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Abstract

The physiological status of vegetation and changes can be monitored by means of biochem-
ical analysis of collected samples as well as by means of spectroscopic measurements either
on the leaf level, using field (or laboratory) spectroradiometers or on the canopy level, ap-
plying hyperspectral airborne or spaceborne image data. The present study focuses on the
statistical comparison and ascertainment of relations between three datasets collected from
selected Norway spruce forest stands in the Ore Mountains, Czech Republic. The data sets
comprised i) biochemically retrieved photosynthetic pigments (chlorophylls, carotenoids)
and water content of 495 samples collected from 55 trees from three different vertical lev-
els of a tree crown and the first three needle age classes, ii) the spectral reflectance of
the same shoot samples measured with an ASD Field Spec 4 Wide-Res spectroradiometer
equipped with a plant contact probe, iii) an airborne hyperspecral image acquired with an
Apex sensor. The datasets cover two areas (western and central) in the Ore Mountains
that were affected differently by acid deposits in the 1970’s and 1980’s. A one-way analysis
of variance (ANOVA), Tukey’s honest significance test, hot spot analysis and linear re-
gression were applied either on the original measurements (the content of leaf compounds
and reflectance spectra) or derived values, i.e. selected spectral indices. The results re-
vealed a generally low correlation between the photosynthetic pigments, water content and
spectral measurement. The results of the ANOVA showed significant differences between
model areas only in the case of the leaf compound dataset. Differences between the stands
on various levels of significance existed in all three datasets and are discussed. The study
also proved that the vertical gradient of the biochemical and biophysical parameters in a
tree crown play a role when the optical properties of the forest stands are modelled. It is
possible to conclude that the differences in the physiological conditions of stands observed
in high extent in 1998 still were slightly detectable in 2013, though the physiological con-
ditions levelled up. From the point of view of optical properties, the differences between
the areas are not significant on laboratory or image reflectance spectra.

Keywords: Laboratory spectroscopy, hyperspectral imagery, Ore Mountains, Norway spruce,
Chlorophyll, Carotenoids, RWC.
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Introduction

Laboratory and image-based spectral measurements have been used in numerous biological,
ecological and environmental studies to evaluate the physiological status of the vegetation [4],
[16]. Variations in plant condition are indicated e.g. by changes in the content of specific leaf
compounds such as photosynthetic pigments (chlorophylls, carotenoids) and water that can
be determined by biochemical analyses of the collected leaf samples. The optical properties of
the leaves follow these changes (e.g. [6], [25]). It has been documented that a worsening of the
physiological status of vegetation can be detected either from the biochemical or biophysical
parameters, because the metabolic changes occur much earlier than macroscopic changes
such as needle yellowing or needle loss. Similarly, those initial damage phases of leaves can be
detected from their spectra prior to observation from macroscopic indicators. For example,
Campbell et al. [5] detected the initial stages of foliage damage in Norway spruce (Picea
abies L. Karst.) using ASAS hyperspectral airborne data and vegetation indices derived from
red edge. The relation between the optical properties of vegetation and its biochemical or
biophysical parameters can be described using empirical models (e.g. [7], [15]) or radiative
transfer models (e.g. [8], [9], [14], [20]).

The Norway spruce forests in the Ore Mountains (Western Bohemia) were strongly affected
by acid deposits (mainly SO2) causing heavy damage between 1970 and 2000, especially in
the central part of the mountain range. The principal sources of SO2 pollution were industry
and coal burning power plants located in the south-eastern foothills of the Ore Mountains.
Due to the prevailing eastward direction of the wind, the disturbance of the western part of
the mountains was considerably less than that in the central and eastern parts [1]. The study
conducted by Campbell et al. [5] in 1998 evaluated the level of forest damage in two areas
selected in the central and western areas of the mountains using, among other things such
as macroscopic damage indicators, image spectroscopy and biochemically determined content
of leaf photosynthetic pigments and water in the collected needle samples. The tree damage
followed the west-east gradient in air SO2 pollution with heavier damage of the Norway
spruce stands in the central Ore Mountains in comparison with the stands in the western
Ore Mountains. In 2012, a follow up project aiming at evaluating the physiological status of
the Norway spruce stands at the same two areas and several identical study stands started.
This study again combined biochemical determination of leaf compounds and spectroscopic
measurements of the optical properties of canopy on both the needle (laboratory spectroscopic
measurements) and the crown (hyperspectral images) levels. The presented study is a part
of this project.

The main objectives of the presented study were to find out if i) the differences in the phys-
iological status of the Norway spruce stands still exist between the selected model areas
(located in the western and central Ore Mountains); ii) the same differences can be detected
from biochemical analysis, laboratory and airborne image spectroscopic measurements; iii)
the recognised differences will change depending on the ’scale‘, i.e. when the areas, stands,
position in the crown and the age of the shoots are considered.

Material

The study areas were situated in the Ore Mountains in the areas that were either heavily
damaged in 1998 (the central part in the neighbourhood of the Kovářská village) or in the
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initial damage stage without severe visual symptoms (the western part in the neighbourhood
of the town of Přebuz) due to acid deposits in the 1970’s and 1980’s. Within the homogeneous
Norway spruce mature forest (50 years and older), five even-aged representative trees were
selected at each of eleven study stands (five for the Kovářská and six for the Přebuz areas,
see Figure 1). During the field campaign, 22 - 25 August 2013, the samples from three
vertical crown levels (the sunlit productive upper and lower parts and the shaded basal part
of the tree crown) and the first three needle age classes were collected. Laboratory spectral
measurements using an ASD Field Spec 4 Wide-Res spectroradiometer and assessment of
photosynthetic pigments and water content were carried out on these 495 samples. The
airborne image hyperspectral data were acquired with the APEX sensor on 6 September
2013; a supporting field calibration and validation campaign was conducted on the same
date.
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Figure 1: The location of the study areas Kovářská and Přebuz with Norway spruce stands.
Each stand was represented by five selected trees.

Biochemical and biophysical parameters

Needle samples collected in the field were cooled and transported to the laboratory where they
were stored and frozen to -20°C until processing. The extraction of photosynthetic pigments
(chlorophyll a and b and total carotenoids) was performed according to [23] and [27]. The
relative water content (RWC) corresponded to the percentage of water in the fresh needles.
Table 1 summarises the content of analysed leaf compounds related to the areas (A) and
position of the sample in the tree crown (B). In the following text, the results connected to
the content of the biochemical and biophysical parameters will be referred to as BioC/P.

Laboratory spectral measurements

The laboratory spectral measurements were performed with an ASD Field Spec 4 Wide-
Res spectroradiometer equipped with a plant contact probe (CP). The spectroradiometer
collects radiance in the spectral interval from 350 nm to 2,500 nm using three detectors
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Table 1: Descriptive statistics of the leaf photosynthetic pigments and relative water content in
needles of Norway spruce. A: for the study areas of Kovářská (central) and Přebuz (western).
B: for the position in the crown. st.d. – standard deviation, d.m. – dry mass.

A: Area Přebuz (western) Kovářská (central)
Descriptive statistics mean st.d. mean st.d.

Total chlorophyll (mg/g d.m.) 2.97 0.66 3.19 0.67
Total carotenoids (mg/g d.m.) 0.40 0.08 0.42 0.08
Relative water content (%) 56.27 3.11 56.91 3.22

B: Position in the crown Shaded basal Productive lower Productive upper All data
Descriptive statistics mean st.d. mean st.d. mean st.d. mean st.d.

Total chlorophyll (mg/g d.m.) 3.44 0.62 3.10 0.66 2.76 0.55 3.09 0.66
Total carotenoids (mg/g d.m.) 0.44 0.07 0.41 0.08 0.37 0.07 0.41 0.08
Relative water content (%) 57.91 2.76 56.26 3.13 55.46 3.12 56.53 3.17

(VNIR: 350 – 1,000 nm, SWIR1: 1,000 – 1,800 nm and SWIR2: 1,800 – 2,500 nm). The
original spectral resolution is 3 nm in VNIR and 10 nm in SWIR bands and sampling interval
of 1.4 nm. The output data are resampled to 1 nm interval using cubic spline interpolation
[3], [2]. Due to the noise in the collected measurements, the applied spectral interval was
reduced to wavelengths between 400 and 2,400 nm in the presented study.

A layer of Norway spruce shoots of the same age class arranged in the same direction and
with minimal gaps were placed on a black surface (98% absorption) to minimize background
spectral noise. In order to improve the spectral-to-noise ratio, 50 measurements at one po-
sition of the CP were averaged. Moreover, each sample was measured at five positions of
the CP and their median was used further as the final ASD CP observation of one sam-
ple. The relative reflectance of the Norway spruce samples was calculated from the recorded
spectral radiance values by normalizing them with the measured radiance of a 99% reflective
spectralon according to the formula:

Rsample = DN sample
DN WR

(1)

where Rsample is the calculated relative reflectance, DN sample and DNWR are the recorded
digital numbers of the sample and the spectralon (so-called ’white reference’). The needles
for biochemical analysis were sampled from the same branch as were the shoots for spectral
measurements. For the purpose of comparison with the APEX hyperspectral image data,
the ASD CP measurements were resampled to the bands with the central wavelengths and
full width at half maximum value (FWHM) corresponding approximately to the APEX data
(based on metadata FWM ranges from 3 to 13 nm, dependent on the wavelength).

Hyperspectral image data

Airborne hyperspectral images were acquired with the APEX (Airborne Prism Experiment)
sensor working in the spectral rage from 400 nm to 2,500 nm. The images contained 286
spectral bands with an average bandwidth of 7 nm. The ground resolution was 2 metres.
The image acquisition, pre-processing, radiometric calibration, geometric and atmospheric
corrections were performed by the Belgian company VITO (more details can be found in [21],
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[24]). The position of each tree was determined by GNSS. As the average crown diameter was
about 5 m, the four nearest pixels to the measured tree location were selected. The spectra
corresponding to these four pixels were manually checked and after removing possible outliers
due to e.g. shadows, a mean of spectra was calculated and used for further processing as the
spectrum representing the given tree (see Figure 2).
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Figure 2: Averaging the APEX spectra. The tree crown is represented by four neighbouring
pixels. In the event that the spectral reflectance of some pixels significantly differed from the
others and from the expected ‘vegetation’ spectrum, it was not included in the calculation of
the mean (left – spectra 33 and 34 will be excluded due to shadows; right – the mean of all
spectra will be calculated).

Methods for spectra comparison

To evaluate the differences in the measured values of BioC/P and optical properties of the
needles between various factors (area, stand, needle age class and position in the crown), a
two-step procedure was adopted. First, one-way analysis of variance (ANOVA) was used
to test whether any differences between the groups of the examined factor exist. The tested
null hypothesis was that the means of all the groups were equal. When the null hypothesis was
rejected at the confidence level of 95% (α = 0.05), the alternative hypothesis was valid, i.e.
at least one group was significantly different. To find out which group means were the most
distinct from the others, the multiple comparison Tukey’s honest significance test was
performed afterwards. Both statistical analyses were carried out in the R software package
using the aov and TukeyHSD functions. Interactions between the factors (and therefore the
multiple factor ANOVA) were not applied in order to keep the interpretation of the results
simple and to be able to find the differences between the specific groups of the given factor.

A hot spot analysis based on the evaluation of the spatial association of a variable within
a specified distance of a single point [10] was run in ArcGIS software in order to validate
the above-mentioned methods on the tree level and to visualize the space distribution of the
sought differences of the evaluated parameters, e.g. the contents of photosynthetic pigments
and water. This method identifies statistically significant hot spots (high values) and cold
spots (low values) within the context of the neighbouring features. A feature with a high/low
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value is considered to be a statistically significant hot/cold spot just in the event that it is
surrounded by other features with high/low values as well.

Further, spectral indices, which showed the highest correlation with the chlorophyll, carotenoids
and water contents in Norway spruce needles in our previous studies (e.g. [7]) were calculated
in order to compare the results of BioC/P and spectral measurements when evaluating the
differences between groups on all possible levels of detail. Rx refers to spectral reflectance on
the wavelength x nm in the formulas 2 to 6.

Ratio of Transformed Chlorophyll Absorption Ratio Index and Optimized Soil Adjusted Vege-
tation Index TCARI/OSAVI [12]; higher values of this index indicate less chlorophyll content:

TCARI/OSAVI =
3×
[
(R700 −R670)− 0.2×(R700 −R550)×

(
R700
R670

)]
1.16×(R800 −R670)
R800 +R670 + 0.16

(2)

Modified Red Edge Normalized Difference Vegetation Index mND705 or MRENDVI in ENVI
5.3 [25] corrects for leaf specular reflection:

MRENDVI = R750 −R705
R750 +R705−2×R445

(3)

Carotenoids’ concentration index CRI700 [11]:

CRI700 = 1
R515

− 1
R700

(4)

Water Index WI [22]:

WI = R900
R970

(5)

Moisture stress index MSI (formula 6) indicates the water stress of the plants, i.e. the higher
values of the index indicate a lower water content [13].

MSI = R1600
R820

(6)

The empirical relation between the BioC/P parameters and the indices derived from labora-
tory and image spectra was estimated using linear regression and its strength was expressed
by the coefficient of determination R2.

Results

Several tests based on one-way analysis of variance (ANOVA) were carried out for BioC/P,
laboratory and image spectroscopic data in order to indicate whether significant differences in
the measured values are dependent on the location (area and stand). Moreover, the BioC/P
and ASD CP data allowed comparison between positions in the tree crown and needle age
classes.

In the first test, the differences in the measured laboratory spectra between the two areas
were evaluated. The relative spectral reflectance values collected for all the samples on the
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two study areas (western Kovářská – 225 samples and central Přebuz – 270 samples) on each
wavelength in the interval from 400 to 2,400 nm were used as inputs to ANOVA. The results
showed that there were no significant differences where the areas were considered (p>0.05).
On the other hand, the spectra differed significantly (p � 0.05) if the stands are used as the
factor in ANOVA with the only exception of the narrow interval around 1,900 nm (the water
absorption band). The same test carried out on the image spectra revealed no significant
dependence on the area or on the stand with the exception of the wavelengths around 660
nm, i.e. the chlorophyll absorption band (Figure 3).
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Figure 3: p-values of ANOVA (α=0.05) showed the significance of differences in the collected
Norway spruce laboratory (ASD CP) and image spectra (Apex) dependent on the single
factors of area and stand. p>0.05 indicates that the areas and stands do not differ significantly.

In the second test, the TCARI/OSAVI, CRI700 and WI indices were derived from both
laboratory and airborne image spectra. The ANOVA was carried out again in order to find
out if there are differences in the content of leaf pigments (chlorophyll and carotenoids) and
water dependent on the following single factors (where relevant) – area, stand, position in
the crown and age of the shoots. The BioC/P measurements of the Norway spruce samples
were also included in order to be able to perform a comparison of all three methods. In
the case of BioC/P and ASD CP measurements, 495 samples were used and in the case of
the APEX data, it was 55 samples corresponding to single trees. In addition, a reduction
of observations was performed for BioC/P and ASD CP measurements by averaging the leaf
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compounds and spectral indices’ values for each tree. Thus, the number of measurements
also decreased to 55 and they were comparable to the image data. Table 2A shows that
the BioC/P measurements of pigments and water content revealed dependence on all studied
factors. Regarding pigments, ASD CP derived indices are in correspondence with the BioC/P
measurements with the exception of the area factor. On the other hand, the results of ANOVA
based on the TCARI/OSAVI and CRI700 indices corresponded to the results carried out on
spectral measurements (ASD CP: 495 samples, Apex: 55 samples; also compare Figure 3).
Stronger dependence of relative water content was observed only on the detailed structure
levels of trees, i.e. when the position in the crown or age of the shoots were considered
as factors for the analysis. As expected, reducing the number of observations by averaging
brought a higher similarity between all three types of measurements and it caused smaller
differences between observations (Table 2B).

Table 2: Results of single factor ANOVA for BioC/P measurements and indices derived
from laboratory and image spectral measurements on Norway spruce – A: 495 samples, B:
55 samples. Location parameters on different levels of detail were used as factors in the
analysis. Significance codes: 0 ≤ p ≤ 0.001: ? ? ? (very significant), 0.001 < p ≤ 0.01: ??,
0.01 < p ≤ 0.05: ?, 0.05 < p ≤ 0.1: ◦ and 0.1 < p ≤ 1: n.s. (not significant).

A: 495 samples
Chlorophyll Carotenoids Relative water content

BioC/P ASD CP: BioC/P ASD CP: BioC/P ASD CP: WITCARI/OSAVI CRI700
Area ? ? ? n.s. ?? n.s. ? n.s.
Stand ? ? ? ? ? ? ? ? ? ? ? ? ◦ n.s.

Position in the crown ? ? ? ? ? ? ? ?? ? ? ? n.s.
Age of the shoots ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

B: 55 samples
Chlorophyll Carotenoids Relative water content

BioC/P TCARI/OSAVI BioC/P CRI700 BioC/P Wi
ASD CP Apex ASD CP Apex ASD CP Apex

Area ? n.s. ? ◦ n.s. n.s. ◦ n.s. n.s.
Stand ? ◦ ? n.s. ? ? n.s. n.s. n.s.

The Tukey’s HSD test performed on the BioC/P and ASD CP data revealed that there
were stands significantly different from others and it also confirmed results published earlier
about differences of the pigment and water contents in the tree vertical profile [26] and
between younger and older tree shoots (e.g. [19]). The outcomes of the Tukey’s HSD test are
summarised in Table 3.

The spatial distribution of the differences among stands with respect to the contents of the
leaf pigments and water was also calculated using Hot Spot Analysis (Getis-Ord Gi*) in
the ArcGIS software and further visualised (see Appendix p. 83). The spectra resampled
to the Apex resolution were applied for calculation of the indices in the case of the ASD
CP data. In the case of BioC/P measurements, the hot spot analysis detected significantly
higher chlorophyll and water contents at stands K5 and K2, respectively, and lower carotenoid
content at stand P4, which confirmed the results of Tukey’s HSD test. The results of both
analyses were also in agreement in the case of the ASD CP data (compare Table 3B and
Table 4).
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Table 3: Results of Tukey’s HSD test showing the extremes in factors used in ANOVA.
A: summary of extreme differences in three factors. The cases in which the ANOVA did
not reveal significant results are marked in red (compare Tab. 2.A). B: ID of stands with
significantly highest/lowest values of the leaf pigment and water content. C: same as B but
with regard to the position in the crown and age of the shoots.

A: Max. differences
Chlorophyll Carotenoids Relative water content

BioC/P ASD CP: BioC/P ASD CP: BioC/P ASD CP: WITCARI/OSAVI CRI700
Stand K5, P2 P4, K2, K5 K5, P4 K3, K2 K2, K4 P4, P1

Position in the crown H-D H-D, S-H H-D H-D H-D, S-D S-D
Age of the shoots 1-2, 1-3 1-2, 1-3 1-3 1-3 1-2, 1-3 1-3

B: Stand
Chlorophyll Carotenoids Relative water content

BioC/P ASD CP: BioC/P ASD CP: BioC/P ASD CP: WITCARI/OSAVI CRI700
Lowest values P2, P4 K5 P4 K2 -- --
Highest values K5 P4, K2 K5 K3 K2, K4, K5 P4, P1, K2

C: Position in the crown
Age of the shoots

Maximum Minimum
Shoots Position Shoots Position

Chlorophyll 3 Shaded basal 1 Productive upper
Carotenoids 3 Shaded basal 1 Productive upper

Relative water content 1 Shaded basal 3 Productive upper

Table 3B and Table 4 also showed that both performed tests did not mark the same stands as
significantly different when the various measurement methods (BioC/P, ASD CP and Apex)
were compared. These discrepancies could be explained mainly by the fact that, though cor-
related, each of the methods worked with samples of a different hierarchical scale (level of
detail). The ’cross’ position of stands P4 and K5 in the BioC/P and ASD CP columns is
correct, as the low value of chlorophyll content is expressed with a high value of the presented
TCARI/OSAVI index and vice versa. A weak relation between the BioC/P, ASD CP and
Apex measurements is demonstrated in Figure 4 showing the correlation between the leaf pig-
ment and water content and vegetation indices derived from the ASD CP and Apex spectral
reflectance values. No higher correlation was achieved by using other spectral indices sensitive
to chlorophyll or water contents, e.g. the coefficient of determination R2 of the linear regres-

Table 4: Stand IDs with significantly highest/lowest values of leaf pigment and water content
according to hot spot analysis.

Stand
Chlorophyll Carotenoids Relative water content

BioC/P TCARI/OSAVI BioC/P CRI700 BioC/P WI
ASD CP Apex ASD CP Apex ASD CP Apex

Lowest
values P4, P2 K5 P1, P5 P4 K2 P5 -- K5 --

Highest
values K5 P4, K2 K1 -- K3 P3 K2 K2 P6
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sion between ASD CP and Apex MRENDVI and MSI equalled 0.039 and 0.002, respectively.
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Figure 4: Relation between biochemically derived leaf compounds and indices calculated from
laboratory (ASD CP) and image (APEX) spectral reflectance values expressed by means of
linear regression and the coefficient of determination R2.

The resampling of ASD CP data to the Apex spectral resolution did not improve the cor-
relation between the indices and BioC/P. Nevertheless, Figure 5 demonstrates well a higher
homogeneity of laboratory derived indices in comparison with indices derived from airborne
images. A systematic shift between corresponding indices can also be observed.

Discussion

From Table 1 it is obvious that the mean values of the BioC/P parameters were slightly lower
in the Přebuz area. The comparison based on the BioC/P parameters revealed significant
differences for all factors tested by one-way ANOVA (Table 2A). The question remains why
significant differences were also observed for the area factor. Mišurec et al. [21] came to the
conclusion that the significant differences in pigment and water needle contents did not exist
in this case what can be explained by the different subset of shoots included in the tests:
the values of BioC/P for only one of the tree vertical crown levels were used in that study
[21]. Considering the vertical position of needles within the tree crown as a very significant
factor mediated by irradiance gradient and influencing pigment and water contents as well as
spectral indices (Table 2), it was not surprising that by selecting only one vertical position,
the results could shift. Table 2A also shows that there was a good agreement between the
results using photosynthetic pigments and TCARI/OSAVI and CRI700 indices as variables in
ANOVA on the stand, position in the crown and the needle level and the observed differences
are significant in all these cases. A low significance is obtained as soon as the measurements
are averaged on the position and stand levels in the cases of relative water content and WI.
The results of the Tukey’s HSD test are in correspondence with results found in literature—the
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Figure 5: Spectral indices derived from APEX data and ASD CP spectra resampled to Apex
spectral resolution. Each stand consists of five trees: stand P1: trees ID 1–5, . . . , P6: 26–30,
K1: 31–35, . . . , K5: 51–55. CRI700 is not included due to its higher absolute values in
comparison with other indices.

content of photosynthetic pigments (expressed on needle dry mass) increases from the upper
to lower parts of the tree crown and with the age of the shoots, while the water content shows
an opposite trend [7], [26]. Averaging the BioC/P and ASD CP observations per tree brought
better agreement with the optical hyperspectral data. However, it diminished the variability
and the number of observations in the dataset and, thus, lowered the significance levels of
differences between the observed factors. For future studies, the weighing of observation
dependent on the position in the crown shall be considered, as the lower crown parts do not
have to have the same influence on the radiation collected by the airborne sensor, especially
in the case of the denser forest stands.

The performed hot-spot analysis clearly showed the spatial distribution of stands with signif-
icantly different (low or high) values of the observed BioC/P parameters or indices. This was
its main advantage in the comparison with the Tukey’s HSD test. Both types of results can
be used in further analysis concerning the relation to other environmental parameters such
as soil composition and properties or macroscopic evaluation of physiological status of forest
stands.

The correlation between the BioC/P parameters and indices calculated from the ACD CP
and APEX spectra proved to be very low in comparison with other studies on conifers (e.g.
[17], [18]) which can be explained by the generally low variability in the observed parameters.
As expected, due to the origin of the samples, the relatively highest correlation was obtained
for the BioC/P and ASD CP measurements. Empirical models based on the same dataset
using more spectral indices and partial least square regression are further elaborated in [7].

Conclusion

The presented study focused on revealing connections between the foliar chemistry com-
pounds, laboratory and airborne image spectroscopic measurements. While the first two can
be used for an evaluation of the physiological condition of vegetation on different hierarchi-
cal levels within a stand, the airborne hyperspectral data provide large scale evaluation on
a canopy level. It was shown that similar results could be obtained when the detailed data
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were averaged on a tree level (and optionally resampled to the spectral resolution of the image
data). The results support the findings that the vertical gradient of the BioC/P parameters
in the canopy play a role when the optical properties of forest stands are modelled. Re-
garding the physiological status of Norway spruce in the model areas, based on the BioC/P
parameters, it is possible to conclude that the differences in the physiological conditions of
stands observed in high extent in 1998 [5] still existed in 2013, though they were rather mild
considering the absolute values of the derived compounds. From the point of view of opti-
cal properties, the differences between the areas are not significant on laboratory or image
reflectance spectra.
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Appendix: The spatial distribution of the differences among stands with respect to the
content of the leaf pigments and water calculated using Hot Spot Analysis (Getis-Ord Gi*)
in the ArcGIS software.
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