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ABSTRACT

The article presents the results obtained from a study for detection and assessment of abiotic stress
through pollution with heavy metals, metalloids, and natural radionuclides in European Black Pine
(Pinus nigra L.) forests caused by uranium mining using ground-based biogeochemical, biophysical,
and field spectrometry data. The forests are located on a territory subject to underground and open
uranium mining. An operational model of the study is proposed. The areas subject to technogeo-
chemical load are outlined based on the aggregate pollution index Z.. Laboratory and field spec-
trometry data were used to detect the signals of abiotic stress at pixel level. The methods used for
determination of stressed and unstressed black pine forests are: four vegetation indices (TCARI,
MCARI, MTVI 2, and PRI 1) for stress detection, and the position, depth, asymmetry, and shift of the
red-edge. Based on the ,blue shift” and the depth and position of the red-edge, registered by the
laboratory analysis and field spectral reflectance, it is established that coniferous forests subject to
abiotic stress show an increase in total chlorophyll content and carotene. It has been found that the
vegetation indices MTVI 2 and PRI 1, as well as the combination of vegetation indices and pigments
may be used as a direct indicator of abiotic stress in coniferous forests caused by uranium mining.

INTRODUCTION

The significance and importance of vegetation stress is included in present-day plans, pro-
grammes, directives, and agendas of FAO, EC and other national and international authorities and
governing bodies. Under the conditions of increased environmental pollution levels, plants accumu-
late high concentrations of harmful substances in their vegetative organs (1). Stress is largely per-
ceived as a total response to environmental demands or pressures. This reaction can be either
positive or negative (2). Furthermore, a simple dichotomy of stress to abiotic and biotic factors was
given by (3). According to the authors the factors resulting in the occurrence of abiotic stress in
coniferous plants are: wind, snowfalls, fires, drought, air pollution with aerosols and dust particles,
heavy metals, pollution of soil and water with heavy metals, radionuclides and organic compounds
(3). The physiological changes are expressed in the growth of organisms and functional distur-
bances, change in chlorophyll content and moisture provision in leaves, and chlorosis (2).

A classification of the abiotic stressors and their impact on the spectral characteristics of crop veg-
etation at particular wavelengths of the spectrum has been done recently (4). Using some indirect
signs and correlation dependencies between structural and vegetation index (V/) images obtained
by satellite imaging spectroradiometers, damages and stress may be identified and their scope and
magnitude may be assessed. A set of narrow-band (about 2 nm) vegetation indices are being de-
veloped to register typical absorption elements characteristic of the availability of a given chemical
element or compound in the studied object (5).

Abiotic stresses in mining environments are mainly caused by abiotic stressors such as salinity,
pollution, and mineral deficiency/toxicity manifested in plant responses such as changed and al-
tered biochemistry, chlorophyll content, altered growth and are detected by changing plant bio-
chemical characteristics such as the Leaf Area Index (LA/) (3). Right after launching the Earth Re-
source and Technology Satellite (ERTS) or Landsat 1 in 1972, field and satellite data have been
used extensively to study geological applications such as mineral exploitation and geological map-
ping. Satellite and airborne data was also used for studying chemical abiotic stress in conifers as a
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supplementary means for geological prospecting. For instance, in 1971 Howard et al. found that
the increased reflectance at 810 nm for Pinus ponderosa is due to Cu and its compounds (3,6).
Later on it was found that on Cu-Mo mineralization Pinus contorfa communities exhibit higher re-
flectance at 670 nm and a smaller peak at 790 nm (7). A more general dependence between sub-
strate mineralization and the higher reflectance of conifers from the grasses in the visible part of
the spectrum was established (8). It was found that the second derivative of the spectral reflec-
tance curve at 733 nm changes its shape due to chemical stress (9).

Numerous studies have shown the potential of airborne and satellite imaging spectrometry for de-
tecting changes in foliar chemistry and stress detection. For example, airborne hyperspectral data
obtained with the HyMap spectroradiometer showed that the chlorophyll concentration in needles
of Norway spruce and young Balsam fir is positively correlated (r=0.99) with the vegetation index
ANMBG650-725 which can be used for stress detection (10). One of the most topical studies on the
potentials of the future Hyperspectral Environment and Resource Observer (HERO) satellite mis-
sion for studying chemical vegetation stress in Canadian forests reveals the weaknesses of such a
mission and outlines the potentials for improvement of its parameters in view of future studies (11).
The actuality of the study is also in line with present developments and EU-wide projects which aim
to observe the mining activities in the EU such as MINEO, HyperGreen, GMES4Mining, EUFO-
DOS, and EO-Miners (12,13,14,15,16).

The major objective of the present study is to detect and to assess abiotic stress in European
Black Pine (Pinus nigra L.) forests caused by uranium mining using ground-based biogeochemical,
biophysical, spectrometric data. The subjects of the study are mono-culture landscapes of Euro-
pean Black pine (Pinus nigra L.) occupying the place of the natural oak vegetation (Quercus sp.),
located on a territory subject to underground and open uranium mining on the Iskra mining section
in the river basin of the Teyna River, a left tributary of the Iskur River, the Balkan Peninsula.

Study area

The river basin of the Teyna River is located between 42°50’N and 40°51’N latitude and 23°19'E
and 23°20’E longitude and occupies an area of 4,775 km? with altitudes varying from 500 m a.s.l.
at the discharge point of the Teyna River into the Iskur River to 964 m a.s.l. in the highest part of
the water-catchment basin (17), (Figure 1).

The region falls entirely within the temperate-continental climatic belt, with a mesothermal climate
(C) group after the climate classification of Képpen (18). The surface outflow of the Teyna River is
small, reaching up to 1 m*® per minute only during heavy rain and snow-melting. According to the
global soil classification of the Food and Agricultural Organization (FAQO) of the United Nations
(UN) (19), the region is characterised by: Chromic Luvisols occupying 45.8% and Cambisols occupy-
ing 36.37% of the territory. The remaining 17.4% of the river basin are covered by bare soils or An-
throsols. According to the classification of the World Wildlife Fund (WWF) and the Digital Map of Eu-
ropean Ecological Regions of the European Environment Agency (EEA), the river basin of the Teyna
River completely falls within the ecoregion of the Balkan mixed forests, the Pale-Arctic ecozone
(20). The dominating vegetation type is presented by mono-culture plants of Scots pine (Pinus
sylvestris L.) and European Black pine (Pinus nigra L.) in the place of the natural oak (Quercus

sp.).
Brief history of the mining section

The Iskra uranium mining section, located in the water-catchment basin of the Teyna River, fea-
tures a total area of 4.87 ha (21,22). Falling within the section’s boundaries are: 12 embankments,
1 quarry, and 2 technological sludge pans. The development of the deposit started in 1956 after
the open-pit mining technique, while preparation of the deposits for underground mining was also
carried out. The classical mining in the section ended in 1962. In 1984 the geotechnological mining
was started, and was subsequently decommissioned in 1990. The technological liquidation, bio-
logical restoration, and reclamation started after 1994 based on Decree N0.163/20.08.1992 of the
Council of Ministers and Order No.56 of the Council of Ministers of 29.03.1994 (15,16). The envi-
ronmental conditions in the studied region were additionally complicated by the correction of the
river bed which caused almost total draining of the surface waters through adits in the Kisseloto
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Ezero (Acid Lake) which is the place of uranium mining product sedimentation. The high soil-
geochemical background with respect to some heavy metals exerts a direct influence on the con-
centrations and their redistribution across the natural complexes. Increased content of Pb, Cu, and
Fe in soils of the region has been established, which was attributed to residual Pb pollution from
the former Lead Mining and Processing Works in the Town of Novi Iskur, decommissioned in 1973
on account of the deteriorated ecological conditions (23).
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Figure 1: The study area with test sites and sampling points indicated.

METHODS

Two groups of data were used to identify the abiotic stress in coniferous vegetation in the exam-
ined region. The first includes data obtained from independent information sources, i.e., ground-
based biogeochemical and biophysical data; the second group consists of ground-based field
spectrometric data. A file geodatabase was composed in ArcGIS/ArcCatalog 9.2 for storing, visual-
izing, and managing the geospatial information.

Field Data
During the ground-based studies conducted in 2010-11 on the Iskra mining section, the following

data were collected:
» GPS measurements were performed for an accurate georeferencing of field spectrometry
measurements;

» Spectrometry measurements were conducted using the Hand Held FieldSpec (HH FS)
Demo 1445 spectrometer of Analytical Spectral Devices (ASD).
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The spectrometer operates within the range of 325-1075 nm of the Visible and Near-IR part of the
spectrum (VNIR), using a 512-channel silicon photodiode detector covered by a separation filter
(24).

In May 2011, a series of 130 field and laboratory spectrometric measurements were carried out.
Four-fold measurements of the coniferous plant samples (two-year shoots) collected from four test
sites were made. These measurements were:

» “hot-spot” field spectrometry measurements, taken from the light source direction - the Sunlight
- and contact probe photodiode, using a 10° fore-optics. All spectra were taken during noon-
time, i.e. the time-frame between 10h am and 14h pm, in cloud-free and sunny conditions

» laboratory spectrometry measurements of collected field specimens of Black pine needles
from all test sites using the ASD contact probe

» Chlorophyll content using the method of Lichtenthaler (25). Spectra were bundled into a spec-
tral library in ENVI file format (.sli) for the purpose of additional processing and classification

» LAl measurements have been taken in overcast sky conditions using an AccuPAR LP80
PARceptometer manufactured by DECAGON®. This was done as the overcast conditions
had proven to give better results in determination of LA/ for conifers with the AccuPAR
LP80 PARceptometer

» Finally, the contents of heavy metals and metalloids (Cu, Zn, Pb, Ni, Co, Mn, and Cr) and
natural radionuclides (**U, #*Th, ?*®Ra, and “°K) in soils and vegetation samples, as well as
chlorophyll-a, chlorophyll-b, chlorophyll-a+b, and carotene were measured in laboratories
licensed according to the international standards.
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Figure 2: Flowchart of the model for detection and assessment of abiotic stress in coniferous land-
scapes.

According to the developed model (Figure 2), it was envisaged to perform the GIS analysis by in-
tegrating the results from the processing of the field spectrometry data at test site level. The test
sites were chosen within landscape units characterised by exactly the same composition of natural
and semi-natural environmental features. Some biometric parameters, such as tree density, age,
and height were chosen to be homogeneous within the landscape units in order to eliminate the
bias in collecting the spectra. The analysis is performed on four (two stressed and two non-
stressed) out of 15 test sites as the two pairs of test sites appeared to be more contrasting in terms
of aggregate pollution index Z. values.

Aggregate pollution index Z,

Forest maps from the regional forestry services of the town of Novi Iskar were used in order to es-
tablish the heavy metal, metalloids, and radionuclide pollution in the examined region. A stratified
random sampling was made within European black pine forests to determine the test sites (26).
This sampling resulted in 15 randomly distributed test sites within the coniferous forest stands. For
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them, an assessment of the geo-chemical condition was made based on archive data and pub-
lished materials, (27,28,29), as well as based on data from radiochemical, biogeochemical, and
agrochemical analyses performed as a result of conducted field studies in the examined region
during 2010-2011. The authors (18) established high values of the concentration coefficients
(CCs) for the heavy metals Pb and Cu and of the Dispersion Coefficient (DC) for Ni, Zn, and Mn.
From the calculated values of the biological absorption coefficient (A,) it was established that Scots
pine intakes Cu and Zn and European Black pine intakes Zn and Mn (19). In respect to the natural
radionuclides, the strongest pollutant is Ra followed by U.

The assessment of the technogeochemical state of the examined coniferous landscapes for 1993
and 2011 was made using the aggregate pollution index Z; with respect to the background concen-
trations (30,31,1):

ZcziKc—(n—ﬂ (1)

where K_ is the technogenic concentration coefficient with K:>1 (or 1.5), representing the ratio of
heavy metal and metalloids concentrations and/or the specific activities of natural radionuclides in
the surface soil horizon (0-20 cm) to the background concentrations and specific activities deter-
mined for the examined region:

C

Cbackground

K, (2)

n is the number of elements with K>1 (or 1.5). Territories with coefficient values of 50 to 60 and above
have been found to be technogenically polluted. Based on the analysis of the values of Z;, the authors
conclude that in technogeochemical aspect, pollution was much higher (up to four times) in 1993-
1996 compared to 2011, which is due to the freshly stopped uranium mining activity in the region.

The distribution fields of Z. were made using the Geostatistical Analyst Extension in Arcin-
fo/ArcGIS 9.2. The interpolation method used for calculating the CC, DC, K., and Z. was the In-
verse Multiquadratic Function (IMF) from the set of the Radial Basis Functions (RBF), since the
Root Mean Square Error (RMSE) has been shown to be the lowest as compared to other interpola-
tion methods during cross-validation of the resulting layers.

Red-edge position

The VNIR part of the vegetation spectrum is characterised by five basic absorption lines (32). The
electronic transitions of the photosynthetic pigments chlorophyll, xanthophylls, and carotene cause
the absorption in the 400 to 700 nm range, while the bending and extension of the O-H link in the
water molecule and other molecules cause absorption centred at 970 nm (33). A linear red-edge
reflectance model (34) is used in this study:

Rred—edge = @ (3)
The position of the red-edge wavelength of the electromagnetic spectrum is given by (6):
Jrsd-odge =700 + 40 (Mj "
Prao — Proo

Vegetation Indices

Out of the available nearly 150 published Vegetation Indices (V/), only about 30 have been tested
systematically (22,35). In the present study, four narrowband out of 30 narrowband VI were cho-
sen and used to determine abiotic stress in coniferous landscapes (Table 1). The choice of the four
indices was imposed due to their higher correlation coefficients with the field collected and labora-
tory analysed pigments data. After that the ENVI .sli spectral library containing the averaged spec-
tra of the test sites was used as an input to the V/ estimation using standard ENVI spectral math
functions and additional IDL scripting. The ENVI .sli data format is useful for storing and managing
field spectra as well as for data processing and visualisation.
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Table 1: Vegetation indices used for determination of the abiotic vegetation stress.

Vegetation index Equation Source
Modified Chlorophyll Absorption in _ ) ) ) R0
Reflectance Index (MCARI) MCAR! = [ (Rran - Ror0) -0.2(Rioo - Reo) ] Rero (36)
R
Transformed CARI (TCARI) TCARI = 3{[("_\’700 = Re70) - 0.2(Rro0 - Rsso ) | R"“’} (37)
670
Modified Triangular Vegetation MTVI2 = 1.5[1.2(Roso - Rsso) ~2.5(Rero - Roo | (38)
Index 2 (MTVI 2) J(2Reo +1)° ~(6Ruo ~5yRero )05
Photochemical Reflectance Index 1 Rsa2s - Rss
PRI = 520 Z %507 39
(PRI'1) Rs2s + Rser (39)

Statistical analysis

Correlation (Pearson) and regression analysis between the laboratory measured pigments, ASD
HH FS VI, and Z; values were carried out. A set of dendrograms was prepared according to the
hierarchical clustering (Ward) method using the field spectrometry data, the laboratory measured
pigments, and ground-measured LA/.

RESULTS AND DISCUSSION

The areas subject to technogenic geochemical pollution were delineated based on the Z.. Conifer-
ous landscapes subject to abiotic stress were reclassified into four classes according to their Z.
values (Table 2).

Table 2: Classes of the agregate pollution coefficient Z; in soils.

1% class 2" class 3" class 4" class
Class names Unstressed Moderately stressed Stressed Heavily stressed
Z:values 0+10 10+20 20+50 >50

According to the classification in 2011 only stressed (test sites 10 and 11) and unstressed (test
sites 2 and 5) coniferous landscapes were identified in the study area.

Position and depth of the red-edge determined by field and laboratory data

The positions of the red-edge in the visible part of spectrum (VIS) for field- and laboratory-
measured spectral reflectance of samples of two-year black pine needles were determined with the
multiplication method of the maximal value of the absorption line depth using the software add-on
for ENVI developed by F. Van der Meer. In field spectra, the position of the red edge with stressed
plants (the deepest part of the continuum removed spectrum) is shifted slightly towards the orange
and green part of the spectrum, i.e., the so called “blue shift”. With healthy plants, it is at about
683-685 nm, while it is at about 674 nm with stressed ones (Table 3).

Table 3: Depth and position of the red edge in the VIS part of spectrum for ASD HH FS.

Test site No. [ Red-edge position A (hm) | Depth Area | Asymmetry

2 683.00 0.17 19.19 1.07
5 685.00 0.33 59.92 2.36
10 674.00 0.71 193.02 5.60

11 676.00 0.87 270.30 5.88
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The depth, area and asymmetry of the absorption line at about 685-700 nm is significantly better
expressed with stressed plants than with non-stressed ones.

Relationships between Biophysical, Geochemical Data, and VI

Correlation and regression relationship with the values of the ground-measured VI, LAI, chloro-
phyll-a, chlorophyll-b, chlorophyll a+b, and carotene was derived. Very strong positive relationships
with Z; were established with the pigment content, and very poor negative relationship of LA/ with
Z; (Table 5).

Table 5: Pearson correlation coefficients (r) for Z., chlorophyll-a, chlorophyll-b, chlorophyll a+b,
carotene, and LAl (a = 0.05).

Variable Z

Chlorophyll a (mg/kg) 0.95
Chlorophyll b (mg/kg) 0.95
Chlorophyll a+b (mg/kg) 0.95
Carotene (mg/kg) 0.96
LAl -0.24
TCARI -0.03
MCARI -0.80
MTVI 2 0.85
PRI 1 0.74

From the VI under investigation TCARI/MCARI have negative relationships with Z;, whereas Z. has
only strong positive relationship with PRI1 and MTVI 2. The strongest positive correlation is found
for Z, and carotene, followed by Z. and chlorophyll, then MTVI 2 and PRI 1. A reverse correlation is
found between MTVI 2 and Z; and accordingly between MCARI and Z..

The distances at which the clusters are grouped are presented in Table 6. In the table TCARI and
MCARI values group their first cluster relatively farther than Z;,, MTVI 2, and PRI 1. These results
also support the conclusions for the VI's performances for abiotic stress detection drawn from vis-
ual comparison between dendrogrammes presented in Figure 2.

Table 6: Cut-off distances for clustering of Z., chlorophyll-a, chlorophyll-b, chlorophyll a+b, caro-
tene, LAl, and the chosen VI dendrograms.

Clusters 1 2 3

Chlorophyll-a (mg/kg) 1.65 0.46 0.17
Chlorophyll-b (mg/kg) 1.66 0.43 0.17
Chlorophyll a+b (mg/kg) 1.65 0.46 0.17
Carotene (mg/kg) 1.66 0.46 0.05
LAl 1.62 0.52 0.26
TCARI 1.84 1.51 0.53
MCARI 1.84 1.51 0.53
MTVI 2 1.55 0.72 0.23
PRI 1 1.56 0.73 0.06
PC 1 - VI and pigments 1.76 1.44 0.88
Z; 1.72 0.11 0.00
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In Figure 3 below the clustering distances are presented graphically on the dendrograms.
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Figure 3: Dendrograms of ASD HH FS VI, pigments, LAI, PC 1, and Z..

The numbers 1, 2, 3, and 4 on the dendrograms correspond to the four test sites 2, 5, 10, and 11
accordingly. The values of the pigments are grouped similar to the initially separated classes of
stressed (test sites 10 and 11) and unstressed (test sites 2 and 5) coniferous landscapes, while the
remaining V/ values are not grouped in the same way. Only the MTVI 2 value grouping resembles
the Z, and pigments grouping, however, not being able to distinguish between the initially tested
groups. The values of V/ with pigments are grouped similar to the grouping of chlorophyll-a, chlo-
rophyll-b, carotene, and Z.. Therefore, the VI (TCARIIMCARI, MTVI2, and PRI 1) and pigments
(chlorophyll-a, chlorophyll-b, and carotene) clusters in the same way as the aggregated pollution

index Z..
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Nevertheless, the similar clustering pattern is only possible in the presence of pigment content da-
ta. Therefore, although there is a strong correlation between the MTVI 2 and PRI 1 and Z., the
tested VI have no distinctive potential between tested groups of stressed and non-stressed vegeta-
tion if no supplementary pigment data is present. This conclusion is also supported by the fact that
PC 1 clustering, which accounts for 71.4% of the VI and pigments data, i.e., field spectra and labo-
ratory data, is almost the same as of the pigment data.

CONCLUSIONS

Using the field and satellite spectrometry data, the VI and biogeochemical data, it was established
that coniferous forests are subject to abiotic stress caused by uranium mining. It was found that, in
field spectra, the position of the red edge with stressed plants is shifted slightly towards the orange
and green part of the spectrum, i.e. the so called “blue shift”. With healthy plants this shift is at 683-
685 nm, while it is at about 674 nm with stressed ones. Furthermore, the stressed coniferous
plants feature a non-specific stress reaction or ,exstress”. It features an increase of the total chlo-
rophyll and carotene content with increasing total pollution coefficient Z.

However, this conclusion is true at a certain point when tree growth becomes impossible because
of high level pollution followed by a lethal outcome. It has also been found out that the VI such as
MTVI 2 (r=0.85) and PRI (r=0.74) may be used as a direct indicator of abiotic stress caused by
uranium mining in coniferous landscapes. The correlation between the four obtained V/ and Z. led
to the conclusion that most VI, using chlorophyll absorption lines, show a very strong inverse corre-
lation relationship with the total chlorophyll content, chlorophyll-a and chlorophyll-b content while Z,
features show a very strong positive relationship with pigment contents.

Nevertheless, it was also found that the VI without additional pigment concentration data for the
pine needles are not sufficient to clearly distinguish between classes of stressed and non-stressed
vegetation. In conclusion, the study will continue with an investigation of the narrowband V/ which
feature the most distinctive relationship between VI and the modelled Z; values. Also, future stud-
ies of this topic will definitely benefit from a more rigorous and versatile model for pollutant distribu-
tion in soils and reclaimed lands.
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