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Abstract

Comparisons in different time periods using individual spectral indices

are often used to assess the dynamics of vegetation cover. The NDVI is a very
popular index for indicating disturbances in the structure of vegetation cover.
Various vegetation indices are highly correlated for homogeneous vegetation
cover, so assessing dynamics based on one of them is quite appropriate.
Similarly, other single spectral indices can be used for other homogeneous
surface types, such as agricultural land, rocks, or water. However, in the case
of complicated landscape complexes, there is a need to assess the dynamics of
heterogeneous land cover types using indices that are sensitive to the
characteristics of vegetation, soil and water surface. Anthropogenic pressure
also strongly affects the physiological state of plants, so it is also

appropriate to use spectral indices that are sensitive to plant health. The
multidimensionality of the spectral index space raises the problem of reducing
the dimensionality of this space, as well as comparing different landscape
states over time. The method uses principal component analysis to reduce the
dimensionality of the spectral index space and Procrustes analysis to compare
the structures established by the results of principal component analysis. The

R code uses as an example an image of the surface of the southern part of
Khortytsia Island, where floodplain ecosystems are located, which were
negatively affected by the environmental disaster caused by the undermining of
the Kakhovka Dam by the Russian occupiers in 2023. Accordingly, the case study
compares the state of floodplain ecosystems in 2022 and 2024.
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General characteristics of spectral indices

1

The Kakhovka Dam was destroyed, resulting in the subsequent devastation

of the Kakhovka Reservoir on June 6, 2023. To evaluate the changes in landscape
cover in the affected area, we analyzed images of the southern part of
Khortytsia Island and the surrounding waters of the Dnipro River, taken one

year before the disaster (August 24, 2022) and one year after the disaster
(August 18, 2024). We utilized Sentinel-2B Level-2A imagery, which includes 13
spectral channels (B1- B12, including B8A) and has a resolution of 10 meters:

B2 (Blue), B3 (Green), B4 (Red), B8 (NIR); 20 meters: B5-B7, B8A, B11, B12; and
60 meters: B1, B9, B10. For further analysis, the images were reclassified to a
resolution of 10 meters. We characterized the landscape cover features using 29
spectral indices (Table 1). The most commonly used

channel for calculating spectral indices was B4 (red, 665 nm), which was

utilized to compute 17 out of 29 indices, accounting for 58.6%. This channel is
essential for classical NDVI-like indices that evaluate green biomass, pigment
composition, and vegetation productivity. B8 (NIR, 842 nm) was employed to
calculate 15 indices (51.7%). This channel is primarily used for detecting
vegetation due to the high reflectivity of plants in the near-infrared range.

The B2 (blue, 490 nm) and B3 (green, 560 nm) channels were used to compute 12
(41.4%) and 11 (37.9%) indices, respectively. These channels are important for
detecting water stress, pigment imbalance, and spectral contrast. Red-edge
channels are also widely utilized: B5 (705 nm) and B7 (783 nm) are included in

11 indices (37.9% each), while B6 (740 nm) is included in 7 indices (24.1%).

This underscores the significance of the red-edge range for accurately
determining chlorophyll concentration, plant physiological status, and early signs
of stress. SWIR channels, which reflect soil moisture, salinity, and surface
structural properties, also exhibit a high frequency of use: B11 (1610 nm) was
employed in 10 indices (34.5%), and B12 (2190 nm) in 8 indices (27.6%). Less
frequently, B1 (coastal aerosol, 443 nm) was used in 3 indices (10.3%), and B8A
(narrow NIR, 865 nm) in 2 indices (6.9%). These channels serve highly
specialized functions, such as assessing atmospheric impurities (B1) or
providing detailed spectral detection of chlorophyll (B8A). The overall

structure of channel usage frequency reveals a dominance of indices focused on
assessing total phytomass, water stress, moisture, and soil conditions, which

are critical for monitoring the state of natural cover and anthropogenically
transformed landscapes. The high frequency of use of the B4 (665 nm), B8 (842
nm), B2 (490 nm), and B3 (560 nm) channels highlights the key role of
traditional NDVI-like indices, while the inclusion of red-edge (705-783 nm) and SWIR
(1610-2190 nm) channels enhances the accuracy of assessments regarding the
physiological state of plants and soils.
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Table 1. Spectral Indices for Ecological Analysis

4

A B C D E
Aerosol (B2-B1)/ This spectral index is (Komlyk
Contrast | AC_Ind (B1 + applied for detailed etal.,
Index ex B2) examination of coastal and 2024)
inland waters. It is capable
of observing sediments,
particles, organic
matter and chlorophyll-rich
phytoplankton in these
waters.

Blue- BIG2 B2 /B3 BIG2 distinguishes between (Elfanah
Green vegetation and water or soil; etal.,
Index sensitive to 2023)

pigment concentration.

Blue- (B12 -B1) / The BNDVI is a modification (Yang

normaliz | BNDVI (B12 + B1) of the standard NDVI, where etal.,
ed a blue channel 2004)
differenc is used instead of the red
e channel (Red). Its sensitivity
vegetati is more focused on
on index low chlorophyll levels,
which allows it to better
detect stressed or degraded
plants. The use of the blue
channel makes the index
more stable in cases of
noise pollution or shadows,
which is especially important
in the early stages
of plant growth.

Green GLI (2 * B3-B4 - | Indicates vegetation density | (Louhaichi

Leaf B2) and photosynthetic activity. etal.,
Index /(2 * B3 + B4 | The index 2001)

+ B2) ranges from -1to +1. A
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negative value indicates soil

or dead cover, while a
positive value indicates

green leaves and stems. A
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A B C D E
threshold with a value
close to 0 divides the image
into two classes: green
leaves and soil or
non-living cover.
Green (B7-B3)/ Highly sensitive to (Gitelson
NDVI GNDVI (B7 + B3) chlorophyll content; used in etal.,
vegetation stress 1996)
monitoring.
Index Formula Ecological Meaning Reference
Name Abbre
viation
Land LSWI (B5-B6) / Reflects water content in
Surface (B5 + B6) vegetation and soil; used for | (Chandrase
Water drought kar
Index monitoring. etal.,
2010)
(B3-BM) / Enhanced water body (Xu,
Modified | MND (B3 + B11) extraction by replacing NIR 2006)
NDWI W with SWIR.
NBRI (B8 - B12) / Detects burned areas and (Seydi
Normaliz (B8 + B12) vegetation loss due to fires. etal.,
ed Burn 2021)
Ratio
Index
(B6 -B1) / Extracts bare soil areas (Zhao
Normaliz | NDBal (B6 + B11) automatically. and Chen,
ed 2005)
Differen
ce
Barenes
s Index
(B3-B4) / Estimates chlorophyll-a (Ha
Normaliz | NDChl (B3 + B4) concentration in water. etal.,
ed a 2017)
Differen
ce
Chlorop
hyll-a
(B8a-B3)/ Estimates leaf chlorophyll (Chaves
Normaliz | NDGCI (B8a + B3) content, indicator of plant etal.,
ed health. 2020)
Differen
ce Green
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A C D E
Chlorop
hyll
Index
NDI (B12-B7) / Used to estimate soil (Wang
Normaliz (B12 + B7) salinity. etal.,
ed 2019)
Differen
ce Index
NDII (B8 -B11) / Indicates water content in (Hardisky
Normaliz (B8 + B11) vegetation; used for drought etal.,
ed assessment. 1983)
Differen
ce
Infrared
Index
NDIO (B4-B2)/ Detection of ferric iron (Yazdi
Normaliz (B2 + B4) oxides. etal.,
ed 2013)
Differen
ce lron
Oxide
NDRE (B7 -B5) / NDRE is a modified version (Barnes
Normaliz (B7 + B5) of NDVI that uses red-edge etal.,
ed instead of red 2000)
Differen band. Red-edge is a
ce Red spectral region between red
Edge and NIR (~700-740 nm) that
Index is
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sensitive to chlorophyll
content, even in dense
vegetation. The index does

not saturate at high
biomass, unlike NDVI. It is a
better indicator of

chlorophyll, especially in
the later stages of crop
growth, when NDVI is ho

longer sensitive. Sensitive
to nitrogen stress - as
chlorophyll content is

often directly related to
nitrogen content in plants. It
is used to assess

stress associated with
water and nitrogen
deficiencies. Reliable for
partial

soil coverage - less
dependent on cover density
than other indices. It has a

high correlation with the
nitrogen content in the
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A

C

D

leaves, surpassing other
vegetation indices in this
regard.

Normaliz
ed
Differen
ce Red-
Edge
Improve
d

NDREI

(B8 - B5) /
(B8 + B5)

NDREI is an improved
version of the NDRE index,
which uses RE1 (B6 or

B7) instead of RE2 (B5), as
well as near-infrared (NIR).
The choice of RET +

NIR provides better spectral
sensitivity to early changes
in chlorophyll and

plant condition. The index
reduces saturation, which is
typical for NDVI, and

responds better to light
plant stress, even with a high
leaf area index

(LAI). The index is highly
sensitive to chlorophyll
concentration. NDREI

accurately reflects
chlorophyll even in dense
cover. It is optimal for

assessing nitrogen supply.
It is particularly effective in
crops where

nitrogen is closely related
to chlorophyll content. Less
dependent on cover

density than NDVI or
GNDVI. Increased stability
when changing the sun
angle

or atmospheric conditions
due to the use of a red-edge
channel closer to the

NIR. Effective for monitoring
late vegetation stages when
NDVI becomes less

sensitive.

(Barnes
etal.,
2000)

Normaliz
ed
Differen
ce
Tillage
Index

NDTI

(B11-B12) /
(B11 + B12)

The index uses two SWIR
channels that are sensitive to
soil moisture

content and surface
structure. The NDTI index
detects the difference
between

treated and untreated soil
based on their different
reflectivity in the SWIR

range. Changes in the
surface structure (e.g. after
ploughing or harrowing)

affect the spectral response
that this index captures. High
ability to
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A B C D E
distinguish between tillage
methods, e.g. no-till,
minimum-till, conventional
tillage. It is resistant to
changes in vegetation cover
and is particularly
effective in areas with no or
minimal vegetation. It can be
used to assess
erosion vulnerability, as the
surface structure directly
affects erosion
processes.
(B7-B2)/ Estimates total suspended
Normaliz | NDTS (B7 + B2) matter in water bodies. (Premkumar
ed M etal.,
Differen 2021)
ce Total
Suspend
ed
Matter
Index
NDVI (B8 -B4) / Indicates vegetation (Rouse
Normaliz (B8 + B4) productivity and greenness. et al., 1974)
ed One of the most
Differen popular vegetation indices.
ce
Vegetati
on Index
(B3-B8)/ NDWI1 exploits the
Normaliz | NDWI1 (B3 + B8) difference in spectral (McFeeters,
ed reflectivity between water 1996)
Differen and land in the green and
ce Water NIR bands. Positive values
Index 1 (close to +1): indicate
open water. Zero or
negative values are typical
for vegetation and soils. The
main application is to
identify lakes, rivers, and
reservoirs in images.
NDWI1 can be an indicator
of overall turbidity.
(B5-B12) / NDWI, is sensitive to the
Normaliz | NDWI (B5 + B12) moisture content of soil and (Gasparovic
ed 2 vegetation. It and Singh,
Differen is primarily applied to 2020)
ce Water assess water stress in plants
Index 2 and soil moisture
levels. Low NDW!I, values
indicate drought or reduced
moisture. The NDWI, is
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A

C

D

not intended to detect
water as much as the classic
NDWI1, but to indicate

the moisture in the
environment. NDWI, is often
used under the name NDMI

(Normalised Difference
Moisture Index).

Red
Edge
Differen
ce Index

REDI

(B7 - B6)
(B7 + B6

——

The index is highly sensitive
to changes in chlorophyll.
The index

compares two adjacent
red-edge bands, where
s?btle changes in the slope
o

the spectral curve are
recorded as chlorophyll
content increases or

decreases. The index also
has low sensitivity to soil and
water background. A

narrow spectral range
between channels B6 and B7
minimises the influence of

background components,
particularly in the case of
incomplete vegetation

coverage. In dense
vegetation, this index is less
prone to saturation than
classical

vegetation indices. It can
be used for high-precision
analyses of the

dynamics of changes in
vegetation condition due to
its spectral stability.

The index is sensitive to
changes in chlorophyll
content, so it is efficient

for detecting nutritional
stress, aging, and pest
damage.

(Addabbo
etal.,
2016)

Red
Edge
NDVI1

RedEd
ge_ND
VI1

(B6-B4) /
(B6 +
B4)

This index is a variant of
NDVI, where instead of NIR,
red-edge, which

is sensitive to chlorophyll, is
used, and instead of the
traditional green,

red, which is highly
absorbed by pigments, is
used. The red-edge range

(680-750 nm) is
characterised by a sharp
transition between
chlorophyll

absorption and mesophyll
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A

C

D

reflection. B6 is particularly
sensitive to early

changes in chlorophyll,
making it useful for detecting
subtle or initial

changes in vegetation. Red-
edge reflectance is
predominantly driven by
chlorophyll

content, not just leaf area,
which allows for an
assessment of the

physiological state of
plants. Red Edge NDVI 1
displays LAl changes much
more

accurately than classic
NDVI. It allows you to
identify the stages of plant

development, initial signs of
stress, leaf aging or nutrient
deficiencies.

Red
Edge

NDVI 2

RedEd
ge_ND
VI2

(B7-B4)/
(B7 + B4)

This index is a modified
NDVI based solely on the
red-edge spectrum.

It can be considered a
highly specialised index for
assessing the

physiological state of
plants, in particular
chlorophyll content. The
index

is particularly sensitive to
chlorophyll concentration in
leaves and less

sensitive to soil
background. Even small
changes in the structure or

concentration of pigments
can significantly affect the
index value. Red-edge

NDVI 2 does not reach a
plateau as quickly at high LAI
values, which allows for

better distinction of dense
crowns. Relatively less
dependent on water

content: this index focuses
more specifically on
photosynthetic pigments.

(Xie
etal.,
2018)

protocols.io | https://dx.doi.org/10.17504/protocols.io.n921d59k7v5b/v1

Red
Edge

Normaliz

ed

Differen

ce

Vegetati

REND
VI

(B7-B5) /
(B7 +
B5)

Unlike the classical NDVI,
which is based on the red
and NIR bands,

RENDVI uses two red-edge
channels, which gives high
sensitivity to

chlorophyll concentration

April 14, 2025

(Gitelson
etal.,
1996)
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A

C

D

on Index

without saturation under high
LAI conditions. The

index is particularly
effective in detecting plant
stress, nitrogen

deficiency, and aging.
Since the reflections in the
red-edge are formed

mainly by leaves, the index
is less sensitive to the
brightness of the litter

layer than the classical
indices. It shows changes in
chlorophyll content

even under early stress,
before visual symptoms
appear. Suitable for

analysing the dynamics of
medium and dense
vegetation in time series.

Red-
Blue
NDVI

RBND
\

(B8 — (B5 +
B1)) /
(B8 + B5 +
B1)

A three-component index
derived from NDVI can better
assess mixed

vegetation and soil
conditions. The B1 (coastal
aerosol) channel is sensitive

to aerosols and dust, so its
inclusion in the denominator
allows for

normalisation of the effect
of atmospheric influence on
reflectance. The B5

red-edge channel provides
a better assessment of
vegetation stress

conditions, including early
signs of wilting, dryness, or
salinity. The

integration of information
on soil, vegetation and
atmosphere makes the index

more stable in arid and
semi-arid regions, where
other indices have a lower

correlation with real
indicators of land cover. It is
used for monitoring

soil salinity, assessing
vegetation cover in saline
environments, and has

improved discriminatory
ability to distinguish between
vegetation, bare soil

and saline areas.
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band (B3) is well reflected
by most illuminated surfaces
(including rocks),

while the SWIR band (B12)
is sensitive to moisture, clay
minerals, carbonates

and sulphates. Rocks with
high reflectivity in the visible
spectrum but low

SWIR reflectivity (quartzite,
flint) give high positive
values. Mixed

moistened clay and altered
rocks (with hydrothermal
influence) exhibit lower

or negative values. The
index is analogous to NDVI
for geological purposes.

However, Rl characterises
rock surface types instead of
vegetation. It is

used to identify rock
outcrops, especially in open,
dry regions. High RI

values (closer to +1)
indicate dry, reflective
surfaces (light rocks,

quartzites). Low Rl values
(closer to -1) may indicate
wet, hydrothermally

altered areas or dense
vegetation.

A C D E
Rock RI (B3-B12) / Index based on the contrast | (Imbroane
Index (B3 + of visible and SWIR etal.,
B12) reflectance. The green 2007)
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A

C

D

Sentinel-
2
Vegetati
on
Salinity
Index

SVSI

(B4-B2) /
(B5 + B11)

The index assesses the
difference between the
visual absorption of

pigments (chlorophyll,
carotenoids) in the blue/red
range (B2, B4) and the

combined contribution of
leaf structure and water (B5
+ B11). The index

reveals the secondary
effects of soil salinity
primarily through a decrease

in chlorophyll, a decrease in
water content, and damage
to leaf structure.

Indicates the accumulation
of Cl- and Na* ions in plant
leaves through their

spectral effect on pigment
composition and moisture
content. It allows to

assess the level of plant
stress in saline areas.

(Lugassi
etal.,
2017)

Structur
e
Insensiti
ve
Pigment
Index

SIPI

SIPI is developed to
minimise the influence of
structural

characteristics of the plant
cover (e.qg. leaf area, leaf
distribution) on the

assessment of plant
pigment composition. SIPI
increases with decreasing

relative chlorophyll content
and increasing carotenoids,
and is therefore a

marker of stress, aging, and
leaf yellowing. SIPI = 1.0
indicates a high

chlorophyll content and low
stress level. SIPI > 1.2
indicates an increase

in the proportion of
carotenoids, possible
degradation or stress. SIPI

effectively reflects changes
in the pigment balance due
to water deficiency,

pathogens, and nutrient
deficiencies. It is used to
monitor the degradation

of stands in forests and
parks.

(Penuelas
etal.,
1995)
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Vegetation indexes

5

The group of indices, including NDVI, GNDVI, GLI, NDGCI, NDRE, RedEdge
NDVI1/2, and RENDVI, effectively reflect both quantitative (density, Leaf Area
Index [LAI]) and qualitative (pigment content, physiological state of plants)
aspects of vegetation cover. Their application enables the monitoring of
productivity, stress, and degradation of phytomass over extensive areas,
particularly exemplified by the landscape changes following the destruction of
the Kakhovka reservoir.

Spectral indices are sensitive to soil cover properties

6

Among the spectral indices utilized in this study, several specialized

indices enable to characterize the properties of soil cover, including its
bareness, surface structure, moisture content, salinity, and iron oxide levels.
Notably, the Normalized Difference Bare Soil Index (NDBal) automatically
identifies areas with bare soil, serving as an indicator of vegetation

degradation or active erosion processes. The Normalized Difference Tillage
Index (NDTI), which employs two shortwave infrared (SWIR) channels, is
sensitive to moisture content and changes in micro-relief. This sensitivity allows
it to differentiate between treated and untreated soil and to identify

structures that increase the risk of erosion. The NDI index reflects the degree of salinity

at the soil surface, which

is particularly important for monitoring degraded areas or those transformed by
irrigation. The Rock Index (RI) differentiates between surface types based on

the ratio of visible to shortwave infrared (SWIR) reflectance, which can be

useful for identifying mineral differences, especially in arid and open

regions. The NDIO index characterizes the presence of ferrous oxides, enabling
the assessment of soil chemistry and signs of hydrothermal changes. The NDWI2,
NDII, and LSWI indices, although traditionally used to evaluate the moisture
content of vegetation, are also sensitive to soil moisture, particularly in

bare areas where infrared wavelengths dominate the spectral response. The selected
indices facilitate a comprehensive assessment of soil cover, considering its
physical structure, moisture content, chemical composition, and degree of
bareness. This is critical for detecting degradation processes, spatial
heterogeneity, and evaluating anthropogenic impacts on ecosystems.

Spectral indices are sensitive to the properties of the water environment

7

Among the spectral indices utilized in this study,

several indicators are crucial for characterizing the ecological conditions of
the aquatic environment, as they reflect both the presence of open water and
the quality of aquatic vegetation cover. These indices include the Normalized
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Difference Water Index 1 (NDWI1), which facilitates the identification of water
surfaces by contrasting the green and near-infrared spectral ranges. Its
modification, the Modified Normalized Difference Water Index (MNDWI), enhances
water separation in the presence of aquatic vegetation or suspended solids by
utilizing the Short-Wave Infrared (SWIR) channel. Concurrently, the Land
Surface Water Index (LSWI), the Normalized Difference Infrared Index (NDII),
and NDW!I2 (also known as the Normalized Difference Moisture Index, NDMI) are
sensitive to the moisture content of vegetation and soil, making them widely
used for assessing water stress levels, particularly in agroecosystems and
wetlands. Additionally, the NDTSM facilitates the estimation of suspended

solids concentration in water, a crucial indicator of turbidity and

anthropogenic load. The NDChla index is employed to approximate chlorophyll-a
content, which may signify levels of eutrophication or substantial

phytoplankton development. A distinct category encompasses indices related to
saline environmental conditions, such as SVSI and NDI, which reflect the
secondary effects of salinity through reductions in pigment content and
alterations in vegetation structure. Another significant index is the RBNDVI, a
three-component metric that integrates the characteristics of atmospheric
exposure, vegetation, and soil salinity. Finally, the AC_Index enables the
estimation of aerosol and organic matter content in coastal waters, which is
essential for pollution detection. Thus, spectral indices designed to assess

the aquatic environment provide a comprehensive overview of its condition,
including humidity, the presence of water bodies, pollution levels,
eutrophication, and salinity. This information is vital for monitoring changes

in the context of hydrological and anthropogenic transformations.

Statistical analysis features

8

Spectral indices for reducing the dimensionality of the trait space were subjected to
principal component analysis (Eastman and Fulk, 1993). Primary principal
component analysis (PCA) typically identifies dominant patterns that reveal the
most significant features of landscape cover structure, such as the ratio of
vegetated to non-vegetated areas and the ratio of land to water. These land cover
types are markedly distinct from one another and occupy a substantial portion

of the imagery. When land cover changes are not widespread—such as forest fires
or the complete destruction of water bodies—general patterns of landscape
structure dominate the variability in the feature space, obscuring

smaller-scale land cover changes. To detect these smaller-scale spatial

patterns, the variability associated with principal components 1and 2 was
extracted from the spectral index values. This was accomplished by calculating
linear regressions of the spectral indices against PC 1and PC 2. The residuals
from these regression models were then subjected to secondary principal
component analysis. The results of the PCA on the residuals were further
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analyzed using Procrustes analysis with the use of the vegan library (Oksanen
et al., 2022). The procrustes function from this library rotates one
configuration to the maximum similarity with another configuration minimizing
sum of squared differences. The protest function tests for nonrandomness
(significance) between two configurations. Procrustes rotation is typically

used in comparison of ordination results. In this case, the solutions obtained
from the analysis of the principal components of the residuals of the regression
dependencies of spectral indices on the primary principal components are
compared.

Code for calculations in Project R

9

Software
i NAME
R programming language
The R Foundation DEVELOPER
Comprehensive R Archive Network REPOSITORY
SOURCE LINK

https://cran.r-project.org/

# 3aBaHTaXeHHs HeobXiaHMX NaKeTiB

# Loading necessary packages

library(terra) # po6oTa 3 pacTpoBUMM JAaHUMMU | for working with raster data
library(sf)  # po6oTa 3 BekTOpHUMMU JaHuMu | for working with vector data

# 1. 3aBaHTa)xeHHs noniroHy (shapefile)
#1.

Loading the polygon (shapefile)

poly «
st_read("D:/Science/XopTuus/Form_3.shp")
poly_vect

< vect(poly)

# 2. 3apaemo wnax po SAFE-npoaykTy Sentinel-2
# 2. Define
the path to the Sentinel-2 SAFE product
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safe_folder

< "D:/GIS
Data/SENTINEL/S2B_MSIL2A_20220824T083559_N0400_R064_T36UXU_20220824T10
0829.SAFE"

# 3. OTpUMaHHSA crnucky Beix ¢panniB 3 PO3LMPEHHAM .jp2
(pekypcumBHO)

# 3.

Retrieve a list of all files with the .jp2 extension (recursively)
all_files

< list.files(safe_folder, pattern = "\\.jp2%$", recursive = TRUE,
full.names = TRUE)

cat("3HangeHo JP2 pannie (6e3 ¢pinbTpauii):",
length(all_files), "\n") #

Print count of found JP2 files without filtering

# BindineTpyemo ¢pannu, wo mictatb "IMG_DATA" B

Wnaxy (9K npaBuio, caMe TaM 3HaxogATbCs NOTPIOHI KaHanwm)

# Filter

the files that contain "IMG_DATA" in their path (usually where the
required bands are located)

file_paths

< all_files[grepl("IMG_DATA", all_files)]

cat("3HangeHo ¢annis y

IMG_DATA:", length(file_paths), "\n")

print(file_paths)

if(length(file_paths)
== 0) {
stop("He 3HangeHo dannis .jp2 y nigkatanosi IMG_DATA. NMepeBipTe wWnsax Ta
pattern.")
# Stop execution if no .jp2 files are found
in IMG_DATA folder
}

# 4. BCTaHOB/MOEMO PiK 3MOMKMU (N5 iMeHyBaHHS Gpannis)
# 4. Set

the image acquisition year (for file naming)
year_of_image

< "2022"

# 5. BCcTaHOBMOEMO BUXigHY Manky Ta CTBOPIHOEMO 1T, SKLLO HEICHYE
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#5.
Specify the output folder and create it if it does not exist
output_folder
< "D:/GIS Data/SENTINEL/Output"
if
('dir.exists(output_folder)) {
dir.create(output_folder, recursive = TRUE)

}

# 6. Llukn 06po6ku dpannis
# 6. Loop
for processing files
for(file_path
in file_paths) {
cat("O6pobnaeTbcsa pann:", file_path, "\n")
# Processing the file

# 3aBaHTa)KeHHS 300paXkeHHs
# Load the image
r_band < try(rast(file_path), silent =
TRUE)
if(inherits(r_band, "try-error")){
cat("He Boanocsa 3aBaHTaXXuTtu
dann:", file_path, "\n")
next

}

# O6pi3aHHs
306paXKeHHs 3a MeXaMu NoniroHy
# Crop the image to the polygon boundaries
r_crop < try(crop(r_band, poly_vect),
silent = TRUE)
if(inherits(r_crop, "try-error")){
cat("Momwunka crop gna:", file_path, "\n")
next
}
r_mask < try(mask(r_crop, poly_vect),
silent = TRUE)
if(inherits(r_mask, "try-error")){
cat("Momwnnka mask gna:", file_path, "\n")
next

}
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# NepeBipKa po3ainbHOI 30aTHOCTI

# Check the current resolution

current_res « res(r_mask)

cat("MoToYHa po3painbHa 3gaTHICTb:",
current_res[1], "x", current_res[2], "\n")

# Pecemnninr go 10 meTpiB, AKLLO NOTPIGHO
# Resample to 10 meters resolution if needed
if(any(current_res !=10)) {
ext_r < ext(r_mask)
ncol_new ¢« ceiling((ext_r[2] -
ext_r[1]) / 10)
nrow_new < ceiling((ext_r[4] -
ext_r[3]) / 10)
target < rast(ext = ext_r, ncols =
ncol_new, nrows = nrow_new, crs = crs(r_mask))
r_final < try(resample(r_mask, target,
method = "bilinear"), silent = TRUE)
if(inherits(r_final,
"try-error")){
cat("Momunka resample ansa:", file_path, "\n")
next
}
}else {
r_final < r_mask

}

# OopMyBaHHs iMeHi danny: BUKOpUCTaHHA 6a30BOro iMeHi + pik
# Form the file name using the base name and
the year
base_name <«
tools::file_path_sans_ext(basename(file_path))
output_path < file.path(output_folder,

pasteO(base_name, "_", year_of_image, ".tif"))

# 3anuc pesynbTaTy
# Write the result raster to file
tryCatch({
writeRaster(r_final, output_path, overwrite
= TRUE)
cat("36epexeHo:", output_path, "\n\n")
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}, error = function(e){
cat("Momwunka 3anucy gns:",
file_path, "\n", e, "\n")
1
}

cat("O6po6Ky 3aBepLueHo!\n")
# Processing complete!

# Po3paxyHOK iHOeKciB

#

Calculation of indices

library(terra) # Ensure terra is loaded (if not already)

year =
"2024"

#==="1WNAXN ===

#===1

PATHS ===

input_folder

< "D:/GIS Data/SENTINEL/Output"

output_folder

< pasteO("D:/GIS Data/SENTINEL/Indices_", year)
dir.create(output_folder,

showWarnings = FALSE, recursive = TRUE)

#===2. KAHAJIN ===
#===2.
BANDS ===
bands_codes
< cf

B1 =

"BO1",

B2 =
"BO2",

B3 =
"BO3",

B4 =
"BO4",

B5 =
"BO5",
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B6 =
"B06",

B7 =
"B07",

B8 =
"BO8",

BSA = "BBA",
B9

= "B09",

B11 =

"B11",

B12 =

"B12"

)

# === 3. MOLWYK GANNY 3A KAHAJIOM ===
#===23.
SEARCH FOR FILE BY BAND ===
get_input_band
< function(band_code, year = year) {
files <« list.files(input_folder, pattern
= pasteO(band_code, ".*", year, "\\.tif$"), full.names =
TRUE)
if (length(files) == 0) {
warning(paste("He 3HanageHo ¢pann ana", band_code, "3a", year))
return(NA)
}
return(files[1])

}

# === 4. BABAHTAXEHHA KAHANIB ===
#===4.
LOADING BANDS ===
bands <«
list()
for (b in
names(bands_codes)) {
cat("3aBaHTaxeHHs", b, "\n") # Loading band
path < get_input_band(bands_codes[b],
year = year)
if (lis.na(path)) {
bands[[b]] < rast(path)
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cat("
basename(path),
"\n")
} else {
cat("
I MponyueHo\n")
}
}
# === 5. BA3OBE IM'd ===
#===5.
SET BASE NAME ===
b2_file
<« get_input_band("B02", year = year)
if
(is.na(b2_file)) stop("He 3HangeHo BO2 onsa imeHyBaHHS iHgeKciB")
base_name
< tools::file_path_sans_ext(basename(b2_file))
year_of_image
& year

# === 51 MNPVBEAEHHA OOLWABJIOHY B2 ===

#===15
ALIGN TO B2 TEMPLATE ===
if

(1"B2" %in% names(bands)) stop("KaHan B2 BiacyTHin — Wa6i1oH HEMOXUBUA")

template
< bands$B2
for (b in
names(bands)) {
if (b == "B2") next
if (inherits(bands[[b]],
"SpatRaster")) next
r < bands|[[b]]
if (lcompareGeom(r, template, stopOnError =
FALSE)) {
cat("®
MpuBefeHHs ao wabnoHy:", b, "\n")
bands[[b]] < resample(r, template, method =
"bilinear")
}
}
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# === 3BEPEXXEHHA IHOEKCIB (Tinbky abpeBiaTypa + pik) ===
#===
SAVING INDICES (using abbreviation + year) ===
save_index
< function(r, abbr) {
out_name < pasteO(abbr, "_",
year_of_image, ".tif")
out_path < file.path(output_folder,
out_name)
writeRaster(r, out_path, overwrite = TRUE)
cat("[ 36epexeHo:", out_name, "\n")

}

# === 7. PO3PAXYHOK IHOEKCY 3 MNMEPEBIPKOIO ===
#===7.
CALCULATE INDEX WITH CHECK ===
try_index
< function(expr, required_bands, abbr) {
if (all(required_bands %in% names(bands))
&&
all(sapply(bands[required_bands],
function(x) inherits(x, "SpatRaster")))) {
result < tryCatch(eval(expr), error =
function(e) NA)
if (inherits(result,
"SpatRaster")) {
save_index(result, abbr)

} else {
cat(" /! Ingekc", abbr, "He o6uncneHo (pe3ynbTaT He SpatRaster)\n")
}
} else {
cat("/! IHpekc",
abbr, "nponylieHo (Hemae kaHaniB:", paste(setdiff(required_bands,
names(bands)), collapse = ", "), ")\n")
}
}
# === 8. PO3PAXYHOK IHOEKCIB ===
#===8.

CALCULATE INDICES ===
try_index(quote((bands$B1

- bands$B2)/(bands$B1 + bands$B2)), c("B1", "B2"),
"AC_Index")
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try_index(quote((bands$B4

- bands$B2)/(bands$B2 + bands$B4)), c("B2", "B4"),
"NDIO")

try_index(quote((bands$B3

- bands$B12)/(bands$B3 + bands$B12)), c("B3", "B12"),
"RI")

try_index(quote((bands$B8A

- bands$B3)/(bands$B8A + bands$B3)), c("B3", "BSA"),
"NDGCI")

try_index(quote((bands$B3

- bands$B2)/(bands$B2 + bands$B3)), c("B2", "B3"),
"BIG2")

try_index(quote((bands$B8

- bands$B2)/(bands$B8 + bands$B4)), c("B2", "B8"),
"SIPI")

try_index(quote((bands$B4

- bands$B2)/(bands$B5 + bands$B11)), c("B4", "B2",
"B5", "B11"), "SVSI")

try_index(quote((bands$B8

- bands$B5)/(bands$B8 + bands$B5)), c("B8", "B5"),
"NDREI")

try_index(quote((bands$B7

- bands$B5)/(bands$B7 + bands$B5)), c("B7", "B6"),
"NDRE")

try_index(quote((bands$B6

- bands$B11)/(bands$B6 + bands$B11)), c("B6", "B11"),
"NDBal")

try_index(quote((bands$B11

- bands$B12)/(bands$B11 + bands$B12)), c("B11", "B12"),
"NDTI")

try_index(quote((bands$B8

- bands$B11)/(bands$B8 + bands$B11)), c("B8", "B11"),
"NDII")

try_index(quote((bands$B8

- bands$B12)/(bands$B8 + bands$B12)), c("B8", "B12"),
"NBRI")

try_index(quote((bands$B8

- bands$B4)/(bands$B8 + bands$B4)), c("B8", "B4"),
"NDVI")

try_index(quote((bands$B6

- bands$B4)/(bands$B6 + bands$B4)), c("B6", "B4"),
"RedEdge_NDVIT")
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try_index(quote((bands$B7

- bands$B4)/(bands$B7 + bands$B4)), c("B7", "B4"),
"RedEdge_NDVI2")

try_index(quote((bands$B7

- bands$B3)/(bands$B7 + bands$B3)), c("B7", "B3"),
"GNDVI")

try_index(quote((bands$B7

- bands$B2)/(bands$B7 + bands$B2)), c("B7", "B2"),
"NDTSM")

try_index(quote((bands$B6

- bands$B5)/(bands$B6 + bands$B5)), c("B6", "B5"),
"RENDVI")

try_index(quote((bands$B12

- bands$B7)/(bands$B12 + bands$B7)), c("B12", "B7"),
"NDI")

try_index(quote((bands$B7

- bands$B6)/(bands$B6 + bands$B7)), c("B6", "B7"),
"REDI")

try_index(quote((bands$B3

- bands$B11)/(bands$B3 + bands$B11)), c("B3", "B11"),
"MNDW")

try_index(quote((bands$B3

- bands$B8)/(bands$B3 + bands$B8)), c("B3", "B8"),
"NDWIT")

try_index(quote((bands$B5

- bands$B12)/(bands$B5 + bands$B12)), c("B5", "B12"),
"NDWI2")

try_index(quote((bands$B8A

- bands$B12)/(bands$B8A + bands$B12)), c("B8A", "B12"),
"LSWI")

try_index(quote((bands$B8

- (bands$B5 + bands$B1))/(bands$B8 + bands$B5 + bands$B1)), c("B1",
"B5", "B9"), "RBNDVI")

try_index(quote((bands$B3

- bands$B4)/(bands$B3 + bands$B4)), c("B3", "B4"),
"NDChla")

try_index(quote((bands$B12

- bands$B1)/(bands$B12 + bands$B1)), c("B1", "B12"),
"NDNIRBIlue")

try_index(quote((2*bands$B3

- bands$B4 - bands$B2)/(2*bands$B3 + bands$B4 + bands$B2)), c("B2",
"B3", "B4"), "GLI")
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cat(" Yci pocTynHi iHaeKcn o64ncneHo
Ta 36epexeHo\n")

# All

available indices have been calculated and saved!

library(terra)

library(vegan)

# === 1. BCTaHOBMOEMO OMPEKTOPII Ta OTPUMYEMO CNIiNbHI IHOEKCU ===
#===1.

Set directories and obtain common indices ===

dir_2022

< "D:/GIS Data/SENTINEL/Indices_2022"

dir_2024

< "D:/GIS Data/SENTINEL/Indices_2024"

get_index_name

< function(path) {
gsub("_\\d{4H\.tif$",

"" basename(path))

}

files_2022
< list.files(dir_2022, pattern = "\\.tif$", ful.Lnames = TRUE)
files_2024
< list.files(dir_2024, pattern = "\\.tif$", ful.Lnames = TRUE)

indices_2022

< get_index_name(files_2022)

indices_2024

< get_index_name(files_2024)
common_indices

< intersect(indices_2022, indices_2024)
cat(" CninbHi iHoekecK:",
paste(common_indices, collapse = ", "), "\n")
# Print

common indices available for both years

# === 2. 3aBaHTaXXeHHs LWaBNOHHOro pacTpy (Hanpuknag,
AC_Index_2022.tif) ===
#===2.

Loading template raster (e.g., AC_Index_2022.tif) ===
template_path
<« "D:/GIS Data/SENTINEL/Indices_2022/AC_Index_2022.tif"
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template < rast(template_path)

# === 3. OyHKUIA ANs NepeTBOPEHHS PACTPOBUX AAHUX Y MATPULO ===
#===23.
Function to convert raster data into a matrix ===
rast_to_matrix
< function(file_list, index_names, template) {
mat < list()
for (i in seq_along(index_names)) {
fname < file_list[grepl(index_namesi],
file_list)]
if (length(fname) == 0) next
r « rast(fnamel1])
if (lcompareGeom(r, template, stopOnError =
FALSE)) {
r < resample(r, template, method =
"bilinear")
}
mat[[index_namesli]]] < values(r)
}
return(do.call(cbind, mat))

}

mat_2022
< rast_to_matrix(files_2022, common_indices, template)
mat_2024
< rast_to_matrix(files_2024, common_indices, template)

# === 4. BuganeHHsa NA 1a Inf (popMyemMO NigMHOXMHY nikceniB) ===

#===4.

Removing NA and Inf (forming a subset of pixels) ===

bad_rows

« apply(mat_2022, 1, function(x) any(is.na(x) | is.infinite(x))) |
apply(mat_2024, 1, function(x)

any(is.na(x) | is.infinite(x)))

mat_2022_clean

< mat_2022['bad_rows, ]

mat_2024_clean

< mat_2024['bad_rows, ]

colnames(mat_2022_clean)

< common_indices

colnames(mat_2024_clean)

& common_indices
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cat(" ./ 3anuweHo nikcenis:",

nrow(mat_2022_clean), "3", nrow(mat_2022), "\n")

# Report

number of pixels kept after cleaning

# 3anamM'aToBYEMO iHAEKCU BUKOPUCTAHUX KNITUMH (Y NOPAAKY

LIaBNoHY)

# Save

indices of used cells (according to template order)

sel «

which(!bad_rows) # uiingekcu BignoeigaroTe psagkam y mat_2022_clean

X_2022
< mat_2022_clean
X_2024
< mat_2024_clean

H#---2.

PCA anst KOXXHOro poky ---
#---2.

PCA for each year ---
pca_2022

< rda(X_2022, scale = TRUE)
pca_2024

< rda(X_2024, scale = TRUE)

# --- 3. Butar PC1 ---

#--- 3.

Extract PC1 (first two principal components) ---

pc_2022

< scores(pca_2022, display = "sites", choices = c(1,2))[, 1:2]
pc_2024

& scores(pca_2024, display = "sites", choices = ¢(1,2))[, 1:2]

#===7.

Procrustes aHanis (BupisHioemMo 2024 fo 2022) ===

#===7.

Procrustes analysis (align 2024 to 2022) ===

proc ¢«

procrustes(pc_2022, pc_2024, scale = FALSE, symmetric = TRUE)

# === 5. [NepecTaHOBKOBUN TeCT

# === .
Permutation test ===
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proc_test
< protest(pc_2022, pc_2024, permutations = 999)

Yhat < proc$Yrot

# BUpPIBHAHI KoopanHaTh anga 2024 (nigMHOXWHa, ONa TUX KNiTUH, WO
BMKOPUCTOBYBAaNUCh)

# Yhat

contains aligned coordinates for 2024 for the subset of used pixels

# === 8. O64YMcnNtoeMO 3anmwkmn (oedopmadii) 4ns NiAMHOXNHK
nikcenis ===
# === 0.

Calculate residuals (deformations) for the pixel subset ===
resid_PC1_subset

< Yhat[, 1] - pc_2022[, 1]

resid_PC2_subset

< Yhat[, 2] - pc_2022[, 2]

# === 9. CTBOPHOEMO MOBHi BEKTOPW 3aMLLKIB A5 BCiX KNiTUH
WabNOHY ===

#===0.

Create full residual vectors for all template cells ===
n_cells

< ncell(template)

resid_PC1_full

< rep(NA, n_cells)

resid_PC2_full

< rep(NA, n_cells)

resid_PC1_full[sel]

< resid_PC1_subset

resid_PC2_full[sel]

< resid_PC2_subset

# === 10. CTBOpEHHS pacTpOBMX LIAPIB 3 3aULLIKaMM 3a LLABSIOHOM

H o
1]
1]
1]

10.

Create raster layers of residuals based on the template ===
r_PC1 «

setValues(template, resid_PC1_full)

r_.PC2 «

setValues(template, resid_PC2_full)

# MNepekoHaemocs, wo CRS 36epexeHo
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# Ensure

that the CRS is maintained
crs(r_PC1)

< crs(template)
crs(r_PC2)

< crs(template)

# === 11. Bisyanisauis KapTu npokpycToBnx gedopmadin ===
#===1.

Visualize the Procrustes deformation map ===
windowsFonts(Times

= windowsFont("Times New Roman"))

par(family

= "Times", mar = ¢(3,3,0.5,0.5), mfrow = c(1, 2))
plot(r_PC1,

main = "PC1", col = hcl.colors(100, "Spectral"))
plot(r_PC2,

main = "PC2", col = hcl.colors(100, "Spectral"))

# === 12. (OnuioHanbHO) 36epeXXeHHs pe3ynbTaTiB ===
#==="12.

(Optional) Save the results ===

writeRaster(r_PC1,

"D:/GIS Data/SENTINEL/Output/proc_deform_PC1.tif", overwrite = TRUE)
writeRaster(r_PC2,

"D:/GIS Data/SENTINEL/Output/proc_deform_PC2.tif", overwrite = TRUE)

# 3aBaHTa)XyeMO BEKTOpPHI AaHi 3 Toukamu 3 shapefile
# Load

vector data of points from a shapefile

points

< vect("D:/Science/XopTtuus/Plants_Total.shp")

# O6'egHYEMO pacTpoOBi LWapu B OOUH CTEK.
# Combine

the raster layers into one stack.
rasters_stack

< c(r_PC1,r_PC2, r_PC3, r_PC4)

# EKcTparyemo 3HauyeHHs 4nsi KOXKHOro nyHkTy. QyHKuUia noBepTae
data.frame,

# ne nepwun cToBneub — ifeHTUGIKATOP TOUKMK, a iHLWi —

3Ha4yeHHS BiAMNOBIAHO A0 BXOOXKEHb Y KOXEH Lwap.
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# Extract

values for each point. The function returns a data.frame where the first column
is the point ID and the others are the values from each layer.

extracted_values

< extract(rasters_stack, points)

# MNepernsiHemMo oTpMMaHi AaHi
# Display

the extracted data
print(head(extracted_values))

# MNpunyckaemo, Wwo extracted_values mictuTb 5 cToBnuie, genepwunn — "ID"
# Ta 4 cToBnui 34aHUMK

# Assume

that extracted_values contains 5 columns: the first being "ID" and

the next 4 the data values.

names(extracted_values)

< c("ID", "PC1", "PC2", "PC3",

"PC4")

# MNepeBipseMo, K BUIMMSAa0Tb NepLli psaaxku
# Check the

first few rows

head(extracted_values)

# 36epiraemo data.frame y pann (CSV, Hanpuknapg,)
# Save the

data.frame to a file (e.g., CSV)
write.csv(extracted_values,
"D:/Science/XopTuus/Plants_Total_extracted.csv",
row.names = FALSE)

HHHBHBHHBHBHHBH BB R
HHHBHHHHHR

# NopatkoBun kog gnsa PCA aHanisy 3anuLKis Ta NPOKPYCTOBOI

OL,iHKM

HUHBHHHHBHH BB R B R R B R R R
RAEHAHAHHE

# --- 4. BunyyeHHsa PC1 3 KOXXHOT 3MiHHOT ---

#--- 4.
Extract PC1 from each variable ---
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resid_2022
< apply(X_2022, 2, function(y) Im(y ~ pc_2022)$residuals)
resid_2024
< apply(X_2024, 2, function(y) Im(y ~ pc_2024)$residuals)

#---5.
PCA pns 3anuuikiB ---
#--- 5.

PCA on the residuals ---
pca_2022_resid

< rda(resid_2022, scale = TRUE)
pca_2024_resid

< rda(resid_2024, scale = TRUE)

pc1_2022_resid

¢ scores(pca_2022_resid, display = "sites", choices = c(1:4))],
1:4]

pc1_2024_resid

< scores(pca_2024_resid, display = "sites", choices = c(1:4))],
1:4]

# --- 6. lNopiBHAHHSA eigenvalue Ao Tanicns OYULLEHHS ---
#--- 6.

Comparison of eigenvalues before and after cleaning ---
eigen_2022

< eigenvals(pca_2022)

eigen_2022_resid

< eigenvals(pca_2022_resid)

eigen_2024

< eigenvals(pca_2024)
eigen_2024_resid

< eigenvals(pca_2024_resid)

# --- 7. MNopiBHANbHa Tabnuusa ---
#---7.
Comparative table ---
max_len
< max(length(eigen_2022), length(eigen_2022_resid))
eigen_compare_2022
< data.frame(
PC = pasteO("PC", 1:max_len),
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Before = c(eigen_2022, rep(NA, max_len -
length(eigen_2022))),

After
= c(eigen_2022_resid, rep(NA, max_len - length(eigen_2022_resid)))
)

max_len
< max(length(eigen_2024), length(eigen_2024_resid))
eigen_compare_2024
<« data.frame(
PC = pasteO("PC", 1:max_len),
Before = c(eigen_2024, rep(NA, max_len -
length(eigen_2024))),
After
= c(eigen_2024_resid, rep(NA, max_len - length(eigen_2024_resid)))
)

# --- ANbTepHaTMBHUI CMOCI6: BUKOPUCTATM rownames ---
# _

Alternative approach: using rownames ---
rownames(eigen_compare_2022)

< eigen_compare_2022$PC
eigen_compare_2022

< eigen_compare_2022[, -1]

print("===

2022: lNMopiBHAHHSA

eigenvalue ===")
print(round(eigen_compare_2022,

2))

rownames(eigen_compare_2024)
< eigen_compare_2024$PC
eigen_compare_2024

< eigen_compare_2024][, -1]

print("===
2024: lNopiBHAHHSA
eigenvalue ===")

print(round(eigen_compare_2024,
2))

# === 5. [lepecTaHOBKOBUI TECT
# === .
Permutation test for residual PCA data ===
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proc_test
< protest(pc1_2022_resid, pc1_2024_resid, permutations = 999)
print(proc_test)

loadings_2022_cor
< pca_2022$CAS$V[1:2]
loadings_2024_cor
< pca_2024$CAS$v[1:2]

round(cbind(loadings_2022_cor,

loadings_2024_cor), 3)

# === 4. TpoKpyCcTOBMIN aHani3 Ha ocHoBi PCA ===

#===4.

Procrustes analysis based on PCA of residuals ===

proc <

procrustes(pc1_2022_resid, pc1_2024_resid, scale = F, symmetric = TRUE)
Yhat «

proc$Yrot # Aligned coordinates for 2024

(subset for used cells)

summary(proc)

loadings_2022_cor

< pca_2022_resid$CAS$vV[,1:4]
loadings_2024_cor

< pca_2024_resid$CA$V[,1:4]
round(cbind(loadings_2022_cor,
loadings_2024_cor), 3)

# MNPOKpPYCTOB aHani3 HaBaHTaXeHb

#

Procrustes analysis of loadings

#

install.packages("plotrix") # uncomment if not already installed
library(plotrix)

# BrvkoHyeMo npokpycToBui aHanis gns loadings

# Perform

Procrustes analysis for the loadings

proc_load

< procrustes(loadings_2022_cor, loadings_2024_cor, scale = FALSE, symmetric
= TRUE)

# NobypoBa cTaHAapTHOro rpadiky NPOKPYCTOBOro aHanisy
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# Plot a

standard graph for the Procrustes analysis
library(stats)

# BcTaHoBntoemo wpudT Times (AKwo

"Times New Roman" BctaHoBneHo y Windows)
windowsFonts(Times

= windowsFont("Times New Roman"))
par(family

= "Times", mar = c(4,4,0.5,0.5))
plot(proc_load,

main = " ", choices=c(1,2))
orig_x

< proc_load$X[, 1]

orig_y

< proc_load$X[, 2]
adjust_coords_iterative
« function(x, y, orig_x, orig_y,
min_dist

= 0.05, top_n = 5, max_iter = 10) {

# ®opmyemo data.frame 3 miTkamm Ta
NOTOYHUMW KOOpAUHATaMM

# Create a data.frame with labels and current
coordinates

df < data.frame(label = names(x), x = x,
y =y, stringsAsFactors = FALSE)

# O6uncnoemo 3cyB (shift) ansa KoxHoi

TOYKM SK BiCTaHb MiX NOYATKOBMMMW Ta MOTOYHUMU KOOPAMHATaAMMU
# Calculate the shift for each point as the

distance between the original and current coordinates
df$shift < sqrt((orig_x[names(x)] - x)"2

+ (orig_y[names(x)] - y)"2)

# Bin6Gmpaemo top_n TOYOK 3 HanGiNbLKMM 3CyBOM (3acnagaHHam shift)
# Select the top_n points with the largest
shift (in descending order)
df « df[order(-df$shift), ]
df « head(df, top_n)

# AKWwo nicna Big6opy 3aNUWIKMIOCS MEHLUEe

2 TOYOK, HEMOXJIMBO MPOBOAMUTM PO3COBYBAHHS
# If fewer than 2 points remain after

selection, adjustment cannot be performed
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if (nrow(df) < 2) {
warning("HepocTaTHbO TOYOK OJ1 pO3COBYBaHHSA Micns Bigéopy
top_n.")
return(df)
}

# ITepaTuBHe

PO3COBYBaHHA BUBPAHMUX TOYOK, AKLLO BOHM HAATO 6/IM3bKi OAUH [0 OQHOMO

# Iteratively adjust the selected points if
they are too close to each other

n < nrow(df)

iter < 1

moved < TRUE

while (moved && iter <= max_iter)
{
moved <« FALSE
for (iin 1:(n - 1)) {
for (jin (i + 1):n) {
d < sqrt((df$x[i] - df$x[j)*2 +
(df$yl[i] - df$y[j1)"2)
if (d < min_dist) {
angle « atan2(df$y[j] - df$yl[il,
df$x[j] - df$x[i])
shift_val ¢« (min_dist-d) /2 +
Te-4
df$x[i] <« df$x[i] - cos(angle) *
shift_val
df$yl[i] < df$y[i] - sin(angle) *
shift_val
df$x[j] < df$x[j] + cos(angle) *
shift_val
df$y[j] < df$yl[j] + sin(angle) *
shift_val
moved <« TRUE
}
}
}
iter < iter +1

}

return(df)
}

# MoToyHi KoopanHaTK (Hanpuknag, ANa KOMMOHEHT 1Ta 2)
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# Current

coordinates (for components 1and 2)
X &

proc_load$Yrot|[, 1]

y &

proc_load$Yrot[, 2]

names(x)

< rownames(proc_load$Yrot)
names(y)

< rownames(proc_load$Yrot)
# MNMoyaTKoBI KoOpAMHATH

# Original

coordinates

names(orig_x)

< rownames(proc_load$X)
names(orig_y)

< rownames(proc_load$X)

# BUKIMKaeMo PyHKLI0: BUBMpPAEMO top 5 TOYOK 3 HAaNGINbLUUM 3CYBOM,
# aKi npu ubomy (AKLWO 3aHagTo 65M3bKOo) ByayTb PO3CYHYTI

# Call the

function: select top 5 points with the largest shift and adjust if they are too
close

adjusted_top5

< adjust_coords_iterative(x, y, orig_x, orig_y,

min_dist = 0.02, top_n = 5, max_iter = 10)
# BuBoaAnMo pesyrnbTaTu

# Print the

results

print(adjusted_top5)

text(adjusted_top5$x,
adjusted_top58$y, labels = adjusted_top5$label, pos = 4, cex = 0.8, col =
I|redll)

round(cbind(loadings_2022_cor,
loadings_2024_cor), 3)

# === 8. O6uMcnoemMo 3anmuwku (oedopmadii) 4rs NiGMHOXUHM
nikcenis ===
# === 0.

Calculate residuals (deformations) for the subset of pixels ===
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resid_PC1_subset

<& Yhat[, 1] - pc1_2022_resid[, 1]
resid_PC2_subset

< Yhat[, 2] - pc1.2022_resid[, 2]
resid_PC3_subset

< Yhat[, 3] - pc1.2022_resid|, 3]
resid_PC4_subset

< Yhat[, 4] - pc1_2022_resid|, 4]
# === 9. CTBOPOEMO MOBHi BEKTOPW 3anu1LLKIB A5 BCIX KNiTUH
WabNOHy ===

#===0.

Create full residual vectors for all template cells ===
n_cells

< ncell(template)

resid_PC1_full

< rep(NA, n_cells)
resid_PC2_full

< rep(NA, n_cells)
resid_PC3_full

< rep(NA, n_cells)
resid_PC4_full

< rep(NA, n_cells)

resid_PC1_full[sel]

< resid_PC1_subset

resid_PC2_full[sel]

< resid_PC2_subset

resid_PC3_full[sel]

< resid_PC3_subset

resid_PC4_full[sel]

< resid_PC4_subset

# === 10. CTBOpPEHHSA pacTpoBMX LIAPIB 3 3a1ULLIKaMM 3a LLaBIOHOM
===10.

Create raster layers from the residuals based on the template ===
r_PC1 «

setValues(template, resid_PC1_full)

r_PC2 «

setValues(template, resid_PC2_full)

r_PC3 «

setValues(template, resid_PC3_full)

r_PC4 «

setValues(template, resid_PC4_full)

H o
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# MNepekoHaemocs, wo CRS 36epexeHo

# Ensure

the CRS is retained

crs(r_PC1)

& crs(template)

crs(r_PC2)

& crs(template)

crs(r_PC3)

< crs(template)

crs(r_PC4)

< crs(template)

# === 11. Bisyanizauiai KapTh NpoKpycToBMX aedopmauin ===
#===11

Visualization of the Procrustes deformation map ===

# BcTaHOBMIOEMO NapaMeTpu rpadiku: 2 paaku i 2 ctosnui, WpueT
Times

# Set up

graphics parameters: 2 rows and 2 columns, using Times font

# OyHKUia oNA06YNCNEHHS] KBaHTUIbHUX PO36MBaHb
# Function
to compute quantile breaks
getQuantileBreaks
< function(r, n = 7) {

vals < values(r, na.rm = TRUE)

quantile(vals, probs = seq(0, 1, length.out =
n + 1), na.rm = TRUE)
}

# DyHKUiA oNa CTBOPEHHS iHTepBanbHUX MITOK Yy dopmari
"a.aa - b.bb"
# Function
to create interval labels in the format "a.aa - b.bb"
createlntervallLabels
<« function(breaks) {

paste(sprintf(" %.2f",
breaks[-length(breaks)]),

sprintf("%.2f", breaks[-1]))

}

# BcTaHoBNOEMO WPUPT Times (SKLLo
"Times New Roman" BctaHoBneHo y Windows)
windowsFonts(Times
= windowsFont("Times New Roman"))
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par(family
= "Times", mfrow = c(2, 2))

# Po3paxXyHOK KBaHTU/IbHMX pO36MBaHb Ta iHTepBaNbHMUX MITOK Ans
KOXHOrO Wapy

# Compute

quantile breaks and interval labels for each raster layer (example: 7 classes)
qbreaks1

< round(getQuantileBreaks(r_PC1, 7), 2)

gbreaks?2

< round(getQuantileBreaks(r_PC2, 7), 2)

qbreaks3

< round(getQuantileBreaks(r_PC3, 7), 2)

gqbreaks4

< round(getQuantileBreaks(r_PC4, 7), 2)

labels1
< createlntervallLabels(gbreaks1)
labels2
< createlntervallLabels(gbreaks?2)
labels3
< createlntervallLabels(gbreaks3)
labels4
< createlntervalLabels(qbreaks4)

# Create a
2x4 layout: 2 rows and 4 columns for maps and legends
layout(matrix(1:8,
nrow = 2, ncol = 4, byrow = TRUE),
widths =¢(3,1, 3, 1),
heights = c(1,

H--mmmm - nonga angd reA®IKIB TA NEFEHA

# Set

margins for maps and legends: for maps (mar = ¢(1,1,0.5,0.5)) and legends (mar
= ¢(1,0.5,0.5,0.5))

# --- Komipka 1 (r_PC1) ---

par(mar =

¢(11,0.5,0.5))
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plot(r_PC1,
main = "Residual PC1",
breaks = gbreaks],
col
= hcl.colors(length(gbreaks1) - 1, "Spectral"),
legend = FALSE)
# --- Komipka 2 (nerenpga pnsa r_PC1) ---
par(mar =
c(1,0.5,0.5,0.5))
plot.new()
legend("center",
legend = labelsT,
fill
= hcl.colors(length(gbreaks1) - 1, "Spectral"),
title
= paste("Range:", sprintf("%.2f", min(qbreaks1)),

n_mn
I

sprintf("%.2f", max(gbreaks1))),
bty
="n", cex = 0.9)
# --- Komipka 3 (r_PC2) ---
par(mar =
c(1,1,0.5,0.5))
plot(r_PC2,
main = "Residual PC2",
breaks = gbreaks?2,
col
= hcl.colors(length(gbreaks2) - 1, "Spectral"),
legend = FALSE)

# --- Komipka 4 (nerenga gna r_PC2) ---
par(mar =
c(1,0.5,0.5,0.5))
plot.new()
legend("center",
legend = labels2,
fill
= hcl.colors(length(gbreaks?2) - 1, "Spectral"),
title
= paste("Range:", sprintf("%.2f", min(qbreaks2)),

n_mn
I

sprintf("%.2f", max(gbreaks2))),
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bty
="n" cex = 0.9)

# --- Komipka 5 (r_PC3) ---

par(mar =

c(1,1,0.5,0.5))

plot(r_PC3,

main = "Residual PC3",
breaks = gbreaks3,
col

= hcl.colors(length(gbreaks3) - 1, "Spectral"),
legend = FALSE)

# --- Komipka 6 (nerenga gnsa r_PC3) ---
par(mar =
c(1,0.5,0.5,0.5))
plot.new()
legend("center",
legend = labels3,
fill
= hcl.colors(length(gbreaks3) - 1, "Spectral"),
title
= paste("Range:", sprintf("%.2f", min(qbreaks3)),

n_n
I

sprintf("%.2f", max(gbreaks3))),
bty
="n", cex = 0.9)

# --- Komipka 7 (r_PC4) ---

par(mar =

c(1,1,0.5,0.5))

plot(r_PC4,

main = "Residual PC4",
breaks = gbreaks4,
col

= hcl.colors(length(gbreaks4) - 1, "Spectral"),
legend = FALSE)

# --- Komipka 8 (nerenga gnsar_PC4) ---
par(mar =

c(1,0.5,0.5,0.5))

plot.new()

legend("center",
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legend = labels4,
fill
= hcl.colors(length(gbreaks4) - 1, "Spectral"),
title
= paste("Range:", sprintf("%.2f", min(gbreaks4)),
sprintf("%.2f", max(gbreaks4))),
bty
="n", cex = 0.9)

(Optional) Save the resulting raster outputs

writeRaster(r_PC1,

"D:/GIS Data/SENTINEL/Output/proc_deform_PC1_res.tif", overwrite =
TRUE)

writeRaster(r_PC2,

"D:/GIS Data/SENTINEL/Output/proc_deform_PC2_res.tif", overwrite =
TRUE)

writeRaster(r_PC3,

"D:/GIS Data/SENTINEL/Output/proc_deform_PC3_res.tif", overwrite =
TRUE)

writeRaster(r_PC4,

"D:/GIS Data/SENTINEL/Output/proc_deform_PC4_res.tif", overwrite =
TRUE)

library(terra)

# 3aBaHTa)XyeMO BEKTOpPHI gaHi 3 Toukamu 3 shapefile
# Load

point vector data from a shapefile

points

< vect("D:/Science/XopTtuus/Plants_Total.shp")

# O6'egHYEMO pacTpoOBi LWapu B OOUH CTEK.
# Combine

the raster layers into a single stack
rasters_stack

< c(r_PC1,r_PC2, r_PC3, r_PC4)

# EKCTparyeMo 3HauYeHHs 1l KOXKHOMO MyHKTY.

# Extract
values at each point; the function returns a data.frame with the first column
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as the point ID and subsequent columns for each raster.
extracted_values
< extract(rasters_stack, points)

# MNepernsiHemMo oTpuUMaHi gaHi
# View the

extracted values
print(head(extracted_values))

# Mpunyckaemo, wo extracted_values mictute 5 ctoBnuis, genepwumn — "ID"
Ta 4 cToBMLUi 34aHUMU

# We assume

that extracted_values contains 5 columns: the first is "ID" and the

next four are data values

names(extracted_values)

< c("ID", "PC1", "PC2", "PC3",

"PC4")

# MepeBipsieMo, AK BUrNaaaoTb NepLUi pagku

# Check the

first rows of the data

head(extracted_values)

# 36epiraemo data.frame y pann (CSV, Hanpuknag)
# Save the

data.frame to a CSV file

write.csv(extracted_values,
"D:/Science/XopTuus/Plants_Total_extracted.csv",
row.names = FALSE)
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