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MOPTATUBHOE YCTPOMCTBO IJs ONPEJEJIEHUSI
PU3NOJIOI'MYECKOI'O COCTOAHUA PACTEHUU METOJAMMU
OJIYOPUMETPUU U CIIEKTPOMETPUH

B pabore npencraBineHa KOHCTPYKIMS U PE3YJIbTAThl allpOOalliK MOPTATUBHOTO YCTPOMCTBA JUIsi MOHUTOPUHTA (Pu-
3MOJIOTMYECKOTO COCTOSIHUSI PACTEHHH IOCPEJICTBOM KOMOMHHMPOBAHHOI'O M3MEpEHHs CIEKTPOB (hiyopecueHIuH,
NpOITyCKaHus U oTpaxkeHus. llpemnaraemplil Moaxo 0ObeAMHIET TPH B3aUMOIOTIOJIHSIONMX ONTHYECKUX METoJa
B €JMHOM IIOPTaTUBHOM YCTPOWCTBE, KOTOPOE BKIIIOYAET B ce0st JABa OEJIbIX CBETOIMOMAA JUIS U3MEPEHHs CIIEKTPOB
OTpa)XeHHsI U MMPOIYCKAHUS, a TAK)Ke CHHUI CBETOMO Jisi BO30OYxieHus duryopecuenuuu. [IpoToTun ycrpoiicTea
CIOCOOEH U3MEPSITh CIEKTPhI OTPAKEHHS U MPOIYCKAHUSI, a TAK)KE WHTEHCUBHOCTH (PIIYOPECIEHTHOIO CIIEKTPa JIH-
CTBEB PACTEHUIi U TpeOyeT MUHUMAJIBHOU MPOOOMOArOTOBKH. PerucTpaliysi CieKTpOB OCYIIECTBIISETCS C TIOMOIIBIO
KOMITAaKTHOTO H(PPAKIIMOHHOTO CHEKTPOMETPA, BXO/SIIEr0 B COCTAB yCTPOHCTBA. Banuaanusi IpoBOIUIIACE ITyTEM
COIOCTABJICHUs PE3yIbTaTOB M3MEPEHHsS JIUCTHEB Or'yplia U TOMara pa3pabOTaHHBIM YCTPOHCTBOM M 3TaJOHHBIM
nabopaTopHeIM 000pynoBaHueM. CpeqHss OTHOCHUTENbHAS OTPEIIHOCTh cocTaBuiIa 23% Ui ClieKTpa OTpa)KeHHs,
19% — s npornyckanus u 26% — mist duiyopecueHimy. i1 anpo0aiuu ycTpoiicTBa onpeaesuiuch koddduiu-
€HTBI JIETEPMHUHAIIMU MEX]y CIIEKTPaIbHBIMH XapaKTEPUCTUKAMH U KOHIIEHTpALUeH XJIOpOpHIIIOB, a CIEKTpaIbHas
uH(opMaLus pelylnpoBaIach 10 BETeTAIlMOHHBIX HH/EKCOB C BBIOOPOM ONTUMAIBHOTO KOG (GHIMEHTa Ha Pa3HBIX
JutnHax BoJH. Koa(dUIHEeHTI feTepMUHALINE MEXKIY ITATOHHBIMU 3HAYCHUSIMHU KOHIIEHTPALUK TUTMEHTA U BEre-
TAI[MOHHBIMH HHACKcamMu cocTaBisaoT 0.99 (orypen) u 0.93 (tomar) B pexmme otpaxkenus, 0.99 (orypem) u 0.90

(Tomar) B pexxume mporryckanus, a Takxke 0.99 (orypemn) u 0,83 (Tomar) B pexxume QIryopecreHIInH.

Kuiouesvle crosa: GpiayopeciieHTHas! CIIEKTPOMETPHS, CIIEKTPOMETPHS OTPAXKEHHOT'O H3JIyUeHHs, [IU(PPOBast
00paboTKa CrieKTpOB, PU3NOJIOrHYECKOE COCTOSIHUE PACTEHUH, XI0podhHILT

BBEJEHUE

[Tockonbky TIO0aNBHBIN CIPOC HA MPOAOBOIBCT-
BHE€ MPOAOIDKAET pacTH [1] B CBA3M C yBETUYEHUEM
YHCJICHHOCTH HaceJleHWs M ypOaHu3alMeH, pa3BUTHE
MHCTPYMEHTOB TOYHOI'O 3€MJICAEIHS SIBISIETCS] aKTy-
anbHOM 3anmadeil. OJHUM M3 KIIOYEBBIX AaCIEKTOB
TOYHOTO 3eMJICJENusl SIBJIAETCS HepaspyLlarolnil
KOHTPOJIb (PU3MOIOTUYECKOTO COCTOSHUS CEIBCKOXO-
3SIMCTBEHHBIX KYJIBTYpP, PEaIU3yEMBI C IOMOIIBIO
pa3IMYHBIX METOJOB cOOpa IaHHBIX, B TOM YHCIIE
C IOMOIIbIO TOPTAaTUBHBIX JAaTYUKOB M YCTPOWCTB,
paboTaroIMX B MOJICBBIX YCIIOBUAX [2]. B oTiauuune ot
METOJIOB JMCTAHIIMOHHOTO 30HJMPOBaHUS, KOTOpHIE
MO3BOJISAIOT MPOBOAUTH KPYIHOMACIITaOHbBI MOHHUTO-
puHr [3], TIOPTaTHBHBIE yCTPOWCTBA MOTYT IIPEIOC-
TaBJSATh D3KCIPECC-OIIEHKY JIOKAJIbHBIX HW3MEHEHHH
B 3aKPBITOM TPYHTE M Ha ONBITHBIX JeyisiHKax. Onru-
YEeCKHEe YCTPOHUCTBA Pa3IMYHbIX TUIIOB 00ECIEUNBAIOT
OBICTpOE M TOYHOE M3MEpEeHHe Pa3IMYHBIX XapakKTe-
PHUCTHK CEITbCKOXO3SHCTBEHHBIX KYJBTYp, NMPH 3TOM
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OHH JIOCTaTOYHO KOMIAKTHBI JUIS MPAaKTUYECKOTO HC-
MMOJb30BaHus [4].

Onrtuveckne METONbl HIMPOKO MPHUMEHSIOTCS
B CEITbCKOM XO3AWCTBe [5] /U HepaspylIaromein au-
arHOCTUKH OJlaro/iapsi BEICOKOM MPOWU3BOAUTEILHOCTH
W TOYHOCTH M3MEPEHHH, YTO TO3BOJIICT aHAIU3HUPO-
BaTh CBOHCTBAa W cocTaB OnooOBekToB. Hambomee
Ba)XHOIM ONTHYECKasi TUArHOCTHKA CTAaHOBUTCS B YC-
JIOBUAX TTOJISI [6] M TEIUIMYHBIX KOMOHMHATOB [5], Te
TpeOyeTcsl paHHEee BBISBICHHUE OMOTUYECKUX M abuo-
THYECKUX CTPECCOB PACTEHUI M BBICOKAsl OTEepaTHB-
HOCTh W TPOM3BOAMTENBHOCTh aHanu3a. Jlaboparop-
HbIE METONBI TPeOyIT MpPoO00TOOpa JIHCTHEB W X
TPAHCHOPTUPOBKH, UTO MPUBOJIUT K CHUKCHHUIO JIOC-
TOBEPHOCTH PE3YJbTAaTOB M3MEPEHUSI M YBEIUYECHHIO
CpOKa TMPHHATUS Mep JUIsi MUHHUMH3AIUH PUCKOB
W ONTHMU3AIMU HCIOJIB30BaHUS pecypcoB. [loaTomy
OCTalOTCS BOCTPEOOBAHHBIMU ITOPTATHBHBIC CIICK-
TpajbHbIe PUOOPEI [7, 8], MpUHIKI PaOOTHl KOTOPBIX
OCHOBaH Ha MeTojax (IyOPHUMETPUU U CHEKTPOMET-
pHH.

CoBpeMeHHBIE TOPTAaTUBHBIE KOHTAaKTHBIE TPH-
OOpBI SBISIIOTCS CPAaBHUTEIBHO JOCTYIMHBIMH U TPO-
CTBIMH YCTPOHCTBaMH W OOECIIEYHMBAIOT W3MEpEHHE
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U HUHTCPIIPETALNIO CIICKTPAJIbHBIX AAHHBLIX B PCKHUME
peanbHOrO BpeMenu. Hambornee pacnipocTpaHeHs! cpenu
HUX M3MEPUTENH COAEPKaHNs MMTMEHTOB [9] Ha OCHOBE
OTPaXCHHOTO OT JIUCTA WJIH MPOIIEANIero Yepe3 Hero
M3JTy4eHUs] Ha HECKOJIBKUX JUTMHAX BOJH. Panee ObL10
noka3ano [10], yTo moabop ONTHUMATLHBIX JJIUH BOJIH
UL OTACNBHBIX KyIbTyp WM TPYII pPacTEeHHI
CO CXOXHUMH MOP(]OIOrHYECKUMU TMPHU3HAKAMH CIIO-
COOCTBYET TOBBIIIIEHNIO TOYHOCTH M3MEpEHUs ux (hu-
3MOJIOTHUECKUX XapakTepucTHK. Kpome Toro, momoi-
HUTEJIbHAS TPYJHOCTb MOHUTOPUHIA CENbCKOXO3SM-
CTBEHHBIX KYJIBTYp 3aKJIOYACTCS B TOM, YTO HEIb3s
3apaHee MpeAcKa3aTh, KaKUe CIEKTPaJbHBIE IMOJIOCHI
obecrieyar ONTHMAIBHYIO OIIEHKY, ITOCKOJIBKY OHH
BAapbUPYIOTCA B 3aBUCUMOCTHU KaK OT THIIA KYJIbTYPHEI,
Tak u OT BpemeHnu roja [11, 12]. JIns pacmmpenus
Habopa KynbTyp, 3Q(PEKTUBHO aHATU3UPYEMBIX TPH-
0OpoM, HEOOXOJIMMO WUMETh BO3MOXKHOCTH HCCIICIO-
BaTh 00paser] B IIMPOKOM CIIEKTPAILHOM JHaIa3oHe.
Pyunsie iayopumMeTphl, 0O6ecrieuuBaroONIe perucTpa-
U0 CHEKTPAJIbHON XapaKTePHUCTHKH WHTEHCHBHOCTU
dayopecnienimu [13] ¥ MHIYKIUE (QIIyOPECIICHIIUN
xyopodpmna [14], Takxke HCIONB3YIOT ISl OLEHKU
coJiep>kaHusl XJopopuiuia, mapameTpoB (OTOCHHTE-
THYECKOI aKTUBHOCTH, PAaHHETO BBIABICHUS CTPECCO-
BBIX COCTOSIHUM PACTEHHM M JpYrux MOKa3aTenei.
OpHako 1Mo00HOE 00OPYIOBAHUE UMEET OIPaHUYCH-
HBIE BO3MOXKHOCTH, T.K. U3MEpSeT OTAEIbHbIC (PyHK-
IMUOHAJIBHBIC MMapaMETPbl PACTUTCIIBHOCTH C MOMOLILIO
TOJIBKO OTHOTO M3 CHIEKTPOCKOITMIECKNX METOJIOB.
Co3manne yHHBepcalbHOro TNpubopa, oOBenu-
HSIOIIETO B €JMHOM KOpITyCe armaparHoe odecrede-
HHE JUI1 U3MEPEHHS KaK CIIEKTPOB OTPAKEHUS U MPO-
IMyCKaHuA, TaK W XapaKTCPpUCTUK HWHTCHCUBHOCTHU
(dhayopecuennmn xaopoduiia, odecrnednt Ooee moi-
HOE MOHMUMaHue (UINOIOTUYECKOTO COCTOSIHUS pac-
TEHHH ¥ YIPOCTHT COIOCTaBICHHE pEe3yJIbTaToB.
B npenpiaymux uccienoBaHusAX OMUCAHBbl TEOPETHYE-
ckre obocHoBaHUS [15] ¥ MPOTOTHNBI TaKUX KOMOHM-
HUPOBaHHBIX MpuOopoB [16—18]. Cnekrpockonus OT-
pakeHHsI 00ecrieyuBaeT OlEHKY MATMEHTHOTO COCTa-
Ba (B TOM 4YHCJE XJIOPOPILIOB a U b, KAPOTHHOUIOB,
AHTOIIMAHOB), COAEPKAHMS BOJBI, a TaKkke Mopdoio-
TMYECKUX XapaKTEPUCTUK MMOBEPXHOCTH JIMCTA, BKIIFO-
yasi TMapaMeTpsl JMCTOBOM MOBEPXHOCTH (HaTWU4Me
BOCKOBOTO CIIOSI, CTEIIEHb OMYIIEHHOCTH H Tp.) [6].
CrnekTpocKkonusi MPOITyCKaHUs, Hapsiay C OLEHKOU
COACPIKAHUA NHUIMCHTOB M BJIard, IO3BOJIACT aHaJIU-
3UpOBATh BHYTPEHHIOIO CTPYKTYpPY JHMCTOBOM TKaHH,
BKJIIOYad TOJIIIUHY, IJIOTHOCTH KIJIETOUYHBIX CJIOCB,
OZTHOPOJHOCTh W YpPOBEHb JErpajalliil TKaHEeH, YTo
0cOOEHHO Ba)KHO MPU MOHHUTOpWHre OOJIe3HEH WiH
neduITa MUTATENBHBIX BemecTB [19]. dmyopec-
LEHTHAs! CIIEKTPOCKOIUS HCIIONB3yeTCsl UIsl ompese-
JICHUSI TapaMeTPOB, CBA3aHHBIX ¢ (POTOCHHTETHYECKOM
aKTHBHOCTBIO, TAKMX KaK KBAaHTOBas 3(P(PEKTUBHOCTH
¢dorocuctemsr 1l (Fv/Fm) u ypoBens HedoTOXUMMIUE-

CKOIro TyHICHHUA, a TAKKE JJIsI PAHHETO BLIABICHUA
cTpecca, CBSI3aHHOTO C HEIOCTaTKOM OCBEIICHHS,
BOJHBIM JIC(PUIUTOM HIH TOKCHYECKUM BO3JICHCTBH-
em [13]. OObenuHEHHE TPEX B3aMMOIOIONHSIOIINX
METOJIOB B OJHOM YCTPOWCTBE CIIOCOOHO MOBBICHTH
TOYHOCTb U BOCIIPOU3BOJUMOCTDH I/ISMCpCHHﬁ, I10-
CKOJIBKY JaeT BO3MOYKHOCTH YYECTh HIMPOKHH CIIEKTP
Mopo(hU3NOTOTHUECKIX TTapaMeTpoB pacteHuit. Lle-
JBI0 TAaHHOW paloTHI ABIIsiETCS pa3padoTKa U arpoda-
ISl TOPTATHMBHOTO NpPHOOpa, COBMEIIAONIETO HE-
CKOJIBKO METO/IOB aHa/IM3a JJIsl MOJMYYEHHUS TMOJIHOU
nHpOopMaIui 0 (U3NOIOTHIECKUX TMapaMerpax pac-
TEHUM B II0JIEBBIX YCIIOBUAX.

NPEJJIATAEMOE PEHIEHHE

[Tockonpky npennaraemMoe yCTPOMCTBO HpeaHa-
3HAYEHO ]I M3MEPEHUs! CIEKTPOB (IIyOpecleHIINH,
NPOIYCKaHUA M OTPAXKEHHUS, ero (PyHKIMOHAJIbHbIE
KOMITIOHEHTHI AOJIXKHBI COOTBETCTBOBATH CHGHI/I(I)I/I‘IC-
CKUM TpeOOBaHMAM KaXII0TO U3 PEXKUMOB CIIEKTPAJIb-
HBIX U3MepeHuid. Bo30yxeHune GpryopeciieHnu XJio-
poduina 3a4acTyro peaju3yloT C TOMOLIBIO HCTOYHH-
Ka W3JIy4eHHs ¢ HEHTPAJIbHOHN JUIMHOW BOJIHBI B CHHEM
WU KpPacHOM yYyacTKax BUAUMOro mauamnazoHa [20]
IPU pa3MEIEHUH MCTOYHMKA M NPUEMHHKA C OIHOM
CTOPOHBI OT HCCIEAyeMOoro ucta pactenus [21]. s
perucTpauyy CIEKTPOB OTPAXKEHUS M IPOITYyCKaHUs
B3aMMO/JICHCTBOBABIIETO C JINCTOM H3IyYeHHUs CIIEAy-
€T HMCIIOJIb30BaTh LIIMPOKOIOJIOCHBIH UCTOYHHUK H3IIY-
gyeHus. s oOecrnieueHns: perucTpauuy JaHHBIX B pe-
KNME p€aJIbHOT'O BPEMCHHA HCO6XOI[I/IMO OIITUMH3HNPO-
BaThb CBETOIHEPIeTUUECKUE XapaKTEPUCTHUKU 3a CUET
moi0opa CBETOAUOIHBIX MCTOYHUKOB CBETA U KOHCT-
PYKLUH CONPSTAIOIINX ONTHYECKUX 3eMEeHTOB. [lop-
TATUBHOCTh JIOCTUTAeTCSd 3a CYET MCIIOIb30BAHUS
KOMITAaKTHOTO AW(PAKIUOHHOTO CIEKTPOMETpa B Ka-
YEeCTBE PETUCTPUPYIOLIETO YCTPOWCTBA M EAMHOTO
ONoKa ynpaBieHUs Uil MEPEeKIIOYeHHs] MCTOUYHHKOB
CBETAa MEXIy peKHMaM{d H3MEPeHHs W 00paboTKu
JIAHHBIX, TOJYYEHHBIX CHEKTpOMeTpoM. Pexumsbl pa-
00TBI M OCHOBHBIE (DYHKIIMOHAJbHbIE KOMIIOHEHTHI
MOPTaTUBHOTO YCTPOWCTBA TMOKa3aHel Ha puc. 1.
B pexumMax u3sMepeHHs CIIEKTPOB MPOIYCKaHHUS U OT-
pakeHHsT 00paszel] OCBeIaeTcsl MIMPOKOMOIOCHBIMU
(nnanazon uzmyuyenust 450-800 HM, cBETOBOW MOTOK
30 mM) cBerommomamu CJI; m CJl, cOOTBETCTBEHHO,
OCHAII€HHBIMU HWACHTHUYHBIMU KOHACHCOpaMHU K.
B pexunme QiryopecieHTHOH CIEKTPOCKOIINN OOBEKT
ocBelaercs cuHuUM ceroanonoM Cll; (n1mamasoH u3-
nyuennst 450-460 HM, cBeroBoil moTOoK 20 ™).
Bo Bcex pexxnMax M3MepeHHe CIEKTPOB MPOU3BOANT-
cs TpPH TOMOINM KOMIAKTHOro crnekrpomerpa CM
Ha ocHOBe auppaknnonnoit pemerku (AIOX2000-13
[22], paboumii cmekTpaidbHbIH aAuama3oH 350—
1050 HM, cnekTpaJbHOE pa3pelleHue 2 HM, HHTEp-
¢eiic UART).
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OTtpaxeHune MponyckaHue

Puc. 1. Cxema ycTpoiCTBa U TpeiaraeMblii MPHHIUT pabOTHI.
Cl,, Cl, — mmupoxononocHsle cBeroanoanl, Cl; — cuHmit
cBeroaunon, K — xonneHcop, CM — crieKTpoMeTp Ha OCHOBE
J(paKIMOHHOM pereTKn

Puc. 2. KoMnoHOBKa OCHOBHBIX y3JIOB YCTPOWCTBA.
a — TpexXMepHasi MOJIeNIb KOpITyca IIPOTOTUIA yCTPOWCTBA; O, B —
YKpYTHEHHBIE H300paXXeHUsI OTACTBbHBIX Y3JI0B yCTPOWCTBA;

1 — cunuii cBeromuoj; 2al0 — MIMPOKOIOJIOCHBIC CBETOIUOIBI;
3a|6B — onTOBOJNIOKHO; 4 — CHEKTPOMETp, 5 — JIUCT pacTeHus, 6 —
IPWXUMHOM 3JeMeHT, 7 — 3epkajno, 8 — miara ympasieHus, 9 —

OaTapeiHbIi OTCEK
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JUINTENBHOCTh OJUHOYHOTO U3MEPEHMS COCTaBIISI-
eT 4 ¢ B pexxnme Quryopecueniun, 450 MC B pexxnMe
oTpaxkeHus 1 90 Mc B pexXUMe MPOITyCKaHMsL.

Kopmyc mopratuBHOTO yCTpOicTBa HEOOXOIUM
JUIS. UCKJTIOYEHHS Mapa3suTHOM 3aCBETKH B XOJ€ peru-
CTpalliy CIEKTPOB, 3aIIUTHl BHYTPEHHUX KOMITOHEH-
TOB OT BHEUIHMX BO3JCHCTBHI U OOECIIeUCHUS YI00-
CTBa HCIONB30BaHUA. TpexmepHas MOAENb KopIyca
MIPOTOTHIIA YCTPOHCTBA MTOKa3aHa Ha puc. 2.

B xoae u3MepeHus JUCT pacTeHUs S5 3aKUMAaEeTCA
C MOMOUIBIO MPIKUMHOTO 3J€MEHTa 6, 32 CUET 4ero
uccieayemasi 00NacTh JIMCTa OKa3bIBaeTcs 3a(UKCH-
pOBaHAa OTHOCUTEIBHO OCBETHTEIBHBIX M H3MEpH-
TEJIHHOTO KAaHAJIOB HAa MPOTSHDKEHWH BCEro aHaiu3a
U 3aKpbITa OT BHEIIHETO W3IY4YEHHS 3a CUET UCIIONb-
30BaHUS JIOTIOJHMUTEIBHBIX PE3MHOBBIX YIIJIOTHUTE-
Jed. B pexxuMe perucTpanuy CHIEKTpa MPOIyCKaHHs
M3ITy4eHNE IHUPOKOMOIOCHOTO CBETOAUOA 2a TIPOXO-
JTUT Yepe3 PacIioyOKEHHBIH HaJ HUM JIUCT, OTpaXaeT-
cs OT 3epKaja 7 W IMOCPEACTBOM ONTOBOJIOKOHHOTO
CBETOBO/IA 3a HaIpaBJsAeTCs KO BXOAHOM IEIH CIHEK-
TpomeTpa 4. U3nmydyeHue OT Opyroro HIMPOKOIOJIOC-

HOTO 20 ¥ cuHero 1 cBETOaMO 0B MPOXOAHUT IO OTITO-
BOJIOKOHHBIM CBeTOBOZaM 30 M 3B COOTBETCTBEHHO
W C TIOMOUIBIO 3epKasia MepeHarnpaBisieTcsi K MOBEpX-
HOCTH JucTa. OTpakeHHOE W3JIy4YEHHE WM H3JIyde-
HUEe (IyopecueHIMH TIepelaeTcss B CIEKTPOMETP
Tak)ke MpH IMOMOIU BOJIOKOHHOTO CBeTOBOna 3a. Bee
HaHHBIC CIICKTPAJbHBIX H3MCpCHPII>i, IMOJTY4YCHHBIC
B TpeX pEeXHMax HM3MEPEHUs, MPOXOAAT IpeaBapu-
TeNbHYI0 00paboTKy B OJOKE yNpaBlieHHs Ha OCHOBE
koHTposiepa ArduinoNano u MOTYT OBITH MepeJaHbl
yepe3 USB-unTepdeiic Ha mepcoHaTbHBIA KOMITBIO-
Tep. 3amyck Mpoleaypbl U3MEPEHUsT OCYIECTBISIETCS
[0 HaXaTUIO KHONKM Ha kopmyce. Ilpouenypa n3me-
PEHUS BBIITOJIHACTCA aBTOMATHYCCKU.

Jlist 1eMOHCTpalMy CONOCTaBUMOCTH Ta0apUTHBIX
XapakTepUCTUK M PacIIUPEHHOTO Habopa perucTpu-
pPyeMBIX mapamMeTpoB B Ta0i. 1 MpUBEICHBI OCHOBHBIC
XapaKTEepUCTUKH pa3pabaTeiBaeMOro mprudopa, a Tak-
e KOMMEpUECKHX NpHOOpOB-aHAJIOroB, HCIOIb3Yye-
MBIX JUISI OTIpeseNIeH s (PU3M0IOrHUeCKOTO COCTOSHUS
paCTeHI/II‘/'I, B TOM 4YHCJIIE BETCTAallMOHHBLIC HHICKCHI

(BW).

Tao6.. 1. XapakTepucTHKH KOMITAKTHBIX IPHOOPOB JUISl aHAIN3a COCTOSHUS 37J0POBBSI PACTEHUH

JMHbBI BOJTH

Hasganue npubopa OmnpenensieMble napameTpbr* HSHy:;HI/ISI, Iﬁiﬁ:;;iﬁi? If;_ Ml\lfzaf?f;;zb;M
DyopuUMeTpUs
Ft: FO: Fmr FOIJ lex Fv/an
PAM-2500 Yal), 4L, qP, o, NPO 450 1 630 >715 230 x 105 x 105
FluorPen FP 110 F, Fo, Fo, Fo', ', F,/ F, 470 665-750 134 x 65 x 33
Pocket PEA F, Fy F,, Fy" F," F,/F, 627 >725 175 x 75 x 35
CriekTpoMeTpHs OTPAKEHHOTO U3TYICHHS
N-Pen N 110 COACPAKARNE a30Ta 565 1 760 500-800 135 x 65 x 33
B PaCTEHUSIX
CI-710s 30 pasmuunbix BU 360-1100 360-1100 220 x 150 x 30
CriekTpoMeTpHs MPOIIEIIETO U3ITYIeHHUS
SPAD-502PLUS KOHUCHTpAIlIA 650 1 940 650 1 940 78 x 164 x 49
xsopoduia
Apogee MC-100 KOHUCHTPAIA 653 1 931 653 1 931 152 x 82 x 25
XJIopodua

Taba. 1. Oxonuanue

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1



[IOPTATUBHOE YCTPOMCTBO JUUISI ONPEAEJIEHUS ®U3UOJIOTMYECKOIO COCTOSHUA 75

HasBanue npubopa OmnpenensieMble nmapameTpbr*

JMHbBI BOJTH
W3IIy4YEeHUs,
HM

JnuHbI BOJH pe-
TUCTpaLUu, HM

I'aGapurtsl,
MM X MM X MM

CrnekTpoMeTpus OTPaXKEHHOTO U MPOLICAIIETO U3Iy4eHHs, PIyopuMeTpus

F(l)x Ft; FO,' Fm’
PazpabareiBaemMoe = BO3MOXKHOCTH BEIOpaTh ypaBHe-
YCTPOKCTBO Hue B u ncnonb3yemMele B €ro
pacyeTe OJIMHbI BOJIH
* 3nech:

F(A) — cnexTp HHTEHCUBHOCTH (DIyOpeCleHIIHH.

450460,

450-800 450-800

138 x 60 x 140

F,=1-F,/ F, (makcumansHas 3¢dextuBHOCTs PoTocuctemsr Il (PSID)): oTHOmEHNE WHTEHCHBHOCTH
(hiyopecleHIMK IpU HU3KOM YpOBHE OCBeleHus (Fy) MpH ajantaiyuy K TEMHOTE K MaKCMMaJlbHOW MHTEHCHB-
HOCTH (PITyOpEeCHEHIINH TIOCIe OCBEUIEHHSI MOITHBIM UMITyIbcoM (F),). Iloka3piBaeT MOTEHIMANBHYIO CIIOCO0-

HOCTBh PacTEHU K POTOCHHTE3Y.

F, (ycTaHOBUBIIMICS YPOBEHb HHTCHCUBHOCTH (PITyOPECIIEHIINHN): TIOKA3bIBAECT PabOTy CUCTEMBI IIPH €CTECT-

BCHHBIX YCJIOBUAX.

Fy' — munumanbHas QiyopecteHus (B OTHOCUTENBHBIX SIMHALIAX) B YCIOBHUSIX aJanTalld K CBETy. Ypo-
BeHb (pIryopecueHIuu 00y1aeMoro obpasia, KOTOPEIi CHIKEH 110 CPaBHEHHUIO C F) n3-3a HaTN4Ius HeOTOXH-

MUYCCKOI'0 TYHICHUA.

F,' — makcumanbHas (yopectieHIus (B OTHOCUTENBHBIX €UHHIIAX) B YCIOBHAX aJaNTaIlil K CBETY. Y Po-
BEHb (IyOpECICHIIMU 00pa3iia, 00Iy4acMOro HACKIIAKIIMMHA UMITYJIbCAMU CBETA, KOTOPhIC BPEMEHHO 3aKphI-

BaIOT BCE peaKIMOHHbIE IIeHTphI PSIL.

Y(1l) — makcumansHbii ¥ 3 pexTuBHBIN oToXUMIYecKuid BEIxo 1 cucteMbl PSII.
NP(Q — HeTpou3BOIUTEIHHOE MOTIIOIIEHIE SHEPTUH: XapaKTepU3yeT MeXaHU3Mbl TUCCHUITAIIMN N30BITOUHOM

SHEPTUU B BUAEC TCILIA.

qP — x03hunmeHT GoTOXMMUYIECKOT0 TYIISHHUS: YKa3bIBAeT OO OTKPBITHIX IEHTPOB (oTocucTteMsl 1l,

TOTOBBIX K ITOTJIOMIEHUIO CBETOBOM OHCPIHUU.

gL — xo3pdunmeHT POoTOXMMUYECKOTO TYyHICHUS (IyopecleHINH, MPEANoaralonni, 4To MHOTHE KOM-
TUIEKCHI (POTOCHCTEMBI 00pa3yr0T KOMOMHHPOBAHHYIO CBETOCOOUPAIOIIYIO aHTEHHY.
gN — x03pprunreHT HePOTOXMMHUIECKOTO TYIIEHUS (PITyOPECIICHITNH.

ITonyuyeHue CHEKTpPAIBHBIX XapaKTEPUCTHUK, CBO-
OOJHBIX OT BIUSHHS WCKaXaromux (pakTopoB (cIiek-
TpaIII)HOI‘/'I YYBCTBUTCIIBHOCTU H BBICOKOYACTOTHBIX
IIyMOB TIpMEMHHKA, KO3(DQHUIMEeHTa TPOMyCKaHUS
ONTUYECKUX JJIEMEHTOB, CIIEKTPAJIbHON XapaKTepu-
CTHKH W3Iy4eHUs CBETOAMONIOB), OOECIIeUHBACTCS
3a CUET JACJICHUS 3apErUCTPUPOBAHHON CIEKTPAIbHOU
KPHBOH SIPKOCTH OOBEKTa Ha CHEKTPAIBHYIO KPUBYIO
AapKocTH pedepeHca. B pexxume uzmepeHus oTpaxeH-
HOT'O OT O0BEKTa M3IydeHHsl B KauecTBe pedepeHca
UCIIOJIB30BAJICSL CIIEKTP H3JIy4eHHsl CBETOAMOAa, OT-
pakeHHOTO OT pedepeHcHOl miacTHHBI [23]. Pede-
pEHCHasl TUTACTHHA TPEJCTABIIACT COOOH STaJIOHHBIN
00BEKT, M3TOTOBIIEHHBIA W3 (TOpOIIacTa W HWMEI0-
mmid O3k K 1 K03 UIMEHT OTpaskeHHs BO BCEM
paboueM CHEKTpaJbHOM JAHana3oHe yCTpoiicTaa.
B ciywyae peructpauuu NpOLIEANIEr0 HW3JIYYEHUS
B KauecTBe pedepeHca Oblla HWCTHOIB30BAHA CITEK-
TpajbHasl XapaKTePUCTUKA CBETOIUOA U MACTIOPTHBIE
3HAYEHUS] CIIEKTPAJIBHON YyBCTBUTEIBHOCTU IIPUEM-
HHUKa u3nydeHus. DiayopecleHIys MpeICcTaBiseT co-
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00l TepensTyueHue MOIJIOMEHHOrO JIMCTOM H3IIyde-
HUS Ha 0O JIBIIUX OTHOCHUTEIHHO BO30YXKIAIOIIETO IB-
Hy‘-ICHI/ISI JJINHaX BOJIH, HOC—)TOMY CHCKTpaIH)HaH Xa-
paKTepHUCTHKA N3ITyUYeHHsI CHHETO CBETO/INO/Ia HE OKa-
3bIBAET BIMSHHASA Ha CIEKTPAIbHYI) HHTEHCHBHOCTH
(dayopecneHMu 00bEKTa. 3aTeM BCE CIEKTPaIbHBIC
XapaKTePUCTUKHA OBUIH TPHUBEIEHBI K JUAIa30Hy 3HA-
yeHuit oT 0 70 1 ¢ 1eNnpI0 yCTpaHeHUs BIMSHUS HA UX
¢dbopMy (GhakTOpoB, He CBSI3aHHBIX C (DU3HMUECKUMHU
CBOMCTBaMU 00BbEKTa (HEOIHOPOIHOCTHIO OCBEICHUS
BO BPEMEHH, Pa3IMYHON UyBCTBUTEIEHOCTHIO MPUEM-
HUKOB WJIM BapHallUsIMU HHTEHCUBHOCTH (uryopec-
HCHHI/II/I), U BO3MOXHOCTHU CpaBHCHI/Iﬂ C JaHHBbIMHU,
MoJTydaeMble TIPHA TTOMOIIH APYTUX MPHOOPOB.

ATIPOBAILSA PABPABOTAHHOI'O YCTPOMCTBA

B xone anpoGaruu ObuTa TIPOBE/ICHA 3KCIICPUMEH-
TalbHAs OIEHKA COOTBETCTBHS BBIXOJHBIX JAHHBIX
pa3pabOTaHHOTO YCTPOMCTBA M PedepeHCHBIX MPHOO-
POB, a TaK)Ke MX CPABHEHUE C JJAHHBIMH, MOTYYCHHBIMHU
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TPaJMIIMOHHBIMU METOZaMH aHainu3a (Qu3nonornye-
CKHX IIapaMETPOB PACTCHUM.

B kauecTBe ncciemyeMbix 00pas3noB ObUTA BRIOpa-
HbI JUCTBs orypua (Cucumissativus) u Tomara (Sola-
numlycopersicum), TIOJOBUHA M3 KOTOPBIX OBUIH 3a-
pakeHbl BUPYCOM MO3auKH NenuHo (Pepinomosaicvi-
rus). B Temmume mpoBomwnn mpoOoOOTOOp TO MATH
3penbiX COPMUPOBAHHBIX JINCTHEB C IIIECTU pacTe-
HUHM Ka)XZI0ro BUAA, 1OCJE Yero ¢ MOMOLIbI0 TPaHC-
MOPTUPOBOYHBIX TEPMOKOHTEMHEPOB HX JOCTABWIIN
B JIa0OpaTOpHIO Ui M3MEPEHHs] CIEKTPaJbHBIX Xa-
PaKTEepHUCTUK W OMOXUMHUYECKUX mapameTpoB. Crek-
TPBl OTpaXEHUS U (IIyOPECUEHIINH PEruCTPUpPOBa-
JUCh C BepXHEW (aJaKCHAIbHOW) CTOPOHBI IHCTA,
a CIEKTPHl NPOIYCKaHUS — C TMPOTHBOIOIOKHON
(abakcranbHOI) CTOPOHBI, YTOOBI JIUCT HE HY)KHO OBI-
JIO TIepeBOpauMBaTh BO BpeMsl H3MepeHHuil. UToObl
Y4YECThb IIPOCTPAHCTBEHHBIE DPA3IUYUSA B CIEKTPAJb-
HBIX XapaKTEePUCTHKAX BJAOJb IIOBEPXHOCTH JIHMCTa,
JUIsL KaXIoro oOpasia ObLIM M3MEPEHBI ISATh Pa3HBIX
YYacTKOB, a 3aTeM IIOJIyuY€HHbIE CIIEKTpbI ObUIM ycC-
peaHeHbl. B pesynbraTe OBUIO MPOBEICHO B OOIICH
CIIO)KHOCTH 15 M3MepeHui Ans KaXI0W TPyIIsI (310-
POBBIC JIMCThA Orypua, JUCThA Orypua, 3apa’XCHHBbIC
BUPYCOM; 3JI0POBbIE JINCThS TOMATa; JUCThS TOMATa,
3apakeHHbIE BUPYCOM).

IIJ'I}I OLCHKNU COOTBETCTBHA IIOJYYCHHBIX IIOCJIC
00pabOTKM CHEKTPATBHBIX XapaKTEPUCTUK U PE3yIlb-
TATOB HM3MEPEHHUH pacHpocTpaHEeHHBIMH JabopaTop-
HBIMH TIpHOOpaMu Te K& 00pasIlbl JINCTHEB OBLIH W3-
MEpEeHbI ¢ TOMOINBI crekTpodoromerpa CD-2000
C MPHUCTaBKOW Ha OTpaKe€HHE (perucrpaunus ClIeKTpa
OTpakeHHs), TP PaKITMOHHOTO CIIEKTPOMETpA
ATP5020R (peructpamust CHEKTpa MPOIYCKAHHS)
u cruekrpoduryopumerpa Dmoopar-02-Ilanopama (pe-
rUCTpalysi MHTEHCUBHOCTU (iyopecueHimu). M3me-
peHHe CIeKTPaIbHOTrO Kod(h(HUIIMEHTa MPOITyCKaHU
MPOBOJMIN TPH OCBEIICHWH 00pasla TaJoreHHOH
nmamnoi (DLH4, DedoWeigert Film GmbH), a B uabIX
cirydasax 6I>IJ'II/I 33I[el7[CTBOBaHBI HUCTOYHUKU H3JIydC-
HUS, BCTPOEGHHBIE B MpHUOOpPHI. [l KOJTU4YeCTBEHHOU
OLIEHKH TOTPELIHOCTH W3MEPEHHS MOIYyYEHHON CIIEeK-
TpaJbHON XapaKTepUCTHKH ObLIa BBHIOpaHa OTHOCHU-
TeJbHAsI OIMOKA p, BEIYUCIIsIEMas TI0 hopMyIIe:

X=X,

p T 100%, (1)

HCT

rae X — 3HayeHHe CIEeKTPaJbHOW XapaKTepPUCTUKH,
MOJTy4eHHONW DPa3pa0OTaHHBIM YCTPOHUCTBOM; Xjor —
3HaYeHHE CIEKTPAIbHON XapaKTepUCTHKH, MOIy4eH-
HOM ¢ IOMOIIBI0 Tab0opaTOpHOTO 000PyIOBAHMSL.
Iesnpro BTOPOro 3KCHEPUMEHTA SIBIISUIACH IPOBEP-
Ka BO3MOKHOCTHU HCITIOJIb30BaHUS BBIXOAHBIX JAHHBIX
pa3paboTaHHOTO YCTPOWCTBA AJIsl OLEHKU KOHIIEHTpa-
UK XJIopodua, SBISIFOMETOCS OTHIUM U3 KIFOUEBBIX
MoKa3aTeled 300pOoBbA pacTeHHid. TpaauuuoHHBIM
MCTOJIOM U3MCEPECHUSA COACPIKAHUSA TMTMCHTA ABJIACTCA

CHEeKTPO(OTOMETPUUECKUN aHaIM3 DKCTPAKTa, MOJY-
YEeHHOIO0 B pe3yJibTaTe NPOOONOArOTOBKU. JIMCThs
pacTeHHil B3BELIMBAIOT NS IMOJYYEHHUS ONpeAesIeH-
HOM HaBeCKM, W3MEJIbUalOT, PacTHpAIOT B CTYIKE
U 3aTeM 3KCTParupyroT HUTMEHT ¢ IHOMOLIbI0 100aB-
JIEHUs 3TaHoja. Peructpanys onTU4EeCKOW INIOTHOCTH
9KCTpPaKTa ¢ MOMOILIbIO CIIEKTPOPOTOMETpA 1aeT BO3-
MOKHOCTh HM3MEPUTh CYMMAapHOE€ COJAEp)KaHUE XJIO-
podumnoB a u b (Chl) B MI/n 1o W3BECTHOMY SMIIH-
pUYECKOMY COOTHOIIEHHIO [24]:

Chl=6.1- Dy +20.04- D, 2)

e Deggs 1 Dgy9 — ONTHUECKAS IJIOTHOCTH HA JJIWHAX
BOJIH 665 1 649 HM.

CriektpooToMeTprueckuii MeTOJl aHajan3a KOH-
LEHTPAIUU XJIOPOPUIJIOB TPYIOEMOK, TpeOyeT 3Ha-
YHUTEITHHOTO KOJMYECTBA PACXOJHBIX MATEPHAIIOB U HE
MOXET 6I>ITI> pCaIM30BaH B IOJICBBIX YCJIOBUAX. B Ha-
CTosiIIlee BpeMsl 3HAYUTEIBHOE KOJMYECTBO HCCIENO-
BaHW{ HANpaBICHO HAa pa3BHTHE AIBTEPHATHBHOTO
METO/a OLIEHKH MUTMEHTHOTO COCTaBa PACTeHHH, OC-
HOBaHHOTO HA aHAJIN3€ CIIEKTPAIILHBIX XapaKTEPUCTUK
qucta. [Ins penyuupoBaHUs CHEKTPAIbHBIX JAHHBIX
¥ KOHTPAaCTUPOBAHUS CIIEKTPAIbHONW SKCIPECCHH, BBI-
3BaHHOW M3MEHEHHeM OMOXMMHUYecKoro wiu Ouodu-
3MYECKOr0 TapaMmeTrpa, Obutu paspaboransl BU [25,
26], mpeacTaBISIONINe COO0H MaTEeMAaTHYECKYI0 KOM-
OMHAILIMI0O MHTCHCUBHOCTEH CIEKTPaIbHOIO OTpaxKe-
HUA B JIBYX WJIM OoJiee y3KHX Juarna3oHax. THUIMJHbe
(dopMBI TakMX MHIEKCOB NpHUBEACHBI B padore [27],
Cpeny HUX MH/IEKCHI:

OTHOLICHUA:

BH(xl,xz){(—x‘) 3)

b
0y
Pa3HOCTHOI'O OTHOIICHMA:

R(kl)_R(xz)

B, = R )+ R (%) @
pa3HoCTH 0OpaTHBIX BEIUYUH:
BI/I(kl,xz)z;—;, 5)
R(%) R(%,)
abCOMIOTHOH pa3HOCTH:
BH(,,4,) =|R(%,)-R(%, ). (6)

rae R(\;) — 3HadeHWe CIIEKTPAIBbHOIN XapaKTephuCTH-
KU Ha JJIMHE BOJHEI A;.

BereranyioHHble WHAEKCHI CITy)KaT Il OICHKH
MOP(}HOhHU3NOIIOTUIECKUX TAPAaMETPOB PacTeHUl (co-
Jep)KaHue MHUTMEHTOB, BOJbI, MUKPO- M MaKpodJie-
MEHTOB B TKAHSIX PACT€HUH, CTPYKTYPHBIX XapaKTepu-
CTHK TKaHEeW W T.JI.) U TOCIEIYIOLIEr0 HMCIOIb30BAHMS

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1
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9THX TMapaMeTpoB Ui uaeHTHukanuu u auddepeH-
Uany a0MOTHYECKUX (HapyIIeHHEe TEeMIIEPaTypHBIX,
CBETOBBIX M BOIHBIX PEXHMOB, PEKMMa ITUTAHUS)
U OMOTHYECKHX CTPECCOBBIX (DaKTOpPOB (BHPYCHEIE,
OaxTepuanbHbIE U TPUOKOBBIE OOJIE3HH), POTHOZHPO-
BaHus ypoxkaiiHoctu u mp. [19, 28, 29]. Komnuect-
BCHHAsI OLIEHKA COJEPXKaHUs OMOXMMHYECKHX Mapa-
METPOB PAaCTCHUH CTAHOBHUTCS BO3MOXKHOH OJyiaroaapst
HOCTPOCHHUIO SMITMPUIECKUX COOTHOLICHUH Ha OCHOBE
WHJIEKCOB C NOMOIIBID METOAA JIMHEHMHON perpeccuu
[30]. Onnako opMy M aMILUTUTYJy CIIEKTpa OTpaKe-
HUS PpAcCTeHHH OMNpPENeSIOT W Jpyrue (akTophl:
CTPYKTypa JHCThEB, (PUIIOTaKCcHC, (peHomormyecKas
craaus U np. [losToMy I KaXKIOTO BHIA PacTCHUS
HEOOXOUMO OTPENEIUTh ONTUMAIILHBINA BEereTaloH-
Herid wHAEKC [10, 11], ucrons3yrommii Hanbosee MH-
(opmaTUBHBIE CHEKTpaJibHBIE IWAma3oHbl U obecre-
YUBAIOUIMN MaKCUMallbHBI KOA(QUIMEHT AeTepMU-
HauK R® SMIIMPHYECKOTO COOTHONICHHS OLEHKH CO-
JepKaHusl TapaMeTpa pPacTeHUs MPH MUHHUMHU3ALUH
cpemHeil OTHOCHTENhHON OmMOKN RE W CpeaHeKBaj-
paTHYeCcKOH OINOKH ¢, KOTOPBIE OMPEACTSIOTCS KaK:

| Xy, = Xy | 100%

RE =— ’ , (7
XI/ICT

o= Z:,:I (XBI/I,- B XI/ICT )2 (8)

n b
RZZZi=1(XBMA _XMCT) (9)

Z[:I(X"CT,' - XI/ICT )

rac XBI/I, — 3HA4YCHUC MapaMeTpa pacCTCHU, BbIUUC-

nennoe 1o BU;

Xyuer — UCTHHHOE 3HAYCHUE TIapaMeTpa pacTeHUsl, BbI-
YHCJIEHHOE TI0 CTaHIaPTHON METOIHUKE;

1 — KOJIMYECTBO U3MEPEHUII.

B xaudectBe 3()(peKTUBHBIX PErpecCHOHHBIX MOjIe-
Jeil MCIONB3yIOTCS HeNWHEHble 3aBucuMocTH [31].
B nacrosimielt pabote BHIOOpP OBUI ClHIENIaH B TOJIB3Y
3KCHOH€HHH3J’IBHOI7] 3aBUCUMOCTH.

PE3VIJIbTATBI SKCIIEPUMEHTOB

Huxe mnpencraBiieHbl pe3ysibTaThl MPOBEACHHBIX
sKkcniepuMenToB. Ha puc. 3 mokasaHbl CHeKTpaibHbBIC
XapaKTEPUCTUKH, TIOJyYeHHBIC Pa3pabOTaHHBIM IPO-
TOTHUIIOM U KOMMEPYECKUM JIa0OPaTOPHBIM 000pY10-
BaHMEM, YIOMSIHYTBIM B TpeablayieM paszere. I1o-
JIYIIPO3pavHbIe 00JIACTH TIOKa3bIBAIOT Pa30dpOC CIICK-
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TPAIBHBIX XapaKTEPHUCTUK IPH IMOBTOPHBIX peaan3a-
LUSIX BapUaHTa.

PaccunraHHble CpeqHYe 3HAYEHHS OTHOCUTEIBHON
MOTPEIIHOCTH CHEKTPAIILHON XapakTepUCTUKU IBYX
yCTpOHCTB paBHBI 23% il cekTpaibHOro Koaddu-
nueHTa otpaxenus, 19% uisi CieKTpasbHOTrO KO3(-
¢unmenTa npomyckanus U 26% A CHeKTpa MHTEH-
CUBHOCTH ()JIyOPECIICHIINY.

MakcumManbHOe aOCOIIOTHOE OTKJIIOHEHHE IO Bce-
My CIEKTPY U CTaHJapTHOE OTKIOHEHHE COCTABHIIM
0.026 u 0.002 mns pesxuma duryopectiennuu, 0.125
u 0.007 gns pexxuma orpaxkeHuss u meHee 0.001 nnsa
000oMX TapaMeTpoB B peXHME MpornyckaHus. Bapua-
0€IbHOCTh CHEKTPAIbHBIX XAPAKTEPHUCTHUK, IOJIyUYEH-
HBIX C TMOMOIIBIO Pa3paboTaHHOTO yCTPOICTBa, B Ka-
KO IpymIe OLEHUBAJIACh C IOMOIIBIO MaKCHMallb-
HOTO a0COJIIOTHOTO OTKJIOHEHHS M CpEeIHEKBaIpaTH-
4yeckoi ommOKu. JIs 310pOBBIX JMCTHEB TOMATa TO-
Ka3aTeJn OTPaKEHUs, NPOIyCKaHus U (iayopecueH-
uuu coctaBmwiu (0.05; 0.02), (0.06; 0.03) u (0.10;
0.06) cCOOTBETCTBEHHO.

Ha nucThsix ToMaTOB, 3apaKCHHBIX BUPYCOM, OBbI-
mu monydeHsl cienytomue 3HadeHws: (0.10; 0.05),
(0.05; 0.02) u (0.02;0.01). dyis 370pOBBIX JIMCThEB
orypna 3Hauenns coctasmiu (0.08; 0.04), (0.04; 0.02)
n (0.18;0.10), a mIs TUCTBEB OTYpIIA, MOPAKESHHBIX
Bupycoym, (0.06; 0.03), (0.08; 0.04) u (0.14; 0.07) nus
OTpaXKEeHUs, MPOITyCKaHUSI M (PIyOpecLEeHIMH COOT-
BETCTBEHHO. Pe3ynbTaThl U3MEPEHUs CIIEKTPOB (IIyo-
pecLeHIMY NPOAEMOHCTPUPOBAIN HauOosIee 3HAuM-
TCJIbHbIC KOJ'Ie6aHI/I§I Cpe€an BCEX PCIKUMOB M3MEPCHUA.
Taxoxe OblTa olleHeHa BapuabeTbHOCTh CIIEKTPAITbHBIX
XapaKTePUCTUK OTIENbHBIX JIUCThEB. B pexume crek-
TPOCKOIIMN OTPAXCHUA JIMCThA OT'yplia U TOMAaTa I10-
Ka3aJld CXOXYH BapHa0eNbHOCTh: a0CONIOTHBIE OT-
kyoHeHus coctasuiu 0.088, a cpegHexBagpaTHUecKas
ommn6Oka — 0.048 u 0.045 coorBercTBeHHO. B pexnme
CHEKTPOCKONHN TPOIMYCKaHUsI CpeAHne abCOTIOTHBIC
otkinoHeHus coctaBuwin 0.067 nins orypua u 0.057 mis
TOMaTa, a cpeqHekBaapaThyeckas ommoOka — 0.035
n 0.028. Haubonee 3HaUMTENbHBIC pa3Inuns HAOJIIO-
Januch Npu (GUIyopecLEHTHOM aHalu3e: AJIS JIMCTHEB
orypua cpeanee abCOIIOTHOE OTKIOHEHHE COCTaBHIIO
0.158, a cpemnexBanmparudeckas ommbdka — 0.080,
B TO BPEMs KaK IJId JIMCTHECB IMIOMUAO0PA 3TU ITOKa3aTe-
1 coctaBmin 0.067 1 0.033 cOOTBETCTBEHHO.

B xozme oneHKM NPUMEHUMOCTH pPa3pabOTaHHOTO
yCTpoiicTBa IUIsl ONpENeNieHHs COAEPIKAHHUS XJIOPO-
(¢ma maHHBIE CHEKTPANBHBIX M3MEPEHHH OBUIN CO-
MOCTaBJIEHBl C COJepXKaHueM xJyopodwuia, ompene-
JICHHBIM C ITOMOILBIO JIAOOPATOPHOTO aHAIN3A.
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Puc. 3. CriektpasibHble XapaKTEPUCTUKH, TIOJIyYEHHBIE C TIOMOIIBIO pa3paboTaHHOTO yCTPOWCTBA U J1a00PaTOPHOTO

000pyI0BaHUS.

CriekTpanbHbIH KO3()(UIMEHT OTpakeHHs, CHEKTPaITbHBIH KOI()(OHUINEHT IMPOIYyCKAHUS M CIEKTP HWHTEHCHBHOCTH

(ITyopecleHINH JIHCThEB OTypIia (a—B) U TOMaTa (r—e)

Pe3ynbTaThl, NOMy4YeHHBIE C MOMOILIBIO CTaHAAPT-
HOTO CHEKTPO(OTOMETPUUECKOTIO METO/IA, IPUBEICHBI
B Ta01. 2, Te yKa3aHbl CpeJHHE KOHLEHTPAIUU XJIO-
podunna Ay KaKAOTO PACTEHHs, y4aCTBOBABILETO
B OKCIIEPUMEHTE. 3Ha4eHHs IMPEICTaBISIIOT COOOU
cpeaHee apU(PMETHUYSCKOE JUIS IATH JIUCTHEB, BBI-
OpaHHBIX Uil CHEKTPAIbHBIX H3MEPEHMH U IOCIe-
JYIOIIETO aHajn3a KOHIEHTpaIMU XJIopoduiia cTaH-
JapTHBIM METO/IOM.

Konuentpanus xmnopoduina, paccuuraHHas ¢ 1o-
MOIBIO CTAHAAPTHOTO CIEKTPO(OTOMETPUIECKOTO
MeToJa B COOTBETCTBHH C COOTHOIIEHHEM (2), OblIa
conoctaBiiecHa ¢ BH, paccuuTaHHBIMH Ha OCHOBE
CIIEKTPOB, IOJIyYEHHBIX C IIOMOIIBIO pa3pabOTaHHOTO
ycrpoiictBa. Takum 00pazom, JUIS KaXIOro pekuMa
OBUT TONTydeH Ha0Op CIEKTPAIBHBIX XapaKTEPUCTHK
U COOTBETCTBYIOIIUX 3HaAUCHUIN KOHLCHTpalnuu XJIO-
podmia Ha ocHOBe 30 U3MEpeHUl i KaXKI0ro BUja
pactennii. PaccantanHble onITHMaNbHBIE KOMOWHAITIH
JUIMH BOJIH JUISL KaXJIOTO TOKa3aTessl BapHalluu IpH-
BEJICHBI B HpI/IJ'IO)KCHI/II/I tabn. II, ¢ cooTBeTCTBYIO-
MIMMH 3HaYCHUSIMU R ,ouRE.

Ecamn paCCManI/IBaTB PEXKUMBI U3MEPEHUS YCTPOil-
CTBA, TO CaMbI€ BBICOKHUEC 3HAUYCHUS R2 MCXKAY O3TaJIOH-

HbIM cojepxkaHuem xjopodpumwmia Chl u  BU,
a TaKKe caMble HW3KHE 3HAYeHUS OTHOCHTEIHHOMN
Y CpeIHEKBaPAaTUIECKON OMMOOK HAOIIOJAIOTCS TIPH
WCTIONB30BAaHUN BETeTA[MOHHBIX WHAECKCOB B (hopMme
abCONFOTHOI pasHoCTH. Jns nucTeeB orypia B pexu-
Me oTpaxenus R° = 0.99, RE = 1% u ¢ = 0.05 mr/n
HonyquH VIS KOM6PIH8.I.II/II/I JUTHH BOJIH 612 u 624 aMm.
=0.99, RE = 1% u o = 0.06 Mr/;1 moJTy4eHsbI B pe-
JKUME TPOIYyCKaHMs As JUIMH BoJH 706 u 601 HM,
a HAWIydIIne Pe3ylbTHPYIoIMe 3HadeHns R° = 0.99,
RE =1% u ¢ = 0.14 Mr/n ONy4eHBI B PSKUME (bnyo-
pecUeHIUU Ha AjauHaxX BoJH 689 u 739 HM. g -
CThEB TOMATa B peKHMe oTpaxkeHust R* = 0.93, RE =
=7% u o = 0.82 Mr/nn fOCTUTarOTCS JUIS KOM6I/IHaI_II/II/I
JUTMH BOJH 603 1 597 um. R =0.90, RE=10% u ¢ =
=1.02 Mr/n mocTurarOTcs B PEXHME MPOMYCKaHHUS
JUISL JUIMH BOJIH 742 u 776 HM, a Halxmyqume pe3yib-
THpYIOIIME 3HAueHHs R’ 0.83, RE =17% u o =
=1.37 mr/n momydeHsl B pexuMe (IyopecIeHIInN
Ha JIuHax BoaH 660 u 665 HM.
b Takke OIEHEHBI 3HAYCHHS, MOTyYeHHBIE
C TIOMOIIBI0 J1a0OPATOPHOTO 060pyILOBaHI/I$I st
orypma B pexume otpaxernus R° = 0.99, RE = 1%
u o = 0.34 Mr/n noiay4eHsl JJis KOMOWHAIIMU JUTMH
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Tada. 2. Conepxanne xnopodwnia (Chl), moaydeHHOE C TOMOIIBIO CHEKTPOGOTOMETPHIECKOTO aHAIN3A U YCPETHEHHOE

JUIA KQXKA0TI0 paCTCHU A, YHaCTBOBABIICTO B OKCIICPUMCHTC

Bun pac- Orype1 310pOBbIit Orypel, nopaxeHHbII ITomuznop 310pOBbII [Homunop, nopaxeHHbIN

TEHHS BUPYCOM BUPYCOM
I'pynma 1 2 3 1 2 3 1 2 3 1 2 3
Cpemusaa | 14.05 | 13.16 | 10.40 | 7.29 | 8.17 | 6.80 | 15.19 | 1547 | 12.56 | 11.83 | 833 | 8.61
Chl, mr/n

BoiH 454 u 428 um. R = 099, RE = 1% u 0 =
=0.34 Mr/n1 moNydeHHl B PEXHME MPOIMYCKAHUS IS
IUMH BoJIH 650 m 687 HM, a HaWIydlllMe pe3yJbTH-
pymolKe 3Ha4YCHUs R* = 097, RE = 4% u 0 =
=0.54 mr/nmn momy4eHbl B pexume (hIyopecreHIn
Ha JJIMHAX BOJH 656 1 683 HM.

Jlns TOMAaToB B pexuMe OTpaxeHHs R* = 0.93,
RE = 7% u o = 0.70 mr/in nocturarorcs st KoMOuHa-
i UIMH BOJIH 602 u 696 M. R = 0.93, RE = 7%
u ¢ = 0.75 MI/1 ZOCTHTAIOTCS B PEKUME MPOITYCKAHUS
JUTSL JUITMH BOJIH 562 u 568 HM, a HauIyd4Iiue pe3ynb-
Tupyromue 3Hauenus R = 0.88, RE = 12% u o =
=1.02 Mr/n momy4eHbl B pexuMe (IIyOpecUeHLINH
Ha giuHax BoyiH 708 u 760 HM.

OBCYXJEHUE PE3VYJIbTATOB

I[HSI HU3MCPCHUA ONTUYCCKUX CIHCKTPAJIbHBIX Xa-
PaKTEPUCTUK JINCTHEB PACTeHHW OBLIO pa3pabdoTaHO
MOPTaTUBHOE MYJIbTUMOJANBHOE YCTpPOUCTBO. Ero
IKCIIEPUMEHTAIbHAsA anpodauusl MoATBEpAMia Iiere-
c000pa3HOCTh U 3(PPEKTUBHOCTH €TO UCTIOIH30BAHMS.
HecMoTpsi Ha JOBOJBHO BBICOKHE a0CONIOTHBIE IIO-
TPEIIHOCTH CHEKTPAIBHBIX W3MEPEHUH, YCTPOUCTBO
JEMOHCTPHUPYET  YAOBIETBOPUTEIBLHYIO IIOBTOpSE-
MOCTh (DOPMBI M aMIUIMTYIbl CIIEKTPAIbHBIX KPUBBIX
BO BCEX peknMax m3mepenus. Kpome toro, namepes-
HBIH CHEKTP (IIyopecLeHINH OTINYAaeTCsl OT CHEKTpa,
MOJYYEHHOTO C MOMOIIBIO JIAOOPAaTOPHOTO CIIEKTPO-
(hayopumMeTpa, HO MPAKTUYECKH COBIAJAET C JIAHHBI-
MH, TPEACTaBICHHBIMH B APYIMX HCCIEI0BaHUAX
[32], mockoybKy CHEKTPOQIIyOPUMETP OCBEIIaeT 00-
paseln BCIIBIIIKaMM, B TO BpeMsl Kak pa3paboTaHHOE
YCTPOHCTBO 0OecrieunBaeT HEMPEPHIBHOE OCBELICHUE.
PazHmmia B ypoOBHSIX OTpakaTeNbHOH CIOCOOHOCTH
Y MHTEHCHUBHOCTH (PIyOPECLEHIIMH MEXIY 3J0POBBIMU
U 3apaXEHHBIMM TPYIIaM{ HarJIAAHO HaOIomaeTcs
B JaHHBIX, 3apPETHCTPUPOBAHHBIX KaK C IIOMOILIBIO
NPEIJIOKEHHOTO YCTPOWCTBA, TaK M C IIOMOMIBIO
CTaHIAPTHBIX JTA0OPAaTOpHBIX MPUOOpoB. OTHOCH-
TCJIbHO BBICOKAasA MNOTPEIIHOCTH MOKET 6I)ITI) CBsA3aHa
C HU3KMMH 3HAYECHUSIMH M3MEPEHHBIX CHEKTPaJIbHBIX
XapaKTepUCTUK B Oojiee KOPOTKOBOJIHOBOM JHama3o-
He. AOCOMIOTHAs! TOTPEIIHOCTh HE 3aBUCUT OT U3Me-
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PEHHOM OCBEIIEHHOCTH 00BEKTa U OCTAeTCsl HEM3MEH-
HOM B mpezenax paboyero CreKTpajJbHOIo TUarna3oHa.

Ilo naHHBIM, IOJIyYEHHBIM B PEXXHME IPOITYCKaHUs
W OTpPaKeHHs, MOTYT OBITH BBISBIICHBI pa3uuHbIe (u-
3MOJIOTHYECKHE CTPECCOBBIE COCTOSHMSI, CBSI3aHHBIC
C HApymI€HUEM BOJHOT'O, CBETOBOI'O U TEMIICPATYPHO-
0 pPEeXMMOB, HamnMdueM OoJIe3HeW W BpeauTenen
u T.4. [33]. PexuM CHeKTpOCKONMUHM MpPOIyCKaHUs
MOJKET ObITh 3a/J€HCTBOBaH IPM MOHUTOPHMHIE IHTa-
TEIBHOTO CTaryca pacTeHWH IyTeM H3MEepeHUst
conepkanust azora [34, 35]. IlpencraBieHHoe ycT-
PONCTBO TaKKe IO3BOJSIET M3MEPHUTH CIEKTPaIbHOE
pacmpefieieHle  MHTEHCHBHOCTH  (hIyopecleHIIHH,
KOTOpO€ IIMPOKO HCIOJIB3YETCS AJISl OIMCAHUSA CIIO-
cobHocTH K ¢orocunresy [32, 36, 37]. B cuny Hanu-
YMs B COCTaBe YCTPONCTBA HIMPOKOIOJIOCHBIX HUCTOY-
HUKOB CBETa M CIIEKTPOMETpPA TOJIb30BATENIO0 Mpeaoc-
TaBJISIETCS 3HAUYNTENbHAs CBOOOAA BHIOOpPA JUIMH BOJIH
W3MEPEHUs] U ONTHMU3ALMU TTOKa3aTese Al MOHU-
TOPUHTA COCTOSIHUS KOHKPETHOTO BHJIA CEIILCKOXO-
3stiicTBeHHBIX KynbTyp [11, 12]. Bo3moxHOCTH Ha-
CTPOWKH THIIOB M YpaBHEHHH (OTOCHHTETUYECKOM
aKTHUBHOCTH, a TaKKe KOMOMHAIMHM JUIMH BOJIH pac-
HIUPSIET TUAarHOCTHYECKHE BOSMOXKHOCTH yCTPOICTBA.
HOCKOHI)Ky OTHOCHUTCJIbHAA MOTPCUHIHOCTE U3MEPCHUSA
colepxaHust xyopoduisia OCTaeTcsi HEU3MEHHOU
B pa3HbIX peKUMaxX U3MEPEHHs], MOKHO OBICTPO CpaB-
HUTb PEe3yJbTAThl, NOJyYCHHBIE Ha OZHOM M TOM XK€
o0pasiie, ¥ MOBBICUTH O0IIY0 3PPEKTUBHOCTH ONTHYE-
CKOI'0 MOHUTOPHHI'A PACTEHHH B MOJIEBBIX YCIOBUSIX.

B 1memom kak pa3paboTaHHOE YCTPOWCTBO, Tak
W J1adopaTtopHble MPHOOPH TMPOAEMOHCTPHUPOBAIH
3aMETHYI0 KOPPEJALUI0 MEXAY CIEKTPaIbHBIMU IIO-
KazaTe;siIMH W cojiepkanueM xjopodmmna. Kak mis
orypua, Tak M JUId TOMaTa PEXHUMBI OTPAKEHHUS
W MPOMYCKaHMS MMOKa3aJIi HAaHOOJBIIYI0 TOYHOCTh (R2
o 0.99, RE = 1-7%, ¢ < 0.8 Mr/1), B TO BpeMs Kak
pexuM  QIIyOpUMETPUH TIPOAEMOHCTPUpPOBAIl Ooee
Beicokue mnorpemrHocTd (RMSE mo 1.4 mr/m). Takum
00pazoMm, pe3ysbTaThl, HOIY4YEHHbIE C MOMOIIBIO MOP-
TATUBHOTO yCTPOMCTBA, COMOCTABUMBI C Pe3yJibTara-
MU J1a00paTOpPHOTO 000pPYyIOBAHMS, YTO TIOJTBEPKIA-
€T €ro MPUMCHHUMOCTL [JIAd HpaKTH‘IeCKOﬁ OLICHKHU
coJiepKaHus XIopoduia.
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3AKJIFOYEHUE

B Hacrosimieli paboTe MpOJEMOHCTPUPOBAH IOJI-
X0 K OLIEHKE (PM3HOJIOTHYECKOr0 COCTOSHUS pacTe-
HUI C TIOMOUIbI0 KOMOMHHUPOBAHHOMW CIIEKTPOCKOITUH
¢yopecueHnny, Nponyckanusi u oTpaxeHus. Ilomy-
YEHHBIE DPE3yIbTAThl IOKA3bIBAIOT, YTO MYJBTUMO-
JambHOE YCTPOICTBO, 00BEANHSIONIEE TPU YHIOMSHY-
THIX METOJa, OO0ECIeYrnBaeT yIOBJIETBOPUTEIHLHOE
BOCCTaHOBJIEHUE CIEKTPaIbHON KPHUBOM BO BCEX pe-
JKUMax H3MEPEHUs] CO CpeJHEH OTHOCUTENBHOW IIO-
rpemHocThi0 23% ams cuekTpoB oTpaxeHus, 19%
IUIl CHIEKTPOB HpoIyckaHust U 26% il CHEKTPOB
(dyopecieHIuy.

B03MOXHOCTH OIHOBPEMEHHOI'O HU3MEPEHUsl He-
CKOJIBKMX CHEKTPaJbHBIX XapaKTEPUCTHK JaeT P
CYIIECTBEHHBIX MpeumyIiecTs. Takoil moaxom obec-
MEYMBAECT HANEKHYIO OLIEHKY COACpXKAHHA XJIOPO-
¢wmIa, 1eMOHCTPUPYS BBHICOKHE KOA(PQPHUIMEHTHI Jie-
tepmuHanuu: 0.99 (orypem) u 0,93 (mommmop) B pe-
xume otpaxkenus, 0.99 (orypem) u 0.90 (momumop)
B pexume mnpomyckanus u 0.99 (orypem) u 0.83 (mo-

MUJIOp) B pekuMe QuryopecueHuun. MyabTUMOJallb-
HBI XapaKTep yCTPOUCTBA TaKKe 0OeCTieunBaeT Tud-
KOCTb B BbIOOpE ONTHMAaJIbHBIX KOMOWHAIMN [UIMH
BOJIH IJId Pa3JIMYHBIX CEJIbCKOXO03SMCTBEHHBIX KYyJIb-
Typ. Pa3zpaboraHHoe ycTpOWCTBO MOXKET HAWTH TPH-
MEHEHHE JUISI KOMIUICKCHOI'O MOHUTOPHUHTra (hU3HOJIO-
TMYECKOTO COCTOSHHUS CEeNNbCKOXO3SIICTBEHHBIX KYJIb-
Typ, BKIIIOUasi BBISIBIIEHHE CTpecca U Ooje3Hel, a Tak-
e OLICHKY 00€CIIeUeHHOCTH IHUTATEeIbHBIMH BELIECT-
BaMu. OJTHOBpEMEHHOE M3MEPEHNE HECKOJIBKUX CIIEK-
TPAJIBHBIX XaPAKTCPUCTUK MNOBLIIIIACT TOYHOCTH U Ha-
JeKHOCTh OLIEHKH COCTOSIHMS PacTeHHil IO cpaBHe-
HUIO C OJHOPEKUMHBIMU YCTPONUCTBAMH.

JanpHelmye nccienoBanus OyIyT COCPENOTOYe-
HBI HA OKCIEPUMEHTAILHON anmpodanuu NpeaiokeH-
HOT'O YCTPOWCTBAa U IMOAXOAAa K M3MEPEHUSIM Ha pas-
JIMYHbIX BUAaAX paCTeHI/II‘/'I C ICJIbIO MOJTY4YEHUA UCUCP-
MBIBAIOIUX JAHHBIX 00 ONTHMMAJIbHBIX KOMOMHAIIUASIX
JUIMH BOJIH U pa3pabOTKe CTaHIapTU3UPOBAaHHBIX IIPO-
TOKOJIOB MOHUTOPUHIA, aJallTUPOBAHHLIX K pas3jiny-
HBIM THIIaM CEJIbCKOXO3SIMCTBEHHBIX KYJIBTYP.

IMPUJIOXKEHHME

Ta6.. I1. MakcumainbsHbIe 3HaUeHHUS KO3QPHUIIIEHTa KOPPEISAIIH A pa3auaHbx Gopm BU

KoaddumreHTs! B BEIpakeHUN
Chl =a-exp(BU-b)
Pexum RZ, OTH. €]I. RE, % 0, MI/1
a b BU
Orypen
6:10° 6.72 R(765) 0.99 1 0.21
e R(745) : :
14.49 1.18 R(492) ~ R(667) 0.99 1 0.17
Otpaxenne ' ' R(492) + R(667) ’ ’
1 1
4.95 -0.71 RG2)  RG33) 0.98 2 0.32
19.92 63.50 R(612) — R(624) 0.99 1 0.05
0.65 1.11 1(706) 0.99 1 0.06
: : 7(601) ) )
0.43 7.74 T(618) ~7(699) 0.99 1 0.08
Iporrycxka- ' ' T(618)+T(699) ‘ '
HHUC 1 1
4.67 0.50 7693) T(618) 0.99 2 0.22
33.68 36.85 T(648)—T(662) 0.99 1 0.10
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KoaddumreHTs! B BEIpaKeHAN
Pexxum Chl=a- eXp(BI/I ) b) R?, otH. en. RE, % g, MI/11
a b BU
Orypern
22.49 0.27 H739) 0.99 1 0.14
. ) . F(682) . .
18.21 2.67 F(704) - F(749) 0.99 2 0.25
®nyopec- : oo F(704)+ F(745) . .
HECHIUS I 1
16.56 0.28 F(639) - F(739) 0.99 1 0.14
4.41 3.01 F(745) - F(759) 0.98 2 0.34
Tomar
0.01 5.95 R(ED3) 0.93 7 0.82
| ' R(597) ) )
4.34 13.46 R(603) - R(597) 0.93 7 0.82
Ortpaxenne . . R(603) + R(597) . .
1 1
16.95 0.05 R(498)  R(496) 0.87 13 1.19
20.3 98.20 R(444) - R(458) 0.87 13 1.31
8-10° 11.04 1(742) 0.90 10 1.03
o 7(776) ‘ '
1295 | 2254 1(742) - 1(776) 0.90 10 1.04
TIpomycxka- ' ' T(742)+ T(776) ' '
HUEC 1 1
12.97 -10.61 T(742) - T(776) 0.90 10 1.02
13.93 11.95 T(742)-T(776) 0.90 12 1.05
5-10° 5.49 F(721) 0.76 24 1.78
e F(725) ‘ '
21.54 12.20 772 - F(729) 0.75 25 1.82
' T F(721)+ F(725) ' '
dayopec- 1 0
TIEHIHS 3
10.43 0.67 F(703)  F(715) 0.66 34 1.78
0.05 38.32 F(660)— F(665) 0.83 17 1.37
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PORTABLE DEVICE FOR DETERMINING THE PHYSIOLOGICAL
STATE OF PLANTS USING FLUORIMETRY AND SPECTROMETRY
METHODS
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The study aims to present and validate a portable device for plant physiological analysis through combined
measurement of fluorescence, transmission, and reflection spectra. The proposed approach integrates three
complementary optical techniques in a single handheld device. The system includes two white LEDs for reflec-
tance and transmission measurements, and a blue LED for fluorescence excitation. Spectral data acquisition is
performed by a compact spectrometer. The measurement accuracy obtained with the portable device was vali-
dated against standard methods and reference instrumentation on cucumber and tomato leaves. A prototype of
the portable device is capable of measuring reflection and transmission spectra, as well as fluorescence spectral
intensity of plant leaves. The device requires minimal sample preparation while providing precise and reliable
measurements. Average relative error is 23% for spectral reflectance, 19% for transmittance, and 26% for fluo-
rescence. Correlation coefficients between spectral characteristics and chlorophyll concentration were also de-
termined, and spectral information was reduced to vegetation indices with the choice of the optimal coefficient
at different wavelengths. The coefficients of determination for pigment concentration and vegetation indices are
0.99 (cucumber) and 0.93 (tomato) in reflection mode, 0.99 (cucumber) and 0.90 (tomato) in transmission
mode, and 0.99 (cucumber) and 0.83 (tomato) in fluorescence mode.

Keywords: fluorescence spectroscopy, reflection spectroscopy, spectral data processing, physiological state of plants,
chlorophyll
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INTRODUCTION

As global demand for food continues to grow [1]
due to population growth and urbanization, the devel-
opment of precision agriculture tools is a pressing is-
sue. One of the key aspects of precision agriculture is
non-destructive monitoring of the physiological state
of agricultural crops, implemented through various
data collection methods, including portable sensors
and devices operating in the field [2]. Unlike remote
sensing methods, which allow for large-scale monitor-
ing [3], portable devices can provide rapid assessment
of local changes in controlled environment and expe-
rimental plots. Optical devices of various types pro-
vide rapid and accurate measurement of various crop
characteristics while being compact enough for prac-
tical use [4].

Optical methods are widely used in agriculture [5]
for non-destructive diagnostics due to their high
throughput and measurement accuracy, which allows
for the analysis of the properties and composition of
biological objects. Optical diagnostics are becoming
increasingly important in field [6] and greenhouse [5]
settings, where early detection of biotic and abiotic
plant stresses and high analytical speed and through-
put are required. Laboratory methods require leaf
sampling and transportation, which reduces the relia-
bility of measurement results and increases the time
required to take action to minimize risks and optimize
resource use. Therefore, portable spectral instruments
[7, 8], operating on the principles of fluorimetry and
spectrometry, remain in demand.

Modern portable contact instruments are relatively
affordable and simple devices that provide real-time
measurement and interpretation of spectral data. The
most common of these are pigment content meters [9]
based on radiation reflected from or transmitted
through leaves at several wavelengths. It has been
shown previously [10] that the selection of optimal
wavelengths for individual crops or groups of plants
with similar morphological characteristics helps to
increase the accuracy of measuring their physiological
characteristics. In addition, there is a difficulty in
monitoring agricultural crops because it is impossible
to predict in advance which spectral bands will pro-
vide an optimal assessment, since they vary depending
on both the type of crop and the time of year [11, 12].
To expand the set of crops effectively analyzed by the
device, it is necessary to be able to examine the sam-
ple in a wide spectral range. Hand-held fluorimeters
that record the spectral characteristics of fluorescence
intensity [13] and chlorophyll fluorescence induction
[14] are also used to assess chlorophyll content, para-
meters of photosynthetic activity, early detection of
plant stress, and other indicators. However, such
equipment has limited capabilities because measures

individual functional parameters of vegetation using
only one spectroscopic method.

The creation of a universal device that combines
hardware for measuring both reflectance and transmit-
tance spectra, as well as chlorophyll fluorescence in-
tensity characteristics, in a single housing will provide
a more complete understanding of the physiological
state of plants and simplify the comparison of results.
Previous studies have described the theoretical basis
[15] and prototypes of such combined instruments
[16-18]. Reflectance spectroscopy provides an as-
sessment of the pigment composition (including chlo-
rophylls @ and b, carotenoids, anthocyanins), water
content, and morphological characteristics of the leaf
surface, including leaf surface parameters (presence of
a wax layer, degree of pubescence, etc.) [6]. Transmit-
tance spectroscopy, along with the assessment of pig-
ment and moisture content, allows for the analysis of
the internal structure of leaf tissue, including thick-
ness, density of cell layers, homogeneity, and level of
tissue degradation, which is especially important
when monitoring diseases or nutrient deficiencies
[19]. Fluorescence spectroscopy is used to determine
parameters related to photosynthetic activity, such as
the quantum efficiency of photosystem II (Fv/Fm) and
the level of non-photochemical quenching, as well as
for the early detection of stress associated with lack of
light, water deficiency, or toxic effects [13]. Combin-
ing three complementary methods in a single device
can improve the accuracy and reproducibility of mea-
surements, since it makes it possible to take into ac-
count a wide range of plant morphophysiological pa-
rameters. The aim of this work is to develop and test a
portable device that combines several analytical me-
thods to obtain complete information on plant physio-
logical parameters in the field.

PROPOSED SOLUTION

Since the proposed device is designed to measure
fluorescence, transmittance, and reflectance spectra,
its functional components must meet the specific re-
quirements of each spectral measurement mode. Chlo-
rophyll fluorescence is often excited using a radiation
source with a central wavelength in the blue or red
region of the visible range [20], with the source and
receiver positioned on the same side of the plant leaf
being studied [21]. To record the reflectance and
transmittance spectra of radiation interacting with the
leaf, a broadband radiation source should be used. To
ensure real-time data acquisition, it is necessary to
optimize the light energy characteristics by selecting
LED light sources and designing the coupling optical
elements. Portability is achieved through the use of
a compact diffraction spectrometer as a recording de-
vice and a single control unit for switching light
sources between measurement and data processing



modes. The operating modes and main functional
components of the portable device are shown in
Fig. 1. In transmittance and reflection spectral mea-
surement modes, the sample is illuminated by broad-
band LEDs (emission range 450-800 nm, luminous
flux 30 Im) LED CJ, and LED CJ,, respectively,
equipped with identical K condensers. In fluorescence
spectroscopy mode, the sample is illuminated by blue
LED CJ/1; (emission range 450—460 nm, luminous flux
20 Im). In all modes, spectra are measured using
a compact spectrometer CM based on a diffraction
grating (AIOX2000-13 [22] and that has operating
spectral range 350—1050 nm, spectral resolution 2 nm,
UART interface).

Fig. 1. Device schematic and proposed operating
principle.

CJl;, C, — broadband LEDs, C/I; — blue LED,
K — condenser, CM — diffraction grating spectro-
meter

The duration of a single measurement is 4 s in
fluorescence mode, 450 ms in reflection mode, and
90 ms in transmittance mode. The portable device's
housing is designed to eliminate stray light during
spectral recording, protect internal components from
external influences, and ensure ease of use. A three-
dimensional model of the prototype device housing is
shown in Fig. 2.

Fig. 2. Layout of the main device components.

a — 3D model of the prototype device housing;
0, B — enlarged images of individual device compo-
nents;

1 — blue LED; 2a|6 — broadband LEDs; 3a|6|s —
fiber optics; 4 — spectrometer, 5 — plant leaf, 6 —
clamping element, 7 — mirror, 8 — control board,
9 — battery compartment

During measurement, plant leaf 5 is clamped using
clamping element 6, exposing the area of the leaf
under study to the illumination and measurement
channels throughout the analysis and protecting it
from external radiation by additional rubber seals. In
transmittance spectrum recording mode, radiation
from broadband LED 2a passes through the leaf
located above it, is reflected from mirror 7, and is
directed via fiber optic light guide 3a to the entrance
slit of spectrometer 4. Radiation from another
broadband LED 26 and blue LED 1 passes through
fiber optic light guides 36 and 3B, respectively, and is
redirected to the leaf surface via a mirror. Reflected
radiation or fluorescence is transmitted to the
spectrometer also via fiber optic light guide 3a. All
spectral measurement data obtained in the three

measurement modes is pre-processed in a control unit
based on an ArduinoNano controller and can be
transferred to a personal computer via a USB
interface. The measurement procedure is initiated by
pressing a button on the housing. The measurement
procedure is performed automatically.

To demonstrate the comparability of the
dimensional characteristics and the extended set of
recorded parameters, Tab. 1 presents the main
characteristics of the device being developed, as well
as commercial analogous devices used to determine
the physiological state of plants, including vegetation
indices (VI).

Tab. 1. Characteristics of compact devices for plant
health analysis

* Here:

F(4) is the fluorescence intensity spectrum.
F,=1-F,/F, (maximum efficiency of photosystem
IT (PSII)): the ratio of the fluorescence intensity at
low light levels (F,) during dark adaptation to the
maximum fluorescence intensity after illumination
with a powerful pulse F,). Indicates the potential
capacity of plants for photosynthetic activity.

F, (steady-state fluorescence intensity): indicates
the system's performance under natural conditions.

Fy' is the minimum fluorescence (in relative units)
during light adaptation. The fluorescence level of the
irradiated sample, which is reduced compared to F
due to non-photochemical quenching.

F,' is the maximum fluorescence (in relative
units) during light adaptation. The fluorescence level
of a sample irradiated with saturating light pulses that
temporarily close all PSII reaction centers.

Y(1l) is the maximum and effective photochemical
yield of the PSII system.

NPQ is the non-productive energy absorption:
characterizes the mechanisms for dissipating excess
energy as heat.

qP is the photochemical quenching coefficient:
indicates the proportion of open photosystem II cen-
ters ready to absorb light energy.

gL is the photochemical fluorescence quenching
coefficient, suggesting that many photosystem II
complexes form a combined light-harvesting antenna.

gN is the non-photochemical fluorescence
quenching coefficient.

Obtaining spectral characteristics free from the in-
fluence of distorting factors (spectral sensitivity and
high-frequency noise of the receiver, transmittance of
optical elements, spectral characteristics of LED radi-
ation) is achieved by dividing the recorded spectral
luminance curve of the object by the spectral lumin-
ance curve of the reference. In the mode of measuring
radiation reflected from the object, the spectrum of the
LED radiation reflected from the reference plate was
used as the reference [23]. The reference plate is



a standard object made of fluoroplastic and has a ref-
lectivity close to 1 over the entire operating spectral
range of the device. In the case of recording transmit-
ted radiation, the spectral characteristic of the LED
and the datasheet values of the spectral sensitivity of
the radiation receiver were used as the reference. Flu-
orescence is the re-emission of radiation absorbed by
the leaf at wavelengths longer than the exciting radia-
tion, so the spectral characteristics of the blue LED's
emission have no effect on the spectral intensity of the
object's fluorescence. All spectral characteristics were
then normalized to a range of values from 0 to 1 to
eliminate the influence of factors unrelated to the
physical properties of the object (illumination non-
uniformity over time, different receiver sensitivities,
or variations in fluorescence intensity) on their shape,
and to enable comparison with data obtained using
other devices.

VALIDATION OF THE DEVELOPED DEVICE

During the validation, an experimental evaluation
of the compliance of the developed device's output
data with reference instruments was conducted, as
well as a comparison with data obtained using tradi-
tional methods for analyzing plant physiological pa-
rameters.

The study samples were cucumber (Cucumis sati-
vus) and tomato (Solanum lycopersicum) leaves, half
of which were infected with the Pepino mosaic virus.
Five mature, fully formed leaves from six plants of
each species were sampled in the greenhouse, after
which they were transported in thermal containers to
the laboratory for measurement of spectral characte-
ristics and biochemical parameters. Reflectance and
fluorescence spectra were recorded from the upper
(adaxial) side of the leaf, and transmittance spectra
were recorded from the opposite (abaxial) side so that
the leaf did not need to be turned over during mea-
surements. To account for spatial differences in spec-
tral characteristics along the leaf surface, five different
sections were measured for each sample, and the re-
sulting spectra were then averaged. This resulted in
a total of 15 measurements for each group (healthy
cucumber leaves; virus-infected cucumber leaves;
healthy tomato leaves; virus-infected tomato leaves).

To assess the agreement between the resulting
spectral characteristics and measurements made by
common laboratory instruments, the same leaf sam-
ples were measured using a C®-2000 spectrophoto-
meter with a reflectance attachment (reflection spec-
trum recording), an ATP5020R diffraction spectrome-
ter  (transmission  spectrum  recording), and
a ®mroopar-02-ITanopama spectrofluorimeter (fluo-
rescence intensity recording). Spectral transmittance
measurements were performed with the sample illu-
minated by a halogen lamp (DLH4, DedoWeigert

Film GmbH). In other cases, the radiation sources
built into the instruments were used. To quantify the
measurement error of the obtained spectral characte-
ristic, we chose a relative error, p, calculated using the
formula:
p= X=X, 100%,
X

HCT

(10)

where X is the value of the spectral characteristic ob-
tained by the developed device; X, is the value of the
spectral characteristic obtained using laboratory
equipment.

The goal of the second experiment was to test the
feasibility of using the output data of the developed
device to assess chlorophyll concentration, a key indi-
cator of plant health. A traditional method for measur-
ing pigment content is spectrophotometric analysis of
the extract obtained during sample preparation. Plant
leaves are weighed to obtain a predetermined weight,
crushed, ground in a mortar, and then the pigment is
extracted by adding ethanol. Recording the optical
density of the extract using a spectrophotometer
makes it possible to measure the total content of chlo-
rophylls @ and b (Chl) in mg/L using the well-known
empirical relationship [24]:

Chl=6.1-D, +20.04- D,

665 649>

(an

where Dgss and Dgyo are the optical density at wave-
lengths of 665 and 649 nm.

Spectrophotometric analysis of chlorophyll con-
centration is labor-intensive, requires a significant
amount of consumables, and cannot be implemented
in the field. Currently, a significant amount of re-
search is aimed at developing an alternative method
for assessing the pigment composition of plants based
on the analysis of the spectral characteristics of
leaves. To reduce spectral data and contrast spectral
expression caused by changes in biochemical or bio-
physical parameters, VIs [25, 26] have been devel-
oped. These are mathematical combinations of spec-
tral reflectance intensities in two or more narrow
ranges. Typical forms of such indices are given in the
work [27], among them the indices:

ratio:
BUM,,\,) = R(%) 12
(A, 2)_R(x)’ (12)
2
difference ratio:
R —R(M
BI/I(XIJ\Q):M, (13)

R(M)+R(M,)

difference of reciprocals:



1 1
BUM, ,A,)=—-— , 14
( 1° 2) R(}\,l) R(}\,z) ( )
absolute difference:
BU(,,4,) =[R(%, )= R(%,)), (15)

where R(};) is the value of the spectral characteristic at
wavelength A

Vegetation indices are used to assess the morpho-
physiological parameters of plants (the content of
pigments, water, micro- and macroelements in plant
tissues, structural characteristics of tissues, etc.) and
the subsequent use of these parameters for the identi-
fication and differentiation of abiotic (violations of
temperature, light and water conditions, nutrition re-
gime) and biotic stress factors (viral, bacterial, and
fungal diseases), crop yield forecasting, etc. [19, 28,
29]. Quantitative assessment of the content of bio-
chemical parameters of plants becomes possible
through the construction of empirical relationships
based on indices using the linear regression method
[30]. However, the shape and amplitude of the reflec-
tance spectrum of plants are also determined by other
factors: leaf structure, phyllotaxis, phenological stage,
etc. Therefore, for each plant species, it is necessary to
determine the optimal vegetation index [10, 11],
which uses the most informative spectral ranges and
ensures the maximum determination coefficient R* of
the empirical relationship for estimating the content of
the plant parameter while minimizing the average rel-
ative error RE and the root-mean-square error o,
which are defined as:

X, —-X 100%
re Ko X ’ (16)

"X =X )
G:\/zi_l( BI;I/I, ncr) , (17)
R2 _ Z:;l(XBM, _XI/ICT) (18)

(X~ %)

where Xy, is the value of the plant parameter, calcu-

lated using VI; X, is the true value of the plant para-
meter, calculated using the standard method; # is the
number of measurements.

Nonlinear relationships are used as effective re-
gression models [31]. In this paper, the choice was
made in favor of an exponential relationship.

EXPERIMENTAL RESULTS

The experimental results are presented below. Fig-
ure 3 shows the spectral characteristics obtained with
the developed prototype and the commercial laborato-
ry equipment mentioned in the previous section. The
translucent areas indicate the spread of spectral cha-
racteristics during repeated implementations of the
same variant.

Fig. 3. Spectral characteristics obtained using the
developed device and laboratory equipment.

Spectral reflectance, spectral transmittance, and fluo-
rescence intensity spectra of cucumber (a—B) and
tomato (r—¢) leaves

The calculated average relative errors of the spec-
tral characteristics of the two devices are 23% for the
spectral reflectance, 19% for the spectral transmit-
tance, and 26% for the fluorescence intensity spec-
trum.

The maximum absolute deviations over the entire
spectrum and the standard deviation were 0.026 and
0.002 for fluorescence mode, 0.125 and 0.007 for ref-
lectance mode, and less than 0.001 for both parame-
ters in transmission mode. The variability of the spec-
tral characteristics obtained using the developed de-
vice in each group was estimated using the maximum
absolute deviation and standard error. For healthy to-
mato leaves, the reflectance, transmittance, and fluo-
rescence values were (0.05; 0.02), (0.06; 0.03), and
(0.10; 0.06), respectively.

For virus-infected tomato leaves, the following
values were obtained: (0.10; 0.05), (0.05; 0.02), and
(0.02; 0.01). For healthy cucumber leaves, the values
were (0.08; 0.04), (0.04; 0.02), and (0.18; 0.10), while
for virus-infected cucumber leaves, they were (0.06;
0.03), (0.08; 0.04), and (0.14; 0.07) for reflectance,
transmittance, and fluorescence, respectively. The
results of measuring fluorescence spectra demonstrat-
ed the most significant variations among all measure-
ment modes. The variability of the spectral characte-
ristics of individual leaves was also assessed. In the
reflectance spectroscopy mode, cucumber and tomato
leaves showed similar variability: absolute deviations
were 0.088, and the mean absolute deviation was
0.048 and 0.045, respectively. In transmission spec-
troscopy mode, the average absolute deviations were
0.067 for cucumber and 0.057 for tomato, with mean
absolute deviations of 0.035 and 0.028. The most sig-
nificant differences were observed in fluorescence
analysis: for cucumber leaves., the average absolute
deviation was 0.158 and the mean absolute deviation
was 0.080, while for tomato leaves, these figures were
0.067 and 0.033, respectively.



To evaluate the applicability of the developed de-
vice for determining chlorophyll content, spectral
measurement data were compared with chlorophyll
content determined by laboratory analysis.

The results obtained using the standard spectropho-
tometric method are presented in Tab. 2, which lists
the average chlorophyll concentrations for each plant
participating in the experiment. The values represent
the arithmetic mean of five leaves selected for spectral
measurements and subsequent chlorophyll concentra-
tion analysis using the standard method.

Tab. 2. Chlorophyll content (Chl) obtained by spec-
trophotometric analysis and averaged for each plant
involved in the experiment

The chlorophyll concentration calculated using the
standard spectrophotometric method according to re-
lation (2) was compared with the VI calculated from
the spectra obtained using the developed device. Thus,
for each mode, a set of spectral characteristics and
corresponding chlorophyll concentration values was
obtained based on 30 measurements for each plant
species. The calculated optimal combinations of wa-
velengths for each variation indicator are given in Ap—
pendix, Table I1, with the corresponding values of R?,
oand RE.

When con51der1ng the device's measurement mod-
es, the highest R? values between the reference chlo-
rophyll content Ch/ and VI, as well as the lowest rela-
tive and root-mean-square errors, are observed when
using vegetation indices in the form of absolute dif-
ferences. For cucumber leaves in reflectance mode,
R*=0.99, RE = 1%, and o = 0.05 mg/L were obtained
for a combination of wavelengths of 612 and 624 nm.
R*=0.99, RE = 1%, and ¢ = 0.06 mg/L were obtained
in transmission mode for wavelengths of 706 and
601 nm, and the best resulting values of R* = 0.99,
RE = 1%, and ¢ = 0.14 mg/L were obtained in fluo-
rescence mode at wavelengths of 689 and 739 nm. For
tomato leaves in reflectance mode, R* = 0.93, RE =
= 7%, and o = 0.82 mg/L. were achleved for a cornbl-
nation of Wavelengths of 603 and 597 nm. R*> = 0.90,
RE = 10%, and ¢ = 1.02 mg/L were achieved in
transmission mode for wavelengths of 742 and
776 nm, and the best resulting values of R* = 0.90,
RE = 10%, and o = 1.37 mg/L were obtained in ﬂuo-
rescence mode at wavelengths of 660 and 665 nm.

Values obtained using laboratory equipment were
also evaluated. For cucumber in reflectance mode,
R*=0.99, RE = 1, and ¢ = 0.34 mg/L were obtained
for a combination of wavelengths of 454 and 428 nm,
R*=0.99, RE = 1%, and o = 0.34 mg/L were obtained
in transmission mode for wavelengths of 650 and
687 nm, and the best resulting values of R* = 0.97,

RE = 4% and o = 0.54 mg/L. were obtained in fluo-
rescence mode at wavelengths of 656 and 683 nm.
For tomatoes in reflectance mode, R* = 0.93,
RE = 7%, and ¢ = 0.70 mg/L were achleved for
a comblnatlon of wavelengths of 602 and 696 nm,
=0.93, RE=7% and o = 0.75 mg/L are achieved in
transmlssmn mode for wavelengths of 562 and
568 nm, and the best resulting values of R* = 0.88,
RE = 12% and o = 1.02 mg/L were obtained in fluo-
rescence mode at wavelengths of 708 and 760 nm.

DISCUSSION OF RESULTS

A portable multimodal device was developed for
measuring the optical spectral characteristics of plant
leaves. Its experimental validation confirmed its fea-
sibility and effectiveness. Despite relatively high ab-
solute errors in spectral measurements, the device de-
monstrates satisfactory repeatability of the shape and
amplitude of spectral curves in all measurement mod-
es. Furthermore, the measured fluorescence spectrum
differs from the spectrum obtained using a laboratory
spectrofluorimeter but is virtually identical to data
presented in other studies [32], as the spectrofluorime-
ter illuminates the sample in bursts, while the devel-
oped device provides continuous illumination. The
difference in reflectivity and fluorescence intensity
between healthy and diseased groups is clearly ob-
served in the data recorded both using the proposed
device and standard laboratory instruments. The rela-
tively high error may be due to the low values of the
measured spectral characteristics in the shorter wave-
length range. The absolute error is independent of the
measured illuminance of the object and remains con-
stant within the operating spectral range.

Data obtained in transmission and reflectance
modes can be used to identify various physiological
stress conditions associated with disturbances in wa-
ter, light, and temperature conditions, the presence of
diseases and pests, etc. [33]. Transmission spectros-
copy mode can be used to monitor the nutritional sta-
tus of plants by measuring nitrogen content [34, 35].
The presented device also allows for the measurement
of the spectral distribution of fluorescence intensity,
which is widely used to describe photosynthetic ca-
pacity [32, 36, 37]. The device's inclusion of broad-
band light sources and a spectrometer provides the
user with significant freedom in selecting measure-
ment wavelengths and optimizing the parameters for
monitoring the condition of specific agricultural crops
[11, 12]. The ability to customize photosynthetic ac-
tivity types and equations, as well as wavelength
combinations, expands the device's diagnostic capabil-
ities. Since the relative measurement error for chloro-
phyll content remains constant in different measure-
ment modes, results obtained on the same sample can



be quickly compared, increasing the overall efficiency
of optical plant monitoring in the field.

Overall, both the developed device and laboratory
instruments demonstrated a significant correlation
between spectral parameters and chlorophyll content.
For both cucumber and tomato, reflectance and trans-
mittance modes demonstrated the highest accuracy (R
up to 0.99, RE = 1-7%, ¢ < 0.8 mg/L), while fluori-
metric mode demonstrated higher errors (RMSE up to
1.4 mg/L). Thus, the results obtained using the porta-
ble device are comparable to those obtained using la-
boratory equipment, confirming its applicability for
practical chlorophyll content assessment.

CONCLUSION

This study demonstrates an approach to assessing
the physiological state of plants using combined fluo-
rescence, transmittance, and reflectance spectroscopy.
The results demonstrate that a multimodal device
combining the three methods provides satisfactory
spectral curve reconstruction in all measurement mod-
es, with an average relative error of 23% for reflec-
tance spectra, 19% for transmittance spectra, and 26%
for fluorescence spectra.

The ability to simultaneously measure multiple
spectral characteristics offers a number of significant
advantages. This approach provides a reliable assess-
ment of chlorophyll content, demonstrating high de-
termination coefficients: 0.99 (cucumber) and 0.93
(tomato) in reflectance mode, 0.99 (cucumber) and
0.90 (tomato) in transmission mode, and 0.99 (cu-
cumber) and 0.83 (tomato) in fluorescence mode. The
multimodal nature of the device also provides flexibil-
ity in selecting optimal wavelength combinations for
different crops. The developed device can be used for
comprehensive monitoring of the physiological state
of agricultural crops, including stress and disease de-
tection, as well as nutrient status assessment. Simulta-
neous measurement of multiple spectral characteris-
tics improves the accuracy and reliability of plant
condition assessment compared to single-mode devic-
es. Further research will focus on experimental testing
of the proposed device and measurement approach on
various plant species in order to obtain comprehensive
data on optimal wavelength combinations and develop
standardized monitoring protocols adapted to different
types of agricultural crops.

APPENDIX

Tab II. Maximum values of the correlation coeffi-
cient for different forms of VI




