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ARTICLE INFO ABSTRACT

Keywords: Selection of the most suitable spectral vegetation indices which are applicable to the remote
Maple sensing of the forest species composition and status, is an important task aimed at the evaluation
Remote sensing of the large-scale plant communities. There are 80 vegetation indices have been collected in the
Cubert UHD-185 present work using the hyperspectral data, including that for the Acer platanoides L.,
;;];;\c/iles identification A. saccharinum L. and A. pseudoplatanus L. The obtained data showed that 40 vegetation indices

were significantly differed between species in their values simultaneously (all over the experi-

ment) in all the following pairs: A. saccharinum — A. platanoides, A. saccharinum —
A. pseudoplatanus and A. platanoides — A. pseudoplatanus. A. platanoides — A. pseudoplatanus:
Boochs2, MCARI2, TCARI2, Vogelmann2 and Vogelmann4; A. platanoides — A. saccharinum:
Carter2, Carter3, Carter4, Carter5, CI, CI2, CRI3, CRI4, Datt, Datt2, Datt3, Datt5, DDn, DWSI4,
EGFN, EGFR, EVI, GI, GMI1, GMI2, Green NDVI, Maccioni, MCARI2, mSR2, MTCI, NDVI2,
NDVI3, OSAVI2, PARS, PSSR, REP_Li, SR1, SR2, SR3, SR4, SR8, Vogelmann2 and Vogelmann4;
A. pseudoplatanus — A. saccharinum: Carter3, Carter5, CRI3, Datt5, Datt6, DWSI4, EGFN, EGFR, GI,
GMI1, Green NDVI, NDVI3, PARS, SR3, SR4, SR5, SR8 and TGI. The selected list of the vegetation
indices may be recommended for the identification of the maple species using the method of the

remote hyperspectral sensing.

1. Introduction

Vegetation cover is a key component for understanding the terrestrial ecosystems (Houborg et al., 2015). Remote hyperspectral
sensing provides an powerful tool in researches of the vegetation patterns, including that related to the vegetation types, changes in
growth characteristics, physiology, and morphology (Xue and Su, 2017). It is an art combined with science and information technology
that helps monitor and manage crop health, soil architecture, weather forecast, temperature, humidity, etc, in real-time (Singh et al.,
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2020). Hyperspectral imaging implies conducting an analysis of the sunlight or the artificial light reflected from plant leaves using a
large number of the spectral bands that increases accuracy, flexibility, quantity and quality of the information obtaining on the
vegetation cover. Application of the hyperspectral technique in the ecological monitoring depends on five components. The first of
them is choice an ideal energy source or illumination which provides electromagnetic radiation to target objects; second atmosphere
and radiation: when sunlight travels to the earth’s surface, it comes in contact with the atmosphere and reacts as energy in the form of
radiation, the same thing happens with light reflectance; further, third component is interaction of radiation with the target and
recording of the reflected energy; fourth component is transmission and ground-level processing. The fourth component comes in
picture after the energy perceived has to be transmitted in the form of an electronic signal. Whereas, fifth and last component is
interpretation, analysis, and application of data that is detected by ground station through various sensors (Fig. 1). The energy/r-
adiations recorded by ground stations is generally processed and generate the output as an image.

Development of the hyperspectral imaging methods is necessary for the phenotyping analysis and classification of plants, moni-
toring the soil properties, detecting the crop diseases, estimating crop properties, classifying weeds, mapping crop area, investigating
vegetation properties which help in various type of stresses like biotic and abiotic related studies in plants. Plant leaves contain the thin
layer of cells that form the leaf’s top surface, known as the epidermis. Under the epidermis, two layers of cells are present. Palisade
parenchyma cells are on the top and are arranged vertically; this layer contains the photosynthetic pigment chlorophyll that captures
the solar energy during photosynthesis. The second lower layer is the spongy parenchyma that has irregularly shaped cells with many
air spaces that allow circulation of gases and play an important role in gaseous exchange. Plant palisade parenchyma cells also contain
pigments other than chlorophyll for example carotenoids, anthocyanins that absorb almost all the visible electromagnetic energy,
especially in the blue and red regions (Wolf and Wolf, 1955). Green light is not absorbed by a leaf, hence vegetation appears green to
our eyes. On the other hand, NIR (Near-infrared) is not absorbed by the pigment system of leaf cells resulting in approximately total
energy exiting from the lower and top epidermis of the leaf towards the sky (Wu et al., 2014) (Fig. 2). When the plant becomes
dehydrated, sick, afflicted with disease, etc., the spongy layer deteriorates, and the plant absorbs more of the near-infrared light, rather
than reflecting it.

Thus, observations of how NIR changes in comparision to red light, provides an accurate indication of the presence of chlorophyll,
which correlates with plant health (Akhtman et al., 2017). These observations also provide classification of tree plants with the help of
hyperspectral imaging platforms and sensors (Fricker et al., 2019). Hyperspectral sensors are connected with different platforms like
airplanes, UAVs, satellites, and close-range platforms to capture high resolutions images. Hyperspectral imaging platforms and sensors
are categorized into 4 groups 1) Satellite-Based Hyperspectral Imaging 2) Airplane-Based Hyperspectral Imaging 3) UAV-Based
Hyperspectral Imaging and 4) Close-Range (Ground- or Lab-Based) Hyperspectral imaging (Table 1) (Lu et al., 2020).

Satellite-based hyperspectral imaging methods have broad perspectives for studying the qualitative and quantitative characteristics
of massive woodlands. Today, there is a wide variety of hyperspectral imaging systems that provide spectral or three-dimensional
information. In the past 40 years, attempts to identify the species of woody plant samples using hyperspectral imaging methods has
increased steadily (Fassnacht et al., 2016). It happened due to the increasing availability of multispectral cameras, due to decrease in
their cost as well as due to decrease in their size and weight. Development of unmanned vehicles, and fundamentally new cameras are
the other promising tools that add to the purpose (Fassnacht et al., 2014). Unmanned aerial vehicles (UAVs) are well adapted and
flexible platforms for cameras these days.

Different approaches and technologies along with different types and combinations of sensors (SAR, LiDAR, and others), cameras
(multispectral, hyperspectral, and infrared) have been used for the identification of tree species (Fricker et al., 2019; Hycza et al., 2018;
Mayra et al., 2021). However, many queries regarding the reliability of existing approaches to the tree species classification remain
unanswered (Fassnacht et al., 2014). Large-scale tree species recognition remains a fundamental problem when conducting an in-
ventory of green spaces (Hycza et al., 2018). Studies demonstrate the combination of GPS-based field surveys and drone-operated
hyperspectral aerial photography can be used effectively to accurately map the infected areas (Adao et al., 2017). Hyperspectral
imaging is an advanced technique and is capable of acquiring a detailed spectral response of target features. Data obtained using
hyperspectral sensors provide near continuous spectral reflectance curves. Signatures drawn using these spectral reflectance curves are
unique spectral signatures, that enables the calculation of narrow band vegetation indices and consequently, better separation of plant
species from each other (Lu et al., 2020). For this report we have selected Acer L. genus for remote sensing based vegetation study. The
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Fig. 1. Diagrammatic representation of hyperspectral Imaging platforms and sensors-based monitoring.
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Fig. 2. Cellular leaf structure and its interaction with electromagnetic energy. Mostly visible light is absorbed, while almost half of the near-infrared energy is re-
flected. These reflections are detected with the help of various hyperspectral imaging platforms and sensors.

Table 1

Hyperspectral imaging sensors and their applications along with imaging platforms.

Application

Reference

S. Hyperspectral Hyperspectral Imaging sensors (number
NO Imaging platforms of spectral channels; spectral range, nm)

1. Satellite-Based Hyperion (220; 430-2400), PROBA-
Hyperspectral CHRIS (62; 773-1036), and TianGong-1
Imaging (128; 400-2500), HySI (55; 400-1000),

HICO (128; 350-1070), DESIS (235;

400-1000), HISUI (185; 400-2500).

2. Airplane-Based AVIRIS (224; 400-2500), CASI (288;
Hyperspectral 380-1050), HyMap (128; 440-2500),
Imaging Probe-1 hyperspectral (128; 400-2500),

RDACS-H4 hyperspectral (384;
400-2450), AHS-160 hyperspectral
Sensor (220; 400-2500), HIS (100;
500-2500), PHI -1 (244; 400-800),
APEX (199; 380-2500).

3. UAV-Based Headwall Micro- and Nano-Hyperspec
Hyperspectral (270 (Nano), 324 (Micro); 400-1000),
Imaging VNIR (224; 400-1000), UHD185-Firefly

(125; 450-950), PIKA II sensor (240;
400-900), HySpex VNIR (108;
400-1000).

4. Close-Range (Ground-  Headwall hyperspectral camera (324;
or Lab-Based) 400-2500), visible and near-infrared
Hyperspectral HIS camera (360; 440-1000), HySpex
Imaging hyperspectral camera (360; 960-2500),

Integrated a Pika XC hyperspectral line
imaging scanner (138; 400-1000), Pika
XC-2 hyperspectral camera (447;
400-1000), Cubert UHD185
hyperspectral camera (125; 450-950)

Monitoring different crop and soil
properties, detecting crop disease,
estimating crop properties
(chlorophyll, LAIL, biomass),

assessing crop

(Apan et al., 2004; Dutta et al., 2006;
Moharana and Dutta, 2016; Wu et al., 2010;
Bannari et al., 2015; Galloza and Crawford,
2011; Camacho Velasco et al., 2016;
Gomez et al., 2008; Zhang et al., 2013)

residues, classifying crop types,
investigating soil features

Investigating vegetation

Properties, analyzing soil properties
and moisture, detecting crop disease
and or identifying pest infestation,
classifying weeds, mapping crop

area

Estimating LAI and Chlorophyll,
Estimating biomass, water,
Classification of weeds,
Detecting disease

Investigating
biochemical

components of crops,

detecting crop

disease, Identifying

vegetation

(Estep et al., 2004; Palacios-Orueta and
Ustin, 1998; Zhang et al., 2014; Nigam
et al., 2019; SW et al., 2019; Ran et al.,
2015; Shivers et al., 2018; Haboudane
et al., 2002; Liu et al., 2008; Goel et al.,
2003)

(Lucieer et al., 2014; Gonzalez-Dugo et al.,
2015; Hruska et al., 2012; Pablo J.
Zarco-Tejada et al., 2013; Glenn et al.,
2012; Fenghua et al., 2017; Aasen and
Bolten, 2018; Honkavaara et al., 2012; Yue
et al., 2017; Polonen et al., 2013; Kaivosoja
et al., 2013; Akhtman et al., 2017; Izzo

et al., 2019; Scherrer et al., 2019)

(Feng et al., 2017; Mohd Asaari et al., 2018;
Zhu et al., 2020; Morel et al., 2018;
Nagasubramanian et al., 2019; Lopatin

et al., 2017; Behmann et al., 2014;
Antonucci et al., 2012; Malmir et al., 2019;
Eddy et al., 2008)

species or weeds, Phenotyping
analysis and classification of plants,
Monitoring soil

properties

species of the genus Acer L. are widely used in urban landscaping, artificial forests, and ameliorative plantings.
The species: Acer platanoides L., A. saccharinum L., A. pseudoplatanus L. are among the leading species in the landscaping of the
inhabited localities of the Rostov region, Russia (Kozlovsky, 2009). Within the genus these species fall into three sections:
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A. platanoides refers to the Platanoidea Pax; A. pseudoplatanus — to the Acer Pax; and A. saccharinum to the Pubra Pax. The species
between these sections are distinguished not only phylogenetically and morphologically, but also by the number of pigments in their
leaves (Shi-Bao et al., 1992). Shi-Bao et al. (1992) notes that the qualitative composition of anthocyanins in the spring and autumn
maple leaves may be an additional trait applicable for their identification at the section level. The species: Acer platanoides,
A. saccharinum, A. pseudoplatanus are frost-resistant, drought-resistant, and relatively durable (ontogenesis lasts 50-60 years) under
regional conditions. At the same time, the climatic characteristics of the Rostov region are, in general, considered unfavorable for the
woody plant growth. Their negative impact may be increased on the background of specific factors of the urban environment.
Therefore, urban green spaces are need to be monitored for species composition and plant health. However, large plantations do not
allow to perform such monitoring using standard methods (Methodology for the inventory of urban green spaces, 1997).

In the present work, the vegetation indexes have been calculated using a close-range (ground- or lab-based) hyperspectral imaging
camera Cubert UHD-185 for the A. platanoides, A. saccharinum and A. pseudoplatanus leaves to test their values for the normal type of
distribution, and estimated the difference between the spectral indices of the leaves of different types of maples. The data obtained
allowed us to select the most informative indices among them also helped in validation of remote sensing data with real time ground
data of vegetation (Goetz, 2009; Hycza et al., 2018; Wang et al., 2021).

2. Materials and methods

2.1. Research region

The research was performed in the Botanic Garden of the Southern Federal University (SFedU), Rostov-on-Don, Russia (Fig. 3). The
climate of the Rostov region is temperate continental, arid, average annual rainfall- 548 mm, and most of the precipitation falls in the
frost-free period. The summer is hot, the average temperature of July month is +22 ... + 23°C., maximum +40°C. Winter is moderately
mild, the average temperature January month is —5°C, the average absolute minimum of air temperature is —20 .- 25°C, the absolute
minimum is —32°C. The growing season lasts 216 days (from April 1 to November 4), the frost-free period is 258 days.

2.2. Research methods

Spectral characteristics of plants were studied using Cubert UHD185 hyperspectral camera (Cubert GmbH, Germany) and standard
methods (Aasen et al., 2015; Bareth et al., 2015). Plants of A. platanoides, A. saccharinum, A. pseudoplatanus were studied for four years
and were grown in the same soil, sunlight, and agronomical conditions of the introductory nursery of the Botanical garden of SFedU.
The planting rows were oriented due to north-south directions. At the beginning of the experiment all the plants were at the same stage
(virginil) of ontogenesis after that they developed synchronously. The phenologic phases for the maples growing in the Rostov region
are presented in Table 2.

Five samples of each maple species were randomly selected from plantings. Each sample was imaged using a hyperspectral camera
5 times. Hyperspectral imaging was performed in 5 repetitions from 12:00 to 14:00 on sunny and cloudless days (August 22, 2019,
September 05, 2019, September 13, 2019, September 20, 2019, and September 30, 2019) for what the most sunlit part of the plant
crown was chosen. Camera was installed on the south-east side of the trees at a distance of 90 cm and at an angle of 90° to the ground.
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Fig. 3. Geographical location of research region in botanical garden of the Southern Federal University (SFedU), Rostov-on-Don, Russia.
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Table 2

Phenological phases of development of A. platanoides, A. saccharinum, A. pseudoplatanus in the Rostov region.
Phenological phase Calendar date +SD (day)

A. platanoides A. pseudoplatanus A. saccharinum

Blossoming buds V.11 +1.6 V.14 + 1.6 .12 +21
Leaf blossoming Iv.16 + 1.6 V.18 + 1.5 1v.18 + 2.0
Leaves are fully unfurled v.23 +1.7 .28 +1.7 V.27 + 2.1
Autumn leaf coloring — beginning 1X.24 + 2.6 V.19 + 4.5 1X.23 + 3.1
Autumn leaf coloring — mass X.03 £ 2.5 X.03 +£ 6.3 X.08 +2.8
Leaf fall — beginning 1X.29 + 1.8 1X.30 + 2.9 X.02 + 2.6
Leaffall — massive X.13+1.4 X.14 +£ 2.7 X19+21
Leaffall — end X.24+1.6 X.22 £3.5 X.31+25

Fig. 4. Recording spectral characteristics of A. platanoides.

The reflected electromagnetic sun radiation from the leaves was recorded in the range 450-950 nm (Fig. 4). In total, 375 images were
obtained. Each image was represented as a single black-and-white image, 1000 x 1000 pixels in size. By 125 hyperspectral images, 50
x 50 pixels in size; the square resolution was up to 35 mm?2. From 60 to 100 spectral profiles measured at the adaxial side of leaves were
randomly selected from each image. From 1500 to 2500 profiles were obtained per one experimental variant. Filter Savitsky-
Golayfilter (length 12 nm) was applied to decrease the measurement error and to avoid spectral data artifacts at the stage of the
preliminary data processing. For each variant of the experiment were calculated 80 vegetation indices. Their titles and formulas for
calculations are given in Table 3.

Thus, 1200 sample groups (15 experimental variants x 80 vegetation indices) were performed for the subsequent statistical pro-
cessing (see Table 4). The sample size of each sample group was from 1500 to 2500 indices values. Sample groups were processed in the
statistical calculation environment R (R Core Team), using the «hsdar » package (Lehnert et al., 2019). The following test methods
were applied to check the normality of the distribution of vegetation indices values: Norm test Shapiro-Wilk, Pearson’s chi-squared,
Lilliefors, Cramer-von Mises.Pairwise comparison of vegetation indices values in different Acer species were performed using the
Wilcox Test for independent samples (Mann Whitney U test).

3. Results and discussion

Tests of the normality, i.e., distribution of vegetation indices values for three Acer species obtained during the first period of the
experiment (August 22, 2019) are shown in Table 3. Results obtained during the study on September 05, 2019, September 13, 2019,
September 20, 2019, and September 30, 2019 are shown in supplementary Table 2.

The data processing of the experimental results obtained has shown that only 192 statistical samplings of indices values, from that
of a total 1200 (80 indices, 3 Acer species, 5 experiments) were distributed according to the normal law (the case when at least one of
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Table 3
Vegetation indices tested for their ability to distinguish different Acer species.
Indexname Formulafor calculating References
1 Boochs D703 (Boochs et al. 1990)
2 Boochs2 D720 (Boochs et al. 1990)
3 CARI R700 * abs(a * 670 + Rezo + b)/Rezo * (a2 + 1)*%a = (Rygo * Rss0)/150, b = Rsso — (a * 550) Kim et al. (1994)
4 Carter2 Re9s5/R760 (Carter, 1994)
5 Carter3 Reo0s/R760 (Carter, 1994)
6 Carter4 R710/R760 (Carter, 1994)
7 Carter5 Re9s/Re70 (Carter, 1994)
8 Carter6 Rss0 (Carter, 1994)
9 CI Re7s “Reoo/Res3 Zarco-Tejada et al. (2003)
10 CI2 R760/R700- 1 Gitelson et al. (2003)
11 ClAInt 735nmR Oppelt and Mauser (2004)
6oofnm
12 CRI1 1/Rs15 — 1/Rss0 Gitelson et al. (2003)
13 CRI2 1/Rs15 — 1/Ry70 Gitelson et al. (2003)
14 CRI3 1/Rs15 — 1/Rss50* Ry70 Gitelson et al. (2003)
15 CRI4 1/Rs15 — 1/R700* R770 Gitelson et al. (2003)
16 D1 D730/D706 Zarco-Tejada et al. (2003)
17 D2 D705/D722 Zarco-Tejada et al. (2003)
18 Datt (Rsso— R710)/(Rgso— Reso) Datt (1999)
19 Datt2 Rgs0/R710 Datt (1999)
20 Datt3 D754/D704 Datt (1999)
21 Datt4 Re72/(Rss50*R708) Datt (1998)
22 Datt5 Re72/Rss0 Datt (1998)
23 Datt6 Rgs0/Rss0* R7os Datt (1998)
24 DD (R749- R720) — (R701— Re72) leMaireetal., (2004)
25 DDn 2 * (R710- Reso— R7e0) leMaireetal., (2004)
26 DPI Dess*D710/D%607 Zarco-Tejada et al. (2003)
27 DWSI4 Rs50/Reso Apan et al. (2004)
28 EGFN (max(Dgs0:750) + max(Dsoo:550))/(max(Deso:750) + max(Dsgo:550)) Penuelas et al. (1994)
29 EGFR max(Dgso:750)/max(Dsoo:550) Penuelas et al. (1994)
30  EVI 2,5 * ((Rgoo- Re70)/(Rgoo — 6 * Reyo — 7,5 *Razs + 1)) Huete et al. (1997)
31 GI Rss4/Re77 Smith et al. (1995)
32 Gitelson 1/R700 Gitelson et al. (1999)
33 Gitelson2 (R750— Rgoo/Reos— Rya0) — 1 Gitelson et al. (2003)
34 GMI1 Ry50/Rss0 Gitelson et al. (2003)
35 GMI2 R750/R700 Gitelson et al. (2003)
36 Green NDVI (Rgoo— Rs50)/(Rgoo + Rss0) Gitelson et al. (1996)
37 Maccioni (R7g0— R710)/(R7g0— Resgo) Maccioni et al. (2001)
38 MCARI ((R700 — Re70) — 0.2 * (R700 — Rss0)) * (R700 — Re70) Daughtry et al. (2000)
39 MCARI2 ((R700- Re70) — 0.2 * (R700— Rss50)) * (R700/R670) Daughtry et al. (2000)
40 MPRI (Rs15 — Rs30)/(Rs15 + Rs30) Hernandez-Clemente et al. (2011)
41  MSAVI 0,5 * (2 * Rgoo + 1-((2 * Rggo + 1)*-8 * (Rgoo— Re70))*) Qi et al. (1994)
42 mSR2 (Ry50/R705) — 1/(Rys50/Ry0s + 1)°° Chen (1996)
43 MTCI (R754— R700)/(R709— Reg1) Dash and Curran (2004)
44 MTVI 1,2 * (1,2 * (Rgoo— Rs50)-2,5 * (Re70— Rss0)) Haboudane et al. (2002)
45 NDVI (Rgoo— Res0)/(Rgoo + Reso) (Tucker, 1979),
46 NDVI2 (R750— R705)/(R750 + R705) Gitelson and Merzlyak (1994)
47 NDVI3 (Res2 — Rss3)/(Reg2 + Rss3) (S.Gandia et al., 2004)
48 OSAVI (1 + 0,16) * (Rgoo— Re70)/(Rgoo + Re70 + 0,16) Rondeaux et al. (1996)
49 OSAVI2 (1 +0,16) * (Ryso- R705)/(R7s0 + Ryos + 0,16) Wu et al. (2008)
50 PARS R746/Rs13 Chappelle et al. (1992)
51 PRI (Rs31— Rs70)/(Rs31 + Rsyo) (Jordan, 1969)
52 PRI_norm PRI * (—1)/(RDVI * Ry00/Re70) (P. J. Zarco-Tejada et al., 2013)
53 PRI*CI2 PRI * CI2 Garrity et al. (2011)
54 PSRI (Rg7s— Rs00)/R7s0 Merzlyak et al. (1999)
55 PSSR Rgoo/Re3s Blackburn (1998)
56 PSND (Rgoo— R470)/(Rsoo— Ra70) Blackburn (1998)
57 RDVI (Rgoo— Re70)/(Rsoo + Re70)™° Roujean and Breon (1995)
58 REP_Li 700 + 40 * ((Rye — R700)/(R740 — R700) Guyot and Baret (1988)
Rre = (Re70 — R780)/2
59 SAVI (1 + L)/(Rgoo— Re70)/(Rgoo + Rezo + L) Huete (1988)
60  SPVI 0,4 * 3,7 * (Rgoo— Rez0) — 1,2 * ((Rs30 — Rez70))™° (M Vincini et al., 2006)
61 SR Rgoo/Reso Jordan (1969)
62 SR1 R750/R700 Gitelson and Merzlyak (1997)
63 SR2 R752/Re00 Gitelson and Merzlyak (1997)
64 SR3 R750/Rss0 Gitelson and Merzlyak (1997)
65 SR4 R700/Re70 McMurtrey et al. (1994)
66 SR5 Re75/R700 Chappelle et al. (1992)
67 SR6 R750/R710 Zarco-Tejada and Miller (1999)

(continued on next page)
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Table 3 (continued)

Indexname Formulafor calculating References
68 SRS Rs15/Rsso R et al., 2012)
69 Sum_Drl 795 Elvidge and Chen (1995
| S g )
=626
70 Sum_Dr2 780 Filella and Penuelas (1994)
S DI
=680
71 TCARI 3% ((R700- Re70) — 0,2 * (R700— Rss0) *(R700/Re70)) Haboudane et al. (2002)
72 TCARI/OSAVI TCARI/OSAVI Haboudane et al. (2002)
73 TCARI2 3 * ((Rys50— Ry0s) — 0,2 * (R750— Rss0) *(R750/R705)) Wau et al. (2008)
74 TCARI2/OSAVI2 TCARI2/OSAVI2 Wu et al. (2008)
75  TGI ~0.5 * (190 * (Re7o — Rsso) — 120 * (Rezo — Rago)) Hunt et al. (2013)
76 TVI 0,5 * (120 * (R7s0— Rs50)-200 * (Re70— Rss0)) Broge and Leblanc (2001)
77 Vogelmann R740/R720 Vogelmann et al. (1993)
78 Vogelmann2 (R734— R747)/(R715 + R726) Vogelmann et al. (1993)
79 Vogelmann3 D715/D705 Vogelmann et al. (1993)
80 Vogelmann4 (R734— R747)/(R715 + Ry20) Vogelmann et al. (1993)

Notes: Ry Reflectance at the wavelength “xxx”, Dy First derivation of reflectance values at the wavelength “xxx”.

the four test methods confirmed the normal distribution). None of the test methods confirmed the normal type of distribution for any of
the vegetation indices simultaneously for all three species of Acer in all five experiments. It makes impossible to use the parametric
criteria to compare the values of vegetation indices of different Acer species. We applied a non-parametric Wilcox Test for independent
samples (Mann Whitney U test). Mean values of the vegetation indices (X£SD) and results of the pairwise comparison or the vegetation
indices (by the Wilcox Test) are presented in Table 5.

Number of the vegetation indices, the values of which were significantly differed in the compared Acer species pairs according to
the Wilcox Test, appeared to be large (Table 6).

At the same time, we found 40 vegetation indices that significantly differed between species in their values simultaneously in all
pairs: A. saccharinum vs. A. platanoides, A. saccharinum vs. A. pseudoplatanus and A. platanoides vs. A. pseudoplatanus in all five
observation periods. They are: Carter2, Carter4, Carter5, CI, CI2, CRI2, CRI3, CRI4, D1, Datt2, Datt4, Datt5, Datt6, DWSI4, EGFN,
EGFR, GI, Gitelson2, GMI1, GMI2, Green NDVI, MCARI, MCARI2, mSR2, MTVI, NDVI2, OSAVI2, PRI, PRI*CI2, PRI_norm, RDVI,
REP_Li, SR1, SR3, Sum_Drl1, TGI, TVI, Vogelmann2, Vogelmann3 and Vogelmann4. When analyzing the nature of the observed dif-
ferences, it was found that for some indices their values in the compared pairs of maples retained the same trend in all five experiments
(Fig. 5a). For other indices, the trends of their values in some periods of observation changed to the opposite (Fig. 5b). We excluded the
second group of vegetation indices as unreliable since there is a possibility that the observed difference in the indices values in the
compared pairs may be a result of the influence of random factors. Vegetation indices suitable to identify (in our opinion) the Acer
species are listed in Table 7.

Most of the vegetation indices, which enable to distinguish between different maple species, were found to be designated to the
calculations on basis of the 475-860 nm spectral band. Indices calculated using the channels N 55, 62, 74, 75 were found to be more
informative. They are: Boochs2, Carter5, CI2, CRI4, Datt3, Datt5, EVI, GMI1, GMI2, MCARI2, mSR2, MTCI, NDVI2, OSAVI2, PARS,
REP_Li, SR1, SR2, SR3, SR4, SR5, TCARI2, TGI, Vogelmann2, Vogelmann4 (Table 8).

4. Conclusion

In our study, values of 80 vegetation indices for the leaves of three maple species, A. platanoides, A. pseudoplatanus and
A. saccharinum have been calculated. It was observed, that most of the studied indices values were not distributed according to the
normal law. For this reason, we used the nonparametric Wilcox Test criterion for independent samples. Mann Whitney U test for
parawise comparisons of different indices for Acer species. Forty vegetation indices were found to be significantly differed simulta-
neously in the following pairs: A. saccharinum vs. A. platanoides, A. saccharinumvs vs. A. pseudoplatanus and A. platanoides vs.
A. pseudoplatanus in all experiments.They are: Carter2, Carter4, Carter5, CI, CI2, CRI2, CRI3, CRI4, D1, Datt2, Datt4, Datt5, Datt6,
DWSI4, EGFN, EGFR, GI, Gitelson2, GMI1, GMI2, Green NDVI, MCARI, MCARI2, mSR2, MTVI, NDVI2, OSAVI2, PRI, PRI*CI2,
PRI_norm, RDVI, REP_Li, SR1, SR3, Sum_Dr1, TGI, TVI, Vogelmann2, Vogelmann3 and Vogelmann4. From the data obtained, we have
selected the following indices reliable for the Acer species distinguishing: For the pair A. platanoides vs. A. pseudoplatanus — Boochs2,
MCARI2, TCARI2, Vogelmann2 and Vogelmann4; for the pair A. platanoides vs. A. saccharinum — Carter2, Carter3, Carter4, Carter5, CI,
CI2, CRI3, CRI4, Datt, Datt2, Datt3, Datt5, DDn, DWSI4, EGFN, EGFR, EVI, GI, GMI1, GMI2, Green NDVI, Maccioni, MCARI2, mSR2,
MTCI, NDVI2, NDVI3, OSAVI2, PARS, PSSR, REP_Li, SR1, SR2, SR3, SR4, SR8, Vogelmann2 and Vogelmann4; for the pair
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Table 4
Shapiro-Wilk (1), Pearson’s chi-squared (2), Lilliefors (3), Cramér-von Mises (4) norm
tests of the VIs values for A. platanoides, A. pseudoplatanus and A. saccharinum.

Test 1 2 3 4 1 2 3 4 1 2 3 4

VI A. platanoides A. pseudoplatanus A. saccharinum
Boochs 0.00 000 000 000 010 014 077 064 045 044 062 0.69
Boochs2 0.04 0.02] 005 002 0.00; 013 020 005 001 0.03 002 0.00
CARI 0.00 005 001 0.00( 000 000 000 000 000 000 000 0.00
Carter2 0.00 000 0.00 000[ 000 000 000 000 000 000 000 0.00
Carter3 000 0.00 000 000{ 000 000 000 000 000 000 000 0.00
Carter4 0.00 000 000 000{ 000 001 004 002 000 000 000 0.00
Carter5 0.00 002 003 001 000 000 000 000 000 000 000 0.00
Carter6 0.00 000 000 000[ 0.00 000 002 001| 000 0.00 000 0.00
CI 0.00 005 000 000| 020 026 047 049 0.04 007 001 0.01
C12 0.00 000 0.00 0.00( 000 039 001 001 003/ 032 076 058
ClAInt 0.00 000 000 0.00{ 000 000 001 000 000 004 001 0.00
CRI1 000 0.00 0.00 000[ 000 000 000 000 000 001 000 0.00
CRI2 0.00 000 000 0.00{ 0.00 000 000 0.00[ 001 005 002 001
CRI3 0.00 000 0.00 000 010 053 028 020 001 001 001 001
CRI4 0.00 000 000 000 000/ 048 002 002 0.03 049 076 0.80
D1 000 000 000 000 000 000 000 000 049 098 062 068
D2 0.00 000 000 000{ 000 0.00 000 000[ 000 0.00 000 0.00
Datt 000 0.00 0.00 000[ 000 000 000 000 000 000 000 0.00
Datt2 0.00 000 000 0.00( 000 001 000 000 004/ 046 008 0.19
Datt3 000 008 004 001| 000] 047 006 001 055 022 057 068
Datt4 0.00 000 000 0.00{ 0.00 000 000 000| 000 028 042 041
Datt5 0.00 [ 006, 002 001 001 0.00] 017 007 015 059 042 037
Datt6 0.00 000 000 0.00( 000 000 000 000 000 010 001 0.00
DD 0.00 0.00 000 000 0.00; 012 004 001| 000 0.00 000 0.00
DDn 0.00[ 005 000 000 000 001 002 001 000 000 000 0.00
DPI 0.03] 011 017 006 000 001 000 000 073 073 068 088
DWSI4 0.00 000 000 0.00( 000 000 000 000 01l 047 028 032
EGFN 0.02/ 034 013 003 000 000 000 000 000 0.03] 018 0.05
EGFR 000 012 001 000{ 000 000 000 000/ 000 001 000 0.00
EVI 0.00 000 000 0.00{ 000 000 000 000 000 0.00 000 0.00
GI 000 000 0.00 000/ 000 000 000 000| 009 044 030 028
Gitelson 000 0.00 0.00 000{ 000 000 005 0.01] 000 039 001 0.00
Gitelson2 000 003 000 000 012 061 010 039 044 088 030 057
GMI1 0.00 000 000 000| 021 089 045 030 001 003 001 0.01
GMI2 0.00 000 000 000[ 000 036 001 001| 003 008 08 054
Green NDVI 0.00 001 000 000 000/ 008 0.04 000 000 000 000 0.00
Maccioni 0.00 000 000 0.00{ 000 000 000 000 000 0.00 000 0.00
MCARI 0.00 001 003 000[ 0.00 0.00 000 000] 000 0.00 000 0.00
MCARI2 000 0.00 0.0 000[ 000 000 000 000/ 001 019 020 011
MPRI 0.00 000 000 000 0.00; 015 001 000[ 000 0.00 000 0.00
MSAVI 0.00 000 000 0.00{ 000 0.00 000 000 000 0.01 000 0.00
mSR2 000 000 000 000 002' 009 006 004/ 004 018 031 029
MTCI 0.00 000 000 000{ 0.00; 023 017 003| 003 070 048 028
MTVI 000 000 000 000( 000 000 000 000 001 022 0.1l 008
NDVI 0.00 000 000 0.00{ 000 001 000 000 000 0.01 000 0.00
NDVI2 000 000 0.00 000{ 003/ 019 043 055/ 000 000 000 0.00
NDVI3 0.00 000 000 000 004 014 028 019 021 052 062 052
OSAVI 000 000 000 000{ 000 000 000 000/ 000 003 000 0.00
OSAVI2 0.00 000 000 000[ 003 027 043 054 000 0.00 000 0.0
PARS 000 0.00 0.00 000[ 009 036 058 062 013 038 051 030
PRI 0.00 000 000 000[ 006 005 022 032 000 0.00 000 0.00
PRI_norm 0.00 002 001 000 009 008 000 004 000 006 002 0.00
PRI*CI2 000 000 000 000( 000 000 000 000 000 000 016 0.02
PSRI 0.00 000 000 000{ 0.00 001 000 000 000 007 005 001
PSSR 0.00 000 000 000 0017 025 013 009 000 0.01 002 0.00
PSND 0.00 000 000 000[ 0.00 000 000 000[ 000 003 001 001
RDVI 000 0.00 0.00 000{ 000 000 000 000 001 003 005 0.04
REP_Li 0.00 000 000 0.00{ 000 000 000 000 000 000 000 0.00
SAVI 0.00 000 000 0.00( 000 000 000 000/ 000 001 000 0.00
SPVI 0.00 000 000 000[ 0.00 000 000 000 014 005 056 050
SR 000 000 000 000 0027 007 007 023 008 068 093 076

Test 1 2 3 4 1 2 3 4 1 2 3 4

VI A. ple ic 4. p p A. saccharinum

SR1 0.00 000 000 000f 000 036 001 001 0037 008 08 054
SR2 000 000 000 000/ 004 021 062 049 002 003 078 058
SR3 0.00 0.00 000 0.00[ 021 089 045 0.30| 0.01 0.03 0.01 0.01
SR4 0.00 000 000 000f 000 000 000 000 000 001 000 0.00
SRS 0.00 000 000 000/ 000 001 000 000 001 003 036 053
SR6 000 000 000 0.00f 000 003 002 001 004 017 057 049
SR8 003 026 005 010/ 0.00 000 000 000[ 025 059 075 048
Sum_Drl 0.00 000 000 000f 000 000 000 000[ 000 004 010 0.01
Sum_Dr2 0.00 000 000 000/ 000 000 000 000 006 040 0.06 0.13
TCARI 0.00 0.00 0.00 000/ 000 000 000 000 000 000 001 0.00
TCARI/OSAVI 0.00 000 000 000f 000 002/ 022 005 000 0.00 000 0.00
TCARI2 0.00 0.00 0.00 000 000 000 000 001 001 013 001 0.00
TCARI2/OSAVI2 000 000 000 000f 000 001 010 004 000 012 005 0.01
TGI 0.00 000 000 000f 000 000 000 000 000 000 000 0.00
TVI 0.00 000 000 000f 000 000 000 000[ 000 001 005 0.01
Vogelmann 0.00 000 000 000f 000 000 000 000 0027 020 027 0.14
Vogelmann2 0.00 000 000 000f 000 001 000 000 000 001 019 0.19
Vogelmann3 0.00 000 000 000f 038 027 093 0.96| 002 014 015 0.05
Vogelmann4 000 000 000 000] 000 001 000 0.00] 000 000 031 011

Notes: Green color indicates the values for which p > 0.05

A. pseudoplatanus vs. A. saccharinum — Carter3, Carter5, CRI3, Datt5, Datt6, DWSI4, EGFN, EGFR, GI, GMI1, Green NDVI, NDVI3, PARS,
SR3, SR4, SR5, SR8 and TGI. Thus, the species A. platanoides, A. pseudoplatanus, and A. saccharinum can be identified using vegetation
indices calculated from hyperspectral imaging data in this study. Also, the results of the study may be used to develop approaches for
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Table 5
Statistical characteristics of vegetation indices (VIs) values of A. platanoides (pl), A. pseudoplatanus (ps) and A. saccharinum
(sa).
Number of experiment 1 2 3 4 5
VI Species Mean of VI value + SD
Pl 6.978+0.037 5.898+0.044 3.472+0.024 7.164+0.025 15.023+0.076
Boochs Ps 6.483+0.053 5.618+0.034 3.627+0.029 6.547+0.034 8.720+0.166
Sa 6.984:£0.066 6.987+0.064 3.208+0.035 6.795+0.023 2.901+£0.019
Pl 7.350+0.031 6.480-£0.029 3.477+0.025 5.386+0.020 4.652+0.095
Boochs2 Ps 6.501+0.057 5.172+0.028 3.463+0.026 4.884+0.036 4.149+0.040
Sa 5.970+0.060 6.680:+0.061 2.696+0.023 4.526+0.041 2.126+0.019
Pl 133.021+£0.976  111.830+1.029 64.813+0.541 199.140+1.282 483.395+3.797
CARI Ps 134.178+1.818  135.792+1.233 73.15340.751 201.679£1.956 257.529+6.266
Sa 204.904+3.124  185.935+2.273 99.561+1.561 281.523+2.207 146.200+1.621
Pl 0.237+0.001 0.234-+0.001 0.272+0.001 0.320+0.001 0.394+0.002
Carter2 Ps 0.260+0.002 0.287+0.002 0.285+0.002 0.392+0.003 0.376+0.003
Sa 0.300+0.003 0.270+0.003 0.336+0.003 0.438+0.004 0.445+0.004
Pl 0.126+0.001 0.130+0.001 0.162+0.001 0.130+0.001 0.176+0.001
Carter3 Ps 0.144+0.001 0.137::0.001 0.157+0.001 0.179+0.002 0.142+0.001
Sa 0.153+0.002 0.142:£0.002 0.182+0.002 0.208+0.003 0.217+0.003
Pl 0.485+0.002 0.472+0.002 0.512+0.002 0.590+0.001 0.668+0.001
Carterd Ps 0.513+0.003 0.541+0.002 0.532+0.002 0.637+0.002 0.623+0.002
Sa 0.568+0.004 0.528+0.003 0.589+0.004 0.680+0.003 0.695+0.003
Pl 2.601+0.010 2.438+0.010 2.138+0.016 3.470+0.019 3.189+0.014
Carter5 Ps 2.579+0.024 3.254+0.037 2.330+0.015 3.006+0.027 3.554+0.031
Sa 3.499+0.026 3.302+0.022 3.370+0.030 3.733+0.024 3.738+0.024
P] 17.827+0.122 16.439+0.156 11.210+0.129 18.797+0.129 50.354+0.362
Carter6 Ps 18.667+0.163 16.720+0.189 11.269+0.112 23.659+0.257 26.206:£0.662
Sa 24.595+0.318 23.288+0.337 12.852+0.218 31.632+0.445 17.529+0.246
Pl 1.139+0.001 1.134+0.001 1.107+0.001 1.005+0.001 1.057+0.001
CI Ps 1.134+0.002 1.086-:0.002 1.122+0.001 0.994:£0.002 0.987+0.002
Sa 1.096+0.003 1.109+0.002 1.062+0.003 0.925+0.002 0.963+0.002
Pl 2.297+0.015 2.363+0.018 1.922+0.014 1.477+0.009 1.066+0.008
CI2 Ps 2.016+0.021 1.788+0.015 1.834+0.018 1.175+0.013 1.259+0.016
Sa 1.612+0.024 1.954+0.027 1.464+0.022 1.005+0.014 0.898+0.014
Pl 905.470+5.753  822.368+7.012 | 541.27045.362  952.301+4.356  2275.598+12.130
ClAInt Ps 914.563+6.253  793.924+7.544 | 536.768+4.137 = 1133.474+8.391 1476.545+34.419
Sa 959.942+11.061 990.147+12.156  500.560+6.924  1297.647+13.942  681.455+10.478
Pl 0.029:+0.000 0.036+0.000 0.048+0.001 0.026:+0.000 0.013+0.000
CRI1 Ps 0.024+0.000 0.039+0.001 0.044+0.001 0.022+0.000 0.032+0.001
Sa 0.030:£0.000 0.033+0.001 0.060+0.001 0.022+0.000 0.037+0.001
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Number of experiment 1 2 3 4 5
VI Species Mean of VI value + SD
Pl 0.055+0.000 0.064+0.001 0.089+0.002 0.053+0.000 0.023+0.000
CRI2 Ps 0.048+0.000 0.069+0.001 0.082+0.001 0.046+0.001 0.066+0.001
Sa 0.044+0.001 0.050+0.001 0.093+0.002 0.039+0.001 0.059+0.001
Pl -5.934+0.025 -5.783+0.031 -4.943+0.028 -5.171+£0.025 -4.178+0.016
CRI3 Ps -5.336+0.035 -5.13120.034 -4.81120.031 -4.509+0.038 -5.730+0.034
Sa -3.992+0.041 -4.742+0.054 -3.841+0.044 -3.773+0.037 -3.029+0.032
Pl -3.264+0.015 -3.300+0.018 -2.811+£0.013 -2.428+0.009 -2.070+0.008
CRI4 Ps -2.991+0.021 -2.715+0.014 -2.733+0.017 -2.151+0.013 -2.235+0.014
Sa -2.56440.024 -2.901+0.026 -2.337+0.020 -1.979+0.014 -1.806+0.013
1 0.647+0.004 0.656+0.005 0.668+0.005 0.461+0.002 0.123+0.003
D1 Ps 0.627+0.006 0.601+0.003 0.603+0.005 0.556+0.003 0.454+0.004
Sa 0.533+0.006 0.574+0.006 0.546+0.006 0.575+0.002 0.378+0.004
Pl 1.063+0.005 0.998+0.005 1.106+0.007 1.517+0.006 4.305+0.172
D2 Ps 1.102+0.008 1.205+0.007 1.156+0.008 1.438+0.007 1.614+0.018
Sa 1.248+0.011 1.155+0.010 1.270+£0.011 1.575£0.012 1.427+0.010
Pl 0.596+0.001 0.620+£0.002 0.599+0.002 0.510:£0.001 0.463+0.001
Datt Ps 0.581+0.003 0.550+£0.002 0.57540.002 0.511:£0.002 0.537+0.002
Sa 0.495+0.004 0.553+0.003 0.486+0.003 0.462+0.002 0.366+0.003
Pl 2.174+0.008 2.264+0.010 2.073+0.008 1.802+0.005 1.648+0.004
Datt2 Ps 2.086+0.011 1.951+0.008 2.010+0.009 1.752+0.007 1.866+0.007
Sa 1.793+0.012 2.033+0.014 1.763+0.012 1.640+0.007 1.422+0.007
Pl 0.186+0.002 0.228+0.002 0.168+0.002 0.079+0.001 0.339+0.005
Datt3 Ps 0.181+0.003 0.110+0.002 0.17440.003 0.043+0.002 0.211+0.006
Sa 0.113+0.003 0.159+0.003 0.110+0.003 -0.033+0.002 0.104+0.003
Pl 0.012+0.000 0.015+0.000 0.026+0.000 0.010+0.000 0.004+0.000
Datt4 Ps 0.013+0.000 0.012+0.000 0.023+0.000 0.011+0.000 0.010+0.000
Sa 0.007+0.000 0.008+0.000 0.016+0.000 0.007+0.000 0.011+0.000
Pl 0.543+0.002 0.565+0.002 0.667+0.003 0.523+0.002 0.523+0.002
Datt5 Ps 0.558+0.004 0.502+0.005 0.587+0.004 0.617+0.005 0.611+0.005
Sa 0.351+0.002 0.387+0.002 0.401+0.004 0.454+0.002 0.403+0.003
Pl 0.137+0.001 0.169+0.002 0.213+0.003 0.102+0.001 0.036+0.000
Datt6 Ps 0.122+0.001 0.141+0.002 0.196+0.002 0.089+0.001 0.111+0.002
Sa 0.081+0.002 0.105+0.002 0.168+0.004 0.066+0.001 0.086+0.001
Pl 5.282+0.211 6.122+0.200 2.753+0.159 -9.954+0.215 -45.479+0.487
DD Ps 2.23240.394 -1.74240.237 0.294+0.175 -13.33320.369 -22.500+0.758
Sa -8.265+0.559 -2.414+0.434 -5.387+0.253 -23.139+0.503 -14.289+0.271
Pl -125.509+0.501 | -113.509+0.538  -66.829+0.508 -97.446+0.287 -186.421+0.754
DDn Ps -113.816+£0.962  -91.698+0.649 -63.630+0.437 -98.081+0.555 -131.059+2.718
Sa -101.571+£0.816 | -113.196+0.837  -48.047+0.350  -92.283+0.337 -39.508+0.255
Pl 0.845+0.003 0.897+0.003 0.799+0.004 0.941+0.002 0.722+0.005
DPI Ps 0.829+0.004 0.888+0.003 0.798+0.003 0.860:+0.003 0.883+0.006
Sa 0.798+0.006 0.853+0.004 0.803+0.005 0.837+0.004 0.882+0.005
Pl 1.587+0.005 1.539+0.005 1.34540.005 1.38440.004 1.457+0.005
DWSI4 Ps 1.574+0.010 1.629+0.010 1.480+0.007 1.242+0.006 1.148+0.009
Sa 2.188+0.013 2.051£0.010 1.952+0.013 1.461+0.006 1.715+0.009
Pl 0.740+0.001 0.717+0.001 0.704+0.002 0.682+0.002 0.638+0.001
EGEFN Ps 0.715+0.003 0.672+0.002 0.680+0.002 0.634+0.002 0.708+0.002
Sa 0.534+0.004 0.577+0.004 0.526+0.003 0.514+0.003 0.436+0.003
Pl 6.767+0.034 6.168+0.033 5.874+0.037 5.439+0.033 4.599+0.022
EGFR Ps 6.473+0.075 5.328+0.047 5.379+0.047 4.580+0.036 5.912+0.038
Sa 3.369+0.033 4.000+0.048 3.300+0.033 3.155+0.022 2.519+0.016
Pl -8.714+0.183 -2.932+0.342 -3.127+0.057 -6.193+0.227 -6.147+0.101
EVI Ps -6.101+0.137 -0.688+0.332 -4.802+0.100 -3.069+0.076 -0.410+0.577
Sa -8.057+0.420 2.704+0.606 -3.064+0.499 -4.434+0.258 -4.343+0.116
Pl 1.728+0.006 1.662+0.005 1.436+0.007 1.598+0.005 1.667+0.006
GI Ps 1.712+0.012 1.846+0.014 1.589+0.009 1.419+0.008 1.343+0.010
Sa 2.508+0.016 2.32240.012 2.252+0.017 1.73440.007 2.043+0.012
Pl 0.032+0.000 0.039+0.000 0.055+0.001 0.025+0.000 0.010+0.000
Gitelson Ps 0.031+0.000 0.035+0.000 0.052+0.000 0.022+0.000 0.023+0.000
Sa 0.027+0.000 0.029+0.000 0.054+0.001 0.019+0.000 0.035+0.001
Pl 0.046+0.034 -0.273+0.036 -1.987+0.031 -0.329+0.017 12.754+0.192
Gitelson2 Ps -0.458+0.047 -1.001+0.034 -2.203+0.023 -0.648+0.029 6.769+0.445
Sa -0.708+0.043 -0.058+0.048 -2.327+0.027 -0.837+0.026 -2.436+0.018
GMI1 Pl 5.743+0.023 5.614+0.029 4.895+0.028 5.115+0.024 3.914+0.017
Ps 5.161+0.032 5.092+0.033 4.775+0.030 4.430+0.036 5.466+0.036

10
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Number of experiment 1 2 3 4 5
VI Species Mean of VI value + SD
Sa 3.948+0.040 4.652+0.051 3.858+0.044 3.775+0.037 3.093+0.032
Pl 3.198+0.014 3.245+0.017 2.847+0.013 2.443+0.009 1.956+0.008
GMI2 Ps 2.929+0.019 2.737+0.014 2.755+0.016 2.155+0.013 2.187+0.016
Sa 2.562+0.023 2.876+0.025 2.416+0.021 2.009+0.014 1.863+0.013
Pl 0.716+0.001 0.718+0.001 0.676+0.002 0.691:+0.001 0.635+0.001
Green NDVI Ps 0.691+0.002 0.681+0.002 0.669+0.002 0.641+0.002 0.720+0.001
Sa 0.604+0.003 0.651+0.003 0.590+0.004 0.579+0.003 0.505+0.004
Pl 0.590+0.001 0.606-+0.002 0.585+0.002 0.493+0.001 0.432+0.001
Maccioni Ps 0.569+0.003 0.539:+0.002 0.560+0.002 0.477+0.002 0.495+0.002
Sa 0.498+0.003 0.540+0.003 0.487+0.003 0.426+0.003 0.378+0.003
Pl 67.330+0.550 53.600+0.520 26.640+0.289 115.854+0.938 255.445+2.256
MCARI Ps 68.555+1.326 73.426+0.980 34.057+0.482 105.227+1.450 130.595+2.691
Sa 125.196+2.057  109.312+1.400  58.889+1.081 164.613+1.203 86.023+0.843
Pl 107.327+0.668 99.961+0.688 48.317+0.456 64.757+£0.422 74.234+0.700
MCARI2 Ps 88.511+1.183 68.648+0.559 44.066+0.452 52.790+0.665 56.971+0.646
Sa 72229+1.153 92053+1.212 30.270+0.374 47.068+0.659 15.879+0.250
Pl 11.369+0.089 10.157+0.106 7.375+£0.108 12.214+0.098 S0 26007
MPRI Ps 12.280+0.103 10.268+0.142 6.917+0.072 15.929+0.192 15.490+0.392
Sa 13.822+0.191 13.364+0.212 6.865+0.129 19.363+0.280 10.153+0.157
Pl 0.910+0.001 0.906+0.001 0.869+0.001 0.910+0.001 0.886+0.001
MSAVI Ps 0.900+0.001 0.906:+0.001 0.88540.001 0.869+0.002 0.901+0.001
Sa 0.915+0.001 0.922+0.001 0.903+0.001 0.883+0.002 0.880+0.001
Pl 1.974+0.010 2.033+0.012 1.756+0.010 1.41940.007 1.022+0.006
mSR2 Ps 1.786+0.015 1.653+0.010 1.670+0.012 1.222+0.010 1.231+0.012
Sa 1.499+0.017 1.738+0.018 1.41240.016 1.103+0.011 0.988+0.010
Pl 1.495+0.009 1.601+0.010 1.476+0.012 0.997+0.006 0.681+0.004
MTCI Ps 1.386+0.015 1.231+0.009 1.323+£0.012 0.919+0.008 0.897+0.009
Sa 1.041+0.014 1.253+0.015 1.022+0.013 0.764+0.008 0.655+0.008
Pl 153.574+0.585  134.826+0.701 75.818+0.412 150.753+0.405 323.416+1.721
MTVI Ps 142.803+1.003  123.938+0.641 78.778+0.506 146.763+0.693 214.568+4.808
Sa o7 2002102 8065 52 300 73.928+0.704 170.850+0.689 74.795+0.544
Pl 0.809+0.001 0.805+0.001 0.746+0.002 0.771+0.001 0.733+0.001
NDVI Ps 0.790+0.002 0.785+0.002 0.765+0.002 0.695+0.002 0.744+0.002
Sa 0.797+0.002 0.817+0.002 0.766+0.003 0.686+:0.003 0.684+0.003
Pl 0.426+0.002 0.435:+0.002 0.395+0.002 0.334+0.001 0.239+0.002
NDVI2 Ps 0.398+0.002 0.374+0.002 0.376+0.002 0.286+0.002 0.285+0.003
Sa 0.345+0.003 0.383+0.003 0.325+0.003 0.255+0.003 0.231+0.003
Pl -0.195+0.002 -0.184+0.001 -0.122+0.002 -0.106+0.001 -0.138+0.002
NDVI3 Ps -0.190:£0.003 -0.187+0.003 -0.168+0.002 -0.056+0.002 -0.005+0.004
Sa -0.326+0.003 -0.301+0.002 -0.271+0.003 -0.126+0.002 -0.201+0.002
Pl 0.969+0.001 0.962+0.002 0.893+0.002 0.967+0.001 0.923+0.001
OSAVI Ps 0.949+0.002 0.960+0.002 0.920+0.002 0.893+0.003 0.951+0.002
Sa 0.978+0.002 0.991+0.002 0.955+0.003 0.918+0.003 0.911+0.003
Pl 0.493+0.002 0.503+0.002 0.457+0.002 0.387+0.002 0.278+0.002
OSAVI2 Ps 0.461+0.003 0.433+0.002 0.435+0.002 0.331+0.003 0.331+0.003
Sa 0.399+0.004 0.443+0.004 0.376+0.004 0.295+0.003 0.268+0.003
Pl 8.827+0.044 8.814+0.054 7.388+0.069 7.920+0.049 6.478+0.031
PARS Ps 7.722+0.049 8.418+0.075 7.206+0.047 6.709+0.067 9.140+0.076
Sa 7.186+0.073 8.338+0.092 6.832+0.085 6.362+0.064 5.493+0.058
Pl 0.004+0.001 -0.003+0.001 -0.012+0.001 0.040+0.001 -0.003+0.001
PRI Ps -0.002+0.001 0.026+0.001 -0.004+0.001 0.009+0.001 -0.019+0.002
Sa 0.022+0.001 0.018+0.001 0.008+0.001 0.015+0.001 0.025+0.001
Pl 0.014+0.002 0.003+0.002 -0.018+0.002 0.061+0.001 -0.002+0.001
PRI _norm Ps -0.001+0.002 0.045+0.002 -0.006+0.001 0.010+0.001 -0.009+0.002
Sa 0.042+0.002 0.036+0.002 0.019+0.002 0.026+0.001 0.026+0.001
Pl 0.000+0.000 0.000+0.000 0.001+0.000 -0.001+0.000 0.000+0.000
PRI*CI2 Ps 0.000+0.000 -0.001+0.000 0.000+0.000 0.000:0.000 0.001:+0.000
Sa -0.001+0.000 0.000+0.000 0.000+0.000 0.000+0.000 -0.001+0.000
Pl 0.829+0.001 0.845+0.001 0.807+0.002 0.823+0.001 0.823+0.001
PSRI Ps 0.807+0.001 0.821+0.002 0.808+0.001 0.786+0.002 0.863+0.001
Sa 0.825+0.001 0.864-+0.001 0.841+0.002 0.823+0.002 0.798+0.002
Pl 0.007+0.000 0.016+0.000 0.026+0.000 0.023+0.000 0.040+0.000
PSSR Ps 0.004+0.000 0.015+0.000 0.015+0.000 0.044-+0.001 0.063+0.001
Sa 0.004+0.001 0.012+0.000 0.017+0.001 0.056:0.001 0.038+0.001
PSND Pl 9.754+0.061 9.370+0.069 7.341+0.066 9.768+0.068 7.231+0.037
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Number of experiment 1 2 3 4 5
VI Species Mean of VI value + SD
Ps 8.297+0.068 9.649+0.100 7.540+0.060 7.363+0.085 9.505+0.106
Sa 8.242+0.104 9.257+0.125 7.274+0.108 7.382+0.100 5.862+0.078
Pl 9.037+0.016 8.478+0.022 6.111+0.013 8.845+0.011 12.489+0.033
RDVI Ps 8.572+0.032 7.940+0.017 6.319+0.018 8.475+0.017 10.182+0.107
Sa 8.751+0.032 9.100+0.036 5.861+0.028 8.884+0.014 5.506+0.012
18] 716.384+0.057  717.083+0.062 716.282+0.068 711.746+0.074 710.480+0.122
REP Li Ps 715.648+0.116  713.700+0.094 715.131+0.100 709.509+0.161 711.670+0.153
Sa 711.797+0.175  713.911+0.134  710.351+0.187  704.230-+0.268 702.412+0.274
Pl 1.250+0.001 1.239+0.002 1.149+0.003 1.247+0.002 1.19240.001
SAVI Ps 1.224+0.002 1.237+0.003 1.183+0.002 1.152+0.004 1.227+0.003
Sa 1.260+0.002 1.277+0.003 1.22740.003 1.184+0.004 1.170+0.003
Pl 137.643+£0.525  122.228+0.627 69.423+0.374 130.205£0.287 = 271.346+1.373
SPVI s 125.854+0.901  106.631+0.535 70.051+0.396 126.554+0.407 197.714+4.423
Sa 118.960+0.959  129.607+0.971 55.994+0.451 130.282+0.352 48.637+0.237
Pl 9.850+0.065 9.464+0.072 7.149+0.065 7.67440.047 6.56240.033
SR Ps 8.601+0.070 9.085+0.097 7.466+0.060 5.830+0.057 7.254+0.080
Sa 8.930+0.110 10.133+0.127 7.81120.108 5.97340.071 5.334+0.061
Pl 3.198+0.014 3.245+0.017 2.847+0.013 2.443+0.009 1.956:+0.008
SR1 Ps 2.929+0.019 2.737+0.014 2.755+0.016 2.155+0.013 2.187+0.016
Sa 2.562+0.023 2.876+0.025 2.416+0.021 2.009+0.014 1.863+0.013
Pl 5.745+0.034 5.626+0.036 4.58340.029 3.998+0.019 3.227+0.016
SR2 Ps 5.039+0.038 4.693+0.033 4.548+0.033 3.275+0.026 3.526+0.036
Sa 4.571+£0.054 5.193+0.057 4.090+0.048 3.093+0.030 2.856+0.027
Pl 5.743+0.023 5.614+0.029 4.895+0.028 5.115+0.024 3.914+0.017
SR3 Ps 5.161+0.032 5.092+0.033 4.77540.030 4.430+0.036 5.466+0.036
Sa 3.948+0.040 4.652+0.051 3.858+0.044 3.7754+0.037 3.093+0.032
Pl 3.426+0.014 3.153+0.014 2.695+0.023 4.365+0.026 3.965+0.018
SR4 Ps 3.314+0.032 4.189+0.051 2.969+0.021 3.674+0.035 4.387+0.041
Sa 4.492+0.032 4.308+0.032 4.24910.042 4.516+0.034 4.488+0.032
Pl 0.313+0.001 0.336+0.001 0.403+0.003 0.270+0.001 0.281+0.001
SR5 Ps 0.331+0.003 0.290+0.003 0.357+0.003 0.332+0.003 0.268+0.002
Sa 0.246+0.002 0.257+0.002 0.260+0.002 0.284+0.002 0.268+0.002
Pl 2.022+0.006 2.068+0.008 1.910+£0.007 1.669+0.004 1.420+0.003
SR6 Ps 1.916+0.009 1.833+0.006 1.847+0.008 1.571+0.006 1.571+0.007
Sa 1.736+0.011 1.885+0.011 1.691+0.010 1.501+0.007 1.422+0.006
Pl 0.667+0.001 0.650+0.001 0.693+0.003 0.679+0.002 0.621+0.001
SR8 Ps 0.691+0.003 0.650+0.002 0.671+0.002 0.693+0.002 0.621+0.002
Sa 0.580+0.002 0.585+0.002 0.584+0.002 0.626+0.001 0.609+0.001
Pl 101.645+0.390 88.678+0.445 50.401+0.271 97.595+0.242 207.790+1.106
Sum_Drl Ps 94.157+0.642 80.324+0.402 51.567+0.311 96.257+0.388 144.699+3 283

Sa 99.467+0.756  104.628+0.792 46.834+0.413 109.850+0.432 48.089+0.341
Pl 95.079+0.359 82.109+0.409 46.761+0.255 87.601+0.207 179.565+0.809
Sum_Dr2 Ps 87.069+0.617 73.951+0.365 47.867+0.289 84.187+0.337 125.297+2.785
Sa 88.211+0.673 92.771+0.678 40.920+0.345 88.702+0.237 37.263+0.185
Pl 38.057+0.266 34.477+0.336 21.632+0.219 36.069+0.381 102.864+0.787
TCARI Ps 37.974+0.338 31.090+0.467 23.293+0.242 47.506+0.633 39.656+1.145
Sa 51.123+0.710 48.220+0.776 26.467+0.474 62.481+1.097 35.853+0.579
Pl 39.614+0.314 36.565+0.396 24.588+0.296 36.974+0.431 111.322+0.955
TCARI/OSAVI Ps 40.574+0.384 33.561+0.584 25.753+0.289 54.838+0.818 41.927+1.276
Sa 52.762+0.815 49.199+0.860 28.472+0.573 28158518595 40.272+0.739
Pl 54.822+0.315 48.009+0.406 30.633+0.253 49.658+0.176 79.872+0.475
TCARI2 Ps 52.009+0.396 45.204+0.339 30.192+0.222 47.247+0.344 50.860+0.761
Sa 56.750+0.471 56.961+0.569 26.195+0.241 47.85140.308 20.300+0.180
Pl 113.949+£0.940  100.497+1.163 69.778+0.718 132.696+0.684 290.445+1.057
TCARI2/OSAVI2  Ps 117.351£1.057 108.761+1.117 71.191+0.698 146.208+1.076 172.332+3.683
Sa 147.954+1.820  140.434+1.996 74.730£1.103 168.498+1.155 86.137+0.819
Pl 773.435+5.013  727.459+6.576  411.594+3.437  902.592+6.877  2595.189+21.098
TGl Ps 761.591+11.380 760.911+8.172  470.521+6.064  998.433+13.188  780.819+11.298
Sa 1467.432+20.288 1410.123420.658 774.125+13.578 1853.143+25.865 1086.649+14.133
Pl 5788.733+23.340 4960.724+26.027 2837.263+16.193 5618.543+15.873 11100.485+37.253

TVI Ps  |5333.026+38.153 4677.479+£24.468 2929.172+19.779 5441.825+26.989 7249.062+146.671
Sa  |5951.852448.006 6095.233+47.727 2772.575+26.454 6277.591+£23.571 2864.020+19.522
Pl 1.354+0.002 1.361+0.002 1.33540.002 1.239+0.001 1.104+0.001
Vogelmann Ps 1.327+0.003 1.303+0.002 1.307+0.003 1.23240.002 1.209+0.002
Sa 1.269+0.004 1.308+0.004 1.260+0.003 1.215+0.002 1.156+0.002
Number of experiment 1 2 3 4 5
VI Species Mean of VI value + SD
Pl -0.064+0.000 -0.069+0.001 -0.065+0.001 -0.046+0.000 -0.064+0.000
Vogelmann2 Ps -0.057+0.001 -0.055+0.000 -0.056+0.001 -0.040+0.000 -0.060+0.001
Sa -0.0460.001 -0.058+0.001 -0.04540.001 -0.0360.000 -0.022+0.001
Pl 1.122+0.003 1.188+0.004 1.068+0.005 0.919+0.003 0.659+0.007
Vogelmann3 Ps 1.081+0.006 1.041+0.004 1.054+0.004 0.860-+:0.004 0.746+0.010
Sa 0.992+0.006 1.076+0.006 0.967+0.006 0.781+0.005 0.901+0.004
Pl -0.069+0.001 -0.075+0.001 -0.070+0.001 -0.048+0.000 -0.065+0.000
Vogelmann4 Ps -0.061+0.001 -0.059+0.001 -0.060+0.001 -0.042+0.000 -0.062+0.001
Sa -0.049+0.001 -0.063+0.001 -0.048+0.001 -0.038+0.000 -0.023+0.001

Notes: Orange color indicates the values for which p> 0.05 (Wilcox Test)
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Table 6

Remote Sensing Applications: Society and Environment 25 (2022) 100679

Number of the vegetation indices significantly differing between the compared Acer species pairs according to the Wilcox Test.

Species A. saccharinum A. platanoides A. pseudoplatanus
A.saccharinum 0 68 63
A. platanoides 68 0 56
A. pseudoplatanus 63 56 0
Vogelmann2 Datt5
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Fig. 5. Dynamics of changes in the values of vegetation indices during the five experiments. A - kept the trend in all experiments; B - did not save the unidirectional

trend.

Notes: For all the compared Acer pairs shown in the figure, the values of the vegetation indices during the five experiments significantly differ according to the Wilcox

Test at a confidence level of 0.95 (Table 5).
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Table 7
Vegetation indexes suitable to distinguish Acer species.
Compared species Vegetation indexes
A. platanoides vs A. Boochs2, MCARI2, TCARI2, Vogelmann2, Vogelmann4
pseudoplatanus

A. platanoides vs A. saccharinum Carter2, Carter3, Carter4, Carter5, CI, CI2, CRI3, CRI4, Datt, Datt2, Datt3, Datt5, DDn, DWSI4, EGFN, EGFR, EVI, GI, GMI1,
GMI2, Green NDVI, Maccioni, MCARI2, mSR2, MTCI, NDVI2, NDVI3, OSAVI2, PARS, PSSR, REP_Li, SR1, SR2, SR3, SR4, SR8,
Vogelmann2, Vogelmann4

A. pseudoplatanus vs A. Carter3, Carter5, CRI3, Datt5, Datt6, DWSI4, EGFN, EGFR, GI, GMI1, Green NDVI, NDVI3, PARS, SR3, SR4, SR5, SR8, TGI
saccharinum
Table 8
Channels used for calculating vegetation indexes suitable to distinguish Acer species.
Wavelength 474 478 482 486 490 494 498 502 506 510 514 518 522 526 530 538 542 546 550 554 558 562 566 570
Spectral channel 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

A. platanoides vs

A. pseudoplatanus
A. platanoides vs

A. saccharinum

A. pseudoplatanus vs
A. saccharinum
Wavelength 574 578 582 586 590 594 598 602 606 610 614 618 622 626 630 634 638 642 646 650 654 658 662 666
Spectral channel 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
A. platanoides vs

A. pseudoplatanus
A. platanoides vs

A. saccharinum

A. pseudoplatanus vs
A. saccharinum
Wavelength 670 674 678 682 686 690 694 698 702 706 710 714 718 722 726 730 734 738 742 746 750 754 758 762
Spectral channel 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 IS5 76 77 718
A. platanoides vs

A. pseudoplatanus
A. platanoides vs

A. saccharinum

A. pseudoplatanus vs
A. saccharinum
Wavelength 766 770 774 778 782 786 790 794 798 802 806 810 814 818 822 826 830 834 838 842 846 850 854 858
Spectral channel 79 80 81 82 83 84 85 86 87 83 89 90 91 92 93 94 95 96 97 98 99 100 101 102
A. platanoides vs

A. pseudoplatanus
A. platanoides vs

A. saccharinum

A. pseudoplatanus vs
A. saccharinum

Notes: Channels used for calculating vegetation indices for all 3 pairs of Acer are marked in green

X

X X X X X

X

X X X X X X X X X

X X X X X | X X X X X

X X X
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