ro,
— s pocdopa f, (‘Lm ) = —K ,
ql’()4 + PO,
rae K,, — KOHCTaHTa IOIyHACHIIeHHS BochaTamu;
( )_ 9si
— 1 KpeMHUA f; (g, ) = Kk
9s T Ky
rae K, — KOHCTaHTa MOTYHACHIIEHNUS KPEMHHUEM;

— s 3072 1, (G0 o T, ) = S (G0 GG, ) F S (2, ) »

(1) _ (qzvoJ +qNOz)eXp(_Kp.\'inH4) (2) _ qNH4
fN (QN@ o, ’qNII4) - K > fN (qu) - K >
NO, + (qNo3 +q NOz) NH, + D,
raec KN()3 — KOHCTaHTa MOJYHACBIINICHUA HUTPATAMMU, KN114 — KOHCTAHTa MOJYHACBIINICHUSA aMMOHHEM, K[m. —_—

KO3(pGUIMCHT UHTUOUPOBAHUSI AMMOHUS.
Just cuctemsr (1) HEOOXOAMMO 3aaTh BEKTOPHOE MOJIE CKOPOCTEH BOJHOIrO MOTOKA, a TAKXKE HAYallb-

HbIC 3HAYCHUS PYHKIHUH KOHICHTPAIUI q,
qi ('x7y5Z’O) :q,o (x’y’Z)7 (x7yﬂz) E(_; o t = 0’ iEM' (2)

Bymem cumTaTh, 4TO TpaHUNA X IUIHHApHYecKod obOmactm G SABISETCS KYCOYHO-TIAIKOH W

X=2%,UZ UG, Iae X, — IMOBEPXHOCTh JHA BOJOEMA, X — HEBO3MYILECHHAs OBEPXHOCTh BOJIHOH Cpeabl, G
— OokoBas (UWIMHAPUYECKasi) MOBEPXHOCTh. IIycTh u, — HOpPMasbHAsl O OTHOUICHWIO K X COCTaBISAIOMIAs
BEKTOPa CKOPOCTH BOJHOTO MMOTOKA, 7 — BEKTODP BHEIIHEH HOpManu K X . Jlns KoHLeHTpauui ¢, Oyjaem mpen-

moJjiarathb:

— Ha OOKOBOH TpaHUIE:

q,=0, Ha o, ecnmu u, <0, ieM,; 3)

aq. .

a—’zO, Ha o, ecin u, 20, ieM,; 4)
n

— Ha X, — HNOBEPXHOCTb BOJIOEMA:

%, _, je: (5)
oz

— Ha JHE X, :
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aq,
ki:gl.l,qi, ie{F,, F,, F5},

Oz
aq, .
kai' —¢,q,, i {PO,, POP, DOP, NOs, NO,, NH,, Si}, (6)
Z
rac 8“, 8 — CKOPOCTHU OCaXKACHUA Bo;[opocneﬁ U IIUTATCJIbHBIX BECUICCTB HA JHO.

CranmoHapHbIii pesxkuM. PaccMoTpuM ciydail IpocTpaHCTBEHHO-PaBHOMEPHOTO pacipejaeieHus cy0-
crannuil (puromnankToHa, popm docdopa, a3oTa m KpeMHHUA), TOTIAa Kakaoe U3 ypaBHeHUH (1) ympomaercs u

B pe3yNbTATE MOJTydaeM CIEAYIONIYI0 CHCTEMY OOBIKHOBEHHBIX AU depeHnnanbHpx ypasaeruil (OAY):

q .
. :CE(I_KER)qF, _KEDqE _KF,EQF,ﬂ i=13, (7)

dt
dg 3
% = ;SPKF,DqFI - KPDQPUP _KPNqP()P >
dq 3
% = ZI:SPKF,EqF, +KPDqP0P _KDNC]DOP >
quO4

- ZS C ( l)qr, +KPN‘]P0P +KDNqD0P ’

1) fNZ)(NH ) q, +ZSN (K/-;D +K,,;E)q,.; _KAZQN1L, ’

dq., 3
ﬂ = ZSNCF (KI-'R -
dt = ! ' fN(NO NO NHA) A

o, No, ,NH,) o,
Sy(NO,,NO,,NH,) q,, +4y,

dqyo, 3
7 = ;SNCF, (KF,R - ) qr +K42q1’VH4 _szsqm)2 ’

q Yo,

qE+K

2190, »

) £ (NO,,NO,,NH,) 4y,

_z C,
( fN(NO37N023NH4) qNOZ_{—qNOx

dqs,
j:sﬁcﬂ (K@R _1)51@ +54K,:,4,, -

Pemm cucTeMy OOBIKHOBEHHBIX Au(pepeHINaNbHEIX ypaBHeHHH MetomoM Pyrre-Kyrrer [15-17].
[IpoBeneM HECKOIBKO YHMCIEHHBIX 3KCIEPHMEHTOB, IpeJIoJiarasi, 4To pa3BUTHE (UTOIUIAHKTOHA 3aBHCHT OT

€AMHCTBEHHOTO JIMMUTHPYIOIIETO BELIECTBA.
Pesyabrarsl ncciaenoBanus. s cucremsr OAY (7) paccunraeM HavalbHBIC YCIOBUS U HapaMeETPHI

ypaBHeHHﬁ, OpHU KOTOPBIX HACTYMNAKOT CTAHMOHAPHBIC PCIKUMBI. Bo3pMeM HavallbHBIE 3HAYEHUSA KOHLICHTpaLIPIﬁZ
4, (0)=2,5 me/n, q, (0)=2,6 m2/n, q, (0)=0,91 me/a, q,,,(0)= 0,07 m2/n, q,,,(0)=10,07 M2/, g, (0)=10,005
M2/, Gy, (0)=0,11 me/a, o, (0)=10,0178 me/a, 9o, (0)=10,304 me/n, g, (0)= 0,4 me/n; KO>GPULHEHTSI: Ky
=28 cym’,K,,=0,15 cym”, K,,=0,05 cym”, K,,=0,15 cym”, Kpp=0,015 cym”, Kpy=0,02 cym”,
Kpy=0,1 cym™, Ki3=0,9 cym”, Kp3=2,5 cym™, K, =1,46 cym™, sp=0,01, sy=0,016, 55 = 0,023, K,,
=0,024, K, =3.0, K,, =2,0, K, =3,0.

[Tonmydennsle cTanmoHapHbIe peXuMbl cucteMel OlY (7) B mpennonaoXxeHnu, 4To pa3BUTHE QUTOIUIAH K-
TOHA JUMHUTHUPYETCS €IUHCTBEHHBIM OMOTCHHBIM BEIeCTBOM —(pochopoM, a30TOM MIM KpEMHHEM — H300pa-
XKEeHBI Ha puc. 2—4 cooTBeTCTBeHHO. Puc. 2 omuceiBaer BiusHue pocdopa Ha pa3BUTHE Pa3IUYHBIX BUIOB (GHU-
TOIUIAHKTOHA, PHC. 3 ONMUCHIBAET BJIMSHHME a30Ta HA Pa3BUTHE Pa3IMYHBIX BUIOB (UTOIUIAHKTOHA, puc. 4 OmH-

CbIBACT BJIUAHUEC a30Ta HA pa3BUTHEC JUATOMOBBIX BO,Z[OpOCJ'ICﬁ.
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Puc. 2. CranronapHslii pexxum cuctembl OJ]Y B PeAIonoKeH! , YTO pa3BUTHE (PUTOMIAHKTOHA TUMHTHPYeTCs hochopom:
a) 3enenast Bogopocis (ChV), 6) cunesenenas Bogopocis (AF-A), B) amaromoBast Bogopocis (SC), T') B3BEIIEHHBIH OpraHHIeCKHit
docdop (POP), n) pacTBopeHHbIi oprannueckuii pocdop (DOP), e) bochars (PO,)

B pesynbprare BBIMMCIMTENBHOTO 3KCIIEPUMEHTAa BUIHO, YTO IPU YKA3aHHBIX BBIIIE 3HAYEHUSAX HAYaIbHBIX
KOHLICHTPALMH M TapaMeTpoB ypaBHEHHI HACTYMAIOT CTAIlMOHApHBIE pexkuMBbl 1 cucteMbl O1Y (7), omuckiBaromei
Cllydail IpOCTPaHCTBEHHO-PAaBHOMEPHOT'O pacupeesieHnst cyoctaniuid. [lomydyeHHble 3Ha4eHHs B AaibHeWeM OyayT
UCIIONIb30BAHBI JUIl MOJAEIHMPOBAHUS MPOCTPAHCTBEHHO-HEOJHOPOJHOTO pPACHpENeNIeHNs] CyOCTaHIMH, COJICHOCTH W
TEeMIEpaTyphl ¢ yYETOM JIBUXKEHUS BOJHOM cpensl [18].

Mexaunuka
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Puc. 3. CraunonapHslit pesxum cuctembl OZY B MpernonokeHnu, 9To pa3BUTHE (GUTOIUIAHKTOHA JTUMUTHPYETCS a30TOM: a) 3eJIeHast
Bojopocib (ChV), 6) cunesenenas Bogopocib (AF-A), B) auatomosast Bogopocib (SC), ) ammonuit (NH,), n) autputsl (NO,), €)
Hutpatsl (NO;3)
SC, main Si, main
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Puc. 4. CranmonapHsIii pexxum cucteMsl OJ1Y B IIpeANoNoXKeHNH, YTO Pa3BUTHE (DUTOIUIAHKTOHA (IHaTOMOBBIX BOJOPOCIEH) TNMH-
THpYeTCs] KpeMHHEM: a) fuatoMoBast Bogopocis (SC), 06) kpemuuit (Si)

3akirouenue. B manHo# paboTe ucciieoBaHa MaTeMaTHIecKast MoJienb Tpanchopmaiuu popMm docdopa, azo-
Ta ¥ KPEMHHS B 3a/1a4€ JUHAMUKA (PUTOILIAHKTOHA. PaCCMOTpEH Cilydaii MPOCTPaHCTBEHHO-PABHOMEPHOTO pacipe/e-
neHust cyocraniuit (¢puromnankrona, gopm docdopa, azora u kpemuus). Cucrema pa3OUBaeTCS Ha TPU CHUCTEMBI
OOBIKHOBEHHBIX JU(PepeHIINaTbHBIX YPaBHEHNH, KX asi U3 KOTOPBIX MOJICIUPYET 3aBUCUMOCTh POCTa (PUTOIIIAHKTO-
HA OT CAMHCTBCHHOTO IMTATEJIFHOT'O BEIIECTBA. DTH CHCTEMBI PEICHBI METOIOM PyHre-KyTThI, MOMydYeHBI CTallHOHAD-
HBIC PEeXXHUMEI (pUC. 2—4), A1 KOTOPBIX OTPEICICHBI 3HAYCHHUS MapaMeTPOB CHCTEMBI H HAYaIbHBIC YCIOBUS.
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[Noy4yenHsle pe3yIbTaThl OyoyT HCIIOIb30BAHBI A NaJbHEHIIEr0 MOAEIUPOBAHUS AMHAMUKN (UTOIUIAHKTO-
Ha C y4eTOM TpaHC(POpPMAalIuu coeanHeHHH (pocdopa, a30Ta U KPEMHHS C YIETOM KOHBEKIHU-TH(D(Y3UH, CONCHOCTH,
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