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a b s t  r  a c t

In th is study, th e evidence of a re lat ion sh ip betw een th e ph ysiological state and leaf op t ica l p rop ert ies

led us to invest iga te th e beh aviour of tw o species – Betula pendula Roth an d Carpinus betulus L. – in order

to determ in e if th e vegetat ion is affect ed by th e h eavy m etal load of th e soil from a form er m in in g area ,

Rosia Mon tana, Rom ania (46 ◦ 18�47��N, 23 ◦ 10�15��E). Tw o non-dest ru ct ive tech n iques (leaf t ran sm it t an ce

an d reflectan ce) w ere com p ared to assess th e ph ysiological sta te of th e p lan ts, an d 27 vegetat ion in d ices

for est im at in g foliar p igm ent con ten t w ere t ested . For ch loroph yll assessm ent , the reflectan ce rat ios

RNIR/R550 an d RNIR/R700 w ere th e m ost re liable for an accu rat e est im at ion of th e p igm ent con ten t of the

leaves. Th e ligh t use efficien cy (LUE) in d ices w ere w ith in norm al values, excep t the Red Green Rat io,

in d icat ing tha t t he overall react ion s of ph otosyn thesis are n ot im paired by t he specific cond it ion s of the

habit at . Differen ces in leaf op t ica l propert ies are m in im al betw een th e tw o stu d ied species an d the valu es

of th e vegeta t ion in d ices are sh ow in g sim ilar t ren ds. Both t ech n iques perform ed consisten t ly w ell an d

yielded accurate est im at ion s of p igm ent con ten t , supp ort in g th e ir in teroperability.

© 2015 Elsevier Gm bH. All righ t s reserved .

1. In t r od u ct io n

In vegetat ion stu d ies, UV–VIS–NIR spectrorad iom etr ic t ech -

n iqu es h ave been dem on st ra ted to be valu able alte rn at ives to

t im e-con sum in g an d cost ly ch em ical analysis for th e est im at ion

of p lan t proper t ie s. Reflectan ce spectroscop y h as im por tan t ben e-

fit s com p ared to th e t rad it ion al m eth ods (Rich ardson et al., 2002).

Spect ral bioin d icators provide new ap proaches to m on itor th e

p hysiological sta te of p lan t s con sid erin g th at th e st ress respon ses

affect th e op t ical proper t ie s of p lan t s. Th ese n on -destruct ive op t ical

m eth ods based on reflectan ce, absorban ce an d /or on t ransm it -

t an ce of ligh t by leaf p igm en ts are able to assess th e ph ysio logical

st a te of a p lan t , faster th an bioch em ical m eth ods, and d irect ly

in situ . Hyp ersp ect ra l data m ay be u sed to est im ate p igm en t

an d w ate r con ten t (Gite lson an d Merzlyak, 1994; Gite lson et al.,

1996; Datt , 1998), p lan t st ress (Garriga et al., 2014) or p hen o-

logical ch an ges. An alyt ical m odels w ere su ccessfu lly developed to

Abbrevia t ions: Ch l, ch lorophyll; CCI, ch loroph yll con ten t in dex; LUE, ligh t u se

efficien cy; NDVI, Norm alized Difference Vegetat ion In dex; SR, sim p le ra t io ind ices;

VI, vegetat ion index.
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op t im ize rem otely sen sed vege tat ion ind ices (VIs) for est im at in g

leaf ch em ical con st itu en t s (Fé ret e t al., 2011), to invest igate ch an ges

at leaf scale (Bran t ley et al., 2011) or at can op y level (Zarco-Tejada

et al., 2001; Clevers an d Kooist ra , 2012).

Broadban d or narrow ban d green n ess vege tat ion ind ices (VIs)

are design ed to provide in form at ion abou t th e qu ality of p ho-

tosyn th e t ic p igm en ts in vegetat ion . Th ese VIs u sin g reflectan ce

m easu rem en ts in th e red an d n ear- in frared region s are est im at in g

th e total am oun t of p igm en ts, be in g sen sit ive even to sm all ch an ges

in vege tat ion sta tu s produ ced by st ress factors.

Ch loroph ylls a , b, an d caroten es are th e m ost im portan t p ig-

m en ts involved in th e p rocess of p h otosyn th esis. Ch loroph yll loss

in p lan ts m ay be associated to en viron m en tal st ress; th ere fore , th e

var ia t ion of ch loroph yll con cen t ra t ion accord in g to th e p lan t h abi-

t a t can be used as a good in d icator of st ress in p lan t s (Peñ ue las an d

File lla , 1998).

Th e red -edge region h as often been u sed for est im at -

in g ch lorop h yll con ten t an d for d etect in g p lan t st ress (Hor le r

et al., 1983; W u e t al., 2008). Th e red -ed ge ch loroph yll

in dex (CIred -edge = R800 /R710 −  1) an d green ch loroph yll in dex

(CIgreen = R800 /R550 −  1) h ave been proposed by Gite lson et al. (2003,

2006). Du e to low er absorp t ion by ch lorop h yll in th e red -edge

region , th e u se of su ch band s redu ces th e saturat ion e ffect , th e

reflectance st ill rem ain in g sen sit ive to ch lorophyll absorp t ion at

m oderate-to-h igh valu es (Sch lem m er e t al., 2013).

h ttp : //dx.doi.org/10.1016/ j.flora .2015 .08.003

0367-2530/© 2015 Elsevier Gm bH. All r igh ts re served .
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Recen t ly, som e n ew vegetat ion in d ices st ron gly sen sit ive to

Ch la , Ch lb an d tota l ch loroph yll (Ch lt) h ave been deve lop ed .

Th e in -ch lorop h yll cen t re w aveban d (ICCW ) (640–680 n m ) or off-

ch loroph yll absorp t ion cen t re w aveban ds (OCCW ) are usin g th e

reflectan ce in th ese ban ds as op t im al ind ices for non -dest ru ct ive

d eterm in at ion of p lan t Chl con ten t (Main e t al., 2011; Zh an g et al.,

2014).

Th e ligh t u se e fficien cy in d ices are qu an t ifyin g vegetat ion ’s abil-

ity to u se p h otosyn th et ic act ive rad iat ion (PAR) for su sta in able

grow th and for biom ass prod uct ion .

Th e st re ss- re la ted p igm en ts – caroten oids an d an th ocyan in s –

expressed by th e p igm en t vege tat ion ind ices, ten d to be presen t

in h igh er con cen t ra t ions w h en vegetat ion is in a w eaken ed sta te .

Carotenoid s are protect in g ch loroph yll from th e h arm fu l effect s of

h igh in ten sity ligh t . An th ocyan ins are abun d an t in n ew ly-form ed

leaves an d in leaves u n dergoin g sen escen ce .

Th e quality of th e resu lt s of su ch in vest igat ion s is in flu en ced

n ot on ly by th e in d ices w h ich best asses th e vege tat ion sta tu s bu t

also by the corre la t ion to th e en viron m en tal on -sit e con d it ions. An

op t im al select ion of sp ect ra l ban ds an d an app rop riate p rocessin g

ap proach for p igm en t est im at ion am ong th e vast array of th ose

available are requ ired .

In m ost cases, th e t ech n iqu es for p igm en t est im at ion h ave been

tested for a sin gle species or a few re la ted species an d th u s, it is

n ot clear w h eth er th ey can be app lied across sp ecies w ith varyin g

leaf st ru ctu ral ch aracterist ics. In oth e r cases, on e t ech n iqu e (e .g. VI)

w as app lied for d ifferen t species (Sim s an d Gam on , 2002), w ith n o

com parison w ith oth e r t ech n iques. This stu dy w as carried ou t on

tw o sp ecies of th e Betu laceae fam ily, Betula pendula Roth an d Carpi-

nus betulus L., in ord er to determ in e if the vegetat ion is affected by

th e h eavy m etal load of th e soil from a form er m in in g area. Corre la-

t ion s betw een ch loroph yll m eter read ings an d sp ect rorad iom eter

reflectan ce read in gs w ere perform ed in order to establish if th e tw o

tech n iques are in te rop erable , an d a select ion of in d ices w ith op t i-

m al spect ra l band s w h ich best corre la te for th e tw o species w as

m ade .

2 . Mat er ia ls a n d m e t h o d s

2 .1 . St u dy a r ea

Th e exper im en t w as con du cted in th e form er gold an d silver

m in in g area, Rosia Mon tan a, Rom an ia (46 ◦ 18�47��N, 23 ◦ 10�15��E).

In th e stud ied area, th e species d iversity is low be in g m ost ly

at t r ibu table to th e con tam in ated en vironm en t . Th e m ost com m on

sp ecies are B. pendula Roth (Eu rop ean w h ite birch ) an d C. betu-

lus L. (Eu ropean h orn beam ). A system at ic experim en tal design w as

m ade to invest igate th e in fluen ce of con tam in ated soils on op t i-

cal p rop ert ies of th e p lan t s. Th e stra tegy of sam plin g m eth odology

w as m ade in order to cover th e en t ire area in clud in g p ollu ted an d

n on-pollu ted zones (for soil an d vegetat ion ).

2 .2 . Pla n t m a t er ia l

Th e t rees from  tw o locat ion s – in th e proxim ity of th e deposit

con side red as pollu ted area an d at 2 km d istan ce from th e m in in g

exp loit a t ion zon e con sidered as con t ro l – w ere se lected ran dom ly.

In both locat ion s, t rees w ith com p arable sizes located at d istan ce

be low 10 m betw een th em (to avoid var iability of th e soil) h ave

been selected . Leaf sam p les from 66 birch t rees (18 in con t rol an d

48 in p ollu ted zon e) an d 24 h orn beam t rees (9 in con t rol an d 15 in

p ollu ted zon e) h ave been collected for an alysis. Th e sam p lin g poin t s

w ere m arked by GPS read in gs. Measurem en ts w ere m ade be tw een

Jun e and Ju ly 2012 on in d ividual leaves (m in im u m 3 leaves p er

t ree), d irect ly in th e field . Th e leaves h ave been selected to be

h ealth y, green un iform colou red , fu lly developed , from th e m id-

d le ou ter par t of th e t rees. Th e leaves h ave been rem oved from th e

t rees an d m easu rem en ts h ave been t aken both , w ith th e por table

spect rorad iom eter an d w ith the portable ch lorop h yll m ete r.

2 .3 . Lea f r eflect a n ce

Hyp ersp ect ra l data w ere collected u sin g a plan t probe at t ach ed

to a fu ll ran ge PSR-3500 p ortable spect rorad iom ete r (Spectra l Evo-

lu t ion , Law ren ce, USA) w ith a spectra l ran ge of 350–2500 n m .

Th e sam plin g in terval across th e 350–1000 nm is 1.5 n m w ith a

spect ra l resolu t ion of 3.5 n m (fu ll-w id th -at -half-m axim u m ), th e

sam plin g in terval for 1000–1500 n m is 3.8 nm w ith a spectra l

re solu t ion of 9.5 n m , an d th e sam p lin g in terval an d the spectra l

re solu t ion are app roxim ately 2.5 n m an d 6.5 nm , respect ively, for

th e 1500–2500 n m ran ge . Th e p ortable sp ect rorad iom eter is pro-

vid ed w ith a GETAC PS236 PDA (pe rson al d igita l assist an t ) w h ich is

con n ected to th e sp ect rorad iom eter via Blu etooth an d can collect

spect ra w ith GPS read in gs. Data are in te rpolated by th e DAR-

W in SP data acqu isit ion softw are to p rodu ce valu es at n an om eter

in terval (Sp ect ra l Evolu t ion ). Leaves w ere scan n ed w ith a leaf clip

w ith bu ilt - in reflectan ce stan dard (w h ite refe ren ce). It in clu des

also a sm all sp ot an d low pow er illum in at ion to keep excess h eat

from burn in g th e leaf d ur in g th e m easu rem en t (Law ren ce , 2013).

As such , th e in tern al ligh t sou rce allow s sp ect ra l data collect ion

regard less of w eath er an d t im e of day. Each scan rep resen ted th e

average of several read in gs on each leaf.

2 .4 . Rela t ive ch lor oph yll con t en t

Leaf re la t ive ch lorop h yll con ten t w as est im ated u sing a por table

ch loroph yll m eter (CCM-200, Opt i Scien ce, Hudson , USA) th at cal-

cu lates the ch loroph yll con ten t in dex (CCI) as th e ra t io of rad iat ion

t ran sm it t ed th rou gh th e leaf at tw o w avelen gths (940 n m an d

660 n m ).

Con side rin g th e best con sist en cy an d accu racy, from on e to fou r

sep arate m easu rem en ts w ere m ade, usu ally on h ealthy, w ell devel-

op ed , m ost fu lly exposed leaves from th e m idd le p art of t rees. Plan ts

or leaves dam aged by in sect s w ere avoided .

2 .5 . Ch lor oph yll flu or escen ce

OS1-FL m odu lated fluorom ete r (Op t i-Scien ces INC, OS1-FL,

Hudson , USA) w as u sed to m easure param ete rs of th e ch loro-

ph yll fluorescen ce . Act ive flu orescen ce p aram eters (F0 , Fm , Fv an d

Fv /Fm —m axim um  quan tum  e fficien cy ind icat in g ph otochem ical

e fficien cy of PSII) h ave been collected an d in terp reted for base -

line d ata , as a tool for com p arison w ith ligh t use efficiency (LUE)

in d ices. For the p urp oses of evaluat ion , th e m ult ip le flu orescen ce

valu es w ere averaged .

2 .6 . Veget a t ion in dices

Based on sp ect ra l reflectan ce m easu rem en ts, var ious n orm al-

ized d iffe ren ce vege tat ion (NDVI) and sim p le ra t io (SR) in d ices

from th e lite ra tu re h ave been calcu lated (Table 1). Th ese vegeta-

t ion in d ices w ere correla ted w ith th e ch loroph yll con ten t in dex

(CCI) obtain ed from th e t ransm it t ance m easu rem en ts.

In d ices selected to assess th e ph ysiological sta te of th e

p lan t s w ere, Red Edge Norm alized Differen ce Vege tat ion In dex

(NDVI705), Modified Red Ed ge Sim p le Rat io Index (m SR705), Ph o-

toch em ical Reflectan ce In dex (PRI), Structu re In sen sit ive Pigm en t

Ind ex (SIPI), Red Green Rat io In dex (RGR Rat io), Plan t Sen escen ce

Reflectan ce In dex (PSRI), Caroten oid Reflectan ce In dex 1 an d 2

(CRI1, CRI2), An th ocyan in Reflectan ce In dex 1 (ARI1).
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Tab le 1

Vegetat ion ind ice s evalu ated .

No Equ at ion Index nam e Detect ion References

1 R750 /R680 SRa Ch l Rich ardson et al. (2002)

2 R750 /R705 SRa Ch l Gitelson and Merzlyak (1994)

3 R750 /R700 SRa Ch l, st ress Gitelson and Merzlyak (1996)

4 R750 /R550 SRa Ch l Gitelson and Merzlyak (1996)

5 R750 /R695 Carter index Ch l Carte r (1994)

6 R750 /R556 SRa Ch l Maccion i et al. (2001)

7 R750 /R710 Zarco an d Miller Ch l Zarco-Tejada et al. (2001)

9 R760 /R695 SRa Ch l Carte r (1994)

10 R850 /R710 Datt derivat ive Ch l Datt (1998)

11 R800 /R680 SRa Ch la Blackburn (1998)

12 R800 /R550 SRa Ch l Buschm an an d Nagel (1993)

13 R800 /R635 SRa Ch lb Blackburn (1998)

14 R800 /R675 PSSRa Ch la Blackburn (1998)

15 R800 /R650 PSSRb Ch lb Blackburn (1998)

16 R800 /R500 PSSRc Car Blackburn (1998)

17 (R750 − R680 )/ (R750 + R680 ) NDVIb Ch l Rich ardson et al. (2002)

18 (R750 − R705 )/ (R750 + R705 ) NDVIb Ch l Gitelson and Merzlyak (1994)

19 (R800 − R445 )/ (R800 − R680 ) SIPId Car,Ch la Pen uelas et al. (1995)

20 (R800 − R700 )/ (R800 + R700 ) NDVIb Ch l Gitelson and Merzlyak (1994)

21 (R800 − R680 )/ (R800 + R680 ) PSNDe Ch la Blackburn (1998)

22 (R800 − R635 )/ (R800 + R635 ) PSNDe Ch lb Blackburn (1998)

23 (R850 − R710 )/ (R850 − R680 ) m SRf Ch l Datt (1998)

24 Rred edge , (R670 + R780 )/2 �red edge,

700 + 40 × (Rred

edge − R700 )/ (R740 − R700 )

REIPc Ch l Horler et al. (1983)

a Sim ple ra t io.
b Norm alized Differen ce Vegetat ion In dex.
c Red edge in flect ion poin t .
d St ru ctu re In sensit ive Pigm en t In dex.
e Pigm en t specific norm alised d ifferen ce.
f Modified sim p le rat io of reflectan ce.

2.7 . Hea vy m et a l a ssessm en t in soil a n d p la n t t issu e

The soil sam p les h ave been collected at th e bot tom of th e t rees,

w ith in 50 cm d iam ete r, from th e su rface layer (0–15 cm dep th ),

u sin g a clean sta in less steel sh ove l. Th e sam ples w ere packed in

p last ic bags, labe led an d t ran sp orted to th e laboratory for fu rth er

an alysis. In th e laboratory, th e sam ples w ere dried at 105 ◦C for

24 h an d sieved accord in g to US-EPA 3050B. Th e d igest ion proce-

du re for soil sam ples w as d on e accord in g to ISO 11.466 p rotocol,

u sin g a m ixtu re of n it ric acid and h ydroch loric acid . Th e con cen t ra-

t ion s for Ni, Pb, Cd, Cr, Cu an d Zn w ere de te rm in ed on a ZEEn it 700

atom ic absorp t ion sp ect rom eter using an acetylen e–air (C2 H2 –air )

flam e and th e adequ ate cath ode lam ps. For each h eavy m etal th e

resu lt s w ere averaged for each of the tw o d ist in ct stu dy sit e s. Leaf

sam ples w ere dr ied in an oven at 105 ◦C for 24 h , w eigh ed (0 .5–5 g)

an d d igested in n it ric acid . Ni, Pb, Cd, Cr, Cu an d Zn con cen t ra t ions

w ere an alyzed by u sing th e in du ct ively cou p led p lasm a m ass spec-

t rom et ry t echn ique (SCIEX Perkin Elm er Elan DRC II in st ru m en t ).

2 .8 . Da t a a n a lysis

All sta t ist ical an alyses w ere conducted u sin g th e STATISTICA

stat ist ical softw are (Version 8, StatSoft In c. Tu lsa , USA, 2007) an d

Excel. To te st an d verify th e re la t ionsh ip betw een re la t ive ch loro-

p hyll con ten t (from CCM-200) an d h yperspectra l vegetat ion in d ices

(VIs), regression an alyses w ere used an d coefficien t s of d eterm in a-

t ion (R2 ) w ere calcu lated .

Pearson ’s corre la t ion coefficien t w as calcu lated across sam p lin g

dates in ord er to evaluate th e sen sit ivity of vegetat ion in d ices to

relat ive leaf Ch l. Th is an alysis in volved de te rm in in g associat ions

be tw een selected reflectan ce ra t ios m easu red in n arrow w ave-

ban ds an d th e re la t ive con cen tra t ion of Ch l in leaves on a p lot m ean

basis, each p lot con sist in g of th e t rees an d th e soil w ith in 10 m 2 .

In order to determ in e n ew w avelen gths for est im at in g ch loro-

p hyll con ten t , correla t ion s of CCI values w ith reflectan ce at all

w avelen gth s w ere also determ in ed and scat t er p lots w ere con -

st ructed to verify th e type of re la t ion s (lin ear or non -lin ear). Thu s,

th e w avelen gth s w ith m axim um an d m in im um sen sit ivit ie s to re l-

a t ive p igm en t con ten t w ere iden t ified .

In order to see if th e d ifferen ces be tw een m ean heavy m etal con -

cen t ra t ion s in birch an d h orn beam leaves from con t ro l an d p ollu ted

zon es are sign ifican t , the u n paired (in dep en den t ) t te st w as u sed

in case of both species. First , th e F t est w as u sed to t est equality of

var ian ce an d th en th e proper t te st form ula w as calcu lated for each

m etal.

3 . Re su lt s a n d d iscu ssio n

Accord in g to th e stan dard referen ce valu es of ORDIN 756/1997

con cern ing h eavy m etals in soil, an d com pared to the n orm al,

excessive an d ph ytotoxic levels given in Kabata-Pen d ias an d

Pen d ias (1992), an d Pais an d Jon es (1997) in p lan t t issu es, m ost of

th e h eavy m etal con cen t ra t ion s fou nd in soil sam ples an d leaves

sam ples w ere in th e ran ge of m ediu m values w ith few excep -

t ion s (see Elect ron ic Supp lem en tal m ater ia l). Concen t rat ion s of Cu ,

Pb, an d Cd in soil sam ples from  th e pollu ted zon e w ere sligh t ly

in creased (bu t st ill be low the ale rt or in terven t ion th resh old ) com -

pared to th e con t ro l zon e located at abou t 2 km  d istan ce . Few

sam ples exceeded the in terven t ion th resh old of 200 m g/kg in case

of Cu . In p lan t t issues, sligh t ly h igh er con cen tra tion s com pared to

m ean values of Cu w ere fou nd in case of both sp ecies bu t esp ecially

in case of h ornbeam (15 .78 m g/kg). Most of th e Zn con cen tra t ion s

in soil sam ples are in th e ran ge of n orm al values, bu t in case of both

species, in creased con cen t ra t ion s of Zn w ere obtain ed in p lan t t is-

sues com p ared to corresp on den t soil sam ples. In case of B. pendula ,

in alm ost half of the sam p les, Zn concen t ra t ions w ere h igh er th an

100 m g/kg, w ith a m axim u m valu e of 570.9 m g/kg in leaves. Only

on e leaf sam ple exceeded th e th resh old of 100 m g/kg in case of C.

betulus. In case of both species, sligh t ly in creased con cen t ra t ion s of

Cr and som e excessive valu es of Ni w ere m easured in few sam ples





C. Dobrota et a l. / Flora 216 (2015) 26–34 29

Tab le 2

Pearson ’s corre lat ion coefficien ts betw een vegeta t ion ind ices an d CCI for Betula

pendula an d Carpinus betulus.

No Algorithm B. pendula C. betulus

1 R750 /R710 0.722 0.907

2 R850 /R710 0.711 0.900

3 R750 /R705 0.710 0.900

4 R750 /R556 0.710 0.878

5 R750 /R550 0.708 0.878

6 R800 /R550 0.703 0.877

7 R750 /R700 0.687 0.876

8 R760 /R695 0.626 0.800

9 R800 /R635 0.624 0.771

10 R800 /R650 0.543 0.695

11 R800 /R680 0.303 0.437

12 R750 /R680 0.293 0.423

13 (R750 − R705 )/ (R750 + R705 ) 0 .706 0.907

14 (R850 − R710 )/ (R850 − R680 ) 0.698 0.910

15 (R800 − R700 )/(R800 + R700 ) 0.675 0.883

16 � Red edge 0.636 0.884

17 (R800 − R635 )/ (R800 + R635 ) 0 .630 0.796

18 (R800 − R680 )/(R800 + R680 ) 0.304 0.400

19 (R750 − R680 )/ (R750 + R680 ) 0.293 0.382

20 (R800 − R445 )/ (R800 − R680 ) 0.191 0.107

com pared to m ean values. A m axim u m valu e for Ni in case of B.

pendula is 15 m g/kg an d in case of C. betulus is 27.5 m g/kg (Lază r

e t al., 2014).

Th e w ave len gth s sensit ive to the ch loroph yll con ten t in dex val-

u es w ere selected by calcu lat in g corre la t ion coefficien ts be tw een

th e CCI values an d each w avelen gth .

In case of birch t rees, th e w avelen gth s th at best correla ted w ith

CCI values are w ith in the ran ge of 522.5–600.6 nm (Green Ban d),

602–614.8 n m ; 697.5–700.1 nm  (Red Ban d) an d 701.5–714.8 nm

(NIR). W avelen gth s be tw een 738 an d 900 nm  sh ow the low est

corre la t ion s w ith CCI valu es. Reflectance in the blue an d red

ban ds sh ow s w eaker correla t ion s w ith CCI values at w ave length s

400.4–500.3 nm , an d 667.6–689.4 nm , respect ively. Th e st ron gest

corre la t ion coefficien t s obtain ed in case of B. pendula ran ges

be tw een − 0.60 an d − 0.65.

In case of C. betulus, w avelength s w h ich correlated best w ith CCI

valu es are w ith in the range of 525.5–600.6 n m , 602–617.6 n m an d

696.1–700.1 n m an d betw een 701.5 an d 717.5 n m . Reflectan ce in

th e NIR dom ain , for in te rvals betw een 739.8 an d 900 n m is in sen -

sit ive to CCI valu es. W avelen gth s be tw een 400.4 an d 500.3 n m an d

be tw een 667.6 an d 688 n m sh ow w eak correlat ion s w ith CCI valu es.

Th e st ron gest corre la t ion coefficien t s obtain ed in case of h orn beam

range betw een − 0.75 an d − 0.83.

Resu lt s for th e regression an alysis sh ow ed th at all of th e vege-

ta t ion in d ices of th is study posit ive ly correla ted w ith th e CCI ind ex.

Th e coefficien t s of de te rm in at ion (R2 ) calcu lated for re la t ion sh ip s

be tw een th is in dex (in depen den t var iable) an d the n orm alized an d

sim ple rat io vege tat ion in d ices (dep en den t variables) for all sam -

p les (n = 90) of B. pendula an d C. betulus, sh ow ed th at SR in dex w as

sligh t ly su perior to NDVI in it s corre la t ion w ith th e CCI in dex in

case of B. pendula an d w as sligh t ly in fer ior to NDVI in case of C.

betulus. Gen erally, ou r fin d in gs have sh ow n th at th e sim p le ra t io

an d th e n orm alized vegetat ion in dices corre la ted w ell w ith ch loro-

p h yll con ten t , bu t th e coefficien t of de term in at ion is h igh er for C.

betulus th an for B. pendula (Fig. 1).

Our re su lts con cern in g Pearson ’ s corre la t ion coefficien t s d is-

p layed in Table 2 are in accordance w ith previou s w orks (Gite lson

an d Merzlyak, 1996; Cu rran et al., 1991) show in g th at th e

reflectan ce in spect ra l ban d n ear red -edge region is st ron gly re la ted

to ch loroph yll con ten t . Th e ‘off-cen t re’ ch loroph yll ban ds su p -

p ort previou s fin d in gs th at ch loroph yll absorp t ion w ave length s

(660–680 n m ) are poor in d icators of ch loroph yll con ten t , du e to

ready satu rat ion even at low ch lorop h yll con ten t (W u et al., 2008;

Fig. 1 . The SR index (R750 /R705 ) and norm alized d ifferen ce in dex

(R750 − R705 )/(R750 + R705 ) as a funct ion of t he leaf ch loroph yll con ten t in Betula

pendula (A, B) and Carpinus betulus (C,D).
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Daugh try e t al., 2000). Ind ices con tain in g ‘off-cen t re’ w avelen gths

(690–730 n m ) h ave greater sen sit ivity to m ore subt le ch an ges in

ch loroph yll con ten t (Main e t al., 2011). Reflectan ce aroun d 550 n m

is sen sit ive to both ch loroph yll an d an th ocyan in con ten t , an d n ear

500–520 n m is sen sit ive to both caroten oid and ch loroph yll con -

ten t .

As can be seen from Fig. 2A an d B for both species, th e reflectan ce

of leaves from p ollu ted zon es is h igh er in VIS an d in NIR part s of

th e spect ru m com pared to con t rol zon e, th e form of th e cu rves

be in g qu ite sim ilar. At w ave length s betw een 1500 an d 1700 n m ,

th e reflectan ce of sam ples from pollu ted zon es are sligh t ly low er

th an th e sam ples from con trol zon es for th e birch leaves (Fig. 2A)

an d sign ifican t ly low er for h orn beam leaves (Fig. 2B). Reflectan ce

in th is sp ect ru m ran ge is in flu en ced by vege tat ion w ater con ten t ,

in tern al st ru ctu re an d dry m atte r (Ceccato et al., 2001).

In Fig. 2C an d D, con cern in g th e reflectan ce in VIS, it can be

seen that be tw een 400 an d 680 n m , th e cu rves of reflectan ce are

w ell separated for the sam ples from pollu ted zon es an d con t ro l

zon e. The in crem en t of reflectan ce from th e pollu ted zon e com -

p ared w ith con t ro l spect ra l sign atu re m ay be du e to th e loss of Ch l

in leaves (Garriga et al., 2014), to d rou gh t st ress (Sun et al., 2008)

or to n it rogen deficien cy (Zh ao e t al., 2005).

The red ed ge (Fig. 2E an d F) sh ow s a blue sh ift for th e pollu ted

zon e w hich m ay be associated w ith st ress or sen escen ce (Main

e t al., 2011), a situat ion in w hich w ater con ten t an d ch loroph yll

levels are decreased . Accord in g to ou r data , th e ch loroph yll con -

ten t is n ot affected , bu t m ost probably th e w ater sta tu s of th e

p lan t s un der h eavy m etal st re ss is low er th an in con t rol p lan t s.

Exposu re to h eavy m etals m ay im pair w ater u p take an d w ater

con ten t of p lan t s (Disan te et al., 2011; San tala an d Ryser , 2009).

Plan ts exposed to h eavy m etals m ay su ffe r from drough t st re ss

an d red uced grow th even w h en w ater sup p ly is su fficien t (de Silva

e t al., 2012). In th is p ersp ect ive ch lorop h yll m ete r read in gs m ay

offe r a com plem en tary tool for screen in g be tw een tw o add it ive

st resses.

Ch loroph yll flu orescen ce can be used as a sen sit ive m easure-

m en t for detect ion of ion /salt sen sitivity an d oth er en viron m en tal

st re ss factors (Misra e t al., 2006). Flu orescen ce origin ates in th e

an ten n a com p lexes of PSII as em ission at 685 n m (Govin d jee , 2004)

an d in th e far-red region at 720–740 n m em it t ed by PS I. Th e ra t io

Fv /Fm u sed exten sively as th e m axim u m qu an tu m yield of prim ary

PSII ph otochem ist ry is ran gin g from 0.78–0.84 in h ealth y p lan ts

(Bjorkm an an d Dem m ig, 1987). Fv /Fm is often u sed to est im ate th e

exten t of p hotoin h ibit ion of ph otosyn thesis. Und er severe st ress,

a decrease in th e ch loroph yll flu orescen ce ra t io Fv /Fm in d icates an

in h ib it ion of PSII. In ou r stud y, on ly tw o of th e 90 de term in at ions

w ere sta t ist ically sign ifican t ly low er th an n orm al, in d icat in g th at

th e PSII act ivity w as n ot affected by th e h eavy m etals from th e soil.

The vege tat ion ind ices se lected to assess th e ph ysiological sta te

of th e p lan t s exp osed to th e st ressed en viron m en t are d isp layed in

Table 3.

Red Edge Norm alized Diffe ren ce Vegetat ion Ind ex (NDVI705 )

u sed in st ress detect ion ind icates the sen sit ivity of th e vegetat ion

red edge to sm all ch an ges in can op y foliage con ten t . Modified Red

Edge Sim ple Ratio In dex (m SR705 ) uses ban d s in th e red ed ge an d

in corporates a correct ion for leaf specu lar reflect ion .

To assess th e vege tat ion ’s ability to use ph otosyn th e t ically

act ive rad iat ion (PAR), th e fo llow in g ligh t u se e fficien cy (LUE)

in d ices h ave been u sed : Ph otochem ical Reflectan ce In dex (PRI),

Structu re In sen sit ive Pigm en t In dex (SIPI), an d Red Green Ratio

(RGR). PRI is d efin ed as an in dex of the xan th op h yll cycle act ivity on

a d iu rn al t im e scale . Xan th op h yll cycle p igm en ts ad just th e en ergy

d ist ribu t ion at th e ph otosyn th et ic react ion cen t re , in d icat in g th e

PSII ph otochem ical efficiency. Th ey also in d icate the vegetat ion

p rodu ct ion an d th e st ress level (Gam on e t al., 1992). Various

factors affect th e PRI–LUE re la t ion sh ip , su ch as soil backgroun d ,

t em p eratu re , or p igm en t con ten t . Gen erally, in st re ssed en viron -

m en t both LUE an d PRI d ecrease proport ionally.

SIPI is used in cases in w h ich th e re is a h igh variability of th e

can opy st ructu re . RGR m easu res th e re la t ive expression of leaf red -

n ess caused by an th ocyan in to th at of ch lorophyll. An th ocyan in

Reflectan ce In dex 1 (ARI1) is sen sit ive to an thocyan in in p lan t

foliage. In creases in ARI1 in d icate ch anges in fo liage via new grow th

or death of leaves.

Ou r re su lt s are w ith in th e norm al values, excep t th e RGR

w h ich is low er, in d icat in g a h igher reflect ion in Green Ban d an d

a low con ten t of an th ocyan in s, fact s also su stain ed by An th ocyan in

Reflectan ce In dex 1 (ARI1) valu es.

An th ocyan ins are con sidered m etal st re ss ind icators p layin g

a m ajor ro le in th e protect ion against m etal st re ss. In du ct ive

syn th esis of an th ocyan in s cou ld be regarded as a bioch em ical

detoxificat ion st rategy. Man y stu d ies h ave show n th at an tho-

cyan in s are able to form st ron g ligan d com p lexes w ith m etal ion s

(Dai e t al., 2012; Takeda, 2006). Vacu olar sequ est ra t ion of excess

m etals in the ep iderm al ce lls su ggest s th at th e syn ergist ic in du c-

t ion of an thocyan in s m ay provide a d etoxifyin g sin k for m etals,

w h en th e cell w all an d ext racellu lar exu dates, th e first barr ie r

again st m etal st re ss, are su rpassed (Dai e t al., 2012). Th e role of

an th ocyan in s m ay be especially cr it ical in h igh ly st re ssed con d i-

t ion s; w h en the in creasin g con cen t ra t ion of m etals provides m ore

severe st resses, an thocyan in s part icipate m ore act ively in p lan t

p rotect ion . Thu s, depen d in g on th e m etal typ e, plan t s m ay choose

d ifferen t defense system s. In experim en tal stud ies (Baek et al.,

2012), it w as show n th at Pb ind uced th e sm allest quan t ity of

an th ocyan in s bu t it w as th e st rongest in du cer of caroten oids. It

w as also su ggested that in d iffe ren t p lan t s, Cu st ress m ay in du ce

an th ocyan in s as m ain an t ioxidan t s w h ile th e Pb st ress in du ces

carotenoid s as m ain p rotectan t s.

Plan t Sen escence Reflectan ce In dex (PSRI) incorporates w ave-

ban ds from  both , th e visib le an d NIR region s. W hen increased , th is

in d icates st re ss at can opy level or la te r stages of senescen ce. Ou r

valu es are w ith in th e n orm al valu es record ed in sim ilar stu d ies.

Th e overlap p in g reflectan ce exh ibit ed by ch loroph yll an d

carotenoid s in th e visib le region m akes it d ifficult to re t rieve th e

tw o ban ds in depen den t ly. Caroten oid Reflectance In d ices 1 an d 2

(CRI1, CRI2) are u sing th e d ifference be tw een recip rocal reflectan ce

at 510 an d 550 nm , an d be tw een 510 an d 700 n m , respect ively, in

order to rem ove th e effect of ch loroph yll. High er CRIs valu es m ean

greater con cen t ra t ion of caroten oid re la t ive to ch loroph yll.

As can be seen in Table 3, th e caroten oid con ten t re la t ive

to ch loroph yll is low er th an n orm al. Caroten oids are kn ow n to

be in volved in ph otop rotect ive act ion by quench in g th e excit ed

state of ch loroph yll an d in non -ph otochem ical quen ch in g, con -

sidered to be a second protect ive m ech an ism . Un der h eavy m etal

st ress, react ive oxygen species are produced w hich are affect in g

m em bran es and nu cleic acids (Hou e t al., 2007). Previou s stu d -

ies evidenced th at a decrease in caroten oid con ten t is a com m on

respon se to m etal toxicity (Rou t e t al., 2001), w h ereas th e in crease

is du e to th e involvem en t of th e p igm en ts in de toxifyin g ROS

(Tew ari et al., 2002; Ch an dra e t al., 2009). In add it ion , m etals

can enh an ce or reduce caroten oid p rodu ct ion dep en d in g on m etal

types (Fargasová, 2001; Sin h a e t al., 2003), m etal con cen t rat ion

an d stage of developm en t . Arabidopsis tha liana sh ow ed gradu al

in creases an d subsequen t decreases of carotenoid con ten t , d epen d-

in g on in creasin g con cen t ra t ion s of m etals in Cu and Hg-t reated

seed lin gs (Baek et al., 2012).

Th e m ean h eavy m etal con cen t rat ion s in birch an d h orn beam

leaves from con trol an d pollu ted zon es are sh ow n in Table 4. Mean

con cen trat ion s of Ni (p = 0.1 for birch an d p = 0.61 for h orn beam )

an d Cr (p = 0.3 for birch an d p = 0.08 for h orn beam ) in leaves are n ot

sign ifican t ly h igh er in con trol zon es com pared to pollu ted zone .

Gen erally, th eir accum ulat ion at leaf level is n ot re la ted to soil p ol-
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Fig. 2. Respon se t o heavy m etal exposu re com pared t o con t rol zone in t erm s of spect ra l ranges: 480–2500 nm for Betula pendula (A) and Carpinus betulus (B); 400–700 n m

for Betula pendula (C) an d Carpinus betulus (D); 680–730 nm for Betula pendula (E) and Carpinus betulus (F).

Tab le 3

Vegeta t ion Ind ices assessing t he ph ysiological st a te of Betula pendula an d Carpinus betulus.

No. In dices Algorith m Norm al valu es Recorded values —B. pendula Recorded values —C. betulus

1 NDVI705 (R750 − R705 )/(R750 + R705 ) 0.2–0.9 0.51 0.447

2 m SR705 (R750 − R445 )/ (R705 − R445 ) 2–8 4.66 3.12

3 PRI (R531 − R570 )/(R531 + R570 ) − 0.2–0.2 0.009 0.014

4 SIPI (R800 − R445 )/(R800 − R680 ) 0.8–1.8 0.978 0.993

5 RGRa m ean (red )/m ean (green ) 0.7–3.0 0.519 0.540

6 ARI1 (1/R550 ) − (1/R700 ) 0.001–0.1 0.005 0

7 PSRI (R680 − R500 )/R750 − 0.1–0.2 0.005 0.008

8 CRI1 (1/R510 ) − (1/R550 ) 1–12 0.103 0.099

9 CRI2 (1/R510 ) − (1/R700 ) 1–11 0.098 0.099

a W here m ean (red ) rep resen t s all bands w ith w avelen gth s in th e red ran ge and m ean (green ) rep resen t s all ban ds w ith w avelengths in t he green ran ge of t he electro-

m agn et ic spectrum .
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Tab le 4

Heavy m etal con cen tra t ion s (m g kg− 1 DW ) and vegeta t ion ind ices for Betula pendula an d Carpinus betulus from con t rol and pollu ted zon es.

Sam ples Item Ni Pb Cd Cr Cu Zn CRI1 RGR � Red edge

Con t rol B. pendula

(n = 18)

Mean 4.92 0.28 0.43 1.35 5.76 80.81 0.120 0.518 718.705

SD 2.63 0.11 0.12 0.56 1.08 23.87 – – –

C.V. (%) 53.4 39.2 27.9 41.4 18.7 29.5 – – –

Pollu ted zon e B.

pendula (n = 48)

Mean 3.70 0.34 0.31* 1.19 5.59 122.04* 0.107* 0.520 718.279

SD 2.74 0.18 0.23 0.68 1.75 96.09 – – –

C.V. (%) 74.0 52.9 74.0 57.1 31.3 78.7 – – –

Con t rol C. betulus (n = 9) Mean 6.11 0.42 0.05 1.50 5.82 15.35 0.114 0.547 717.647

SD 2.64 0.13 0.03 0.21 0.66 2.08 – – –

C.V. (%) 43.2 30.8 60.0 14.0 11.3 13.5 – – –

Pollu ted zon e C. betulus

(n = 15)

Mean 5.12 0.43 0.11 1.12 7.15 34.00* 0.096* 0.554 716.134

SD 6.54 0.28 0.10 0.74 2.98 33.94 – – –

C.V. (%) 127.7 65.1 90.9 66.0 41.6 99.8 – – –

SD: Standard deviat ion .

C.V.: Coefficien t of variat ion .
* p tw o ta il. Marked com parisons are sign ifican t at p < 0.05.

Tab le 5

Pearson ’s corre lat ion coefficien ts betw een heavy m etal concen t rat ion s in le aves of Betula pendula and Carpinus betulus an d vegeta t ion ind ices.

Sam plin g areas Con trol area (B. pendula) n = 18 Pollu ted area (B. pendula ) n = 48 Con trol area (C. betulus) n = 9 Pollu ted area (C. betulus) n = 15

In d ices Red edge CRI 1 Red edge CRI 1 Red edge CRI 1 Red edge CRI 1

Ni − 0.006 − 0.342 − 0.088 − 0.031 − 0.521 − 0.402 − 0.377 − 0.251

Pb − 0.2 0.288 0.02 − 0.027 0.098 − 0.133 0.185 0.202

Cd 0.211 0.383 0.035 − 0.290* 0.077 0.042 0.132 − 0.275

Cr − 0.022 0.118 − 0.094 0.162 − 0.274 0.052 0.444 − 0.044

Cu − 0.098 0.351 0.198 0.145 0.473 0.759* 0.419 0.306

Zn 0.21 0.065 0.253 − 0.2 0.602 0.702* 0.287 − 0.031

* p < 0.05.

lu t ion caused by th e m in in g act ivity. Previou s resu lt s obtain ed on

soil stu d ies from th is zon e suggest th at Ni an d Cr are n ot re la ted

to th e m in eralizat ion of m in in g deposits bu t ra th er to th e Creta-

ceous sed im en ts occu rrin g in th e w estern an d sou th ern p ar t of th e

in vest igated area (Lază r e t al., 2014).

The coefficien t of varia t ion ind icat in g th e exten t of variability

in re la t ion to th e m ean of th e p opu lat ion is con stan t ly h igh er for

p ollu ted zon es com p ared to con t rol. For both sp ecies, th e h igh est

variability is for Ni an d th e low est for Cu.

For birch , the re is a sign ifican t sta t ist ical d ifferen ce for Cd an d

Zn (p < 0.05) con cen t ra t ion s be tw een th e con trol an d pollu ted area.

Th e Cd con cen t ra t ion of leaves is sign ifican t ly low er and leaf Zn

concen t rat ion is sign ifican t ly h igh er at th e pollu ted com pared to

th e con t rol area. In case of h orn beam , Zn con cen t ra t ion s are sig-

n ifican t ly h igher (p < 0.05) at th e pollu ted com pared to the con t ro l

zon e. Th e CRI1 is sign ifican t ly h igh er at th e con t rol com p ared to

th e pollu ted zon e both for birch (p = 0.01) an d h orn beam (p = 0.04).

A Pearson ’s corre la t ion w as run to determ in e th e re la t ion -

sh ip betw een h eavy m etal con cen t rat ion s in leaves an d vegetat ion

in d ices (red ed ge an d CRI1) valu es. For all th e sam ples, th e re

is a n egat ive corre la t ion be tw een Ni an d th e vege tat ion in d ices

(Table 5). Con side rin g th e r values, m ost of th e corre la t ion s estab-

lished are w eak to m od erate . Th ere w as a sign ifican t n egat ive

corre la t ion betw een Cd an d CRI1 in pollu ted area an d a st ron g, posi-

t ive correla t ion be tw een Cu an d CRI1an d Zn an d CRI1 for h orn beam

in th e con trol area.

Ou r resu lt s susta in th e idea confirm ed by th e level of h eavy m et-

als in soil an d p lan t t issu e th at in the stu dy area th e in flu en ce of

h eavy m etals is m oderate to low an d th at the ind ividuals of th e tw o

species are adap ted to th is en viron m en t . Resistan t p lan t s adap ted

to th e n oxiou s cond it ion s of con tam in ated soils h ave con st itu t ive

an d adap t ive m ech an ism s for cop in g w ith elevated soil m etal con -

cen tra t ion s. In th is case , th e con ten t of tota l ch loroph yll and th e PSII

act ivity are not affected , bu t valu es of an th ocyan in s and caroten oids

are low er than n orm al, an d n ot affected by h eavy m etal p ollu t ion

as m irrored in th e low er CRI1 in th e pollu ted area for both sp ecies.

On e of th e object ives of th is stu dy con cern in g th e re la t ionsh ips

betw een leaf op t ical p ropert ies an d st ress level w as to fin d in d ices

th at h old across sp ecies, m ain ly across p lan ts adap ted to a st re ssed

en viron m en t . The ability to use th e sam e in d ices across a w ide

ran ge of vege tat ion types appears to be severely im paired du e to th e

d ifferen ces in leaf m orp h ology an d st ru ctu re (Gam on an d Surfu s,

1999). Our re su lt s are in d icat in g that th e d ifferences betw een leaf

op t ical p rop ert ies are m in im al betw een th e tw o species be longin g

to th e sam e fam ily, and th e valu es of the vege tat ion in d ices are

sh ow in g sim ilar t ren ds.

4 . Co n clu sio n s

Th is experim en t in d icates th at both species, B. pendula an d C.

betulus, are adap ted to th eir en viron m en t sh ow ing m in im um sign s

of st re ss exp ressed by the ir op t ical propert ie s, in con d it ions in

w h ich the leve l of h eavy m etals in soil, du e to form er m in in g act iv-

ity, w as m ediu m to low .

Usu ally, h igh con cen t rat ion s of m etals are in du cin g a decrease

in ch lorop h ylls, an in crease in an th ocyan in s an d a fluctu at ion in

carotenoid con ten t d epend in g on th e m etal types (Baek et al.,

2012). In our case, th e con ten t of tota l ch lorop hyll w as n ot affected ,

bu t an th ocyan in s an d caroten oids values as eviden ced by th e

reflectance in d ices w ere low er th an n orm al. Con side rin g that

carotenoid s are m ain ly involved in th e p rotect ion again st m ild

m etal st ress con d it ion s w h ereas the role of an thocyan in s m ay be

esp ecially crit ical in h igh ly st ressed con d it ion s (Baek et al., 2012),

on e m ay assum e th at the level of st ress affect in g vege tat ion on th is

site is ra th er low .

For ch lorop hyll assessm en t , th e reflectan ce rat ios RNIR/R550 an d

RNIR/R700 are th e m ost re liable an d can be em ployed for an accu rate

est im at ion of th e p igm en t con ten t of th e leaves. W e foun d that

th e equ at ion s prop osed by Rich ardson e t al. (2002) for R750 /R680

an d Blackburn (1998) for R800 /R680 an d R800 /R675 produced poor

ch lorop h yll con ten t est im ates w h en app lied to ou r d ata .
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Our re su lt s are sh ow in g low er th an n orm al values of Red Green

Rat io (RGR), in d icat in g a h igh er reflect ion in Green Ban d an d a

low con ten t of an th ocyan in s, facts also su sta in ed by An th ocyan in

Reflectan ce Ind ex 1 (ARI1) valu es. Also, the caroten oid con ten t re l-

a t ive to ch loroph yll expressed by Caroten oid Reflectan ce Ind ices 1

an d 2 (CRI1, CRI2) is low er th an norm al.

Th e oth er ligh t use efficiency (LUE) in d ices are w ith in n orm al

valu es, in d icat in g that th e overall react ion s of p h otosyn th esis are

n ot im p aired by th e specific con dit ion s of th e habit a t .

Diffe rences in leaf op t ical propert ie s are m in im al betw een th e

tw o stud ied species an d the values of th e vegetat ion in d ices are

sh ow in g sim ilar t ren ds. Both tech n iques perform ed con sist en t ly

w ell an d yielded accu rate est im ation s of p igm en t con ten t , supp ort -

in g th eir in te roperability. In order to assess th e st ress level of th e

vegetat ion the p ortable spect rorad iom eter offers m ore com plete

in form at ion .

Th is kin d of stu dy dem on st rates th e poten t ia l to assess ph ys-

iological sta tu s of d iffe ren t p lan t sp ecies usin g op t ical proper t ie s

w h ich m ay p rovide d irect in sight s in to st ructu ral an d fun ct ion al

p at t e rn s an d m ay est im ate d ifferen t in d icators of species adap ted

to a ce rta in h abita t , yield in g sim ilar respon ses to th e environ m en t .

Togeth er w ith som e ad d it ion al in form at ion con cern in g soil n u t ri-

en ts an d th eir in te ract ion s w ith h eavy m etals, h eat st ress, h eavy

m etal con cen t ra t ion in p lan t t issue an d p lan t stage of developm en t ,

th e st ructu ral an d fu n ct ion al t rait s are poten t ia lly u sefu l for th e

m on itor in g of fun ct ion al sh ift s in ecosystem s.
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