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In this study, the evidence of a relationship between the physiological state and leaf optical properties
led us to investigate the behaviour of two species — Betula pendula Roth and Carpinus betulus L. — in order
to determine if the vegetation is affected by the heavy metal load of the soil from a former mining area,
Rosia Montana, Romania (46°1847"N,23°10'15"E). Two non-destructive techniques (leaf transmittance
and reflectance) were compared to assess the physiological state of the plants,and 27 vegetation indices
for estimating foliar pigment content were tested. For chlorophyll assessment, the reflectance ratios
Rair/Rsso and Ryir/Ryo0 were the most reliable for an accurate estimation of the pigment content of the
leaves. The light use efficiency (LUE) indices were within normal values, except the Red Green Ratio,
indicating that the overall reactions of photosynthesis are not impaired by the specific conditions of the
habitat. Differences in leafoptical properties are minimal between the two studied species and the values
of the vegetation indices are showing similar trends. Both techniques performed consistently well and

Vegetation indices

yielded accurate estimations of pigment content, supporting their interoperability.

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction

In vegetation studies, UV-VIS-NIR spectroradiometric tech-
niques have been demonstrated to be valuable alternatives to
time-consuming and costly chemical analysis for the estimation
of plant properties. Reflectance spectroscopy has important bene-
fits compared to the traditional methods (Richardson et al.,2002).
Spectral bioindicators provide new approaches to monitor the
physiological state of plants considering that the stress responses
affect the optical propertiesof plants. These non-destructive optical
methods based on reflectance, absorbance and/or on transmit-
tance of light by leaf pigments are able to assess the physiological
state of a plant, faster than biochemical methods, and directly
in situ. Hyperspectral data may be used to estimate pigment
and water content (Gitelson and Merzlyak, 1994; Gitelson et al.,
1996; Datt, 1998), plant stress (Garriga et al., 2014) or pheno-
logical changes. Analytical models were successfully developed to

Abbreviations: Chl, chlorophyll; CCL chlorophyll content index; LUE, light use
efficiency; NDVI, Normalized Difference Vegetation Index; SR, sim ple ratio indices;
VI, vegetation index.
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optimize remotely sensed vegetation indices (VIs) for estimating
leafchemicalconstituents (Féretetal.,2011),toinvestigate changes
at leaf scale (Brantley et al.,2011) or at canopy level (Zarco-Tejada
et al.,,2001; Clevers and Kooistra,2012).

Broadband or narrowband greenness vegetation indices (VIs)
are designed to provide information about the quality of pho-
tosynthetic pigments in vegetation. These VIs using reflectance
measurements in the red and near-infrared regions are estimating
the totalamount of pigments,being sensitive even to smallchanges
in vegetation status produced by stress factors.

Chlorophylls a, b, and carotenes are the most important pig-
ments involved in the process of photosynthesis. Chlorophyll loss
in plants may be associated to environmental stress; therefore, the
variation of chlorophyll concentration according to the plant habi-
tat can be used as a good indicator of stress in plants (Pefiuelas and
Filella, 1998).

The red-edge region has often been used for estimat-
ing chlorophyll content and for detecting plant stress (Horler
et al, 1983; Wu et al, 2008). The red-edge chlorophyll
index (Cleg-cage =Rg00/R710— 1) and green chlorophyll index
(Clgreen =Rgpo/Rs550 — 1) have been proposed by Gitelson et al. (2003,
2006). Due to lower absorption by chlorophyll in the red-edge
region, the use of such bands reduces the saturation effect, the
reflectance still remaining sensitive to chlorophyll absorption at
moderate-to-high values (Schlemmer et al., 2013).
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Recently, some new vegetation indices strongly sensitive to
Chla, Chlb and total chlorophyll (Chlt) have been developed.
The in-chlorophyll centre waveband (ICCW) (640-680nm) or off-
chlorophyll absorption centre wavebands (OCCW) are using the
reflectance in these bands as optimal indices for non-destructive
determination of plant Chl content (Main et al.,2011; Zhang et al.,
2014).

The light use efficiency indices are quantifying vegetation’s abil-
ity to use photosynthetic active radiation (PAR) for sustainable
growth and for biomass production.

The stress-related pigments — carotenoids and anthocyanins —
expressed by the pigment vegetation indices, tend to be present
in higher concentrations when vegetation is in a weakened state.
Carotenoids are protecting chlorophyll from the harmful effects of
high intensity light. Anthocyanins are abundant in newly-formed
leaves and in leaves undergoing senescence.

The quality of the results of such investigations is influenced
not only by the indices which best asses the vegetation status but
also by the correlation to the environmental on-site conditions. An
optimal selection of spectral bands and an appropriate processing
approach for pigment estimation among the vast array of those
available are required.

In most cases, the techniques for pigment estimation have been
tested for a single species or a few related species and thus, it is
not clear whether they can be applied across species with varying
leafstructural characteristics. In other cases,one technique (e.g. VI)
was applied for different species (Sims and Gamon, 2002), with no
comparison with other techniques. This study was carried out on
twospecies of the Betulaceae family, Betula pendula Roth and Carpi-
nus betulus L., in order to determine if the vegetation is affected by
the heavy metalload ofthe soil from a former mining area. Correla-
tions between chlorophyll meter readings and spectroradiometer
reflectance readings were performed in order to establish ifthe two
techniques are interoperable, and a selection of indices with opti-
mal spectral bands which best correlate for the two species was
made.

2. Materials and methods
2.1. Study area

The experiment was conducted in the former gold and silver
mining area, Rosia Montana, Romania (46° 18-47"N, 23°1015"E).
In the studied area, the species diversity is low being mostly
attributable to the contaminated environment. The most common
species are B. pendula Roth (European white birch) and C. betu-
lus L. (European hornbeam). Asystematic experimental design was
made to investigate the influence of contaminated soils on opti-
cal properties of the plants. The strategy of sampling methodology
was made in order to cover the entire area including polluted and
non-polluted zones (for soil and vegetation).

2.2. Plant material

The trees from two locations — in the proximity of the deposit
considered as polluted area and at 2km distance from the mining
exploitation zone considered as control — were selected randomly.
In both locations, trees with comparable sizes located at distance
below 10m between them (to avoid variability of the soil) have
been selected. Leaf samples from 66 birch trees (18 in control and
48 in polluted zone) and 24 hornbeam trees (9 in controland 15 in
polluted zone) have been collected for analysis. The sampling points
were marked by GPSreadings. Measurements were made between
June and July 2012 on individual leaves (minimum 3 leaves per
tree), directly in the field. The leaves have been selected to be

healthy, green uniform coloured, fully developed, from the mid-
dle outer part of the trees. The leaves have been removed from the
trees and measurements have been taken both, with the portable
spectroradiometer and with the portable chlorophyll meter.

2.3. Leafreflectance

Hyperspectral data were collected using a plant probe attached
to a fullrange PSR-3500 portable spectroradiometer (Spectral Evo-
lution, Lawrence, USA) with a spectral range of 350-2500nm.
The sampling interval across the 350-1000nm is 1.5nm with a
spectral resolution of 3.5nm (full-width-at-half-maximum), the
sampling interval for 1000-1500nm is 3.8 nm with a spectral
resolution of 9.5nm, and the sampling interval and the spectral
resolution are approximately 2.5nm and 6.5nm, respectively, for
the 1500-2500nm range. The portable spectroradiometer is pro-
vided with a GETACPS236 PDA (personal digital assistant) which is
connected to the spectroradiometer via Bluetooth and can collect
spectra with GPS readings. Data are interpolated by the DAR-
Win SP data acquisition software to produce values at nanometer
interval (Spectral Evolution). Leaves were scanned with a leaf clip
with built-in reflectance standard (white reference). It includes
also a small spot and low power illumination to keep excess heat
from burning the leaf during the measurement (Lawrence, 2013).
As such, the internal light source allows spectral data collection
regardless of weather and time of day. Each scan represented the
average of several readings on each leaf.

2.4. Relative chlorophyll content

Leafrelative chlorophyllcontent was estimated using a portable
chlorophyll meter (CCM-200, Opti Science, Hudson, USA) that cal-
culates the chlorophyll content index (CCI) as the ratio of radiation
transmitted through the leaf at two wavelengths (940nm and
660nm).

Considering the best consistency and accuracy, from one to four
separate measurements were made,usually on healthy,welldevel-
oped,most fullyexposed leaves from the middle part oftrees.Plants
or leaves damaged by insects were avoided.

2.5. Chlorophyll fluorescence

OS1-FL modulated fluorometer (Opti-Sciences INC, OSI-FL,
Hudson, USA) was used to measure parameters of the chloro-
phyll fluorescence. Active fluorescence parameters (Fy, Fy, F, and
F,/Fph—maximum quantum efficiency indicating photochemical
efficiency of PSII) have been collected and interpreted for base-
line data, as a tool for comparison with light use efficiency (LUE)
indices. For the purposes of evaluation, the multiple fluorescence
values were averaged.

2.6. Vegetation indices

Based on spectral reflectance measurements, various normal-
ized difference vegetation (NDVI) and simple ratio (SR) indices
from the literature have been calculated (Table 1). These vegeta-
tion indices were correlated with the chlorophyll content index
(CCI) obtained from the transmittance measurements.

Indices selected to assess the physiological state of the
plants were, Red Edge Normalized Difference Vegetation Index
(NDVI705), Modified Red Edge Simple Ratio Index (m SR705), Pho-
tochemical Reflectance Index (PRI), Structure Insensitive Pigment
Index (SIPI), Red Green Ratio Index (RGR Ratio), Plant Senescence
Reflectance Index (PSRI), Carotenoid Reflectance Index 1 and 2
(CRIl, CRI2), Anthocyanin Reflectance Index 1 (ARIl).
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Table 1
Vegetation indices evaluated.

No Equation Index name Detection References

1 R750/Res0 SR* Chl Richardson et al. (2002)

2 R750/R705 SR* Chl Gitelson and Merzlyak (1994)
3 R750/Rq00 SR* Chl, stress Gitelson and Merzlyak (1996)
4 R750/Rss0 SR* Chl Gitelson and Merzlyak (1996)
5 R750/Rg9s Carter index Chl Carter (1994)

6 Ry50/Rss6 SR* Chl Maccioniet al. (2001)

7 R750/Ry10 Zarco and Miller Chl Zarco-Tejada et al. (2001)

9 R760/Rs95 SR* Chl Carter (1994)

10 Rss0/Ry10 Datt derivative Chl Datt (1998)

11 Rs00/Res0 SR? Chla Blackburn (1998)

12 Rs00/Rsso SR* Chl Buschman and Nagel (1993)
13 Rg00/Re35 SR* Chlb Blackburn (1998)

14 Rso0/Re7s PSSRa Chla Blackburn (1998)

15 Rs00/Res0 PSSRb Chlb Blackburn (1998)

16 Rgo0/Rso00 PSSRc Car Blackburn (1998)

17 (R750 — Res0)/(Rys0 +Reso) NDVI® Chl Richardson et al. (2002)

18 (R750 = R705)/(Ry50 +R705) NDVI® Chl Gitelson and Merzlyak (1994)
19 (Rgoo — Raas)/(Rgoo — Reso) SIPI¢ Car,Chla Penuelas et al. (1995)

20 (Rsgoo — R700)/(Rgoo +R700) NDVI® Chl Gitelson and Merzlyak (1994)
21 (Rgoo — Res0)/(Rgoo +Reso) PSND¢ Chla Blackburn (1998)

22 (Rgoo — Re35)/(Rgoo +Re3s) PSND® Chlb Blackburn (1998)

23 (Rgs50 — R710)/(Rgs0 — Rego) m SR’ Chl Datt (1998)

24 Rred edge, (Rg70 + Ryg0)/2 [red edge, REIP¢ Chl Horler et al. (1983)

700 +40 x (Rred
edge - Ryg9)/(R7a0 = Ryoo)

Simple ratio.

Normalized Difference Vegetation Index.
c

d

Red edge inflection point.

Structure Insensitive Pigment Index.

¢ Pigment specific normalised difference.
f Modified simple ratio of reflectance.

2.7. Heavy metal assessment in soil and plant tissue

The soil samples have been collected at the bottom of the trees,
within 50 cm diameter, from the surface layer (0—15cm depth),
using a clean stainless steel shovel. The samples were packed in
plastic bags, labeled and transported to the laboratory for further
analysis. In the laboratory, the samples were dried at 105 °C for
24 h and sieved according to US-EPA 3050B. The digestion proce-
dure for soil samples was done according to ISO 11.466 protocol,
using a mixture of nitric acid and hydrochloric acid. The concentra-
tions for Ni, Pb, Cd, Cr, Cu and Zn were determined on a ZEEnit 700
atomic absorption spectrometer using an acetylene—air (C;H,—air)
flame and the adequate cathode lamps. For each heavy metal the
results were averaged for each of the two distinct study sites. Leaf
samples were dried in an oven at 105 "Cfor 24 h, weighed (0.5-5 g)
and digested in nitric acid. Ni, Pb, Cd, Cr, Cu and Zn concentrations
were analyzed by using the inductively coupled plasma mass spec-
trometry technique (SCIEX PerkinElmer Elan DRC Il instrument).

2.8. Data analysis

All statistical analyses were conducted using the STATISTICA
statistical software (Version 8, StatSoft Inc. Tulsa, USA, 2007) and
Excel. To test and verify the relationship between relative chloro-
phyllcontent (from CCM-200) and hyperspectral vegetation indices
(VIs),regression analyses were used and coefficients of determina-
tion (R?) were calculated.

Pearson’s correlation coefficient was calculated across sampling
dates in order to evaluate the sensitivity of vegetation indices to
relative leaf Chl. This analysis involved determining associations
between selected reflectance ratios measured in narrow wave-
bands and the relative concentration of Chlin leaves on aplot mean
basis, each plot consisting of the trees and the soil within 10 m?.

In order to determine new wavelengths for estimating chloro-
phyll content, correlations of CCI values with reflectance at all

wavelengths were also determined and scatter plots were con-
structed to verify the type of relations (linear or non-linear). Thus,
the wavelengths with maximum and minimum sensitivities to rel-
ative pigment content were identified.

In ordertoseeifthe differencesbetween mean heavy metalcon-
centrationsin birch and hornbeam leaves from controland polluted
zones are significant, the unpaired (independent) t test was used
in case of both species. First, the Ftest was used to test equality of
variance and then the proper t test formula was calculated for each
metal.

3. Results and discussion

According to the standard reference values of ORDIN 756/1997
concerning heavy metals in soil, and compared to the normal,
excessive and phytotoxic levels given in Kabata-Pendias and
Pendias (1992), and Pais and Jones (1997) in plant tissues, most of
the heavy metal concentrations found in soil samples and leaves
samples were in the range of medium values with few excep-
tions (see Electronic Supplemental material). Concentrations of Cu,
Pb, and Cd in soil samples from the polluted zone were slightly
increased (but still below the alert or intervention threshold) com-
pared to the control zone located at about 2km distance. Few
samples exceeded the intervention threshold of 200 mg/kg in case
of Cu. In plant tissues, slightly higher concentrations compared to
mean values of Cu were found in case of both species but especially
in case of hornbeam (15.78 mg/kg). Most of the Zn concentrations
in soilsamples are in the range of normal values,but in case ofboth
species, increased concentrations of Zn were obtained in plant tis-
sues compared to correspondent soil samples. In case of B. pendula,
in almost half of the samples, Zn concentrations were higher than
100 mg/kg, with a maximum value of 570.9 mg/kg in leaves. Only
one leaf sample exceeded the threshold of 100 mg/kg in case of C.
betulus. In case of both species, slightly increased concentrations of
Cr and some excessive values of Ni were measured in few samples
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Table 2
Pearson’s correlation coefficients between vegetation indices and CCI for Betula
pendula and Carpinus betulus.

(A) 40
y =2.2255 + 0.0494*x; p < 0.0001
3.8} | #=0.5036 . o 2 ud

No Algorithm B. pendula C.betulus
1 R750/R710 0.722 0.907
2 Rgs0/Ry10 0711 0.900
3 R750/R70s 0.710 0.900
4 R750/Rs56 0.710 0.878
5 R750/Rs50 0.708 0.878
6 Rg00/Rss0 0.703 0.877
7 R750/R700 0.687 0.876
8 R760/Rg95 0.626 0.800
9 Rs00/Re35 0.624 0.771
10 Rg00/Res0 0.543 0.695
11 Rs00/Reso 0.303 0.437
12 R750/Rgs0 0.293 0.423
13 (Ry50 = R705)/(Ry50 + Ryp5) 0.706 0.907
14 (Rgs0 — Ry10)/(Rss0 = Reso) 0.698 0910
15 (Rs00 = R700)/(Rs00 +R700) 0.675 0.883
16 Red edge 0.636 0.884
17 (Rg00 = Re35)/(Rsoo +Re35) 0.630 0.796
18 (Rg00 = Res0)/(Rsgoo +Reso) 0.304 0.400
19 (R750 = Res0)/(Ry50 +Reso) 0.293 0.382
20 (Rs00 = Ras5)/(Rgoo — Reso) 0.191 0.107

750/705

28
26
24
22
4 6 8 10 12 14 16 18 20 22 24 26 28 30
ccl
(B) 0.62
y=0.4042 +0.0058*x; p <0.0001
0.60

3.6

34

32

3.0

% =0.4979

compared to mean values. A maximum value for Ni in case of B.
pendula is 15 mg/kg and in case of C. betulus is 27.5 mg/kg (Lazar
etal,2014).

The wavelengths sensitive to the chlorophyll content index val-
ues were selected by calculating correlation coefficients between
the CCI values and each wavelength.

In case of birch trees, the wavelengths that best correlated with
CCI values are within the range of 522.5-600.6 nm (Green Band),
602-614.8nm; 697.5-700.1 nm (Red Band) and 701.5-714.8 nm
(NIR). Wavelengths between 738 and 900 nm show the lowest
correlations with CCI values. Reflectance in the blue and red
bands shows weaker correlations with CCI values at wavelengths
400.4-500.3 nm, and 667.6-689.4nm, respectively. The strongest
correlation coefficients obtained in case of B. pendula ranges
between —0.60 and - 0.65.

In case of C.betulus,wavelengths which correlated best with CCI
values are within the range 0f525.5-600.6 nm, 602-617.6 nm and
696.1-700.1 nm and between 701.5 and 717.5 nm. Reflectance in
the NIR domain, for intervals between 739.8 and 900 nm is insen-
sitive to CCI values. Wavelengths between 400.4 and 500.3 nm and
between 667.6 and 688 nm show weak correlations with CClvalues.
The strongest correlation coefficients obtained in case ofhornbeam
range between —0.75 and —0.83.

Results for the regression analysis showed that all of the vege-
tation indices of this study positively correlated with the CClindex.
The coefficients of determination (R?) calculated for relationships
between thisindex (independent variable) and the normalized and
simple ratio vegetation indices (dependent variables) for all sam-
ples (n=90) of B. pendula and C. betulus, showed that SRindex was
slightly superior to NDVI in its correlation with the CCI index in
case of B. pendula and was slightly inferior to NDVI in case of C.
betulus. Generally, our findings have shown that the simple ratio
and the normalized vegetation indices correlated well with chloro-
phyll content, but the coefficient of determination is higher for C.
betulus than for B. pendula (Fig. 1).

Our results concerning Pearson’ s correlation coefficients dis-
played in Table 2 are in accordance with previous works (Gitelson
and Merzlyak, 1996; Curran et al., 1991) showing that the
reflectance in spectralband nearred-edge region is strongly related
to chlorophyll content. The ‘off-centre’ chlorophyll bands sup-
port previous findings that chlorophyll absorption wavelengths
(660-680nm) are poor indicators of chlorophyll content, due to
ready saturation even at low chlorophyll content (Wu et al.,2008;

(750-705)/(750+705)

(C) 38 7

Y= 1.0945 + 0.0947%x; p <0.00001 e
361 |2=0.3095 .

o
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Fig. 1. The SR index (Rys0/Ry0s) and normalized difference index

(R750 — R705)/(Ry50 +R705) as a function of the leaf chlorophyll content in Betula
pendula (A, B) and Carpinus betulus (C,D).
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Daughtry et al., 2000). Indices containing ‘off-centre’ wavelengths
(690-730nm) have greater sensitivity to more subtle changes in
chlorophyll content (Main et al.,2011).Reflectance around 550 nm
is sensitive to both chlorophyll and anthocyanin content, and near
500-520nm is sensitive to both carotenoid and chlorophyll con-
tent.

Ascan be seen from Fig.2Aand Bforboth species,the reflectance
of leaves from polluted zones is higher in VIS and in NIR parts of
the spectrum compared to control zone, the form of the curves
being quite similar. At wavelengths between 1500 and 1700 nm,
the reflectance of samples from polluted zones are slightly lower
than the samples from control zones for the birch leaves (Fig. 2A)
and significantly lower for hornbeam leaves (Fig. 2B). Reflectance
in this spectrum range is influenced by vegetation water content,
internal structure and dry matter (Ceccato et al., 2001).

In Fig. 2C and D, concerning the reflectance in VIS, it can be
seen that between 400 and 680 nm, the curves of reflectance are
well separated for the samples from polluted zones and control
zone. The increment of reflectance from the polluted zone com-
pared with control spectral signature may be due to the loss of Chl
in leaves (Garriga et al., 2014), to drought stress (Sun et al., 2008)
or to nitrogen deficiency (Zhao et al., 2005).

The red edge (Fig. 2E and F) shows a blue shift for the polluted
zone which may be associated with stress or senescence (Main
et al., 2011), a situation in which water content and chlorophyll
levels are decreased. According to our data, the chlorophyll con-
tent is not affected, but most probably the water status of the
plants under heavy metal stress is lower than in control plants.
Exposure to heavy metals may impair water uptake and water
content of plants (Disante et al.,, 2011; Santala and Ryser, 2009).
Plants exposed to heavy metals may suffer from drought stress
and reduced growth even when water supply is sufficient (de Silva
et al., 2012). In this perspective chlorophyll meter readings may
offer a complementary tool for screening between two additive
stresses.

Chlorophyll fluorescence can be used as a sensitive measure-
ment for detection of ion/salt sensitivity and other environmental
stress factors (Misra et al., 2006). Fluorescence originates in the
antenna complexes of PSIlas emission at 685 nm (Govindjee,2004)
and in the far-red region at 720-740nm emitted by PS I. The ratio
F,/Fy used extensively as the maximum quantum yield of primary
PSII photochemistry is ranging from 0.78-0.84 in healthy plants
(Bjorkman and Demmig, 1987). F,/Fy, is often used to estimate the
extent of photoinhibition of photosynthesis. Under severe stress,
a decrease in the chlorophyll fluorescence ratio F,/F,, indicates an
inhibition of PSII. In our study, only two of the 90 determinations
were statistically significantly lower than normal, indicating that
the PSITactivity was not affected by the heavy metals from the soil.

The vegetation indices selected to assess the physiological state
of the plants exposed to the stressed environment are displayed in
Table 3.

Red Edge Normalized Difference Vegetation Index (NDVIygs)
used in stress detection indicates the sensitivity of the vegetation
red edge to small changes in canopy foliage content. Modified Red
Edge Simple Ratio Index (m SR;(5) uses bands in the red edge and
incorporates a correction for leaf specular reflection.

To assess the vegetation’s ability to use photosynthetically
active radiation (PAR), the following light use efficiency (LUE)
indices have been used: Photochemical Reflectance Index (PRI),
Structure Insensitive Pigment Index (SIPI), and Red Green Ratio
(RGR).PRIis defined as an index ofthe xanthophyllcycle activity on
a diurnal time scale. Xanthophyll cycle pigments adjust the energy
distribution at the photosynthetic reaction centre, indicating the
PSII photochemical efficiency. They also indicate the vegetation
production and the stress level (Gamon et al., 1992). Various
factors affect the PRI-LUE relationship, such as soil background,

temperature, or pigment content. Generally, in stressed environ-
ment both LUE and PRIdecrease proportionally.

SIPI is used in cases in which there is a high variability of the
canopy structure. RGRmeasures the relative expression ofleafred-
ness caused by anthocyanin to that of chlorophyll. Anthocyanin
Reflectance Index 1 (ARIl) is sensitive to anthocyanin in plant
foliage.Increasesin ARIl indicate changes in foliage vianew growth
or death of leaves.

Our results are within the normal values, except the RGR
which is lower, indicating a higher reflection in Green Band and
alow content of anthocyanins, facts also sustained by Anthocyanin
Reflectance Index 1 (ARI1) values.

Anthocyanins are considered metal stress indicators playing
a major role in the protection against metal stress. Inductive
synthesis of anthocyanins could be regarded as a biochemical
detoxification strategy. Many studies have shown that antho-
cyanins are able to form strong ligand complexes with metal ions
(Dai et al., 2012; Takeda, 2006). Vacuolar sequestration of excess
metals in the epidermal cells suggests that the synergistic induc-
tion of anthocyanins may provide a detoxifying sink for metals,
when the cell wall and extracellular exudates, the first barrier
against metal stress, are surpassed (Dai et al., 2012). The role of
anthocyanins may be especially critical in highly stressed condi-
tions; when the increasing concentration of metals provides more
severe stresses, anthocyanins participate more actively in plant
protection. Thus, depending on the metal type, plants may choose
different defense systems. In experimental studies (Baek et al.,
2012), it was shown that Pb induced the smallest quantity of
anthocyanins but it was the strongest inducer of carotenoids. It
was also suggested that in different plants, Cu stress may induce
anthocyanins as main antioxidants while the Pb stress induces
carotenoids as main protectants.

Plant Senescence Reflectance Index (PSRI) incorporates wave-
bands from both, the visible and NIRregions. When increased, this
indicates stress at canopy level or later stages of senescence. Our
values are within the normal values recorded in similar studies.

The overlapping reflectance exhibited by chlorophyll and
carotenoids in the visible region makes it difficult to retrieve the
two bands independently. Carotenoid Reflectance Indices 1 and 2
(CRI1,CRI2) are using the difference between reciprocalreflectance
at 510 and 550 nm, and between 510 and 700 nm, respectively, in
order toremove the effect of chlorophyll. Higher CRIs values mean
greater concentration of carotenoid relative to chlorophyll.

As can be seen in Table 3, the carotenoid content relative
to chlorophyll is lower than normal. Carotenoids are known to
be involved in photoprotective action by quenching the excited
state of chlorophyll and in non-photochemical quenching, con-
sidered to be a second protective mechanism. Under heavy metal
stress, reactive oxygen species are produced which are affecting
membranes and nucleic acids (Hou et al.,, 2007). Previous stud-
ies evidenced that a decrease in carotenoid content is a common
response to metal toxicity (Routet al.,2001), whereas the increase
is due to the involvement of the pigments in detoxifying ROS
(Tewari et al.,, 2002; Chandra et al., 2009). In addition, metals
can enhance or reduce carotenoid production depending on metal
types (Fargasovd, 2001; Sinha et al., 2003), metal concentration
and stage of development. Arabidopsis thaliana showed gradual
increases and subsequent decreases ofcarotenoid content,depend-
ing on increasing concentrations of metals in Cu and Hg-treated
seedlings (Baek et al.,2012).

The mean heavy metal concentrations in birch and hornbeam
leaves from control and polluted zones are shown in Table 4. Mean
concentrations of Ni (p=0.1 for birch and p=0.61 for hornbeam)
and Cr (p =0.3 for birch and p=0.08 for hornbeam) in leaves are not
significantly higher in control zones compared to polluted zone.
Generally, their accumulation at leaflevelis not related to soil pol-
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Fig. 2. Response to heavy metal exposure compared to control zone in terms of spectral ranges: 480-2500 nm for Betula pendula (A) and Carpinus betulus (B); 400-700 nm
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Table 3

Vegetation Indices assessing the physiological state of Betula pendula and Carpinus betulus.

No. Indices Algorithm Normal values Recorded values —B. pendula Recorded values —C. betulus
1 NDVI;s (R750 = Ry05)/(Ry50 +Ry05) 0.2-0.9 051 0.447

2 m SR705 (R750 = Ra45)/(R705 — Rygs) 2-8 4.66 3.12

3 PRI (Rs31 — Rs70)/(Rs31 +Rs70) -02-0.2 0.009 0.014

4 SIPI (Rg00 — Ryas)/(Rsoo — Rego) 0.8-1.8 0.978 0.993

5 RGR* mean(red)/mean (green) 0.7-3.0 0519 0.540

6 ARII1 (1/Rs50) — (1/R700) 0.001-0.1 0.005 0

7 PSRI (Rgs0 — Rs00)/Rys0 -0.1-0.2 0.005 0.008

8 CRI1 (1/Rs19) — (1/Rss0) 1-12 0.103 0.099

9 CRI2 (1/Rs10) — (1/R700) 1-11 0.098 0.099

¢ Where mean (red) represents all bands with wavelengths in the red range and mean (green) represents all bands with wavelengths in the green range of the electro-

magnetic spectrum.
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Table 4

Heavy metal concentrations (mgkg~! DW) and vegetation indices for Betula pendula and Carpinus betulus from control and polluted zones.

Samples Item Ni Pb Cd Cr Cu Zn CRI1 RGR Red edge
Control B. pendula Mean 4.92 0.28 043 1.35 5.76 80.81 0.120 0518 718.705
(n=18) SD 2.63 0.11 0.12 0.56 1.08 23.87 - - -

CV. (%) 534 392 279 414 18.7 295 - - -
Polluted zone B. Mean 3.70 0.34 031 1.19 5.59 122.04 0.107 0.520 718279
pendula (n=48) SD 2.74 0.18 0.23 0.68 1.75 96.09 - - -

CV. (%) 74.0 529 74.0 57.1 31.3 78.7 - - -
Control C.betulus (n=9) Mean 6.11 042 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 - - -

CV. (%) 432 30.8 60.0 14.0 11.3 13.5 - - -
Polluted zone C. betulus Mean 5.12 043 0.11 1.12 7.15 34.00 0.096 0.554 716.134
(n=15) SD 6.54 0.28 0.10 0.74 298 33.94 - - -

CV. (%) 127.7 65.1 90.9 66.0 41.6 99.8 - - -

SD: Standard deviation.
C.V.: Coefficient of variation.
* p two tail. Marked com parisons are significant at p<0.05.

Table 5

Pearson’s correlation coefficients between heavy metal concentrations in leaves of Betula pendula and Carpinus betulus and vegetation indices.

Sampling areas Controlarea (B.pendula)n=18

Polluted area (B.pendula)n =48

Controlarea (C.betulus)n=9 Polluted area (C.betulus)n=15

Indices 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 0211 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 0444 -0.044
Cu -0.098 0.351 0.198 0.145 0473 0.759 0419 0.306
Zn 0.21 0.065 0.253 -02 0.602 0.702 0.287 -0.031
" p<0.05.

lution caused by the mining activity. Previous results obtained on
soil studies from this zone suggest that Ni and Cr are not related
to the mineralization of mining deposits but rather to the Creta-
ceous sediments occurring in the western and southern part of the
investigated area (Lazar et al.,2014).

The coefficient of variation indicating the extent of variability
in relation to the mean of the population is constantly higher for
polluted zones compared to control. For both species, the highest
variability is for Ni and the lowest for Cu.

For birch, there is a significant statistical difference for Cd and
Zn (p<0.05) concentrations between the controland polluted area.
The Cd concentration of leaves is significantly lower and leaf Zn
concentration is significantly higher at the polluted compared to
the control area. In case of hornbeam, Zn concentrations are sig-
nificantly higher (p <0.05) at the polluted compared to the control
zone. The CRII is significantly higher at the control compared to
the polluted zone both for birch (p=0.01) and hornbeam (p=0.04).

A Pearson’s correlation was run to determine the relation-
ship between heavy metal concentrations in leaves and vegetation
indices (red edge and CRIl) values. For all the samples, there
is a negative correlation between Ni and the vegetation indices
(Table 5). Considering the r values, most of the correlations estab-
lished are weak to moderate. There was a significant negative
correlation between Cd and CRIl in polluted area and a strong, posi-
tive correlation between Cu and CRIland Zn and CRII for hornbeam
in the control area.

Ourresults sustain the ideaconfirmed by the levelofheavy met-
als in soil and plant tissue that in the study area the influence of
heavy metalsis moderate to low and that the individuals ofthe two
species are adapted to this environment. Resistant plants adapted
to the noxious conditions of contaminated soils have constitutive
and adaptive mechanisms for coping with elevated soil metal con-
centrations.In this case,the content oftotal chlorophylland the PSII
activity are not affected,but valuesofanthocyanins and carotenoids
are lower than normal, and not affected by heavy metal pollution
as mirrored in the lower CRII in the polluted area for both species.

One of the objectives of this study concerning the relationships
between leaf optical properties and stress level was to find indices
that hold across species, mainly across plants adapted to a stressed
environment. The ability to use the same indices across a wide
range of vegetation typesappearstobe severelyimpaired due to the
differences in leaf morphology and structure (Gamon and Surfus,
1999). Our results are indicating that the differences between leaf
optical properties are minimal between the two species belonging
to the same family, and the values of the vegetation indices are
showing similar trends.

4. Conclusions

This experiment indicates that both species, B. pendula and C.
betulus, are adapted to their environment showing minimum signs
of stress expressed by their optical properties, in conditions in
which the level of heavy metals in soil,due to former mining activ-
ity, was medium to low.

Usually, high concentrations of metals are inducing a decrease
in chlorophylls, an increase in anthocyanins and a fluctuation in
carotenoid content depending on the metal types (Baek et al.,
2012).In our case, the content oftotalchlorophyll was not affected,
but anthocyanins and carotenoids values as evidenced by the
reflectance indices were lower than normal. Considering that
carotenoids are mainly involved in the protection against mild
metal stress conditions whereas the role of anthocyanins may be
especially critical in highly stressed conditions (Baek et al., 2012),
one may assume that the level of stress affecting vegetation on this
site is rather low.

For chlorophyll assessment, the reflectance ratios Ryjr/Rs50 and
RNir/R700 are the most reliable and can be employed for an accurate
estimation of the pigment content of the leaves. We found that
the equations proposed by Richardson et al. (2002) for Ry59/Rggo
and Blackburn (1998) for Rggg/Reso and Rgpg/Rg7s5 produced poor
chlorophyll content estimates when applied to our data.
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Our results are showing lower than normal values of Red Green
Ratio (RGR), indicating a higher reflection in Green Band and a
low content of anthocyanins, facts also sustained by Anthocyanin
Reflectance Index 1 (ARI1) values. Also, the carotenoid content rel-
ative to chlorophyll expressed by Carotenoid Reflectance Indices 1
and 2 (CRI1, CRI2) is lower than normal.

The other light use efficiency (LUE) indices are within normal
values, indicating that the overall reactions of photosynthesis are
not impaired by the specific conditions of the habitat.

Differences in leaf optical properties are minimal between the
two studied species and the values of the vegetation indices are
showing similar trends. Both techniques performed consistently
welland yielded accurate estimations of pigment content,support-
ing their interoperability. In order to assess the stress level of the
vegetation the portable spectroradiometer offers more complete
information.

This kind of study demonstrates the potential to assess phys-
iological status of different plant species using optical properties
which may provide direct insights into structural and functional
patterns and may estimate different indicators of species adapted
to a certain habitat, yielding similar responses to the environment.
Together with some additional information concerning soil nutri-
ents and their interactions with heavy metals, heat stress, heavy
metalconcentration in planttissue and plant stage of development,
the structural and functional traits are potentially useful for the
monitoring of functional shifts in ecosystems.
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