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Abstract: Remote sensing is a suitable candidate for monitoring rapid changes in Polar regions,
offering high-resolution spectral, spatial and radiometric data. This paper focuses on the spectral
properties of dominant plant species acquired during the first week of August 2015. Twenty-eight
plots were selected, which could easily be identified in the field as well as on RapidEye satellite
imagery. Spectral measurements of individual species were acquired, and heavy metal contamination
stress factors were measured contemporaneously. As a result, a unique spectral library of dominant
plant species, heavy metal concentrations and damage ratios were achieved with an indication
that species-specific changes due to environmental conditions can best be differentiated in the
1401-2400 nm spectral region. Two key arctic tundra species, Cassiope tetragona and Dryas octopetala,
exhibited significant differences in this spectral region that were linked to a changing health status.
Relationships between field and satellite measurements were comparable, e.g., the Red Edge
Normalized Difference Vegetation Index (RENDVI) showed a strong and significant relationship
(R? = 0.82; p = 0.036) for the species Dryas octopetala. Cadmium and Lead were below detection levels
while manganese, copper and zinc acquired near Longyearbyen were at concentrations comparable
to other places in Svalbard. There were high levels of nickel near Longyearbyen (0.014 mg/g), while it
was low (0.004 mg/g) elsewhere.

Keywords: Svalbard; Tundra; Cassiope tetragona; Salix polaris; Bistorta vivipara; Dryas octopetala;
Spectrometry; Optical sampling; RapidEye; Red edge; vegetation indices

1. Introduction

Arctic temperatures have increased, stimulating plant growth; a trend widely referred to as
“the greening of the Arctic” [1-3]. However, many northern latitudes have also experienced suppressed
growth known as browning. In continental regions, summer droughts and wildfires are the main
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drivers of this browning trend [4,5]. In maritime regions other climatic and biotic drivers stress
vegetation, e.g., frost drought [6] and ice-induced anoxia (plant damage following encasement in
ground-ice). Plant damage from a changing winter climate is increasing in frequency [7,8], as winters
are warming more than summers [9]. In addition, environmental pollution is affecting plant vitality in
northern ecosystems [10-12], which may make plants more vulnerable to climatic change.

The absorption, transmission or reflection of the electromagnetic spectrum by plants (their
pigments, biochemical features or cellular structures) can play a significant role in the long-term
monitoring of ecosystem changes. Variations in plant canopy and leaf structure as well as pigment
and water content can result in changing reflectance properties, even between closely related species.
Thus, species identification is possible from these unique spectral properties [13]. It is known that the
spectral properties of plant species depend on plant physiology, morphology or anatomy [14,15]. Only a
few studies in the Arctic and boreal regions have focused on the spectral properties of single species
using hyperspectral sensors [16,17]; most studies focus primarily on vegetation communities [18,19].
From the vegetation point of view, the most important role is played by pigments and nutrients
(plant vitality), but survival strategies related to phenology and morphology may differ between plant
species [20]. Such adaptations have a direct impact on plant properties, which can be used for remote
sensing monitoring [21]. These methods are based on comparisons of absorption/reflectance features
at different wavelengths [22]. Through an integration of field-based (near-ground) spectroscopy and
remotely sensed data, plant vitality at different scales can be monitored. Field spectrometers, which
use fiber optics and in some cases, artificial light, make it possible to obtain high-quality data which
are repeatable during the day and growing seasons [23,24]. The sheer quantity of registered data from
the spectrometer eliminates randomly selected signals. Application of such data is in differentiating
between vegetation types and species for the production of vegetation and biomass maps [25-28].
In particular, the use of remotely sensed data in sensitive and remote Arctic areas is efficient and
minimizes the environmental footprint [29].

Spitsbergen, the main island of the Svalbard archipelago in the European High-Arctic, has a long
history of human disturbance, particularly extensive coal mining, which began in 1906, and from
which 22.5 million tons of coal had been extracted by 1997 [12]. In recent years, the average annual
extraction by the major coal mining company is 2.3 million tons [30]. Runoff from mine waste rock
piles releases large concentrations of heavy metals into the surrounding areas, including aluminum
(Al), zinc (Zn), manganese (Mn), cooper (Cu), nickel (Ni), iron (Fe) and arsenic (As) at phytotoxic
concentrations that can have a significant negative impact on vegetation [12]. High concentrations of
nickel (Ni), found in soils and plant samples at a distance from mining sites, indicate possible wind
dispersal of coal dust [31].

As part of the High Arctic, Svalbard is undergoing rapid climate change [9], with warmer summer
climate leading to extreme plant growth [32]. However, the winter climate is changing more than
the summer climate that has led to extreme wintertime events for both animals and society [33].
The impacts of such climate events on plant cover has not yet been studied in detail, but the observed
browning of some dwarf shrub species [29,34] may relate to extreme winter conditions, similar to the
damage that has been documented in sub-Arctic Scandinavia [7,8].

We studied a vegetation transect in western Spitsbergen with the objectives: (1) to assess
differences in spectral reflectance curves of common High-Arctic plant species from contrasting
functional groups (dwarf shrubs with perennial leaves, with and without leaf yellowing in autumn;
deciduous dwarf shrubs; and herbaceous plants); (2) to elucidate intraspecific variation in spectral
reflectance curves and vegetation indices; (3) to evaluate whether intraspecific variation reflects plant
vitality; (4) to assess whether any changes in reflectance curves may be related to pollution or climate
stress; and (5) to assess how well satellite data can detect vegetation stress on the ground.
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2. Study Area

The study area is located at 78.2°N and 15.6°E in proximity of Longyearbyen, the major settlement
in Svalbard (Figure 1). The area is characterized by a mild and wet maritime-buffered (one of the
wettest) High-Arctic climate with mean temperatures for the warmest and coldest months of 6.5 °C
(July) and —15.2 °C (February) respectively, and nutrient-rich soils [27,29]. The Longyearbyen area has
a long history of coal mining, which has led to contamination of soil and vegetation [9]. The vegetation
is dominated by bryophyte-rich fens and marshes in the lower flat areas along the river valleys
(e.g., Adventdalen), and polar willow (Salix polaris), white Arctic bell-heather (Cassiope tetragona),
alpine bistort (Bistorta vivipara) and mountain avens (Dryas octopetala) on elevated, exposed and drier
sites [27,35].
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Figure 1. Sampling sites near Longyearbyen on the main island in Svalbard. YB]J, FLY and ISD sites are
exposed for a direct ocean influence, and SVH and BOL are curtained areas in the Advent valley.

Data were acquired from seven sites on dry to moist tundra communities dominated by
the vascular species mentioned above (Figure 1). The sites are named Bolterdalen (BOL, sitel),
Svalbardhytta (SVH, 2), Isdammen (ISD, 3), Longyearbyen (LYR, 4), Airport (FLY, 5), Ytre Bjerndalen
(YB], 6), and Indre Bjerndalen (IB], 7). The sites BOL, IBJ, ISD, LYR and SVH and YB]J are situated in
open-to-dense Dryas-dominated tundra/Moss tundra, while the FLY site is situated in an exposed
area of Dryas tundra/Moist Moss tundra [27]. Four plots of 1 x 1 m were selected randomly on
previous monitoring areas at each site using stratified random selection procedures. These plots are
located within large patches of homogenous tundra vegetation (approximately three times larger than
a RapidEye pixel, which covers 5 x 5 m), with each positioned using GPS measurements and identified
by small wooden stakes.

3. Materials and Methods

3.1. In-Situ Data Collection and Processing

The field data were acquired during an in situ measurement campaign between 4 and 7 August
2015 using an ASD FieldSpec 3 spectroradiometer (ASD Inc., Longmont, CO, USA, Table 1) fit with an
ASD PlantProbe [36]. The contact probe, which uses an artificial light and closed chamber for data
acquisition at the leaf-level, offered comparable light conditions for all measurements. The spectrometer
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measures the electromagnetic spectrum in the range of 350 to 2500 nm with the ASD white reference
panel in the cap as the calibration target. Due to the ASD FieldSpec 3 acquisition method, the
spectrometer was configured to average 25 measurements for each acquisition and 10 acquisitions
were completed for each spectral record resulting in 250 measurements per record, affording a higher
objectivity of data.

Table 1. Technical specification of an ASD FieldSpec 3 spectrometer (www.asdi.com, Boulder, CO, USA).

Spectral Range: 350-2500 nm

1.4 nm for 350-1000 nm
2 nm for 1000-2500 nm

Sampling interval:

3 nm at 700 nm

Spectral resolution (Full Width Half Maximum): 10 num at 1400 nm and 2100 nm

0.1 s single spectrum acquisition
1.5 s for 10 spectra averaging

1.4 x 1072 W/cm?/nm/sr @ 700 nm
Noise equivalent delta radiance (NeDL): 24 x 1072 W/em?/nm/sr @ 1400 nm
8.8 x 1072 W/cm?/nm/sr @ 2100 nm

Data collection speed:

The data were acquired for four species: alpine bistort (Bistorta vivipara), white Arctic bell-heather
(Cassiope tetragona), mountain avens (Dryas octopetala) and polar willow (Salix polaris) in every site.
These species are abundant in the High-Arctic tundra in Svalbard, and are also common in the
sub-Arctic and alpine environments [35]. The measurements were carried out on green and healthy
looking leaves [10,37], resulting in 24, 31, 29 and 28 distinct spectral signatures for Bistorta vivipara,
Cassiope tetragona, Dryas octopetala and Salix polaris respectively.

The acquired data were exported to an ASCII file using the ASD ViewPro software for statistical
analysis (Figure 2), with vegetation spectral reflectance properties checked visually using spectral
reflectance curves. Two analytical approaches were applied. First, a statistical analysis was
conducted to select the spectral bands that best differentiate between analyzed species. This step was
achieved using stepwise linear discriminant analysis (LDA) for band selection [38] and nonparametric
multivariate analysis of variance technique (NPMANOVA) to validate the ability of selected bands to
successfully separate all species (measured group differences are statistically significant) [39]. Secondly,
plant vitality by means of optical vegetation indices was assessed [6]. On each plot for the dwarf shrub
species (Cassiope tetragona and Dryas octopetala) we measured the cover of each species following a
percent scale, the health status using the color of the apex leaves of each species and finally the damage
ratio of each species following the methods in Bjerke et al. [6]. The ratio of dead plants was confirmed
by ecophysiological measurements such as chlorophyll fluorescence [6].
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acquisition and processing soil, biota contamination and plat damages
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vegetation indices properties analysis
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Figure 2. An overview of the pre-processing steps for statistical analysis.
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Heavy metal concentrations were used as an indicator of vegetation condition. Following the
methods in Klos et al. [31], leaf samples from test plots and soil samples from the upper five-centimeter
top layer were taken for analysis parallel to spectrometric measurements. Collected material was
dried at 323 K and stored in closed polyethylene containers. During the laboratory analysis, a 0.4 g
subsample was taken from the homogenized material and mineralized in a mixture of nitric acid and
hydrogen dioxide in a Speedwave Four microwave oven (Berghof, DE). Concentrations of Mn, Ni, Cu,
Zn, Cd and Pb were determined via the Flame Atomic Absorption Spectroscopy (FAAS) method using
an ICE 3000 (Thermo Electron Corporation, Waltham, MA, USA). To determine mercury concentrations,
an AMA 254 analyzer was utilized. Detailed results are presented in an open-access paper [40].

3.2. Calculation of Vegetation Indices

Even small changes in reflectance can be measured, recorded and assigned to a specific species,
allowing for species identification based solely on spectral properties. Thereby, contrasting spectral
reflectance curves were used to identify species-specific spectral properties [41-43].

We used a series of vegetation indices derived from spectrometric analysis to assess the vitality
of the plants (Table 2). The indices for canopy water content, red edge, broadband greenness, dry
or senescent carbon and leaf pigments use wide spectral wavelength bands to assess the general
vegetation condition or preciously selected pigments or building substances by narrow-band feature
absorption [3,22,44], as well as to correlate field-based index values with airborne or satellite
data [45,46]. All vegetation indices had a nonparametric distribution, and therefore, in order to
find statistically significant (p < 0.05 level) indicators Kruskal-Wallis one-way analysis of variance was
used to analyze relationships between visually assessed percentage of dry plants on plots (damage
ratios) and heavy metal concentrations (mg/g) based on Spearman tests.

The Moisture Stress Index (MSI) is a water content vegetation index that provides a measure of
the amount of water contained in the canopy foliage i.e., leaf water content [47].

Narrowband greenness indices are applicable for assessing vegetation vigor and quality of
biomass. Such indices are useful when the focus is on specific aspects of plant vitality or vigor e.g.,
change in pigment content during the growing season. The broadband indices allow comparison
of ground-based measurements with spaceborne imagery concerning condition and vitality of the
vegetation, while the narrowband indices were used as indicators of plant physiology with an emphasis
on how the vitality of the different species changed with heavy metal concentrations. The broadband
indices chosen were the Simple Ratio [48], NDVI [3,44] and EVI [49], chosen according to the available
RapidEye bands. Red edge indices are based on the steepness and location of the red edge slope,
a transition from the visible red region of the electromagnetic spectrum to the near infrared (NIR) [50]
that is also an area of transition from chlorophyll absorption to scattering from canopy structure.
The slope and position of the red edge is sensitive to chlorophyll concentration and can shift with
changes in its content, revealing information about plant stress or injury [10,50,51].

The next step was to analyze the influence of heavy metals on the red edge response, with a focus
on any spectral shift of the red edge curves to the visible or near infrared. Red edge vegetation indices
(REPI, MRENDVI, MRESR, and RENDVI) were calculated and the relationship between changes in
red edge and heavy metal concentrations were investigated using the Spearman correlation. The most
used red edge vegetation index is the Red Edge Normalized Difference Vegetation Index—RENDVI
(Table 2). The relative cover of healthy vs. damaged vegetation was estimated on an area basis,
viz. plants with green shoots were considered healthy, whereas shoots with brown or grey leaves
were considered damaged [6]. This damage was shown to be caused by stressful conditions during
winter [6]. Usually, lower NDVI values (<0.6) are measured for species and sites operating within
more adverse environmental conditions, while species and sites in good health had a NDVI of 0.6-0.7
with species and sites in very good condition having NDVI values > 0.7 [6,52].
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Table 2. Vegetation indices calculated from the sampled reflectance curves.

6 of 19

Name Equation Explanation Comments Source
Canopy water content
Moisture Stress Index MSI = % Water content High values indicate [47]
819 water stress
Red edge vegetation indices
Red Edge Normalized .
Difference RENDVI = Kz Ras IQ\LDZISbZ‘SEiI";;e‘: Good condition [s0,51]
Vegetation Index * gesp 8 e
o Modification of
Modified Red Edge . -,
Normalized Difference MRENDVI = R"‘]%Ifm’ R ENDVI taking Good condition [51,53]
: Rzso-+Rros =2+Russ into account leaf 0.2-0.7
Vegetation Index .
specular reflection
Modified Red Edge _ Ryp—Russ Red edge o ,
Simple Ratio (mSRyg5) MRESR = &7~ Rus modification of SR. Good condition 2-8 [46,51]
Red Edge REPI = (Rgypp + Rygp) /2 Chlorophyll shifts Good condition [54,55]
Position Index REPI =700 + 40((Rg70 — Ry00)/ R7a0 — Ryp)) of red edge 700-730 nm o
Broadband greenness
. . _ Rem General plant Increase with
Simple Ratio SR = Rew condition better condition 561
Normalized Difference _ Rsw—Rego . Increase with N
Vegetation Index NDVI= Rioo+ R Biomass content better condition [3,44]
Enhanced Vegetation EVI— 254 Rego—Reso Ic\l)?:éi t‘iNol rtlhoe; Increase with [57]
Index T 1+Rs00+6 * Rego—7.5 * Ruso . better condition :
soil reflectance
Dry or senescent carbon
Plant Senescence PSRI — Res—Reno Chlorophyll/ Good condition (58]
Reflectance Index T R carotenoids ratio —0.1-0.2 .
Leaf pigments
Carotenoid _ 11 " B "
Reflectance Index CRI1 = Ron — Rsm Carotenoids/ Good condition 1-12 [59]
Carotenoid o 1 chlorophyll ratio o
Reflectance Index CRIZ = pos ~ R Good condition 1-11 [59]
Anthocyanin ARI = L _ 1 Anthocyanin Increase in [60]
Reflectance Index ~ Rsso Rao amount pigment means
Anthocyanin _ 11 Anthocyanin New growth of
Reflectance Index ARI2 = Raoo * ( Ry ~ ) amount leaves or senescence (601

3.3. Remotely Sensed Data from RapidEye

The RapidEye sensor acquired data in the same week (5 August 2014) as the leaf-level-based
ASD FieldSpec measurements, whose narrow bands were averaged to the spectral resolution of the
RapidEye spectral band widths i.e., a red band from 635 to 680 nm, red edge band from 690 to 730 nm
and NIR band from 760 to 850 nm (www.planet.com, Table 3.) that differs somewhat from the original
formula by Gitelson and Merzlyak [50].

Atmospheric correction was carried out using the “Dark object subtraction” routine in ENVI 5.4.
This routine searches each band for the pixel with the darkest value. Further, assuming that dark
objects reflect no light, any value greater than zero is assumed to be contaminated by atmospheric
scattering. Therefore, the scattering is removed by subtracting this dark value from every pixel in each
of the 6 RapidEye bands (www.harrisgeospatial.com).

The RapidEye data was used to assess how well satellite-based sensors can detect possible
stress in the different plots and vegetation communities, in comparison to the leaf-level ASD

field measurements.
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Table 3. RapidEye System technical data (www.planet.com).

Mission Characteristic Information
Number of Satellites 5
Spacecraft Lifetime Over 7 years
Orbit Altitude 630 km in Sun-synchronous orbit
Equator Crossing Time 11:00 a.m. local time (approximately)
Sensor Type Multi-spectral push broom imager

Blue (440-510 nm), Green (520-590 nm), Red (630-685 nm), Red Edge

Spectral Bands (690-730 nm), NIR (760-850 nm)
Ground Sampling Distance (nadir) 6.5m
Pixel size (orthorectified) 5m
Swath Width 77 km
On board data storage Up to 1500 km of image data per orbit
Revisit time Daily (off-nadir)/5.5 days (at nadir)
Image capture capacity 5 million km?/day
Camera Dynamic Range 12 bit

3.4. Statistical Analysis

The statistical analyses were conducted using the R software [61]. Before employing stepwise
band selection using LDA, all spectral measurements went through an analysis aimed at removing
spectral bands that are highly correlated; performed by calculating the Spearman correlation coefficient
between each band and its direct neighboring bands. Bands with correlation coefficients higher
that 0.98 were removed from the dataset. This step is crucial to any analysis using LDA, because
redundancy introduced by highly correlated bands can significantly deteriorate the ability to correctly
choose variables.

After correlated bands were removed, the remaining data were used as an input to stepwise
LDA analysis, using the using klaR [62] and MASS [63] packages, aimed at finding bands that best
differentiate between species (based on the ability to correctly match species in feature space, and
measuring it using correctness statistics) [38]. To validate the ability of selected bands to separate
classes, the bands selected during stepwise LDA were also subject to NPMANOVA. The NPMANOVA
test was developed to tackle some of the limitations of the multivariate analysis of variance (MANOVA)
tests, such as the requirement for datasets to follow a normal distribution. It is a non-parametric test that
works well for non-normally distributed datasets (providing both datasets are similarly distributed)
and allows for the use of any dissimilarity measure between groups. Moreover, NPMANOVA is
tolerant towards non-independent variables, which is useful when considering analyses conducted
on spectra where neighboring bands are usually highly correlated with each other. Besides a p-value,
this test also delivers a F-ratio that is a measure of group separation. The F-ratio is used to assess
group separation with a high F-ratio indicating pronounced group separation, while a low F-ratios
indicates weak group separation (providing differences are significant) [39]. The NPMANOVA
statistical significance is computed by permutation of the group memberships. NPMANAOVA
was conducted using the function “adonis” from the package vegan [64]. Based on a methodology
presented in Jones et al. [65], the analysis was conducted on all collected spectral bands (from 400
to 2500 nm) and also for specific spectral ranges to further identify the most influential spectral
regions. The spectral ranges characterized the following vegetation parameters: 400-500 nm (pigment
absorption), 501-550 nm (chlorophyll reflection), 551-680 nm (pigment absorption), 681-740 nm
(red edge transition), 741-1100 nm (biogeochemical), 1101-1400 nm (transitional) and 1401-2400 nm
(biogeochemical).
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4. Results

4.1. Differences between Species’

The spectral reflectance curves of Bistorta vivipara, Salix polaris, Cassiope tetragona and Dryas
octopetala using data from all sites are presented in Figure 3. The curves of Cassiope tetragona and Dryas
octopetala differed in shape from the two other species in the 700 to 1000 nm range (Figure 3), while in
the 850 to 1000 nm range all species differed from each other.

Analysis performed across the whole spectral range (400-2500 nm) resulted in the selection
of 17 spectral bands (Table 4). The LDA correctness rate was 0.99, confirming their importance in
differentiating between species, while the NPMANOWA F-ratio was 101 at a significance level of 0.05
implying a good separation of classes in the feature space.

The analysis was repeated for specific spectral ranges (Table 5). For all analyzed ranges, the
results of the NPMANOVA test were significant (p < 0.05). The 400 to 500 nm spectral region allows
for an assessment of pigment interaction with light [37,51]. In this region, 12 bands were found to
best characterize species that resulted in a 0.90 correctness rate during the LDA stepwise selection of
bands. In addition, the NPMANOVA F-ratio was 18.8 that indicated a modest separation of species.
Moving onto the second investigated spectral region (501-550 nm), 6 bands were selected with an
F-ratio of 29.77 and correctness rate of 0.68. In the third spectral region (551-680 nm) 9 spectral bands
had an F-ratio of 40.6 and correctness rate of 0.86. Similarly, 9 bands were found to be important in
the spectral region located across the red edge (681-740 nm). Selected bands here have an F-ratio
of 24.4 and a correctness rate of 0.90. Bands in the VIS-NIR region gave varying correctness rates
(depending on spectral region), and produced a high number of important bands that were evenly
distributed throughout the regions. The fifth (741-1100 nm) and the sixth (1101-1400 nm) spectral
regions provided only 3 and 4 important bands, respectively.

Table 4. Spectral bands providing best separation of species (analysis conducted on whole spectrum;
NPMANOVA F-ratio 101 at significance level p < 0.05).

Spectral range (nm) 400-2500
Selected bands (nm) 400, 403, 405, 407, 408, 409, 411, 413, 414, 415, 427, 435, 501, 1457, 1499, 2135, 2296

Analysis performed on all spectral bands, and specific spectral ranges, showed that the 1401-2400 nm
region is slightly better at differentiating between species than a data set composed of all spectral
bands; achieving a higher F-ratio and similar correctness statistic.
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Figure 3. Average and standard deviation (strip) of spectral reflectance curves of analyzed species.
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Analysis conducted on the VIS and NIR region provided high numbers of important bands, but
they were characterized by significantly lower F-ratios and correctness rates. The worst performing
results were found for the 501-500 nm region, with the lowest correctness rate, and 741-1100 nm
region, with the lowest F-ratio. After the 1401-2400 nm region, the best regions were 400-500 nm,
681-740 nm, 1101-1400 nm and 551-680 nm. Comparing the band selection results for the whole
spectrum and predetermined spectral regions it was noticeable that the bands selected using all the
available data were almost exclusively in 2 regions: 400-500 nm and 1401-2400 nm.

Table 5. Best bands found within selected spectral regions.

Spectral Range 400-500 501-550 551-680 681-740  741-1100 1101-1400 1401-2400

405 501 584 682 745 1101 1401
412 507 587 686 753 1200 1499
430 509 601 693 999 1386 1801
448 510 615 695 1398 1931
451 520 618 697 2135
458 523 630 699 2297
Selected bands (nm) 1461 657 726 2359
467 666 736 2399
473 677 740
477
498
499
F-ratio 18.80 * 29.77 * 40.60 * 24.40* 12.21* 35.05* 105.78 *
Correctness 0.928 0.6894 0.8659 0.90 0.75 0.89 0.98

* Differences are statistically significant (p < 0.05).

4.2. Plant Species Condition Assessment

The broadband vegetation indices indicate the overall health, e.g., the leaf-level spectrometer
measured NDVI values a very good vegetation condition (NDVI > 0.7) for Salix polaris and Bistorta
vivipara, and good for Dryas octopetala (NDVI > 0.6; Table 6). For Cassiope tetragona, lower NDVI values
(<0.6) indicate a reduced vegetation health. Similarly, the EVI index values showed good condition for
Salix polaris, Dryas octopetala and Bistorta vivipara, and quite good for Cassiope tetragona. NDVI values
from RapidEye show comparable results to ground-based NDVI values (Table 6). However, some of
the sites (ISD) showed lower NDVI and red edge indices compared to the ASD FieldSpec.

Table 6. Values of vegetation indices: Normalized Difference Vegetation Index (NDVI), Enhanced
Vegetation Index (EVI), Plant Senescence Reflectance Index (PSRI), and Moisture Stress Index (MSI).

) ASD Vegetation Index NDVI
Species Research Site
NDVI EVI  PSRI MSI RapidEye

BOL 0.73 0.73 0.05 0.49 0.213

FLY - - - - -
IB] 0.81 0.84 0.01 0.49 0.135
Bistorta vivipara ISD 0.80 0.85 0.00 0.51 0.097
LYR 0.80 0.79 0.00 0.51 0.160
SVH 0.77 0.79 0.03 0.48 0.096

YB]J 0.79 0.81 0.00 0.49 -
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Table 6. Cont.

) ASD Vegetation Index NDVI
Species Research Site
NDVI EVI  PSRI MSI RapidEye
BOL 0.74 0.72 0.05 0.58 0.213
FLY 0.58 0.49 0.16 0.74 -
IB] 0.76 0.71 0.03 0.64 0.135
Cassiope tetragona ISD 0.72 0.69 0.05 0.67 0.097
LYR 0.47 0.34 0.26 0.77 0.160
SVH 0.55 0.38 0.17 0.97 0.096
YBJ 0.62 0.52 0.14 0.73 -
BOL 0.75 0.86 0.03 0.54 0.213
FLY 0.57 0.53 0.10 0.59 -
IB] 0.68 0.78 0.04 0.62 0.135
Dryas octopetala ISD 0.71 0.68 0.03 0.53 0.097
LYR 0.72 0.69 0.02 0.66 0.160
SVH 0.71 0.69 0.03 0.51 0.096
YBJ 0.72 0.73 0.03 0.51 -
BOL 0.74 0.74 0.01 0.54 0.213
FLY 0.50 0.40 0.08 0.53 -
IB] 0.83 0.86 0.00 043 0.135
Salix polaris ISD 0.77 0.69 0.01 0.48 0.097
LYR 0.75 0.72 0.02 0.58 0.160
SVH 0.72 0.74 0.01 0.47 0.096
YBJ 0.74 0.75 0.02 0.53 -

The Plant Senescence Reflectance Index (PSRI) values showed that all species were in good
condition; however, for Cassiope tetragona the PSRI showed an increased value, indicating that this
species was not in senescence stage and so time lagged compared to the other species. MSI indicated
that water stress was not present. Calculating vegetation indices for each test site separately provided
information on spatial variation in index values (Table 7), indicating local differences in health status
of the tested plant species. The vegetation indices (Tables 7 and 8) suggest that Bistorta vivipara had
the best health condition at the ISD site and lowest at BOL and SVH. Cassiope tetragona showed good
health at three sites (BOL, IB] and ISD), and severely reduced health at three other sites (FLY, LYR and
SVH). Dryas octopetala show largely the same trend, with the highest values at BOL and the lowest
were at FLY and SVH. For Salix polaris, the highest index values were measured at the IB] and BOL
sites, while the lowest were at FLY and LYR. Thus, all species show moderate to large variation in
health within short distances (Table 7).

Based on these indices (Table 8), as well as heavy metal concentrations in the soil, the best
conditions for Bistorta vivipara was observed at the ISD and LYR plots while the worst at the BOL and
SVH sites.

On large homogenous plots of BOL, FLY, IBJ, ISD, LYR, SVH, which are covered by the species
D. octopetala, a strong relationship (R* = 0.82 p = 0.036) was found between the in situ measured
RENDVI and the RapidEye extracted RENDVI (Figure 4, Table 9).
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Table 7. Variability of vegetation indices (highest standard deviations between measurement sites);
Simple Ratio (SR), Modified Red Edge Simple Ratio (mSRy(s5), Carotenoid Reflectance Indices 1, 2 (CRI
1 and 2), and the Anthocyanin Reflectance Indices 1, 2 (ARI 1 and 2).

Vegetation Index

Species Research Site
SR mSR 705 CRI1 CRI2 ARI1 ARI2
BOL 6.50 3.51 5.66 10.23 4.57 2.72
13]] 9.36 3.43 7.27 11.95 4.68 2.96
Bistorta vivipara ISD 9.01 4.26 6.08 8.03 1.95 1.16
LYR 8.80 3.46 8.51 9.66 1.15 0.65
SVH 7.66 3.15 7.96 10.11 2.15 1.34
YBJ 8.32 3.72 6.02 8.11 2.09 1.20
BOL 5.61 2.35 7.40 10.16 2.76 1.46
FLY 4.90 2.37 6.43 9.00 2.57 1.27
13]] 5.76 2.41 7.81 9.98 2.17 1.14
Cassiope tetragona ISD 6.48 2.75 7.67 9.56 1.89 1.01
LYR 4.20 2.13 6.54 10.04 3.50 1.66
SVH 4.57 2.19 7.01 10.54 3.52 1.54
YBJ 6.03 2.31 7.63 10.43 2.80 1.61
BOL 6.95 3.37 5.70 6.86 1.17 0.74
FLY 4.42 2.05 5.72 8.54 2.82 1.49
IBJ 5.58 2.81 4.66 5.61 0.96 0.60
Dryas octopetala ISD 5.48 2.63 5.84 6.96 112 0.64
LYR 4.88 244 4.87 6.02 1.15 0.63
SVH 6.01 2.65 6.40 7.84 1.44 0.92
YBJ 5.17 2.52 4.96 6.50 1.54 0.93
BOL 8.46 3.71 7.97 9.76 1.80 1.04
FLY 5.81 2.50 8.41 9.86 1.44 0.77
IB] 8.42 413 7.34 8.14 0.80 0.45
Salix polaris ISD 7.55 3.80 6.24 7.36 1.12 0.69
LYR 7.21 3.74 6.53 8.70 2.16 1.10
SVH 6.43 3.13 6.36 8.07 1.71 0.90
YBJ 9.17 4.39 7.51 8.01 0.51 0.30
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Table 8. Calculated red edge vegetation indices from ASD FieldSpec and the RapidEye image (REi) as well as the heavy metals concentrations (mg/g) in plants
and soil. Column headings: (1)—REPI (nm), (2)—RENDVI, (3)—MRENDVI, (4)—MRESR. Damage ratio — percent of damaged plants. n.a. = not applicable,

n.m. = not measured.

Sit. Red Edge Vegetation Index  REi Heavy Metal Concentrations (mg/g) Damage

e (U0} 2) 3) @) 2) Cu Mn Ni Pb Zn Cd Soil Ratio (%)
BOL n.a. n.a. n.a. n.a. 0.12 0.035 0.80 0.025 0.035 0.230 0.005 1.129 n.a.
FLY n.a. n.a. n.a. n.a. - 0.031 084 0.021 0.046 0.152 0.004 1.094 n.a.
1B] n.a. n.a. n.a. n.a. 0.07 0.033 0.69 0.017 0.042 0.169 0.004 0.955 n.a.
Soil ISD n.a. n.a. n.a. n.a. 0.03 0.036 0.68 0.014 0.038 0.207 0.004 0.979 n.a.
LYR n.a. n.a. n.a. n.a. 0.03 0.055 032 0.003 0.042 0.148 0.001 0.569 n.a.
SVH n.a. n.a. n.a. n.a. 0.04 0038 0.85 0.007 0.040 0.229 0.001 1.165 n.a.
YB]J n.a. n.a. n.a. n.a. - 0.029 0580 0.010 0.049 0.183 0.001 0.852 n.a.
BOL 719 0.46 0.54 3.31 012 nm. nm. nm nm nm nm 1.129 0.00
FLY - - - - - nm. nm. nm. nm. nm. nm. 1.094 0.00
1B] 718 0.46 0.52 3.20 0.07 nm. nm. nm. nm. nm. nm 0.955 0.00
Bistorta vivipara ISD 719 051 059 394 003 nm nm nm nm nm nm 0.979 0.00
LYR 717 046 053 322 003 nm. nm nm nm nm Nnm 0.569 0.00
SVH 717 0.43 0.49 2.96 004 nm nm nm nm nm nm 1.165 0.00
YBJ 718 047 0.55 3.47 - nm. nm. nm. nm. nm. nm 0.852 0.00
BOL 715 033 038 224 012 0006 0.29 0.010 0.004 0.028 0.001 1.129 22.43
FLY 715 033 039 226 - 0.007 0.12 0.011 0.004 0.039 0.001 1.094 14.82
1BJ 715 035 039 230 007 0006 020 0012 0.004 0.023 0.001 0.955 14.68
Cassiope tetragona ISD 716 038 044 260 0.03 0006 039 0.013 0.004 0.026 0.001 0.979 29.26
LYR 715 029 034 205 003 0006 026 0012 0.004 0.030 0.001 0.569 18.24
SVH 715 030 036 210 004 0005 045 0.013 0.004 0.030 0.001 1.165 10.96
YB]J 714 033 038 221 - 0.004 020 0.011 0.004 0.017 0.001 0.852 18.24
BOL 719 0.44 0.52 3.18 012 nm. nm. nm nm nm nm 1.129 9.55
FLY 713 0.28 0.33 1.97 - nm. nm. nm nm nhm  nm 1.094 10.79
IBJ 717 0.38 0.45 267 007 nm. nm nm nm. nm. nm 0.955 0.00
Dryas octopetala ISD 716 036 043 250 003 nm. nm nm nm M M 0.979 14.37
LYR 715 0.33 0.40 2.33 0.03 nm. nm. nm. nm. hm  hm 0.569 15.82
SVH 716 0.38 0.43 2.52 004 nm. nm nm nm nm nm 1.165 0.00
YB]J 716 0.35 0.41 241 - nm nhm nhm nm. nhm nm 0.852 4.27
BOL 719 049 055 349 012 0004 031 0.021 0.004 029 0.001 1.129 0.00
FLY 714 035 041 2.37 - 0.0032 0.14 0.014 0.004 0.05 0.001 1.094 0.00
1B] 719 050 059 384 0.07 00044 043 0.015 0.004 035 0.001 0.955 0.00
Salix polaris ISD 719 048 056 359 0.03 0.0049 037 0.019 0.004 0.32 0.001 0.979 0.00
LYR 719 048 056 352 0.03 0.0045 0.63 0.016 0.004 045 0.001 0.569 0.00
SVH 717 042 050 297 0.04 00039 032 0016 0.004 0.26 0.001 1.165 0.00
YB]J 720 053 061 4.09 - 0.0038 0.19 0.015 0.004 0.20 0.001 0.852 0.00
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Table 9. Calculated Spearman correlation of Vegetation Indices with damage ratios and heavy metal
concentrations (mg/g) in plants and soil. Test conducted at significance level <0.05.

Species Vegetation RENDVI_REi Damfige Heavy Metal Concentrations
Index Ratio Cu Mn Ni Pb Zn Cd  Soil
RENDVI_REi - —-0.30 —0.05 -030 —-070 000 —015 0.00 0.30
REPT (nm) -0.71 0.34 0.54 047 047 000 027 0.00 027
Cassiope RENDVI —0.10 0.35 0.47 -011 -011 0.00 —054 0.00 0.04
tetragona MRENDVI —0.10 0.28 0.65 -024 -011 0.00 —028 0.00 0.11
MRESR —0.10 0.29 0.67 -0.16 —-0.11 0.00 —031 0.00 0.14
CRI2 0.50 —0.25 —0.92* 049 013 0.00 —023 0.00 0.18
RENDVI_REi - —0.56 —0.60 —-050 0.00 0.00 0.00 0.00 030
REPI (nm) 0.82 —-0.52 - - - - - - 0.26
Dryas RENDVI 0.87 —0.56 - - - - - - 0.51
Octopetala  MRENDVI 0.82 —0.48 - - - - - - 0.38
MRESR 0.90 * —0.56 - - - - - - 0.43
CRI2 —0.30 0.09 - - - - - - 0.71
RENDVI_REi - - —0.60 —-050 000 000 —030 0.00 0.30
REPT (nm) 0.00 - 0.32 022 022 000 032 000 —0.63
Salix RENDVI 0.56 - 0.13 014 009 000 025 0.00 —049
polaris MRENDVI —-0.15 - 0.23 036 —0.02 000 040 000 -0.74
MRESR —0.20 - 0.25 032 000 000 036 000 —0.68
CRI2 0.70 - -0.32 -025 —-014 000 —-0.14 0.00 0.18

* = Correlation is significant at the 0.05 (2-tailed). ** = Correlation is significant at the 0.01 (2-tailed). Accordingly, the
following sites saw the best and worst condition (respectively) for the other species: Cassiope tetragona—IB] /ISD and
LYR/SVH; Dryas octopetala—BOL and FLY; Salix Polaris—IB] and FLY. The highest heavy metal values in vegetation
and soil were found at the SVH, FLY and BOL sites while the lowest were found at LYR and IBJ (Table 8). The heavy
metal concentrations in the plants are significantly lower compared to the upper layers of the soil (Table 8).
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Figure 4. The relationship between the Red Edge NDVI (RENDVI) extracted from the RapidEye satellite
image and the field-acquired (ASD FieldSpec) RENDVI for the species D. octopetala was analyzed for
large homogenous plots without any other components, e.g., large stones/rocks or dry roots that could
change the signal detected by the satellite sensor. Each point represents an individual measurement
plot with BOL, IBJ, ISD, LYR and SVH included (Table 8).

5. Discussion

The main purpose of the study was to assess spectral reflectance curve differences for common
Arctic plants from contrasting functional groups. The results indicated the electromagnetic spectrum
spectral regions (Tables 4 and 5) that should be further investigated regarding their connection with
plant traits linked to both the pigments within and substances covering the leaves.

NPMANOVA was used to assess a spectral regions’ ability to differentiate species, and it
was found that the F-ratio for the whole spectrum was smaller than that for spectral range
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providing the best separation; 101 compared to 105.78 for 1401-2400 nm. Similar ranges of high
correctness (above 0.90, Table 5) were achieved by Kycko [66] for dominant alpine species within
the High Tatras (Poland). Some of the most significant ranges overlapped with the Kycko [66]
research: 448-499 nm (Kycko [64] 446-506 nm); 682—-699 nm (Kycko [66] 623-695 nm); 1801-2399 nm
(Kycko [66] 1801-2500 nm). However, overall, it was concluded that the short wave infrared (SWIR,
1401-2400 nm) was most differentiating. Alternatively Clark et al. [38] found that for tropical tree
species the VIS and NIR were most important with an F-ratio of 180 for the whole spectrum and
195 for the NIR. The VIS and NIR regions were also found to be most important by Jones et al. [65],
whose research focused on tree species differentiation using spectroscopy. While similar research
methodologies were used, it is worth noting that both Clark et al. [38] and Jones et al. [66] performed
their measurements in a laboratory setting using leaf stacks while this research used a contact probe that
measures the spectral signal without taking BRDF effects into account [67]. Therefore, while promising,
results considering the SWIR spectral region might be misleading because of the known sensitivity of
SWIR bands to BRDF related effects [67]. Moreover, analyses made on spectra collected in the SWIR
region (1400-1550 nm and 1850-2000 nm) using airborne or satellite platforms are problematic due to
the effects of atmospheric water vapor on measured signals.

Overall, dwarf shrubs such as the species C. tetragona and D. octopetala [6] have varying spectral
shapes in the 700 nm to ~1000 nm spectral range compared with the alpine bistort B. vivipara and polar
willow S. polaris. Damage ratios for C. tetragona and D. octopetala appeared not to be good indicators
for vitality, but only the green leaves were measured. Therefore an approach that measures the whole
plot might be a better future approach and provide improved results basing on better detectors, e.g.,
WorldView4. The correlation table (Table 9) indicates that the red edge indices together with CRI2 for
D. octopetala showed higher negative correlations concerning damage ratios than C. tetragona. However,
C. tetragona showed higher negative correlation for CRI2 for some of the heavy metals such as Cu.

Analysis, using existing vegetation indices, showed that Bistorta vivipara had minimal differences
between sites, indicating that the other three species may be better environmental indicator species,
i.e., show increased spectral variations linked to changes in the environment. The species D. octopetala
and C. tetragona showed medium to large differences, in terms of standard deviation (Table 7), between
sites indicating that these two species might be the best indicators for environmental stress in Svalbard
(Figure 3); also reported by Bjerke et al. [6].

Research by Temmervik et al. [10] at an air polluted area in the eastern part of North Norway,
near the Nickel smelters in Russia, showed that the heath dominating dwarf shrub Empetrum nigrum
had similar satellite values in the RENDVI region as C. tetragona in this study; curves skewed towards
the blue part of the spectrum (“blue shift”). The concentrations of heavy metal were of the same
magnitude (>10 pg/g) in both places [10,31,40]. Baret et al. [68] showed the existence of a strong
correlation between the blue shift and the severity of damage to vascular plants, mosses and lichens. In
addition, research within the northern boreal tundra of the Kola Peninsula (Russia) showed that plants
exposed to the air pollution impacts of SO, and heavy metals such as Cu and Ni showed the same
blue shift [66]. Therefore, RENDVI values may be usable an indication of stress since and C. tetragona
may be more vulnerable than others to environmental stress [10].

Near Longyearbyen there were noticeably higher concentrations of Ni (0.014 mg/g) compared
to the rest of Svalbard (0.004 mg/g) [40]. Other macro-, and microelements are at a similar level
in the areas surrounding Longyearbyen and the natural areas of the Advent valley: 0.307 mg/g
Mn, 0.050 mg/g Cu and 0.151 mg/g Zn. Although plant roots accumulate poisonous ions in cell
walls, vacuoles and other places, this may not have a significant influence on plant physiology [31,69].
Salix polaris is characterized by the strong bioaccumulation of Zn, with concentrations of Cd and Pb at
the detection level (0.0008 mg/g of Cd and 0.0044 mg/g Pb); as Cd and Pb are toxic heavy metals, the
concentrations confirm that S. polaris isn’t significantly affected by heavy metals in the concentration
levels found here.
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The increased heavy metal concentrations in Cassiope tetragona found at SVH might have impacted
vegetation condition, highlighted by a reduced RENDVI from ASD as well as the vegetation indices
extracted from RapidEye (Tables 6 and 8; Figure 4). Damage ratios for C. tetragona (Table 9) were
highest in BOL and ISD, which correlates with the red edge indices measured in BOL but not so well in
ISD. Statistical analysis of the relationships between damage ratios and the different indices (Table 9)
indicated that the red edge indices, together with CRI2, for D. octopetala showed higher negative
correlations concerning damage ratios than C. tetragona. However, C. tetragona showed higher negative
correlations between CRI2 and some of the heavy metals such as Cu.

The strong relationship (R?> = 0.82 p = 0.036) between in situ measured RENDVI and the
space-borne RENVDI showed that this red edge-based vegetation index may be scaled up from
the surface to space, and measurements of D. octopetala indicated that it could be the best species
for up-scaling since many of the red edge indices (Table 9) were highly correlated with each other;
albeit MESR. Also the RENDVI from RapidEye showed a relatively high-negative, but not significant,
correlation with the Ni content in C. tetragona. However, a more rigorous procedure for up-scaling
has to be undertaken in order to conclude more on this issue. Also, the RENDVI index was originally
designed for hyperspectral sensors and so is sensitive to small changes in the vegetation red edge, and
therefore to canopy foliage and senescence [50,51]. Since several satellite sensors are equipped with red
edge bands, these narrowband indices could be used to detect subtle changes in vegetation health [10].
Dryas octopetala and Cassiope tetragona are both common and characteristic species in the prostrate
dwarf shrub tundra in the Circumpolar Arctic region [25,27], and so this approach and species may be
applicable to large area space-borne mapping and monitoring.

6. Conclusions

The aim of the study was to test the application of remote sensing methods to polar vegetation.
Four different species were analyzed within seven measurement sites on Svalbard and the study
verified that, using remote sensing methods and statistical analyses, polar plant species can be
distinguished on the basis of their spectral properties.

The spectral ranges were identified through statistical analysis of species’ spectral reflectance
curves acquired for different measurement areas. Such information was complemented by remote
sensing vegetation indices showing that all index values were in optimal ranges; according to the
literature. Overall, the results suggest Bistorta vivipara and Salix polaris were in the best health, followed
by Cassiope tetragona and Dryas octopetala with moderate health; likely caused by mid-winter warming
events followed by extreme cold and icy conditions combined with shallow snow depths [6,10,11,33].
In addition, pollutants from the mining industry may also have contributed to reduced plant vitality
that was more pronounced for Cassiope tetragona.

There were significant differences between measurements acquired at test sites exposed to a
direct oceanic influence, and curtailed in areas such as the Advent valley, both in terms of the shape
of the species’ reflectance curves and calculated vegetation indices. The vegetation indices showed
that Cassiope tetragona and Dryas octopetala are the best indicator species for different environmental
stressors in Svalbard; these species are also found elsewhere in the Arctic. The strong relationship
(R? = 0.82 p = 0.036) between in situ measured RENDVI and the space-borne RENVDI showed that
this red edge-based vegetation index may be scaled up from surface measurements to space, and
measurements of the species D. octopetala indicated that it is the best species for up-scaling. The issue
should be developed on more accurate satellite data, e.g., WorldView4. An increased number of
measurements in the field, and further analysis, has to be undertaken before more comprehensive
conclusions can be made in terms of differentiating between heavy metals and climatic effects reducing
plant vitality.
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