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Pa3paboTaHa yrcieHHast MOJIEb MTPOCTPAaHCTBEHHO-BPEMEHHOM TMHAMUKKM MHOTOMapaMeTpUIeCKOi CH-
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BHEIIIHEl cpenbl (TemMIiepaTtypa, BiarocoiaepxaHue, KUCIOTHOCTE). [IpoBeneHa mapameTpuieckas uaeH-
THdUKALMST U TTPOBepKa aleKBaTHOCTH pa3pabOTaHHON MOIeNu Ha MMEIOIIecsT BEIGOPKE SKCIEPUMEH -
TaJIbHBIX JAHHBIX 10 POCTY sipoBoii nineHulbl «KpacHoydumckas-100» Ha TophsIHOM HU3MHHOM MOYBE.
Pe3ynbTaThl mpencTaBlieHbl BPEeMEHHBIMM pacIpeleeHUsIMU OMOMACChl MCCIIEMyeMOM CeTbCKOXO03sIii-
CTBEHHOMU KYJIbTYPhI M TAaHHBIMU T10 COAEP>KAHNIO OCHOBHBIX 2JIEMEHTOB MUTAHUSI BHYTPU CAMOTO pacTe-
Husd (a3ota, dochopa, Kanus). laHa arpoHOMUYECKast OLIEHKA U MHTEPIIPETAIUs MOJyYeHHBIX Pe3yib-
TaToB.
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IIpumeHeHne OOJIBIIMHCTBA U3BECTHBIX AUHAMM -
YeCKHUX MOJeJieil arpoCUCTeM OrpaHUYeHO U3YYeHU-
€M JIUIIb HEOOJBIIOrO YMCIa COCTABJISIONIUX BJie-
MEHTOB CUCTEMBI BBUY, BO-IIEPBBIX, OOJIBLIOTO YMC-
Jla TIpSIMBbIX M KOCBEHHBIX CBsI3eil MeXIy CaMUMU
BJIEMEHTAMU U, BO-BTOPBIX, OTCYTCTBUEM JIOCTOBEP-
HOTO BKCIIePUMEHTAILHOTO MaTepuaa Jajis Bepudu-
KallMM BBITIOJIHEHHBIX paboT. Taxk, B padote [1] mpu-
BOJIUTCS MOJEIb IUHAMUKU POCTAa HECKOJIbKUX BU-
JIOB CEJIbCKOXO3SMCTBEHHBIX KYJIBTYP, TJIe OCHOBHBIM
MPeINKATOM NPOAYKTUBHOCTH arpOCUCTEMBI BBICTY-
naet TeMneparypa. I1pu HeGIaronpusaTHOM TeMITe-
paTypHOM peXUMe TIPUHUMAETCSI OTPULIATETbHBIN
pOCT GMOMACChI, YTO HE OTPpaAXKAET LIeJIECOOOPa3HOCTh
MPUMEHEHUS TaKOil MOIENIN B peajbHBIX CUCTeMaX.
Poct uncieHHOCTH TIONMYJISLIMM 3aMKHYTOIO COO0-
IIECTBA MUKPOOPTraHU3MOB B OTHOPOTHOM CTaIO-
HapHOI1 cpene naydaics B padote [2]. Momens oTpa-
XKaeT TIpeBpallleHue DBJIEMEHTOB ITUTAHUS CpeIbl
(CkepTBbI) 1 MUKPOOPTaHU3MOB (XMIIMHUKA) IPYT B
JIpyra, TeM caMbIM UMUTHUPYS KPYTOBOPOT IpeBpa-
LIEHUSI MATATEIbHBIX BEIIECTB, OJHAKO HE YUUThIBA-
€T BHYTPUBUIOBBIC B3aMMOIEUCTBUS TOMYJISLAN U
BIIMSIHUS TTapaMeTPOB BHEIIHE cpelbl HA TUHAMU-
JyecKue TIepeMeHHbIe BeIpaxkeHuit. B padote [3] mpu-

BOISITCS XapakTepHble JIsI 3aMKHYTBIX MOPCKUX
9KOCHUCTEM ypaBHEHUS, COCTABJISIIOIIMMU KOTOPBIX
BBICTYNAIOT MOpcKas cpena, buomacca (puTorIaHK-
TOHA, MUHEPaJIbHbIE BEILIECTBA U OTMepIllasi OpraHu-
Ka. MuHepajibHOe MUTaHUE OPraHU3MOB MOApa3Ic-
JIIETCSl Ha TPYIINbl CXOAHBIX BEIIECTB (Ha OCHOBE
asoTa, ¢pocdopa, KpeMHHUS U T.1.), TIe MOPCKas cpe-
Jla UrpaeT poJib puszocdepbl, (PUTOIAHKTOH — POJIb
pacTeHuii, MUHepaJbHble BelleCTBAa — 3JIEMEHTOB
nutanusi. B padore [3], aHamornyHo padoram [1] u
[2], HEe yuuThIBalOTCsI (haKTOPhl UBMEHEHUI COCTOSI -
HUS$ BHEIITHEH cpelibl, MPOCTPaHCTBEHHOTO TMepepac-
MpeneseHus 3JeMEHTOB CCPENbl U yYET BHYTPHUCHU-
CTeMHBIX B3auMoaeiicTBuii. Moaeab IMHAMUKU Tpa-
BOCTOS B 3aBUCUMOCTH OT KJIMMaTUYeCKUX (haKTOpOB
0e3 yyera BHYTPEHHHUX OCOOCHHOCTEH OTHEIhHBIX
3JIEMEHTOB TIpUBeAcHAa B pabote [4]. Pactipenenenue
MOYBEHHOTO OPTaHUYECKOTO BelllecTBa 0€3 OTChUIKU
K MPOAYKTUBHOCTU CaMOI Cpelibl u3yyanoch B pabo-
Tax [5, 6].

BHe paMok mepeyncIeHHBIX UCCIeNoBaHU OKa-
3bIBAIOTCSI BAXKHbIE MTPaKTUUYECKUeE cllydan MPOCTpaH-
CTBEHHON HEOIHOPOAHOCTHU pU3ocdephl, MPUypo-
YEHHOCTh COOOIIECTB MUKPOOPTaHW3MOB K MecTaM
pacripelieJiIeHMid TUTaTeJIbHbIX CyOCTpaToOB, BHece-
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OpFaHI/I‘{eCKHe OCTaTKu

Puc. 1. biiok-cxema MoeJ I XUMUKO-MUKPOOMOJIOTUYECKHX TTPOLIECCOB pU30ChEpPHI.

HUE yogoOpeHmuil B HaubOojee OiaaronpusTHBIE (a3bl
pocTta pacTeHuii. Boripoc o pacrnipeneseHU pacTBoO-
PUMBIX U HEPAaCTBOPUMBIX (DOPM ITMTATEIbHBIX BeE-
IIIECTB, a TAKXKE MX CBSI3b MEXIY CO0OI U pacTeHUEM
OBLJT pPACCMOTPEH JIMIIb B OTPAHUYCHHOM YHCJIIe CITy-
YyaeB U HE UMEET NOIIOJHUTEILHBIX CBSI3LIBAIOIINX
$akTOpOB MEXIY CUCTEMOI <«IIUTATENIbHBIN BJie-
MEHT—ITOYBa—pacTeHue». TakKe CTOUT OTMETUTh
OTCYTCTBME METOJIOB M aJITOPUTMOB pelIeHUS 3a1ad
rnmapaMeTpuIecKoi MAeHTU(MUKAINU Moaeneil (CIio-
CcO0OOB OlLICHUBAHUS YMCJICHHBIX 3HAUCHMIA TTapaMeT-
pOB MOZEIM) U IPOBEPKM CTEIIEHU aJeKBAaTHOCTU
U3yd4aeMbIM peallbHbIM CUCTEMAaM.

IlepeunicieHHBIE OCOOSHHOCTH ITOMYCPKUBAIOT
aKTyaJIbHOCTDb Pa3pabOTKM MOJENIN TUHAMUKUA KOM-
TUIEKCHOM CHCTeMBbI, IMHAMUYECKIMHU TIEPEMEHHBI-
MU KOTOPOM BBICTYNAIOT pacTeHUsI, puzocdepa 1 co-
00I1IeCcTBa HACEISIONINX €€ MUKPOOPTaHU3MOB, 3JIe-
MEHTBI TOABIDKHOM W HENOABIDKHON (OpM Kak
MUHEpaJbHOTO (MUHEpaIbHbIE YIOOpPEeHMs ), TaK U
OpraHm4eckoro (HaBO3, KOMIIOCT, TOpd, coiloMa u
Ip.) uTaHus. Beroay B manbHeIeM o1 TepMUHOM
«MUHEpaJibHOE MUTAaHWE pacTeHMil» OymeT ITOHU-
MAaThCsl COBOKYITHOCTb IIPOLISCCOB ITOTJIOIIECHMS, T1e-
peOBMKEHMSI M YCBOSHMSI KJIeTKaMU KOpHEI pacTe-
HUH XMMMYECKUX DJIEMEHTOB, MOJIydyaeMbIX U3 I10Y-
BbI B (pOpMe MOHOB MUHEPAIbHbBIX cojeit [7].

Biok-cxeMa Monmen MpoTyKIIMOHHBIX ITPOIIECCOB
pusocdepsl mpeacTaBieHa Ha puc. 1.

OO0beKTaMu ncciacaoBaHusa BBICTYIIAIOT: OCHOB-
HOC€ MUTATECJIbHOC BEIICCTBO IMOYBbI, OIMPCACIIAIONICC

ee IUIOIOPOaNE, KOTOPOE MOCTYHAeT U3BHE ITOCPE-
CTBOM BHECEHMS yIOOpeHUii; pr3ochepHbIE MUKPO-
OpraHM3MbI, KOTOPLI€C BBICTYIIAIOT KaTaJInu3aTOpOM
MeTaboINUYECKUX PeaKLU B TIOUYBE U KOTOPHIE CITy-
KaT YHUBEPCAJIbHBIM MEXaHU3MOM CJICTOBAaHUS T -
TaTCJIbHbBIX J2JIEMEHTOB 1O KJIETOK paCTCHMﬁ; caMu
pacTeHUs.

I1pouecc B3anMoaeiicTBUSI MPUBEACHHBIX OOBEK-
TOB COCTOUT B CJICAYIOIIEM.

Yao06peHus nonaaaloT B MOYBY B BUAE MUHEPaIb-
HBIX coJsieii. OnpeaeseHHas UX YacTb CBSI3bIBAETCS C
ME30- U MUKPOIJIEMEHTaMU TOUBbI, 00pa3ysl CoJiu
TPYIHOPACTBOPUMBIX COEAUWHEHUI. DTU 2JIeMEHTbI
HETIOJABMXHBIX (pOpM, KaK MpaBUJIO, CTaTUYHBI U
MPaKTUYECKU HE MEHSIIOT CBOEI KOOPIMHATHI C TeUe-
HUEeM BpEMEHU, COPOUPYIOTCS B MOYBEHHbIE TBEP/bIE
MOpPOJbl U HE PACTBOPSIOTCS B MOABUXKHBIN THUTa-
TeJIbHbII MOYBEeHHbII pacTBop [8]. OcTajibHas YacThb
0O yJIeTydnBaeTcs B aTMocdepy, In00o copOompyeT-
csl B XXKUAKYI0 (pa3y TMouBbl (MMOYBEHHBIN pacTBOp),
KOTOpasi HEMOCPEeACTBEHHO MpuJjieraeT K KOpHEBOM
30HE PaCTeHMIi U JOCTABJISIET MUTATEIbHbBIC JIEMEH-
Thl K KOPHEBBIM KJieTKaM. [Ipu 3TOM coiu omHUX
3JIEMEHTOB HaXOJSATCsI B OIpelesIeHHbIX OTHOIIEH -
SIX C COJISIMU APYIUX 3JE€MEHTOB, KaTaau3upys Judo
WHTUOUPYS UX peaKLUU C TOYBEHHBIM PaCTBOPOM.

INepemeniias B HOYBEHHBIN pacTBOP OINpeaeIcH-
HasT 9aCTb MHUHEPAJIbHBIX COJIeil TTOTpeOIIsieTCs] o9~
BEHHBIMU MMKPOOpPraHu3MaMu. JomoTHUTEIbHBIM
WCTOYHUKOM VX ITUTAHHUS CITy>KAaT KOPHEBBIE BBIICIIC-
HUs pacTeHnit. KOHEYHBIM MPOIYKTOM MX peaKIInr
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SBJIIOTCSI OMOJIOTMYECKW aKTUBHBIE BEIIECTBA W
OeIKOBBIE COeIMHEHNS, MOTJI0IIAeMbIe BMECTE C MU~
TaTeJbHBIMU 3JIEMEHTAMU CPENBI pacTeHreM. Takoe
TTOTJIOIIEHNE CIYKAT OCHOBOM MIst (POPMUPOBAHUS
ypO3Kasi U OpraHMYECKHUX OCTATKOB pU30C(epHI.

enp paboOTHI COCTOUT B ITOCTPOSHUM MaTeMaTH-
YeCKOil MOAECIN IWHAMHUKHM CHCTEMbI «yoOOpeHUe—
MOYBa—paCTeHUE», COCTABJISTIONIMMM KOMIIOHEHTA-
MU KOTOPOM BBICTYIAIOT COBOKYIHOCTbH 3JIEMEHTOB
MUTAaHUSI TIOYBHI, COOOIIECTBA MUKPOOPTaHU3MOB
pu3ocdepnl M bmoMacca pacteHuii. B kauecTBe oc-
HOBHBIX THMIIOBBIX ypaBHEHUI, MCIIOJb3yeMbIX IS
MOCTPOEHUSI BhIpaxKeHUI MOACSIN, ObLIM MCHOJB30-
BaHBl ypaBHEHUS CaMOJMMUTHPOBAHHOTO POCTa
DepxronbeTa M OrpaHUYEeHUS TTOTPedIeHUs cyocTpa-
Ta MoHo [3, 7]. 15 KaxXa0il u3 mepeMeHHBIX BBIIOJI-
HEHO ITOCTPOCHME MOENIM, YUNTHIBAIOIIE ompee-
JIEHHBbIE CBSI3M M CaMOCOIVIACOBAHHBINA XapaKTep
COCTaBJISIOIINX JIEMEHTOB CUCTEMBI. Jlajee BBITTOoJI-
HEHO WCCJIENOBaHME pPOCTa SIPOBOM IIIICHUIIBI HAa
TOPPSTHOM HU3WHHO ITOYBE C TIOMOIILIO IIPOrpaMM-
HOM peanu3aluM, aganTUPOBAHHON MOJ YHUKAaJlb-
HBII penpe3€HTAaTUBHBIA 3KCIEPUMEHTAJIbHBIA Ma-
Tepuan.

MOJIEJIb JMHAMHWKHUN SIIEMEHTOB
MWHEPAJIbBHOTO ITUTAHUA

):[I/lHaMI/lKa CcoIcp>XKaHUud B paCTCHUAX SJIEMCHTOB
MUHEPAJTBHOI'O IMUTAHUA OIIPCACIACTCA HadYaJlbHbI-

aC,
ot
R =(1-4")(C,y - C)+d”

k=1

(w) g
aC; _ a(aw) (C,',

i
ot k=1

rae {C;, i = 1 =~ ng} — BBIpaK€HHOE B €AUHULIAX Mac-
CBl colepXaHUe B PACTEHUU IJIEMEHTOB €0 MUHE-
PaJIbHOTO NMUTAHUA B MOABIXHON popme, 1 — ync-

JIO BUJOB 2JICMCHTOB ITMTaHUA, Cl-(w) — BBIPAKEHHOC

B €IMHUIIaX MACChl COJIEP>KaHUE DTUX K€ IJIEMEHTOB
HENOABMXHOI (opMbl B pusochepe. DyHKLUS
Jc(T,W) xapakrepusyeT BIUSIHUE TeMIIEPaTypPHOIO

(7T) u BnaxHoctHoro (W) pexxumoB. [ToHsITHO, YTO ee
Ha0Op apryMEHTOB HE OTPAHUYMBAETCS TOJIBKO 3TU-
MM TIepEeMEHHBIMH: CIOofa CJIeAyeT TakKe T0O0aBUTh
noxasaresyib pH, IJIOTHOCTB cpeabl p U T. 4. st kKoM-
MaKTHOCTHU 3aruceit orpaHUYUMCs TOJIBKO TeMIiepa-
TYypOii M BIaXXHOCTEIO. Jlanee, KoahGOUIIMEHTHI ITPO-
MOPLMOHAIBHOCTH {g; o, | = | + n¢} XapakTepusyor
WHTEHCUBHOCTU TIOCTYITJICHUS 3JIEMEHTOB ITOIBIIK-
Holi (popMbl U3 pu3ocdepsl B pacTeHue, a Koahdu-
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MU pacIipeelIeHUSIMU 3JIEMEHTOB MOABUXKHOI hop-
MbI B pusocdepe, couepKaHUeM B HEil OpraHuKU 1
COCTOSTHMEM cpelbl (pacnpencaeHUsIMUA TeMIlepaTy-
PBI, BJIAXXHOCTH, TUIOTHOCTU pU30CPepPhI, KUCIOTHO-
CTU U T.1.), IEPUOJUYHOCTBLIO BHECEHUS YIOOPEHUIA,
B3aMMOCBSI3SIMU MEXKAY dJIEMEHTAMU CUCTEMBI, TIPO-
CTPAaHCTBEHHBIMU pachpeleeHUsIMA pacTeHU u
psiaoM apyrux npuuuH. [IpyHUMalOTCA BHYTpU- U
MEXBUIOBbIE OTHOIIEHUS MEXIY COASPKAHUEM DJIe-
MEHTOB (KOHKYPEHIIUSI, CAUMOMO3, OTHOILIIEHUS «I1a-
pa3UT—XO3IWH» U T.I.), TJie KaXAbIi 3JIeMeHT «00-
peTcsl» 3a BaKaHTHOE MECTO B CUCTEME «IT0YBa—pac-
TeHHE» M TEM CAMBIM BBITECHSIET IPyTUe SJIEMEHTHI
13 MOYBEHHOTo pacTtBopa. IIprMepoM Takoro ImoBe-
JIEHUSI MOXXET CITY>KUTh OTHOLIEHUE MEXKAY IIMHKOM U
KagMUeM, a TakKe MeXIy KaaMUeM U KaJblueM:
LUHK W KaJIbLIMI BBITECHSIOT KagMUIA M3 pacTBOpa
ero coseii [9]. [IpuHuMalOTCs TakKe OIpeneIeHHbIE
B3aIMOOTHOIIIEHUST MEXIY COAEPKAHUSIMHU SJIEMEH-
TOB B CaMOM pacTeHUH. JloImycKawTcsl TpOoCTpaH-
CTBEHHO-BpPEMEHHBbIE TIepepacipeacacHUs] dJIeMeH-
TOB HENOABIDKHOI (hOPMBI (MX MUTPALIUS).

CornacHoO NpUHSITHIM IOITYIIEHUSIM 3aII1Ch YpaB-
HEHUI MOAEIU IJWUHAMMKU 3JIEMEHTOB IMUTAHUSI IO~
JIBVKHBIX M HEMOABUKHBIX (POPM MTPUHUMAET CIIELY-
IOLLIUI B

he
L= o (T.W)goR + > q,,C,1B

J=1

—-C)+a"> pd(1—1,) - "™ + DMVCY
0 i i ik ik i i i i

C,(0,X)=0n C™(0,X)=0, rae X =(x,y,2)

IUSHTBI {qij, ij =1+ nc} — MHTEHCUBHOCTD BIIMSIHUA

2JIEMEHTOB IMUTAHUS Ha UX IPUPOCT B CAMOM pacTe-
Huu. Hanuuue Takoiil cBSI3M OOYCJIOBJIEHO XUMUYE-
CKMMHM CBOWCTBAMM 2JIEMEHTOB NUTAHUS: B OJHUX
cJIydasix OHM MOTYT BBICTYIIaTh MHTUOUTOpPaMU TUHA-
MUKMU, a B IPYTUX — aKTUBATOpaMMU.

Habop {C;, i = | + n¢} onpenensier HayaIbHOE
pacnpenelieHrde 3JeMEHTOB MNUTaHUST ITOJBMXKHOM
(opmel B pusocdepe (R; BBOIUTCS MJIsd y100CTBa 3a-

nuceit). KoadduimmeHtsr a,-(") ua i(w) XapaKTepU3yIOT
T€ JOJIU BHECEHHBIX YIOOPEHMIA, KOTOPbIE ITPUXOIST-
Cd Ha 3JIEMEHTHI MMOJBUXKHON M HETTOIBVKHOMN (hOpM.
HMx cymma He mpeBbIIaeT eTUHUILY (M MOXET OKa-
3aTbCs MEHBIIIEe €¢), MMOCKOJIbKY YIOOpEeHHUSI MOTYT
YAaCTUYHO YJIeTy4uBaThCsd JTUOO He TonaaaTh B pac-
tBOp. Habop {py, i = 1 + ne, k = 1 + ng} xapakrepu-
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3yeT BHECEHHbBIE B pu3ocdepy B MOMEHT BPEMEHH 1,
ynobpenus, rae 0(f — t;) — nenpra-dyHkuus Jupa-

Ka; ai("w) u ai(wa) XapaKTePU3YIOT B3aUMHBIE TIEPEXO-
IIbI JIEMEHTOB MEXXAy MOABMIKHOIN M HEIIOABMKHOM
¢dopmamu; ai(s) — JIOJISI oItaga, KoTopasi IPpUXOAUTCS
Ha i-} 5JIEMEHT MOABYKHOI (DOPMBL; /1 g — IMTOPSIIKO-
BOE YKCJIO BHOCHUMBIX B MOYBY BUIOB YIOOpEHMUIA.
Koadduiments! (1) moajiexaTt OLleHMBAHUIO HA OC-
HOBAaHWHU BEIYUCIIUTEILHBIX SKCIIEPUMEHTOB.
CornacHo ypaBHeHUIO (1), TMHAMUKa 3JIEMEHTOB
MUHEPaJIbHOTO IMMTAHMUS ITOABMXHOM (hOPMBI B pac-
TEHUU CJICAYET IOJIOXEHUSIM, TIPUHSATHIM B MOAEIU
«pecypc—notrpeoutensb» [10]. ITpu pacuere anemMeH-
TOB TOABUKHOI (hOopMBI B prusocdepe cieayeT yuu-
THIBaTh, YTO UX KOINYECTBO C; IIEPEIIUIO B CAMO pac-

TeHue, a Komaectso a ") ( C; o — C;) nepeuuio B He-
MOABILKHYIO hopMy. [loOaBiIeHEI Xe CIoma 3J1€MEHThI
yInoOpeHMii, orama W Tepelledlne B IMOIBUXKHYIO
dopMy 3J1€MEHTHI HETTOABMKHOM (DOPMBI.
JIuHaMMKa 3JEMEHTOB HEMOIBUXKHONM (hOopMBI
Ci(w) onpeaensieTcss CyMMO# TepelleIlnx 13 I0-
JIBVDKHOM (pOpPMBI 371eMEHTOB (IIEPBBII YiICH B Mpa-
BOIM YaCTM) U TOI YaCTH MacChl yIOOpEeHM, KOTopasi
MMPUXOIUTCS Ha BJIEMEHTBI HEIIOJABMXKHOU (hOPMBI.
HomnyckaeTcsi uX MpOCTPAaHCTBEHHO-BPEMEHHOE Tie-
pepacrpeneneHue (MUTpalus ), KOTOPYIO TYT BBIIOJ-

HsIeT TU(GY3MOHHBIA MEXaHU3M (D,-(W) — K03 du-

oUeHT Inddy3um u V2 onepatop Jlamiaca).

MOAEJIb JMHAMUKHA
MHNKPOOPTAHN3MOB

MUKpOOpPraHU3MBl BBICTYITAIOT areHTaMU Tiepe-
HOCA MUTATEIbHBIX JIJIsI PACTEHUIA 3JIEMEHTOB U Cy-
IIECTBEHHO CTUMYJIUPYIOT UX POCT. JIMHaAMMKa MUK~
POOMOTHI OTIpEeAeIISIETCS COCTOSTHUEM pU30chephl,

2,

on

rae f{ T, W) xapakTepusyeT BIUSHAE TEMIIEPATYyPHO-
ro 7w BogHOTO W pexknMoB pu3ocdepbl Ha ATUHAMU-
Ky MUKPOOPraHu3MoOB (Haa0 TakKXKe YUMThIBATh KUC-
JIOTHOCTB cpenbl pH, ee IIoTHOCTh P U T. 4. ); V), —
YMCIIEHHOCTh/OMOMacca MUKPOOPTAaHU3MOB Kk-TO
BUIA, k = 1 = ny; S B — Macca OpraHuKMU U Macca
pacTeHMi1, KOTOPbIE MPEACTABIISIOT IISI MUKPOOpPIa-

9%, H(s,B)
k= £ (T W) —2 2,
) r (W) b + b (S, B)

w(s,B) = b"s +b"B
Yk (O,X,y,Z) = )Ik,O (-xaysz)

YETBIPBOLIKMH u ap.

€CTECTBEHHBIM TPUPOCTOM U YObLIbIO, DJIEMEHTAMU
MOABIXKHOI (hopMbI (a30T, pocdop U T.1.), BHYTPU-
W MEXBMIOBOM KOHKYpEHIMEeH 3a TUIIEBOH Cyo-
cTpaT (OH MPOAYLIMPYETCS CaMUM pacTeHUEM, CTeO-
JIU, JIUCThSI U KOPHU KOTOPOTO BBIAESIOT YIJIEBOAbI U
OpraHuYecKue KUCJIOThbl) U MPOCTPAHCTBEHHbIN pe-
cypc (OHU paccelisIIoTCsl Ha TTOBEPXHOCTU U BHYTPU
pacTeHuit). DTU BblaeIeHUsT (KOPHEBbIE 3KCCYAaThl)
COCTOSIT MMPEMMYIIIECTBEHHO U3 Pa3JIUYHbIX OpraHu-
YeCKUX coeluHeHui. OHM aKTUBHO BBIAEISIOTCS
KOPHSIMM pacTeHUIi B OKPYXKaIOIIYyIO cpey U obecrie-
YUBAIOT MUTATEJbHBIM CYOCTPATOM MUKPOOPTaHU3-
MBI pr30ocdepbl, co3gaBasi TeM cCaMbIM OJIaTrOIPUSIT-
HblE YCJIOBUS IIJISI UX CYLIECTBOBAaHUS B MPUKOPHE-
BbIX 30Hax [11].

B BblieneHUsIx KOpHei copepkaTcsl opraHuye-
CKH€ COCNMHEeHUS OOJIbIION (DU3MOIOTUYECKON aK-
TUBHOCTU — BUTAaMUHbBI, POCTOBbIE BEIIECTBA, UHO-
r71a aJKaJIOUbI U T. 1. MHOTHE U3 HUX BBIAESIOTCS U
HaJA3eMHbIMU opraHamMu pacteHuit. IlosTomy Ha
KOPHSIX M HaI3eMHBIX OpraHax pacTeHUi pa3MHOXa-
eTcsl oOmibHas1 canpoguTHas Mmukpodiopa [9]. ITu-
TaHWE MUKPOOPTaHM3MOB B pu3ocdepe odbecrieunBa-
€T KOPOBbl€ PU30JENO3UThI, BKJIIOUASI BHICOKOMOJIE-
KyJIIpHbIE CJIU3U TIOJIMCAaXapUIHOU W OeaKOBOi
MPUPOIBI, YTpauyeHHbIE YaCTU pacTeHUi (KOPHEBOit
YeXJIMK, KOPHEBbIE BOJIOCKU, OTMEPILIME YACTU KOP-
Hs) [12, 13]. Psaa BUIoB MUKpPOOPraHM3MOB HAaXOSIT-
Csl B aHTarOHUCTUYECKUX OTHOLICHMSIX C APYTUMU
BUJAaMU, UTO BelleT K perpeccy cucreMbl. Hampumep,
cpeaun 3MUGUTHBIX OakTepuil BCTpedaloTcs TakKue,
KOTOpbI€ 00pa3yIoT AEUCTBYIOIIME OTPULIATEbHO Ha
¢duTonaToreHHbIe 0AKTEPUU BEIIECTBA U TEM CAMbIM
MIpeIOXPaHsIOT pacTeHUs OT 3aboJieBaHmii [11].

CornacHo IIPUHATBIM  JOIIYIICHUWAM, 3alliuChb
ypaBHCHI/Iﬁ MoOJieJb IUHAMUKU COOOIIECTB MUKPO-
OpPTraHMU3MOB IIPUHUMACT BUI:

b, | + Y (AVW(S.B))

ny
J=1

: @)

L |r=0

HU3MOB UX ITATATENbHBINA cyOcTparT; by, ;= Koo pu-

LIMEHTHI, TIOCPEICTBOM KOTOPBIX YUYUTHIBAETCSI BHYT-
py- U MEXBHUAOBAasT KOHKYPEHIMU MUKPOOPTaHU3-
MOB. Y4yeT pa3HOMaclITaOHOro BKJaaa oIlaja |
pACTEHMI B MUTATENbHBIN CYyOCTpAaT MUKPOOPTAHU3-
MOB (UKCHUPYETCSI C MOMOIIBI0 KO3 (PUIIMEeHTOB

bk(s) u bk(s). Aj, — dyHK1MS 93G(dEKTHBHOCTH TIOMCKA
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MUTaTeJIbHOTO cyocTparta [14]; cnaraemMoe BHE KBaj-
paTHBIX CKOOOK ompenesisieT MeXaHWU3M IPOCTpaH-
CTBEHHOTO TepepacipencicHHsT MUKPOOPTaHU3MOB,
COITAaCHO KOTOPOMY OHU CJICOYIOT TWUBEPTEHIINM Tpa-
JIMEeHTa MacChl NX MMUTATEJIBHOIO CyoCcTpara (XeMOTaK-
cuc [10,14]). [TocnenHee COOTHOIICHNE B BBIPAXKEHUSIX
(2) yKa3bIBaeT OTCYTCTBHE ITOTOKOB HA IpaHMIIAX 001a-

d d 0

CTU pacCcMOTpeHust Moienu;, V = —,— —
0x dy 0z
TOp rpamueHTa, a V — nuBepreHius BbipaxeHus. Ko-
a¢duLreHTs (2) momiexaT OLeHUBAaHUIO Ha OCHO-
BaHUM BBIYMCIUTEIbHBIX 3KCTIepUMeHTOB.CoriacHo
IepBOMY YypaBHeHHMIO (2), JOKajibHas IWHAMHKa
MUKPOOPraHU3MOB (BbIpaxkeHHEe B KBaJApaTHBIX
CKOOKax) clielyeT MPUHSITBIM JIJI1 MUKPOOPTaHU3MOB
MOJIOXKEHUSIM €CTECTBEHHOro Mpupocta B ¢dopme
MoHo [14]. ITutaTenbHBIM CYOCTPAaTOM 151 HUX BbI-
CTyIlaeT OpraHuka u pacteHus. MUKpoOpraHU3Mbl
CJIEIyIOT paclpeieIeHUI0 CBOEro MUTAaTEIbHOTO Cy0-
cTparta, YTO OIpeaessieTcsl 3l1eCh AUBEpPreHIueil oT
rpajauMeHTa Macchl cyoctpara. Takoit MexaHWU3M Tpo-
CTPaHCTBEHHOTO pacnpeaeaeHsI MUKPOOPTraHM3MOB
nogobeH MexXaHM3My pexuma ¢ obocTpeHueM [15,
16], xorma IPOUCXOMAUT B3PBLIBHOI XapaKTep pocTa
OuromMaccbl MUKpPOOPIraHM3MOB 32 KOHEUYHOE BpeMsl.
M 4yem BbIllIe Macca cyocTpara (B TOM YMCie U Ouo-
Macca pacTeHUii), TeM Bblllle Macca MUKPOOPTraHU3-
MOB.

) — oriepa-

MOJIEJIb IMHAMHWKHN BMMOMACChHI
PACTEHHWUN U OPTAHUKHU

JluHaMuKa OMoOMACChl PaCTEHUI OIpeaeaseTcs
2JIEMEHTAMM €ro MUTaHUSI, KOHKYpEeHIIME 3a pe-
Ccypc, pe3yjbTaTaMM XU3HEAeITEIbHOCTH MUKPOOP-
raHU3MOB U WHTEHCHUBHOCTBIO OTMUpPAHUSI pacTe-
HUSI, YTO CYIIECTBEHHBLIM O00pa3oM BiuseT Ha ¢op-

0B
ot

9S
ot

rae fg(T, W) xapakTepu3syeT BIUsSIHUE TeEMIIEPaTypHO-
ro 7' u BiaxXHocTHOro W pexxumoB pusochepbl Ha
JIWHAMUKY OMoMacchl (KakK U B IPEIbIIYIINX CIIyda-
SIX, HEOOXOAMMO YUUTHIBAaTh KUCIOTHOCTD cpenbl pH,
ee IUIOTHOCTb P U T. I.); dy — KO3(MGHULIMEHT ecTe-
CTBEHHOTO ITPUPOCTA GMOMACCHI; (P(f) XapaKTepu3yeT
MHTECHCUBHOCTh (OPMHUPOBAHMUS OMNaga pacTeHUS
(cTBOJNIBI, CyxXue BEpPIIMHBI, BETBU, CyXue CTeOJIN),
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MupoBaHue opraHuku. [Ipu TocTpoeHUM Momeleit
JIUHAMUKM OMOMAacCChl U OPraHUKU ObLUIM TTPUHSITHI
CIIeyIOLIE JOIYIECHUSI:

1. IuHamuka 6MoMacchl paCTeHUI omnpeaessieTcs
€€ eCTECTBEHHOI CKOPOCTBIO POCTa, COAEPKAHUEM B
puzochepe 3JIEMEHTOB MUHEPAIbLHOTO MUTAHMUS,
BHYTPM- U MEXBUIOBBIX OTHOIICHUI MEXIY pacTe-
HUSMM (KOHKYPEHIIMS, CUMOMO3 M T. 1I.).

2. XapakTep noTpeOJIEHNUSI pacCTeHUEM 3JIEMEHTOB
MUHEPAJIbHOTO MUTAHUS ONpPEACSETCS MOJTOXEHU-
€M MOJE/IN <«PeCcypc—IIOTpPeOUTeIb», TIe PEeCcypcoM
BBICTYNAET 3JIEMEHThI MUHEPAILHOTO TUTAHUS, a TIO-
TpeOuTeaeM — pacTeHUE.

3. OTnenbHbIE BUIBI MUKPOOPTAHU3MOB BBI3bIBA-
0T CTUMYJIMPYIOLIUI POCT pacTeHMIi; B YaCTHOCTH,
MIPONYIIMPYyeMble PU300aKTEPUSIMU aHTUOMOTUKHU U
TOKCHHBI BO3IEMCTBYIOT Ha (DUTOITATOTEHbBI, ITPUBO-
JIs1 K ”THTMOMPOBAHUIO UX pocTa U tuoenu [17].

4. Y4uTBHIBalOTCSI OTHOILICHUST MEXIY dJIeMEHTaMU
MUTaHus (KOHKYPEHIIUSI, CHMOMO3 M T.1.), KOTOPhIE
VK€ YIOTPeOMINCh PACTEHUEM.

5. Ilomasiue B pu3ocdepy oTMepIIre 4YacTH pac-
TeHUI TpaHCHOPMUPYIOTCS B DJIEMEHTHI OpPTaHUKM,
IJle UHTEHCUBHOCTh MX HAKOIUIEHUS OIpelesisieTCst
¢dyHKI1IMEel Bo3pacTa pacTeHus (Y4€M OHO CTapllie, TEM
BBILIIE MHTEHCUBHOCTh OTMUPAHMsI €ro 4acTeii) 1 Te-
KyIIIero BpeMEHHOTO ce30Ha roaa (BecHa, JIETO WIN
OCEHB).

6. InHaMMKa OPTaHUKHU OIPEIEISIeTCSI OTMEPILIH -
MU YaCTSIMU PacTeHUil U ee MOTpeOJIeHUEM MUKPO-
OpraHuU3MaMM, JIJisi KOTOPBIX OHA BBICTYITAET UX Cy0-
CTPaTOM.

Crhenys 3TUM OOIYLICHUSIM, 3allUCh ypaBHEHWIt
MO JUHAMUKN OMIOMAaCChl pACTEHUI1 U OPTraHUKU
MIPUHUMAET CJIEIYIOLIVI BUI;

e Ny
98 = £, (T.W)ldy - 9(1) + > dC, + > 'dY, — d,BIB
i=1 k=1
min (xsyaz) (3)
L = o(1)B-(dy” + > d'¥)S + DV’S
k=1

S(O,X,y,z) = SO(X,y,Z)

KOTOpasi CYIIECTBEHHBIM 0Opa30M 3aBHCHUT OT BO3-
pacra pacTeHUs ¥ Ce30Ha roja (Harmpumep, ¢ HaCTyII-

JICHWEM OCEHU JIEPEeBbsl TEPSIIOT CBOIO JINCTBY); d,-(c)

XapakKTepu3yeT OTHECECHHYIO K C€OMHHIIC ouomacchl
MHTCHCUBHOCTD HOTpeGJ’[CHI/IH OJIEMCHTOB ITOJABMK-

HOIl (popMbl, i = 1 + n; MOCPEACTBOM dk(y) YUIUTHIBA-
eTCsl BIIUSTHUE MUKPOOPTraHM3MOB Ha TUHAMUKY PO-
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CTa pacTeHMsI; TOCIETHUI YWieH B KBaIpaTHBIX CKOO-
Kax XapaKTepusyeT CaMOJMMUTUPOBAHWE PaCTEHUS
(BTUSTHYIE CAMOTO PacTEHUS Ha CBOM POCT).

IlocnenHue nBa ypaBHEHMSI OIPENEISIIOT AWHA-
MUKY OPraHUKU, T[Ie do(s) — Ko3(ppuiueHT ecTte-

CTBEHHOTO pa3pylleHUsI OpPTaHUKU WJIM €€ eCTe-
CTBEHHBIX ITOTEPh (HallpyUMeEp, BRIBETpUBaHUE Opra-

HMKM), a dk(s) — K03pdULIMEeHThl MNOTPEOJICHUS
OpraHuKU MUKPOOPraHU3MaMMU.

YETBIPBOLIKMH u ap.

TEMITEPATYPHBIE U BJIA’KHBIE PEXKMMbI

I[Ipy nmocrpoeHMM MoOAEIM MoOjaraeM, 4TO
BO3ICHCTBUE Cpenbl pu3ocdepbl HA TMHAMWYECKNE
MEepeMEeHHbIE CHUCTEMbI 3adaercsd  (QyHKUMSIMU
JAT,W,pH), fAT,W,pH.p), fp(T,W,pH.,p) (xak
MpaBWIO, KYCOYHO-HETIPEPhIBHBIMU (DYHKIIUSMU |1,
18, 19]). IlpencraBnsieTcs €CTECTBEHHBIM, YTO MX
3anuch NPUHUMAET BUI;

Je (T.W,pH ) = Ca (T, T, 1) W (W, W W )b (pH(, pHL, pH ) (01,05, 0)

F (1w, pH,0) = (T, 1, 1) w (W, wy" W) v (ph)", pHS”, pH )b (01,05”,0)

4

1o (T W, pH,p) = Cob (T2, 137, T) o (W2 w2 w b (pH (™, pHY”, pH ) b (01", 05", 0)

rae Ce, Cy, Cp — SMIIUPUYECKNAE KOHCTAHTHI, a
II)(Xmimeax:X) =

I1pu 3anucu (4) moJjiaraeTcs, YTO NMepBbIE ABa ap-
rymMeHTa (pyHKIIUN B MPaBbIX YaCTIX XapaKTepU3yloT
ONTUMAJIbHBIM JJI >XKU3HEHHOro LUKJIa OOBbEKTOB
JIMarna3oH COOTBETCTBYIOIIMX BeJUYMH. Bbibop
WUMEHHO TaKOTro TpeIcTaBIeHUsI OOYCIIOBJIEH TEM,
YTO 3a MPeeIOoM ONTUMAJIBHOTO JIJIS JUara3oHa TeM-
rnepaTypbl, BIaXKHOCTU U T. . UMEET MECTO €T0 aJeK-
BaTHas peakuus. KpoMe Toro, Takoe rnpeacTtaBjieHue
yIOOHO 115 MpoTpaMMHoOit peanindaiiuu. [1pu Heba-
TOMPUSITHOM JUISI OOBEKTOB COCTOSTHUM PU30Chephl
npaBasi 4acTb MepBOro ypaBHeHMs (3) CTaHOBUTCS
OTpUIIATEJILHOM, UTO MPUBOAUT K MaJeHUI0 Ouomac-
cbl. Korma motepu O6momacchl HUXE JOMYCTUMOTO
npenea, pacTeHue rmorudaer.

I[)'IH HaXO0XICHUA THMHAMHWKN TCMIICPpAaTyphbl B prU-
300(1)epe JOITYCTUMBIM IMPEACTaABIACTCA UCITOJIb30Ba-
HHNE YpaBHCHUSA TCIIJIOIIPOBOAHOCTH B BUIC

oc, aa—f —VD,VT,

TIe ¢, — yIe/IbHAs TeTUIOEMKOCTb BELIECTBA pH30Che-
pbl, D7 — K03 (PULIMEHT eTO TETUIONTPOBOTHOCTH.

ITockoabKy MoIenbi0 pu3ocdephbl BHICTYNAeT Ka-
MAJISIPHO-MIOPUCTOE TEJIO, TO 31eCh BBITTOJHSIETCS
3akoH Jlapcu [20]: mOTOK BOIbI HAIIpaBJI€H B CTOPOHY
YMEHBIIIEHUST NaBJICHUSI TIOYBEHHOI BJIaTM U IIPO-
MOpPLMOHAJIEH ee rpaaueHTy. B pusochepe nuHamu-
Ka pacIripelieJIeHUsT BJarv I10 BepTHUKaJIbHOMY IIpO-
G0, KaK MpaBUIIo, 3a1aeTcs ypaBHeHUeM Pudapa-
ca[21]:

5)

E)_W_@[K(W)(a_ﬂ+1j} (6)

ot 9z 0z

(X - Xmin)(X

0

max_X) 1-IpI/I)(min <X <

max

rae K(W) — xoadduiineHT huiibTpaliud B HEHAChI-
IIEHHOI 30HE, N — BBICOTA BCAChIBAIOIIETO JaBJie-
HUsI, BBICOTA Hal INIOCKOCTBIO CPaBHEHMSI. .

YN CIIEHHAA PEAJTU3ALOMA

Jutg uzydyeHUst [MHAMUKU POCTA IPOBOIA IMIIIEHU -
bl «KpacHoydpumckas-100» Ha TopdsiHOI HU3MH-
HOI1 IOYBe OblJIa BHIOJTHEHA aganTalivs MOAESIIN, TIe
YUUTBIBAETCS OCOOEHHOCTh JOCTYITHOIO IJISI UCCIIE-
JIIOBAaHU# B3KCIIEpUMEHTAJILHOTO MaTepuana. 31ech
OH MpeICcTaBJIeH BPEMEHHBIMU paclipeAceHUIMU
OUOMACCHl PACTEHUs] U BBIPAXEHHBIX B eOUHUILIAX
MaccChl COAEPKAHUSI B PACTCHUU €TI0 OCHOBHBIX BJIe-
MEHTOB IuTaHus (Kanuii, pocdop u a3or).

CxeMa OITBITOB U YCJIOBUS 3aKJaAKM SKCIEpU-
MEHTOB COCTOSIT B ciaenyiomeM [22]. Ilepen moce-
BOM CIICIIMaJIbHO OTOOpaHHYIO TOP(MhSIHYI0O HU3WUH-
HYIO MTOYBY 00paboTaiu a30THbIMU, HOCHOPHBIMU
U KaJIMWHBIMH yIOOpeHUsIMU (CyIb(aTr aMMOHUS,
npocToit cynepdocdar u cyabdar Kajaus COOTBET-
CTBEHHO). DKCIEPUMEHThl MPOBOAUIN Ha JAECSITU
THITaX 00OBEKTOB (BapMaHTBI TOPMSTHON HU3MHHOI
ITOYBBI), OTJIMYAIONIIMXCS Pa3IUudYMeM COIepKaHUs
K20. Cam 00beKT npeacTasiisiyl codoii cocyl ¢ mov-
BOIf, Macca KOTOpoii cocTaBisia 3.5 Kr. YucieH-
HbIe 3HAUYCHUS U3MEPSIJIM B MaCIITAOHBIX eTUHULIAX
«r/cocyn». Habop {24,28,34,39,46,55} onpenensieT
IaThl 0TOOpA PACTUTEIBLHBIX ITPOO C MOMEHTA TTOSIB-
JICHHWS TIePBBIX BCXOMIOB, KOTOPBHIE COOTBETCTBYIOT
Haubojee KpUTUYECKMM (ha3aM pocTa pacTeHUM
(exuHMIIA BpeMeHU — CyTKH). [loaTOMY HaYaIbHBIM
MOMEHT TPUXOOUTCSA Ha 24-¢ CYTKHM NpPOBEICHUS
9KCIMEePUMEHTOB. XapaKTep XXU3HEHHOTO LIMKJIa Ta-
KHMX pacTeHUI MIpeaoIIpenelisieT ero nepexon ot ga-
36l BCXOMIa K CTaTWM KYIIIeHUs W IIPOPaCTaHUIO TIep-
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Puc. 2. SKCHCpI/IMeHTaHBHbIC pacnpeacjacHus TMHAMUYECKUX TICPEMEHHBIX MOJICIIN.

BUYHEBIX (3apOMdbIIIeBbIX) KOpHEil Ha Tiiyouny 50—
55 cMm. BereTanimoHHBIN TTEpUOJ SPOBOI IMIIIEHUIIBI
B 3aBUCMMOCTH OT COpTa, pailOHOB BO3AEJbIBAHUS U
MOTOAHBIX YCIOBUI KoJiedneTcs oT 85 mo 110 cyTok
[23, 24]. B skcniepnMeHTax o0ecrednBagn MOCTO-
SSHHBIN TeMIIEpaTyYpHbIA U BOIHBIA PEXUMbBI pPU30-
cdepsl, T1e B TpaMMax Ha COCYJ, YYUTBIBAJIU TOJIbKO
Ouromaccy HaAIlOUYBEHHON YacTU pacTeHUs U KOJIU-
YeCTBEHHOE CojJepXXaHWe B Hell 3JIeMEHTOB MUHE-
PaIbHOIO NMUTaHUs. DKCIepUMeHTalbHbIE pacipe-
JeJeHUsT JUHAMUYECKUX TIEPEeMEHHBIX MOJeau
npeacTaBiIeHBI Ha puUC. 2.

Ha puc. 2a nipencrasiieHO pacripedesieHue Ouo-
MAacCHl pacTeHUII B MOMEHT O0TOOpa mpoob (rpaMMbI),
a B OCTAJILHBIX CJIydasiX — MepecUMTaHHbIE HA OKUC-
JIbI (KpOMe a30Ta) COoAepKaHUSI DJIEMEHTOB B pacTe-
HusIX (B Mr). Ocb «K,0O (ynoOpeHnue), r» oKasbplBaeT
coliep>KaHUe 3TOro 3JeMeHTa B pusocdepe Mpu BbI-
MOJIHEHUU SKCIIEPUMEHTOB MO BIUSHUIO YIOOpEeHUIA
Ha poct O6moMacchl. He3aBucumo oT BHECEHHMS Ka-
JIMAHBIX YOOOPEHU MOoYBa TaKXKe XapaKTepu3yeTcs
HajimuueM a3oTa u pocdopa. Beero, Kak yxxe ckasza-
HO BHIIIE, JIJIS BBIMOTHEHUSI SKCIIEPUMEHTOB OBLIO
MOJITOTOBJIEHO AECSITh BApUAHTOB TOP(PSHOI HU3UH-
HOIi MOYBBI C pa3inyHbIM cojepxanueMm K,O.

BUODU3NKA TomM 65 Ne6 2020

XapakTep pacrpeneIeHuil 3KCIepUMeHTaTbHBIX
IMOBEPXHOCTEI Ha puc. 2 yKa3bIlBaeT Ha UX OTHOCH-
TeJIbHO TIJIABHBIE U COTVIaCOBaHHbBIE MEXIY CO00i1 N3-
MEHEHUs, TpYeM OTMeUeHHAs TCHICHIINS SIBJISICTCS
o0IIIelf I BCeX IpeACTaBIICHHBIX ciaydaeB. [ocra-
TOYHO OTMETHUTh, YTO €CJIM MEPOI COIIAaCOBAaHHOCTHU
pacmpenelieHUit BRICTYITaeT Ko3hGUIIUEHT KOppes-
MW MEXIy HUMHU, TO OH IIPeBHIIIAeT 3HAYCHUS
0.918 (koppensuus Mexay HabMoneHUSIMU Ha 39-e u
55-e cytkm). s olleHKM Koppelsnuii oblia cgop-
MMPOBaHa MaTpUla, CTOJIO0LAMU KOTOPOii BBICTYIIA-
IOT 3HauYeHMUsT OMOMAacChl U KOHLEHTpalUu MUHE-
pPaJBbHBIX SJIEMEHTOB 3a OITpeAeICHHBIE CYTKH 0TOOpa
po0O.

dopMa TTOBEpPXHOCTE HECYIIECTBEHHO OTIMYa-
€TCsI OT TIOBEPXHOCTEI, KOTOPhIE OOBIYHO OIPEIEIIsI-
IOTCS TIPUHSTBIMU B (DU3MOJIOTUM PaCTEHUI MOJIEIN
DepxroabCTa UM TaK Ha3bIBAEMbIMU JIOTUCTUYCCKU -
mu ypaBHeHussMu [10, 14]. MokHO 3aMeTUTh, 4TO
3[e€Ch UMEET MeCcTO 0oJjiee IJIUTEAbHBIN MHAYKLIMOH-
HBII IIeproa (OT MOMEHTAa Havaja pocTa 10 MOMEHTa
€ro OBICTPOTO POCTa UJIM TOUKU Ieperuda) 1o cpap-
HEHMUIO C JJOTUCTUYECKOM KPUBOM.

OtcyTcTBUE TpeOyeMBbIX JJIs1 OLIEHKHU MOJIEJIU CU-
creMbl (1)—(3) COOTBETCTBYIOIINX IPOCTPAHCTBEH-
HO-BpPeMEHHBIX BBIOOPOYHBIX paclipefeeHuil o0y-
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CJIOBWJIMA PACCMOTPEHUE 34E€Ch AMHAMUKUA OMOMAaccChl
U colepxXaHWE OCHOBHBIX 3JIEMEHTOB €€ IUTaHUs
(K,0, P,Os5 u N) TonbkO B HaJA3eMHOI 4acTu pac-

rae By n C; gy — U3MEPEHHbIC B 9KCIIEPUMEHTAX 3a-

JaHHBle HavaJlbHBIE pacIipele/IeHUsI MepeMeHHBIX;
apryMeHT K COOTBETCTBYET pacHpeAciCHUIO YJacT-
BYIOIIIMX B 3KCIIEPUMEHTAX TUIIOB ITOYB C Pa3IMIHbIM
conepxkanueMm K,O. [ KOMIaKTHOCTU 3amnuceil B
ypaBHeHUsIX (7) MO cpaBHEHUIO ¢ ypaBHeHUsIMU (1)
MPUHATO ¢; o = 1 — a{™. KoabduumeHTs Momenm
OLICHMBAIOTCSI HA OCHOBAHUU CEPUU BHIYMCIUTEIb-
HBIX KCIIEPUMEHTOB. MapKUpOBKa HIDKHUX UHIEK-
COB Y KO3(hPHUIIMEHTOB IJIsI ITMHAMWUKU OMOMAacCCHI CO-
OTHeceHa C HAMMEHOBaHUEM COOTBETCTBYIOIIETO X1~
MUYECKOTO 3JIeMeHTa (Kaiusi, ¢ocdopa U a3oTa).
31ech OTCYTCTBYET paslelieHUue Ha 3JIEMEHTHI MO-
JIBVDKHOM M HETTOABMXKHOM (hOpM, TIOCKOIBKY U3Me-
peHMUsI TTOCACAHUX He OBLIU BBLITIOJHEHEI. B ypaBHe-
Husix (7) Takke He YYUTHIBAETCS BIAUSIHUE TeMIlepa-

YETBIPBOLIKMH u ap.

TeHUs. 3anuch PeayHUPOBAaHHBIX  YpaBHEHUIA
cucteM (1)—(3) mist Takoro ciiydyasi IpuHUMaET clie-
NYIOLIWIA BUI;

(7)

== =(dy +diC, +dpC, + dyC; —dzB) B » i=1+3,

3
dC.
—=14:0Cio —4:,C: + qu‘, < |B
ot ~
0B
ot
C,(0,K) = Cyo0 (K) 1 B(0,K) B = By (K)

BbIIIOJTHEHUUN OKCIIEPUMEHTOB OHUN OBLIM TIOCTOSIH-
HbIMMU.

JL1st OLleHKU TMPUMEHUMOCTU MOJIEJIN U TTPOBEp-
KM ee aJeKBaTHOCTU BbIOOPOYHBIM pacripenesieHUsIM
cliefyeT BBITIOJHUTL MPOLIeAypy IapaMeTpudecKoit
UIeHTU(hUKALIMU, T.€. HAWTU 3HAYEHUS TTapaMeTPOB
MOJIEJIU U YCTAHOBUTDH CTENEHb COOTBETCTBUSI MOJIE-
JIU DKCIIEPUMEHTAIbHOMY MaTtepuaily. 31ech 3Haye-
HUS$ TapaMeTPOB SBJISIIOTCS pellieHUMEeM 3a1auu Iouc-
Ka aKcTpeMyMa (hyHKIIMOHAaA, P IMTOCTPOSHUU KO-
TOpPOro HaAO YYUTBHIBAThb pa3jidyve MaciiTaboB
nepeMeHHbIX (7) (BeanuyuHbl [B] BhIpaxkeHBI B T, a
[C] — B mr). [ToaTOMY TIEpEMEHHBIE 3TOr0 (DYHKIINO-
HaJla TOJDKHBI ObITh O€3pa3MepHBIMMU.

3mech 3a7aya MorcKa SKCTpeMyMa (hopMaIn3yeT-

TYPHOTO W BJIAXHOCTHOTO pEXWMOB, T.K. TpPU  Cs CIAEAYIOIIUM 00pa3oM:
45 10 @ ) @ )
D(p) =Y (1- By /BL) +D(1-(Ci /(C)) | - min, ®)
=1

t=2 k=1

rie  maccuol B = {B,(,i)} n C = {(C,-)Ei)} —
BBEIOOpDOUYHBIE paclipefesieHusl, a B = {B,’k} ucC; =
{(C)x} cnenyror pemenumio cucremsl (7). Ilpn
3anucH (8) yduTeIBaeTcs TOT (pakT, YTO BCETO OBLIO

45 BpeMEHHBIX TOYEK WM JECSITh THUIIOB IIOYB C
pasnuuHbIM conepxanueM K,O0.

Pemienue 3amauu (8) ciaeayeT METONOJIOTMM HEJIU-
HEWHOro OlICHUBaHUSI IMMapaMeTpoB [25] 1 BBIMOIHSI-

¢

1+ (80), ) = G (1K)

JIOCh IIpolieaypoii Isgnonlin mporpamMMHOIi cpembl
MATLAB [26]. HayanbHble 3HaYeHUs ITapaMETPOB
OLICHMBAJIM COTJIACHO TaKOM CXeMe.

IMTockonbky ypaBHeHUs1 (7) TAUHEHAHBI 110 CBOUM
napaMeTpaM, TO WX HayaJbHbIe 3HAYEHUSI MOXHO
OLIEHUTh CTaHAAPTHBIM METOIOB HAaMMEHbIINX
KkBagpaToB. s kKaxmoro i Habop {qij, j=1+3}
OMpeeIISIETCS BEKTOPOM 3aBUCUMBIX IIEPEMEHHBIX:

B (1,,k) (A7),

rae BepXHU MHAEKC d yKa3bIBacT Ha BHIOOPOYHBIC

JaHHbIC, f; — MOMEHTBI BPEMEHH TIPOBEICHUST Che-
MOK, D(t)j — NPOMEKYTOK MEXIY CheMKaMM B CYT-
Kax, 1, — YUCJIO CbEMOK, K — YUCJIO TUIOB I0YB B

OKCIICPUMCHTAaXx. I[J'[H KaXI0To [ HE3ABUCUMbBIMU T1€-

,J=1+n,k=1+10;,

PEMEHHBIMHU BBICTYTIAIOT HA0OPHI {Ci,o(tj,k), j=1+n,
k=1+10}n {Ci(tj,k),j= 1+ ny k= 1+ 10} npu xo-
a¢ppunmenTax npapoii yactu (7). [Ipu oueHke Koad-

GUILIMEHTOB MOJEIN OMOMAacChl BEKTOP 3aBHCUMBIX
MepEeMEHHBIX ONpeAesIeTCS BhIpaXKeHUEM
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B (1,,k) (1)

J

YuceHHbIE OLEHKM MapamMeTpOB MOAENIN U UX
JIOBEpUTEIbHBIE UHTEPBAJIbl TIPUBEACHBI B TabIULIE,
i€ HIDKHUE WHAEKCHI 3aTJIaBUiA CTPOYEK U CTOJIOLIOB
COOTHECEHbl ¢ HAMMEHOBAHMEM COOTBETCTBYIOIINX
xumugeckux aaeMeHToB (K, P u N).

AHaJIn3 3JIEeMEHTOB TaOJMIIbI MOKa3bIBAET IIOJIY-
TOPHOE MpPEBLIIIEHUE T0Ka3aTelsl MHTEHCUBHOCTU
rmoctymienuss N u3 pusocdhepsl B pacTeHUE ¢, 1O
CpaBHEHHUIO ¢ TakuMu nokaszareasimu wisgd K,O u
P,05. Heob6xonumo Takke OTMETUTbh CYLIECTBEHHOE
npeBblieHUE (0oaee yeM Ha aBa nopsiaka) dN 3Ha-
YeHUM dy U dp, KaXIoe U3 KOTOPBIX XapaKTepr3yeT
WHTEHCUBHOCTH/TeMIT BIUSHUS N Ha AIUHAMUKY
6uomacchl. Takast CUTyalysl TIOJTHOCTBIO COTJIacyeT-
Cs ¢ HATYPHBIMU UCCIIEIOBAHUSIMUA €TO BAa>KHOCTH B
MUHEpaJbHOM TNUTaHUU pacteHuil [7]. HelicTBu-
TeJIbHO, MPOAOIKUTEILHOCTh €r0 IOCTYIUICHUS B
pacTeHUs COBMAJAeT ¢ HavaJloM BereTallyd U IIpo-
JomkaeTcs o ¢as3bl MOJIOUHOM crieaoctu [27]. Or-
TUMAaJILHOE a30THOE MMUTaHKe OOYCIOBIMBACT YCUIIE-
HUE CUHTEe3a IUIACTUYECKUX BEIeCTB M YCKOpSET
poct pacteHuii. [Ipu 3TOM, B OTJIMUME OT APYTUX DJIE-
MeHTOB, N XapakKTepu3yeTcsl BBICOKOW MOOWJIBHO-
CTBIO 1 OONBIINM pa3zHOOOpa3ueM GpopM, 4YTO U 00Y-
CJIOBJIMBAaeT BaXXHOCTb €ro BBICOKOTO IOJOXECHUS
Cpeay OCTAJILHBIX 3JIEMEHTOB MUHEPaJbHOTO ITMTa-
Husa. KoadduumeHT Koppeassiuum MexXIy 3KCIIepr-

3

,j=1l+n,k=1+10;.

MEHTAJIbHBIM U MOJEIbHBIM pacCIIpeIeICHUSIMU TSI
ouomacchl paBeH 0.887.

Crnenyst monenu (7) 1 UCIOJIB3YEMOMY 31ECh BKC-
MepUMEHTAJIbBHOMY MaTepHany, HeoOXOOUMO OTMe-
TUTh MEHEe 3HAYMMOE IIPSIMOE BIIMSHUE Kalus WU
docdhopa Ha TMHAMUKY OMOMACCHI pacTeHUS.

AIIEKBaTHOCTh MoOJieJieii MUHEPaJIbHOTO MUTAHUS
X HATYPHBIM 3KCIIEPUMEHTAIBLHBIM paclpeaeicHu-
SIM ClIeIyeT BHICOKMM 3HA4YeHUSIM KO3(pPUINESHTOB
KOPPEJISILIMA MEXIY HUMU.

Ilepuon BereTauiu IpoBoi nMieHUIIBI «KpacHoy-
dumckasa-100» coctaBnsieT B cpeaHeM 95 cytok [27].
Ha puc. 3 npuBeneHsl MoaelIbHBIC paclpeaeieHus
Ouomacchl (a) 1 3JIEMEHTOB MUHEPAIbHOIO MUTAHUS
(6—r).

AHanus pacripeneaeHU MOKa3bIBaeT, YTO BO BCeX
cllydasix OHU CJIEIYIOT OJM3KUM K JIOTUCTUYECKOMY
pocTy KpuBbIM. IIpu 3TOM pOCT 3HAYEHUM TUHAMMU-
YeCKMX IIEPEMEHHBIX KOPPEJIUPYET C POCTOM COIEP-
XXaHUS B pu3ochepe KAIMNHBIX yI0OpeHUIA.

Jna puHaMuKd OuoOMAacChl pacTeHUs CTelleHb
BaXXHOCTH €ro 2JIEMEHTOB IMTUTAHUS MOXKHO OLIEHUTH
HUCXOMs U3 TaKuXx IoyioxkeHuii. CorjiacHo ypaBHEHU-
sMm (7), KOHEUYHBIE COOepKaHUS 3JIEMEHTOB B Ha-
3€MHOM YacTH pacTeHU (CTallMOHAPHOE COCTOSIHUE)
M COOTBETCTBYIOILIME 3HAUYEHUSI OMOMACChl Ompe/e-
JITIOTCSI COOTHOILLIEHUSIMA

Shici-c,

=Rl i=1+3,
E:@+%d+ﬁd+@d
dg dj dg dg
O1ueHKa KO3 PUIIMEHTOB ITapaMeTPOB MO/

0 qx qp an R
Cx 0.004 £ 0.001 0.029 £ 0.002 0.001 £ 0.003 0.001 £ 0.003 0.889
Cp 0.004 £ 0.001 0.041 £ 0.005 0.001 £ 0.003 0.007 £ 0.004 0.901
Cy 0.006 = 0.001 0.025 £ 0.004 0.011 £ 0.001 0.001 £ 0.005 0.907

dy dy dp dy dp
B 0.128 £ 0.017 0.037 £ 0.137 0.0001 £ 0.662 5.457 £ 1.320 0.129 £ 0.032

IMpumevanue. Ynco mocie 3HaKa + ykasbIBaeT pa3Max ISl JOBEPUTEILHOTO MHTEpBaja; B rpade R mIst KaKI0ro BUa MUHEPAJTbHOTO
MUTAHUS yKa3aHbl KOIDOUIMEHTbI KOPPEISILIMU MEXIY 9KCIIEPUMEHTAIBHBIMU U MOJEIbHBIMU PacIipeieICHUSIMU.

BUODU3NKA

TOM 65

Ne 6

2020



1228
(a)

20
~
g 10
=l
=
[

0.0

60
Bpe
My, ne)
> C‘yT 10 0 K,ZO ( &0696

YETBIPBOLIKMH u ap.

(6)

600
300
10 0 <O 1106peﬁﬂe),Mr
2

Puc. 3. Pacripenenenust AMHaMUYECKUX MTEPEMEHHBIX MOAEH (T/cocyl) Ha BeCh Mepro], Beretaunu pacteHust (ocb «K,0»

XapaKTepU3yeT ero colepxkaHue B pu3ocdepe 10 rmocesa).

rme IjIst ymoOCTBa 3amycy U HOCeAyolIeil MHTep-
MpeTaLU TPUBOIUTCS CMEIIAHHOE UCIOIb30BaHUE
HIDKHUX MHIEKCOB. M3 BTOPOrO COOTHOILIEHUS ClIe-

. d
AYy€T, YTO €CTCCTBEHHBIU ITPUPOCT OroMacchl = CO-

B
CTaBJIACT MopsddKa €IWMHHUIIbI, a Jualria3oH BO3eT-

CTBMS a30Ta IS IIOYB C Pa3IMYHBIM COAEpKaHUEM
ynoopenuii — ot 8.5 mo 12.7.

BbIBOJbI

PazpabGorana MateMaTuuyecKasl MOAEIb TUHAMU-
KM CHUCTEMBI <«yIOOpeHHe—II04Ba—pacTeHUE», TIe
JIUHAMUYECKMMU TIepeMeHHBIMU BBICTYITAIOT: COACP-
JKaHUe B paCTEHUY 3JIEMEHTOB €€ MUHEPaIbHOTO T -
TaHUsI B MIOOBUXKHON opme, pusocdepHbie MUKPO-
opraHu3Mbl U Oumomacca pacteHuili. B puzocdepe
YUUTBIBAIOTCS TaKXKe B3aMMHbBIE TIEPEXOIbl MEXIY
3JIEMEHTAMU TTOJABMKHOM U HeTTOABUKHOM (popM. Ha
OCHOBaHUM MOJIOXEHUIT MOIEIIN «pPeCypCc—IOTpeOur-
TeJb» pa3paboTaHa MOJEIb TMHAMMKU MHKpPOOpTa-
HU3MOB, T PeCypCOM BBICTYITaeT OMoMacca M OT-
MepIINe YacTh pacTCHUIA.

Pesynbrar mpuMeHeHUS aganTUPOBAHHOM TIOX
JIUHAMMKY pOCTa SIpOBOM NILEHULILI MOIEIU ITOKa-
3aJl, YTO Ha MOYBaAX C IOBBIIICHHBIM COACPKAHUEM
K,O umMeeT MecTo noBbIllIEeHHOE 3HaYeHUe GuomMac-
chl. [Ipu 3TOM a30T OKa3kIBaeT caMoe OOJIBIIIOES BN -
STHUE Ha TEMIT pocTa OMOMACChI, CASAYIOIIUM OKa3hI-
BaeTCd Kaluii, a Gocdop MpaKTUIYECKHN HE OKA3BIBAET
BiusiHug. IlpeBanupymolee 31ech BIMSHUE a30Ta
00YCJIOBJICGHO €TI0 POJIbIO TIPU POCTE U YPOXKANHOCTHU
PACTUTENILHBIX KYJILTYpP, IOCKOJBKY OH SIBIISIETCS
CTPOUTEIBHBIM MaTepUaJIOM IS MX HOBBIX KJIETOK
[22—24]. Pe3yabTaThl MOAEIUPOBAHUS KaK pa3 U OT-
paxaroT 3TOT (aKT, YTO NOATBEPKIAET aAeKBATHOCTh
pa3paboTaHHOM MOACIIN.

KOH®JIMKT MHTEPECOB

ABTOpBI 3agBISIOT 00 OTCYTCTBUM KOH(MIMKTA
WHTEPECOB.

COBJIIOAEHUE STUYECKHNX CTAHIOIAPTOB

Hacrosiias padota He coaepXUT OMUCAHUS UC-
CJIeIOBaHUM C MCITOJIb30BAHWEM JTIONIEH 1 JKBOTHBIX
B KaYeCTBE OOBEKTOB.

Ne 6 2020

BUODU3NKA  TOM 65



10.

11.

12.

13.

MATEMATHUYECKOE MOAEINPOBAHUE INHAMWKHN

CITUCOK JIMTEPATYPbI

E. I1. Konnak mu M. B. Cron6osas, 2KypH. HayIHBIX
nyoJuKaluii acnupaHTOB M JOoKTopaHTOB (2013).
URL: http://jurnal.org/articles/2013/mat7.html

. H. C. Crpurynb, ABTOped. auc. ... KaHd. O1oJI. HayK

(Cankr-Iletepoypr, 2000).

. A. NI. AGakyMOB, B KH. Mamemamuueckoe mooeaupo-

sanue 6 sxonoeuu (MO®XubIIIT PAH, IMymnHo, 2011),
cc. 18—19.

. M. Muxaiinenko, C.-x. ouosorust, Ne 1, 103
(2007).

. A. C. Komapos, 0. C. XopacskuHa, C. C. beixoBel u

Iop., Mar. 6uosiorust u 6uonHdopmaruka 7 (1), 162
(2012.

M.-C. Braakhekke, T. Wutzler, C. Beer et al., Biogeo-
sciences, No 10, 399 (2013).

B. I'. MuneeB, Aepoxumus (130-80 MI'Y, «KonocC»,
M., 2004).

. C. Opnos, Xumus nous (U3n-sBo MI'Y, M., 1992).

. A. Kabara-Ilennuac u X. [leaauac, Mukpossemenmuot

6 nousax u pacmenusix (Mup, M., 1989).

10. M. CBupexeB, Heauneiinvie 6oanbl, duccunamug-
Hble cmpykmypbl U kamacmpogot 6 sxonoeuu (Hayka,
M., 1987).

H. B. ®eokTucrosa, A. M. MapnaHosa, I'. M. Xaaue-

Ba u M. P. [llapunosa, Yu. 3anucku KazaHckoro yH-
ta. Cep. EcrectBennbie Hayku 158, 207 (2016).

O. E. beszyoenkona, M. H. FOxumosa u H. Y. Hecre-
poBa, EcrecTBeHHBle M TexHuUYeckue Hayku 4, 99
(2012).

B. 1. UBaHOB, KopHesbie gbidenenus u ux 3HaveHue
acusnu pumouyernosza (Hayka, M., 1973).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

1229

I'. 1O. Pusnnuenko u A. B. Pyoun, Mamemamuueckue
Moldeau  O6UON0SUMECKUX NPOOYKUUOHHBIX NPOUEcco8
(U3m-Bo MI'Y, M., 1993).

A. A. Camapckuii, B. A. I'anaktnonos, C. I1. Kypmio-
MoB U A. I1. Muxaiinos, Pexcums: c obocmpernuem 6 3a-
dauax 04 K6a3UNUHeUHbIX NapaboaUvecKux ypagHeHuUll
(Hayka, M., 1987).

J. Murray, Mathematical Biology: 1. An Introduction
(Springer., New-York, 2002).

A. Beneduzi, A. Ambrosini, and L. M. Passaglia, Gen-
et. Mol. Biol. 35 (Suppl. 4), 1044 (2012).

T. Roose, S. D. Keyes, K. R. Daly, et al., Plant Soil,
No. 407, 9 (2016).

JI. A. XBopoBa, A. I'. Tonmax, A. B. A0pamosna,
K. I'. HeymakoeBa, M3B. Anralickoro rocymapcTBeH-
Horo yH-Ta, Ne 1-1 (85), 192 (2015).

H. C. baxBanos u I'. I1. [lanacenko, Ocpednerue npo-
yeccoe 6 nepuoduyeckux cpedax (Hayka M., 1984).

M. A. Celia, E. T. Bouloutas, and R. L. Zabra, Water
Resource Res. 26 (7), 1483 (1990).

H. A. Cnagkosa, [luc. ... kaHa. 6uon. HayK (CaHKT-
IMetepGypr, 2016).

Pacmenuesodcmeo, ion pen. J1. A. Ilocemanona («Ko-
j0cC», M. 1997).

Pacmenuesodcmeo ¢ ocHosamu ceaeKuyuu U cemeHo800-
cmea, ion pen. I'. B. Kopenesa (Arponpomusnat, M.,
1990).

W. Bapn, Heauneiinoe oyenusanue napamempos (Cra-
THCcTUKA, M., 1979).

B. I1. dpsikoHoB, MATLAB. [loausiii camoyuumens
(AMK Ilpecc, M., 2012).

B. A. locniexoB, Memoduka nonesoeo onvima (Arpo-
npomusaar, M., 1985).

Mathematical Modeling of the Dynamics of Plant Mineral Nutrition
in the Fertilizer-Soil-Plant System

V.A. Chetyrbotskiy*, A.N. Chetyrbotskiy**, and B.V. Levin***

*Joint-Stock Company «Apatit», Leninskii prosp. 55/1, build. 1, Moscow, 119333 Russia

**Far East Geological Institute, Far Eastern Branch of the Russian Academy of Sciences,
prosp. 100-letiya Viadivostoka 159, Viadivostok, 690022 Russia

***Public Joint-Stock Company «PhosAgro», Leninskii prosp. 55/1, build. 1, Moscow, 119333 Russia

A numerical simulation of the spatial-temporal dynamics of a multi-parameter system is developed. The
components of this system are plant biomass, mobile and stationary forms of mineral nutrition elements, rhi-
zosphere microorganisms and environmental parameters (temperature, humidity, acidity). Parametric iden-
tification and verification of the adequacy of the model were carried out based on the experimental data on
the growth of spring wheat «Krasnoufimskaya-100» on peat lowland soil. The results are represented by tem-
poral distributions of biomass from agricultural crop under study and the findings on the content of main nu-
trition elements within the plant (nitrogen, phosphorus, potassium). An agronomic assessment and interpre-

tation of the obtained results are given.

Keywords: mineral nutrition elements, plant mineral capacity, logistic growth curve, model parametric identifica-

tion of the model
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