
«Îïòèêà àòìîñôåðû è îêåàíà», 29, ¹ 1 (2016) 

DOI: 10.15372/AOO20160110 

80 © Ôåäîòîâ Þ.Â., Áóëëî Î.À., Áåëîâ Ì.Ë., Ãîðîäíè÷åâ Â.À., 2016 
 

 

ÓÄÊ 504.064.36 
 

Óñòîé÷èâîñòü ðåçóëüòàòîâ ëàçåðíîãî ôëóîðåñöåíòíîãî 
ìåòîäà êîíòðîëÿ ñîñòîÿíèÿ ðàñòåíèé 

 

Þ.Â. Ôåäîòîâ, Î.À. Áóëëî, Ì.Ë. Áåëîâ, Â.À. Ãîðîäíè÷åâ* 
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Ïîñòóïèëà â ðåäàêöèþ 25.11.2015 ã. 
 

Ðàññìîòðåí ëàçåðíûé ôëóîðåñöåíòíûé ìåòîä ìîíèòîðèíãà ñîñòîÿíèÿ ðàñòèòåëüíîñòè. Îïèñàíà ëàáîðà-
òîðíàÿ óñòàíîâêà, è ïðèâåäåíû ðåçóëüòàòû îáðàáîòêè ýêñïåðèìåíòàëüíûõ ñïåêòðîâ ôëóîðåñöåíöèè ðàñòåíèé 
äëÿ äëèíû âîëíû âîçáóæäåíèÿ ôëóîðåñöåíöèè 532 íì. Ïîêàçàíî, ÷òî ñðåäíÿÿ ïî íåáîëüøîé ñåðèè èçìåðåíèé 
âåëè÷èíà R îòíîøåíèÿ èíòåíñèâíîñòè ôëóîðåñöåíöèè íà äëèíå âîëíû 685 íì ê èíòåíñèâíîñòè ôëóîðåñöåí-
öèè íà äëèíå âîëíû 740 íì õàðàêòåðèçóåòñÿ âûñîêîé ñòàáèëüíîñòüþ ïðè èçìåðåíèÿõ ðàçíûõ îáðàçöîâ îä-
íîãî è òîãî æå ðàñòåíèÿ. Â áîëüøèíñòâå ñëó÷àåâ ñóììà äîâåðèòåëüíûõ èíòåðâàëîâ âåëè÷èíû R (ïðè äîâå-
ðèòåëüíîé âåðîÿòíîñòè 95%) äëÿ íîðìàëüíîãî è ñòðåññîâîãî ñîñòîÿíèé íå ïðåâûøàåò îòëè÷èÿ ñðåäíèõ çíà-
÷åíèé âåëè÷èíû R äëÿ íîðìàëüíîãî ñîñòîÿíèÿ è ñòðåññîâûõ ñîñòîÿíèé ðàñòåíèé, âûçâàííûõ ðàçíûìè 
ïðè÷èíàìè. 

 

Êëþ÷åâûå ñëîâà: ëàçåðíûé ôëóîðåñöåíòíûé ìåòîä, êîíòðîëü ñîñòîÿíèÿ ðàñòèòåëüíîñòè, ñïåêòðû ôëóî-
ðåñöåíöèè, ñòàáèëüíîñòü; laser fluorescence method, vegetation monitoring, fluorescence spectra, stability. 

 
 

Ââåäåíèå 
 

Ôëóîðåñöåíòíûé àíàëèç øèðîêî ïðèìåíÿåòñÿ 
â íàóêå è òåõíèêå â êà÷åñòâå âûñîêî÷óâñòâèòåëüíî-
ãî àíàëèòè÷åñêîãî ñðåäñòâà. Íà ñåãîäíÿøíèé äåíü 
îäíèì èç ïåðñïåêòèâíûõ íàïðàâëåíèé èñïîëüçîâàíèÿ 

ôëóîðåñöåíòíîãî àíàëèçà ÿâëÿåòñÿ êîíòðîëü ñîñòîÿ-
íèÿ ðàñòèòåëüíîñòè (ñì., íàïðèìåð, [1–18]). 

Íåáëàãîïðèÿòíûå âíåøíèå ôàêòîðû ïðèâîäÿò 
ê ñòðåññîâûì ñèòóàöèÿì äëÿ ðàñòåíèé è íåâîçìîæ-
íîñòè èõ íîðìàëüíîãî ðîñòà. 

Ýôôåêòèâíûì ìåòîäîì îáíàðóæåíèÿ ñòðåññî-
âûõ ñîñòîÿíèé ðàñòèòåëüíîñòè ÿâëÿåòñÿ ìåòîä ëàçåð-
íîé èíäóöèðîâàííîé ôëóîðåñöåíöèè (ËÈÔ) (ñì., 
íàïðèìåð, [1–16]). Ó ðàñòåíèÿ â ñòðåññîâîì ñîñòîÿ-
íèè ïðîöåññ ôîòîñèíòåçà íàðóøàåòñÿ è ñïåêòð ôëóî-
ðåñöåíöèè èçìåíÿåòñÿ (ïî ñðàâíåíèþ ñ ðàñòåíèåì  
â íîðìàëüíîì ñîñòîÿíèè). 

Íà ñåãîäíÿøíèé äåíü íàêîïëåíû ýêñïåðèìåí-
òàëüíûå äàííûå ïî ñïåêòðàì ôëóîðåñöåíöèè ðàçëè÷-
íûõ âèäîâ çäîðîâîé ðàñòèòåëüíîñòè è ðàñòèòåëüíî-
ñòè â ðàçëè÷íûõ ñòðåññîâûõ ñîñòîÿíèÿõ ïðè ðàçíûõ 
äëèíàõ âîëí âîçáóæäåíèÿ îò 266 äî 635 íì. 

Íåñìîòðÿ íà òî ÷òî ÷èñëî ïóáëèêàöèé, ïîñâÿ-
ùåííûõ ýêñïåðèìåíòàëüíûì èññëåäîâàíèÿì ñïåêòðîâ 

ôëóîðåñöåíöèè ðàñòèòåëüíîñòè, äîñòàòî÷íî âåëèêî, 
 

______________ 
 

* Þðèé Âèêòîðîâè÷ Ôåäîòîâ (fed@bmstu.ru, ekomonit@ 
bmstu.ru); Îëüãà Àëåêñååâíà Áóëëî (ekomonit@bmstu.ru); 
Ìèõàèë Ëåîíèäîâè÷ Áåëîâ (belov@bmstu.ru); Âèêòîð Àëåê-
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îñòàþòñÿ íåÿñíûìè íåêîòîðûå âàæíûå âîïðîñû. Îä-
íèì èç íèõ ÿâëÿåòñÿ âîïðîñ î ñòàáèëüíîñòè ôîðìû 
ñïåêòðîâ ôëóîðåñöåíöèè ïðè èçìåðåíèÿõ ðàçíûõ 
îáðàçöîâ îäíîãî è òîãî æå ðàñòåíèÿ. 

Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà ýêñïåðèìåíòàëü-
íûì èññëåäîâàíèÿì ñïåêòðîâ ëàçåðíî-èíäóöèðîâàí- 
íîé ôëóîðåñöåíöèè ðàñòåíèé è àíàëèçó ñòàáèëüíîñòè 
ðåçóëüòàòîâ ëàçåðíîãî ôëóîðåñöåíòíîãî ìåòîäà êîí-
òðîëÿ ñîñòîÿíèÿ ðàñòåíèé. 

Òàêàÿ çàäà÷à ïðåäñòàâëÿåò ïðàêòè÷åñêèé èíòåðåñ 

äëÿ îöåíêè âîçìîæíîñòè êîíòðîëÿ ñîñòîÿíèÿ ðàñòå-
íèé ïî ðåçóëüòàòàì äèñòàíöèîííîãî èçìåðåíèÿ ñïåê-
òðîâ ôëóîðåñöåíöèè ðàñòåíèé. 

 

1. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà 
 

Äëÿ èçìåðåíèÿ ñïåêòðîâ ôëóîðåñöåíöèè áûëà 
ñîçäàíà ëàáîðàòîðíàÿ óñòàíîâêà, ñòðóêòóðíàÿ ñõåìà 
êîòîðîé ïðåäñòàâëåíà íà ðèñ. 1. 

Â êà÷åñòâå èñòî÷íèêà âîçáóæäåíèÿ èçëó÷åíèÿ 
ôëóîðåñöåíöèè áûë èñïîëüçîâàí òâåðäîòåëüíûé èì-
ïóëüñíûé Nd:YAG-ëàçåð Ekspla NL204 ñ äèîäíîé 

íàêà÷êîé è ñ óäâîåíèåì ÷àñòîòû. 
Èçëó÷åíèå ôëóîðåñöåíöèè ñîáèðàåòñÿ ïðèåìíûì 

îáúåêòèâîì è ââîäèòñÿ â îïòè÷åñêîå âîëîêíî, äèà-
ìåòð ñåðäå÷íèêà êîòîðîãî 600 ìêì, àõðîìàòè÷åñêèì 
àäàïòåðîì îïòè÷åñêîãî âîëîêíà. Â êà÷åñòâå ñïåêòðàëü-
íîãî ïðèáîðà èñïîëüçóåòñÿ ïîëèõðîìàòîð Ì266. Ïî-
ëèõðîìàòîð M266 ïîëíîñòüþ àâòîìàòèçèðîâàí: ñìå-
íà ðåøåòîê, îïòè÷åñêèõ ôèëüòðîâ, âûáîð øèðèíû 
âõîäíîé ùåëè îñóùåñòâëÿþòñÿ àâòîìàòè÷åñêè. 

 

 



 

 Óñòîé÷èâîñòü ðåçóëüòàòîâ ëàçåðíîãî ôëóîðåñöåíòíîãî ìåòîäà êîíòðîëÿ ñîñòîÿíèÿ ðàñòåíèé 81 
11. Îïòèêà àòìîñôåðû è îêåàíà, ¹ 1. 

 
Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ëàáîðàòîðíîé óñòàíîâêè 

 

Ñïåêòð ôëóîðåñöåíöèè ðåãèñòðèðóåòñÿ âûñîêî-
÷óâñòâèòåëüíûì ìàòðè÷íûì äåòåêòîðîì ñ óñèëèòåëåì 
ÿðêîñòè. Ïîñëå óñèëèòåëÿ ÿðêîñòè èçîáðàæåíèå ïå-
ðåíîñèòñÿ îïòè÷åñêîé ñèñòåìîé íà ÏÇÑ-äåòåêòîð. 
Äåòåêòîð ïðåîáðàçóåò èçîáðàæåíèå â öèôðîâîé ìàñ-
ñèâ è ïî èíòåðôåéñó USB 2.0 ïåðåäàåò ýòîò ìàññèâ 
íà êîìïüþòåð. 

Äëÿ óïðàâëåíèÿ óñòàíîâêîé èñïîëüçîâàëîñü ñïå-
öèàëüíîå ïðîãðàììíîå îáåñïå÷åíèå, ðåàëèçîâàííîå 
â ñðåäå âèçóàëüíîãî ïðîãðàììèðîâàíèÿ LabVIEW. 
  Îñíîâíûå ïàðàìåòðû ëàáîðàòîðíîé óñòàíîâêè 
ïðèâåäåíû íèæå. 
Ýíåðãèÿ èìïóëüñà ëàçåðà, ìÄæ. . . . . . . . . . . . . . . 2,1 
Äëèòåëüíîñòü èìïóëüñà, íñ . . . . . . . . . . . . . . . . . < 7 
Äëèíà âîëíû âîçáóæäåíèÿ, íì . . . . . . . . . . . . . . 532 
Äèàïàçîí ðåãèñòðàöèè ñïåêòðà, íì . . . . . . . 595–800 
×àñòîòà ïîâòîðåíèÿ, Ãö . . . . . . . . . . . . . . . . . . äî 500 
Ðàçðåøåíèå ïî ñïåêòðó, íì . . . . . . . . . . . . . . . . . . . 8 
Äèàìåòð ïðèåìíîãî îáúåêòèâà, ìì . . . . . . . . . . . . 15 
Ðàññòîÿíèå äî ðàñòåíèé, ì . . . . . . . . . . . . . . . . . . . ∼ 1 

 

2. Èçìåðåíèÿ è ðåçóëüòàòû 
 

Ïåðåä ýêñïåðèìåíòàëüíûì èññëåäîâàíèåì ñïåê-
òðîâ ôëóîðåñöåíöèè ïðîâîäèëàñü êàëèáðîâêà îáîðó-
äîâàíèÿ. Êàëèáðîâêà èçìåðèòåëüíîé àïïàðàòóðû 
ñîñòîÿëà èç ñëåäóþùèõ ýòàïîâ: 

– êàëèáðîâêà ïîëèõðîìàòîðà ïî äëèíå âîëíû  
ñ èñïîëüçîâàíèåì ñòàíäàðòíîé ìåòîäèêè è êàëèáðî-
âî÷íîãî èñòî÷íèêà ñâåòà íà îñíîâå ðòóòíî-àðãîíîâîé 
ëàìïû ñ ëèíåé÷àòûì ñïåêòðîì. Ïðîâåðêà ïðîâîäè-
ëàñü ïî òðåì äëèíàì âîëí (253,65; 435,85 è 696,54 íì); 

  – êàëèáðîâêà ñèñòåìû ðåãèñòðàöèè ïî ÷óâñòâè-
òåëüíîñòè â äèàïàçîíå îò 250 äî 750 íì îñóùåñòâëÿ-
ëàñü ïî ñòàíäàðòíîé ìåòîäèêå ñ ïîìîùüþ êàëèáðî-
âàííîãî èñòî÷íèêà ñâåòà DH2000-CAL. Òàêæå ïðî-
âîäèëàñü ðåãèñòðàöèÿ ôîíîâûõ øóìîâ äåòåêòîðà íà 
îñíîâå óñèëèòåëÿ ÿðêîñòè, ïîëó÷åííîå ðàñïðåäåëå-
íèå ôîíîâûõ øóìîâ çàïèñûâàëîñü â ôàéë è â äàëü-
íåéøåì âû÷èòàëîñü èç èçìåðÿåìûõ ñïåêòðîâ, ÷òî 

ïîçâîëèëî ÷àñòè÷íî óñòðàíèòü èõ âëèÿíèå. 
Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ñïåêòðîâ ËÈÔ 

ðàñòèòåëüíîñòè ïðîâîäèëèñü äëÿ íåïðèõîòëèâûõ âè- 
äîâ ðàñòåíèé – ãîð÷èöà, çåìëÿíèêà, øàëôåé, ëåùèíà, 
îãóðå÷íàÿ òðàâà, ãàçîííàÿ òðàâà, ðàçëè÷íûå âèäû 

ñàëàòà, îãóðöîâ, òîìàòîâ. Âèäèìûé äèàìåòð ëàçåð-
íîãî ïÿòíà íà îáðàçöå ðàñòåíèÿ ñîñòàâëÿë ïðèáëè-
çèòåëüíî 2,5 ñì. 

Ïðè ïðîâåäåíèè èçìåðåíèé îáðàçöû ñòàâèëèñü 
òàê, ÷òîáû ëàçåðíîå ïÿòíî ïîïàäàëî íà ëèñòüÿ îá-
ðàçöîâ, êîòîðûå íàõîäÿòñÿ ïðèáëèçèòåëüíî íà îäíîé 
âûñîòå, è íå ïîïàäàëî íà ãðóíò, â êîòîðûé ïîñàæå-
íû ðàñòåíèÿ. Ýêñïåðèìåíòû ïðîâîäèëèñü ñ ðàçíû-
ìè îáðàçöàìè îäíîãî è òîãî æå ðàñòåíèÿ, âûðàùåí-
íûìè â îäèíàêîâûõ óñëîâèÿõ. 

Äëÿ õàðàêòåðèñòèêè ñïåêòðîâ ôëóîðåñöåíöèè 
ðàñòåíèé ÷àñòî èñïîëüçóþò ïàðàìåòð R, ðàâíûé îò-
íîøåíèþ èíòåíñèâíîñòåé ôëóîðåñöåíöèè â óçêèõ 

ñïåêòðàëüíûõ äèàïàçîíàõ (èõ øèðèíà â ðàçíûõ ïóá-
ëèêàöèÿõ ìîæåò áûòü ðàçíîé) íà äâóõ äëèíàõ âîëí 
(îäíà äëèíà âîëíû â îáëàñòè ∼ 680…690 íì, à äðó-
ãàÿ – â îáëàñòè ∼ 735…745 íì). 

Íà ðèñ. 2 ïîêàçàíû òèïè÷íûå ðåçóëüòàòû, ïî-
ëó÷åííûå ïîñëå îáðàáîòêè ýêñïåðèìåíòàëüíûõ ñïåê-
òðîâ ôëóîðåñöåíöèè, äëÿ âåëè÷èíû îòíîøåíèÿ R  
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Ðèñ. 2. Ðåçóëüòàòû èçìåðåíèé ñïåêòðîâ ôëóîðåñöåíöèè 
  äëÿ îáðàçöîâ ãîð÷èöû 

 

èíòåíñèâíîñòåé ôëóîðåñöåíöèè â óçêèõ ñïåêòðàëü-
íûõ äèàïàçîíàõ øèðèíîé 10 íì ñ öåíòðàëüíûìè 

äëèíàìè âîëí 685 è 740 íì â çàâèñèìîñòè îò íîìå-
ðà èçìåðåíèÿ k. Ïðèâåäåíû äàííûå äëÿ ðàçíûõ îá-
ðàçöîâ ãîð÷èöû, ïîñàæåííûõ â îäíî è òî æå âðåìÿ. 
  Èçìåðåíèÿ ïðîâîäèëèñü ÷åðåç 2 íåä. ïîñëå ïî-
ñàäêè ðàñòåíèé â ñåðåäèíå äíÿ â òå÷åíèå íåñêîëü-
êèõ ÷àñîâ (îòìåòèì, ÷òî âëèÿíèå èçìåíåíèÿ åñòåñò-
âåííîé îñâåùåííîñòè â òå÷åíèå äíÿ íà ñïåêòðû ôëóî-
ðåñöåíöèè íà äàííîì ýòàïå ðàáîòû íå èññëåäîâàëîñü). 
Êàæäûé ðàç èçìåðåíèÿ ïðîâîäèëèñü ÷åðåç 2 ìèí 

ïîñëå âêëþ÷åíèÿ ëàçåðà (äëÿ óñòàíîâëåíèÿ ñòàáèëü-
íîãî ðåæèìà èçëó÷åíèÿ ëàçåðà), ïîñëå ñíÿòèÿ ñïåê-
òðà ëàçåð âûêëþ÷àëñÿ. 

Ñðåäíåå çíà÷åíèå îòíîøåíèÿ R (ðèñ. 2) – 0,58, 
ñòàíäàðòíîå îòêëîíåíèå – 0,051 (8,8% îò ñðåäíåãî 
çíà÷åíèÿ). 

Äëÿ ïðîâåäåííûõ íàìè èçìåðåíèé ñ ðàçíûìè 

ðàñòåíèÿìè â íîðìàëüíîì ñîñòîÿíèè (ðèñ. 3) âåëè-
÷èíà ñòàíäàðòíîãî îòêëîíåíèÿ R ëåæàëà â äèàïàçîíå 
2,6–20,5% (îò ñðåäíåãî çíà÷åíèÿ). Ïðè îäèíî÷íûõ 
èçìåðåíèÿõ (ïî êðàéíåé ìåðå, â ëàáîðàòîðíûõ óñ-
ëîâèÿõ, êîãäà ëàçåðíîå ïÿòíî ïîïàäàåò íà íåáîëüøîé 

ó÷àñòîê îäíîãî ðàñòåíèÿ) âîçìîæíû àíîìàëüíûå âûá- 
ðîñû âåëè÷èíû îòíîøåíèÿ R (êîòîðûå ìîãóò ïðèâî-
äèòü ê îøèáêå îïðåäåëåíèÿ ñîñòîÿíèÿ ðàñòåíèÿ ïî 
âåëè÷èíå ýòîãî îòíîøåíèÿ). Áîëåå íàäåæíûì ïðåä-
ñòàâëÿåòñÿ êîíòðîëü ñîñòîÿíèÿ ðàñòåíèé ïî ñðåäíåé 
âåëè÷èíå îòíîøåíèÿ R äàæå äëÿ íåáîëüøîé ñåðèè 
èçìåðåíèé. 

 

 

Ðèñ. 3. Çíà÷åíèå îòíîøåíèÿ R äëÿ ýêñïåðèìåíòàëüíûõ ñïåê- 
òðîâ ôëóîðåñöåíöèè ðàñòåíèé â íîðìàëüíîì ñîñòîÿíèè 
 

Çíà÷åíèÿ îòíîøåíèÿ R äëÿ ýêñïåðèìåíòàëüíûõ 
ñïåêòðîâ ôëóîðåñöåíöèè ðàñòåíèé â íîðìàëüíîì ñî-
ñòîÿíèè, ïî ðàáîòàì äðóãèõ àâòîðîâ [1, 10–16] è ïî 
íàøèì äàííûì èçìåðåíèé, ïðèâåäåíû íà ðèñ. 3. Çäåñü 
ïîêàçàíî îòíîøåíèå R (äëÿ ñïåêòðàëüíûõ äèàïàçî-
íîâ øèðèíîé 10 íì ñ öåíòðàëüíûìè äëèíàìè âîëí 685 
è 740 íì) äëÿ ñïåêòðîâ ëèñòüåâ ðàñòåíèé è ëèñòâåí-
íûõ äåðåâüåâ (äëÿ ðàñòåíèé â íîðìàëüíîì ñîñòîÿ-
íèè è âåðõíåé ñòîðîíû ëèñòüåâ) ïðè äëèíå âîëíû 
âîçáóæäåíèÿ îêîëî 532 íì ïî äàííûì [1, 10–16] 
(òî÷êè 1–28). Êàæäàÿ òî÷êà íà ðèñ. 3 ñîîòâåòñòâóåò 
ñïåêòðó îäíîãî ðàñòåíèÿ; i – íîìåð ðàñòåíèÿ â áàçå 

äàííûõ: 1, 2 – àëîý; 3 – ôàñîëü; 4–9, 12, 13 – áåðå-
çà; 10, 14 – ÷åðíàÿ âèøíÿ; 11, 15 – êîëîñíÿê ìÿãêèé 
(Dune Grass); 16, 17 – êóêóðóçà; 18 – àïåëüñèíîâîå 

äåðåâî; 19, 23 – òîïîëü; 20–22 – ïàëüìà; 24, 25 – 

òðàäåñêàíöèÿ (Tradescantia); 26 – âîñêîâíèê (Wax 

Murtle); 27, 28 – ñïàòèôèëëóì (Spatifilium). Ïîñëåä-
íèå 19 òî÷åê (29–47) ñîîòâåòñòâóþò ñðåäíèì çíà÷å-
íèÿì è äîâåðèòåëüíûì èíòåðâàëàì äëÿ ñðåäíåãî çíà-
÷åíèÿ (ïðè äîâåðèòåëüíîé âåðîÿòíîñòè 95%) âåëè-
÷èíû R ïî íàøèì äàííûì èçìåðåíèé (ðàçìåð ñåðèè 
èçìåðåíèé äëÿ êàæäîãî ðàñòåíèÿ â ñðåäíåì ∼ 16): 29 – 
îãóðå÷íàÿ òðàâà ÷åðåç 5 íåä. ïîñëå ïîñàäêè; 30 – ãîð-
÷èöà ÷åðåç 2 íåä. ïîñëå ïîñàäêè; 31 – ãîð÷èöà ÷åðåç 
1 íåä. ïîñëå ïîñàäêè; 32 – êðåññ-ñàëàò â ãðóíòå ÷å-
ðåç 8,5 íåä. ïîñëå ïîñàäêè; 33 – êðåññ-ñàëàò â ïåñêå 
÷åðåç 2,5 íåä. ïîñëå ïîñàäêè; 34 – êðåññ-ñàëàò â ïåð-
ëèòå (â ãèäðîïîíè÷åñêîì ñóáñòðàòå) ÷åðåç 6,5 íåä. 
ïîñëå ïîñàäêè; 35 – îãóðåö àïðåëüñêèé ÷åðåç 12 íåä. 
ïîñëå ïîñàäêè; 36 – îãóðåö Áåðåíäåé ÷åðåç 7 íåä. 
ïîñëå ïîñàäêè; 37 – òðàâà èç ãàçîííîé ñìåñè Äåêî-
ðà Aros ÷åðåç 2,5 íåä. ïîñëå ïîñàäêè; 38 – òðàâà èç 
ãàçîííîé ñìåñè Äåêîðà Aros ÷åðåç 4 íåä. ïîñëå ïî-
ñàäêè; 39 – òðàâà èç ãàçîííîé ñìåñè Äåêîðà Aros 
÷åðåç 5,5 íåä. ïîñëå ïîñàäêè; 40 – çåìëÿíèêà ÷åðåç 
8 íåä. ïîñëå ïîñàäêè; 41 – ëåùèíà ÷åðåç 8 íåä. ïî-
ñëå ïîñàäêè; 42 – îãóðåö Çàäîð ÷åðåç 3 íåä. ïîñëå 
ïîñàäêè; 43 – îãóðåö Çàäîð ÷åðåç 4 íåä. ïîñëå ïî-
ñàäêè; 44 – òîìàò Áàëêîííîå ÷óäî ÷åðåç 4 íåä. ïîñëå 
ïîñàäêè; 45 – òîìàò ÷åððè ÷åðåç 8 íåä. ïîñëå ïîñàä-
êè; 46 – òîìàò ÷åððè ÷åðåç 9 íåä. ïîñëå ïîñàäêè; 
47 – øàëôåé ÷åðåç 8 íåä. ïîñëå ïîñàäêè. 

Èç ðèñ. 3 âèäíî ñëåäóþùåå: 
– âåëè÷èíà R äëÿ ðàçíûõ âèäîâ ðàñòåíèé â íîð-

ìàëüíîì ñîñòîÿíèè (ïî äàííûì äðóãèõ àâòîðîâ è ïî 
íàøèì äàííûì) ìîæåò ñèëüíî îòëè÷àòüñÿ; 

– äëÿ îäíîãî âèäà ðàñòåíèé (â ïîõîæèõ óñëî-
âèÿõ) â áîëüøèíñòâå ñëó÷àåâ ñðåäíÿÿ âåëè÷èíà îò-
íîøåíèÿ R (äàæå äëÿ íåáîëüøîé ñåðèè èçìåðåíèé) 
õàðàêòåðèçóåòñÿ äîñòàòî÷íî áîëüøîé ñòàáèëüíîñòüþ 
(ïî äàííûì íàøèõ èçìåðåíèé). 

Íà ðèñ. 4 ïðèâåäåíû ðåçóëüòàòû îáðàáîòêè èç-
ìåðåííûõ íàìè ñïåêòðîâ ËÈÔ ðàñòåíèé â íîðìàëü-
íîì è ñòðåññîâîì ñîñòîÿíèÿõ (ðàçìåð ñåðèè èçìåðå-
íèé äëÿ êàæäîãî ðàñòåíèÿ è êàæäîãî âèäà ñòðåññà  
â ñðåäíåì ∼ 10). Ïîêàçàíû ñðåäíèå çíà÷åíèÿ è äîâå-
ðèòåëüíûå èíòåðâàëû (äëÿ äîâåðèòåëüíîé âåðîÿò-
íîñòè 95%) âåëè÷èíû R (îòíîøåíèÿ èíòåíñèâíîñòåé 
ôëóîðåñöåíöèè â óçêèõ ñïåêòðàëüíûõ äèàïàçîíàõ 
øèðèíîé 10 íì ñ öåíòðàëüíûìè äëèíàìè âîëí 685 
è 740 íì) äëÿ íîðìàëüíîãî ñîñòîÿíèÿ ðàñòåíèé  
 



 

 Óñòîé÷èâîñòü ðåçóëüòàòîâ ëàçåðíîãî ôëóîðåñöåíòíîãî ìåòîäà êîíòðîëÿ ñîñòîÿíèÿ ðàñòåíèé 83 
11.* 

 
Ðèñ. 4. Ñðåäíèå çíà÷åíèÿ è äîâåðèòåëüíûå èíòåðâàëû âå-
ëè÷èíû R äëÿ íîðìàëüíîãî ñîñòîÿíèÿ ðàñòåíèé è äëÿ ñòðåñ- 
  ñîâûõ ñîñòîÿíèé, âûçâàííûõ ðàçíûìè ïðè÷èíàìè 

 
(íèæíèé ðÿä äàííûõ íà ðèñ. 4) è äëÿ ñòðåññîâûõ 
ñîñòîÿíèé, âûçâàííûõ ðàçíûìè ïðè÷èíàìè (âåðõíèé 
ðÿä äàííûõ). 

Íà ðèñ. 4 ðàçíûå íîìåðà n ñîîòâåòñòâóþò ðàç-
íûì ðàñòåíèÿì è ðàçíûì ñòðåññàì. Íîìåðà 1–7 – 

äàííûå èçìåðåíèé äëÿ êðåññ-ñàëàòà ïðè ñòðåññîâûõ 
ñîñòîÿíèÿõ, âûçâàííûõ ïðèìÿòèåì ëèñòüåâ (1), îá-
ðåçàíèåì ëèñòüåâ (2), ïîâðåæäåíèåì êîðíåâîé ñèñ-
òåìû ðàñòåíèÿ (3), èçáûòî÷íûì ïîëèâîì ðàñòåíèé  
â òå÷åíèå 11 äíåé (4), 17 äíåé (5), 24 äíåé (6), îò-
ñóòñòâèåì ïîëèâà â òå÷åíèå 11 äíåé (7). Èçìåðåíèÿ 
ñïåêòðîâ ôëóîðåñöåíöèè êðåññ-ñàëàòà ïðè ìåõàíè-
÷åñêèõ ïîâðåæäåíèÿõ (ïðèìÿòèè, îáðåçàíèè ëèñòüåâ 
è îáðåçàíèè êîðíåé) ïðîâîäèëèñü â èíòåðâàëå âðå-
ìåíè îò 20 äî 40 ìèí ïîñëå ìåõàíè÷åñêîãî ïîâðåæ-
äåíèÿ. 

Íîìåðà 8–13 – äàííûå èçìåðåíèé äëÿ ãàçîí-
íîé òðàâû (âûðàùåííîé èç ãàçîííîé ñìåñè Äåêîðà 
Aros) ïðè ñòðåññîâûõ ñîñòîÿíèÿõ, âûçâàííûõ äîáàâ-
ëåíèåì â ïî÷âó ðàçíûõ çàãðÿçíèòåëåé – ìåäíîãî êó-
ïîðîñà CuSO4 (5 ã, ðàçáàâëåííûå â 200 ìë âîäû, íà 
3 îáðàçöà; ãàáàðèòíûå ðàçìåðû ãîðøêà, â êîòîðûé 
âûñàæèâàëñÿ îáðàçåö, 9 × 9 × 10 ñì), æåëåçíîãî êó-
ïîðîñà FeSO4 (10 ã, ðàçáàâëåííûå â 200 ìë âîäû, 
íà 3 îáðàçöà) è ñîëè NaCl (5 ã íà êàæäûé îáðà-
çåö). Íîìåðà 8 è 9 íà ðèñ. 4 ñîîòâåòñòâóþò èçìåðå-
íèÿì ÷åðåç 2 è 4 íåä. ñîîòâåòñòâåííî ïîñëå âíåñåíèÿ 
â ïî÷âó ñîëè NaCl, íîìåðà 10 è 11 – èçìåðåíèÿì 
÷åðåç 2 è 4 íåä. ñîîòâåòñòâåííî ïîñëå âíåñåíèÿ â ïî÷-
âó æåëåçíîãî êóïîðîñà FeSO4, íîìåð 12 – èçìåðå-
íèþ ÷åðåç 4 íåä. ïîñëå âíåñåíèÿ â ïî÷âó ìåäíîãî êó-
ïîðîñà CuSO4, íîìåð 13 – äàííûå èçìåðåíèé äëÿ 
ãàçîííîé òðàâû ïðè ñòðåññîâîì ñîñòîÿíèè, âûçâàí-
íîì îáðåçàíèåì êîðíåé. Èçìåðåíèÿ ñïåêòðîâ ôëóî-
ðåñöåíöèè òðàâû â íîðìàëüíîì ñîñòîÿíèè ïðîâîäè-
ëèñü äî ïîäðåçàíèÿ êîðíåé, à â ñòðåññîâîì ñîñòîÿ-
íèè – â èíòåðâàëå âðåìåíè îò 25 äî 45 ìèí ïîñëå 
ïîäðåçàíèÿ êîðíåé. 

Èç ðèñ. 4 âèäíî, ÷òî â áîëüøèíñòâå ñëó÷àåâ 

ñóììà äîâåðèòåëüíûõ èíòåðâàëîâ âåëè÷èíû R äëÿ 
íîðìàëüíîãî è ñòðåññîâîãî ñîñòîÿíèé íå ïðåâûøàåò 
îòëè÷èÿ ñðåäíèõ çíà÷åíèé âåëè÷èíû R äëÿ íîðìàëü-
íîãî ñîñòîÿíèÿ è ñòðåññîâûõ ñîñòîÿíèé ðàñòåíèé, 
âûçâàííûõ ðàçíûìè ïðè÷èíàìè (ìåõàíè÷åñêèìè ïî-
âðåæäåíèÿìè, âíåñåíèåì â ïî÷âó çàãðÿçíèòåëåé, èç-
áûòêîì èëè íåäîñòàòêîì êîëè÷åñòâà âîäû). 

Çàêëþ÷åíèå 
 
Òàêèì îáðàçîì, ïîëó÷åííûå äàííûå ïîêàçûâàþò 

óñòîé÷èâîñòü ðåçóëüòàòîâ ëàçåðíîãî ôëóîðåñöåíòíî-
ãî ìåòîäà îáíàðóæåíèÿ ñòðåññîâûõ ñîñòîÿíèé ðàñ-
òåíèé ïðè èçìåðåíèÿõ ðàçíûõ îáðàçöîâ îäíîãî è òîãî 
æå ðàñòåíèÿ â ñëó÷àå èñïîëüçîâàíèÿ äëÿ îïðåäåëå-
íèÿ ñîñòîÿíèÿ ðàñòåíèé ñðåäíåé âåëè÷èíû îòíîøå-
íèÿ R ïî íåáîëüøîé ñåðèè èçìåðåíèé. 

 

1. Belasque J., Gasparoto M.C.G., Marcassa L.G. Detec-
tion of mecanical and disease stresses in citrus plants by 
fluorescence spectroscopy // Appl. Opt. 2008. V. 47, 
N 11. Ð. 1922–1926. 

2. Cecchi G., Bazzani M., Pantani L. Fluorescence lidar 
method for remote monitoring of effects on vegetation // 
Proc. SPIE. 1995. V. 2585. Ð. 49–56. 

3. Fateeva N.L., Matvienko G.G. Application of the me- 
thod of laser-induced fluorescence // Proc. SPIE. 2004. 
V. 5232. Ð. 652–657. 

4. Matvienko G., Timofeev V., Grishin A., Fateyeva N. 
Fluorescence lidar method for remote monitoring of ef-
fects on vegetation // Proc. SPIE. 2006. V. 6367. 
Ð. 63670F-1–63670F-8. 

5. Grishaev M.V., Sal’nikova N.S. A setup for remote re-
cording of the spectrum of laser-induced fluorescence from 
crowns of woody plants // Instrum. Experim. Techn. 
2010. V. 53, N 5. P. 746–749. 

6. Ôàòååâà Í.Ë., Êëèìêèí À.Â., Áåíäåð Î.Â., Çîòèêî- 
âà À.Ï., ßìáóðãîâ Ì.Ñ. Èññëåäîâàíèå ëàçåðíî-èíäó- 
öèðîâàííîé ôëóîðåñöåíöèè õâîéíûõ è ëèñòâåííûõ ðàñ- 
òåíèé ïðè àçîòíîì çàãðÿçíåíèè ïî÷âû // Îïòèêà àò-
ìîñô. è îêåàíà. 2006. Ò. 19, ¹ 2–3. Ñ. 212–215. 

7. Gouveia-Neto A.S., da Silva E.A., Cunha P.C., Oliveira- 
Filho R.A., Silva L.M.H., da Costa E.B., Câmara T.J.R., 
Willadino L.G. Plant abiotic stress diagnostic by laser in- 
duced chlorophyll fluorescence spectral analysis of in vivo 
leaf tissue of biofuel species // Proc. SPIE. 2010. V. 7568. 
Ð. 75680G-1–75680G-8. 

8. Luedeker W., Guenther K.P., Dahn H.-G. Laser indu- 
ced fluorescence a tool for vegetation status- and stress- 
monitoring and optical aided agriculture // Proc. SPIE. 
1997. V. 3059. Ð. 63–75. 

9. Saito Y., Saito R., Nomura E., Kawahara T.D., No-
mur A., Takaragaki S., Ida K., Takeda S. Performance 
check of vegetation fluorescence imaging lidar through 
in vivo and remote estimation of chlorophyll concentra-
tion inside plant leaves // Opt. Rev. 1999. V. 6, N 2. 
Ð. 155–159. 

10. Corp L.A., McMurtrey J.E., Middleton E.M., Mul- 
chi C.L., Chappelle E.W., Daughtry C.S.T. Fluores-
cence sensing systems: In vivo detection of biophysical 
variations in field corn due to nitrogen supply // Re-
mote Sens. Environ. 2003. V. 86. Ð. 470–479. 

11. Hoge F.E., Swift R.N., Yungel J.K. Feasibility of air-
borne detection of laser-induced fluorescence emissions 
from green terrestrial plants // Appl. Opt. 1983. V. 22, 
N 19. P. 2991–3000. 

12. Áóíêèí Ô.Â., Áóíêèí À.Ô. Ëèäàðíîå çîíäèðîâàíèå 
âîäîåìîâ, ïî÷âû è ðàñòèòåëüíîñòè // Îïòèêà àòìîñô. 
è îêåàíà. 2000. Ò. 13, ¹ 1. Ñ. 63–68. 

13. Hristov H.A., Borisova E.G., Avramov L.A., Kolev I.N. 
Applications of laser-induced fluorescence for remote sen- 
sing // Proc. SPIE. 2001. V. 4397. Ð. 496–500. 

14. Àôîíàñåíêî À.Â., Èãëàêîâà À.È., Ìàòâèåíêî Ã.Ã., Îø- 
ëàêîâ Â.Ê., Ïðîêîïüåâ Â.Å. Ëàáîðàòîðíûå è ëèäàðíûå 
èçìåðåíèÿ ñïåêòðàëüíûõ õàðàêòåðèñòèê ëèñòüåâ áåðåçû 



 

84 Ôåäîòîâ Þ.Â., Áóëëî Î.À., Áåëîâ Ì.Ë., Ãîðîäíè÷åâ Â.À. 
 

â ðàçëè÷íûå ïåðèîäû âåãåòàöèè // Îïòèêà àòìîñô.  
è îêåàíà. 2012. Ò. 25, ¹ 3. Ñ. 237–243. 

15. Middleton E., McMurtrey J.E., Entcheva Campbell P.K., 
Corp L.A., Butcher L.M., Chappelle E.W. Optical and 
fluorescence properties of corn leaves from different nitro- 
gen regimes // Proc. SPIE. 2003. V. 4879. Ð. 72–83. 

16. Lee K.J., Park Y., Bunkin A., Nunes R., Pershin S., 
Voliak K. Helicopter-based lidar system for monitoring 
the upper ocean and terrain surface // Appl. Opt. 2002. 
V. 41, N 3. Ð. 401–406. 

17. Gouveia-Neto A.S., Silva E.A., Oliveira R.A., Cunha P.C., 
Costa E.B., Câmara T.J.R., Willadino L.G. Water deficit 
and salt stress diagnosis through LED induced chloro-
phyll fluorescence analysis in Jatropha curcas L. oil 
plants for biodisiel // Proc. SPIE. 2011. V. 7902. 
Ð. 79020À-1–79020À-10. 

18. Çàâîðóåâà Å.Í., Çàâîðóåâ Â.Â. Êîíöåíòðàöèÿ ïèãìåí-
òîâ è êðàñíàÿ ôëóîðåñöåíöèÿ ëèñòüåâ Elytrigia repens 
â ïðîöåññå âåãåòàöèè ðàñòåíèé // Îïòèêà àòìîñô. è îêåà-
íà. 2013. Ò. 26, ¹ 12. Ñ. 1106–1111. 

 
 

Yu.V. Fedotov, O.A. Bullo, Ì.L. Belov, V.À. Gorodnichev. Stability of results of plant state detection 
by laser fluorescence method. 

Laser fluorescence method of plant state detection is considered. Laboratory setup is described and analy-
sis of plant fluorescence spectra excited at a wavelength of 532 nm are presented. It is shown that the measu- 
rement small series average of the fluorescence intensity ratio R at wavelengths of 685 and 740 nm is marked  
by high stability for different samples of a plant. Sum of confidential intervals of ratio R (for confidential 
probability 95%) in most cases is no more than difference of mean values of the ratio R for normal and stress 
states caused by various reasons. 
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