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Abstract: The present study offers the results of the spectral characteristics, calculated vegetative indices and bio-
physical parameters of pine stands of the Northern Steppe of Ukraine region obtained using Sentinel-2 data. For the
development of regression models with the prediction of the biomass of pine forests using the obtained spectral charac-
teristics, we used the results of the assessment of the aboveground biomass by the method of field surveys. The results
revealed the highest correlation relations between the parameters of the general and trunk biomass with the normal-
ised difference vegetation index (NDVI) and transformed vegetation index (T'VI) vegetative indices and the fraction of
absorbed photosynthetic active radiation (FARAP) and fraction of vegetation cover (FCOVER) biophysical parameters.
To generate the models of determining the forest aboveground biomass (AGB), we used both the single- and two-factor
models, the most optimum of which were those containing the NDVI predictor separately and in combination with the
FCOVER predictor. The predicted values of the total AGB for the mentioned models equalled 32.5 to 236.3 and 39.9 to
253.4 t-ha™!. We performed mapping of the AGB of pine stands of the Northern Steppe using multi-spectral Sentinel-2
images, particularly the spectral characteristics of their derivatives (vegetative indices, biophysical parameters). This
study demonstrated promising results for conducting an AGB-mapping of pine woods in the studied region using free-
access resources.
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Forest plants are the main bodies in terres-
trial ecosystems and play a significant role in the
absorption of carbon (C) from the atmosphere
through photosynthesis. Forests ecosystem store
the C in the biomass with a higher concentration in
the components of the aboveground biomass (foli-
age, branches, trunks) (Schimel et al. 1995; Mohd
Zaki, Abd Latif 2016). Biomass estimation for for-
ests has received much attention in recent years be-

cause the change in the regional biomass is associ-
ated with important components of climate change
(Nemani et al. 2003; Madugundu et al. 2008). The
gross primary production (GPP) of forest ecosys-
tems constitutes the largest C flux and is the ba-
sis for the production of wood, and, therefore, has
important implications for humans. The estimation
of the GPP and forest carbon storage dynamics has
an important role in forecasting the sustainable de-
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velopment and can be monitored by the periodic
mapping of the forest biomass (Castillo et al. 2017;
Chen et al. 2019).

Optical and microwave remote sensing have been
used to monitor the forest biomass over the last few
decades. The integration of remote sensing data
from forest biomass assessments on a regional level
to wide country areas has been an invaluable contri-
bution for the estimations of global ecosystem pro-
cess models (Ghosh, Behera 2018; Chrysafis et al.
2019). Remote sensing has been widely used to study
the forest aboveground biomass (AGB) and terres-
trial C stocks, in addition to it, remote sensing data
allow one to examine the impacts of the global cli-
mate change on the C dynamics (Saatchi et al. 2007).

The AGB is generally estimated by empirically or
functionally relating it to satellite-derived variables
based on empirical models (regression or machine
learning approaches using neural networks) and
physically-based allometric models (Hazarika et al.
2005; Chrysafis et al. 2017).

Satellite-derived remote sensing vegetation indi-
ces (VIs) (e.g., normalised difference vegetation in-
dex (NDVI), enhanced vegetation index (EVI)) have
been traditionally used for the evaluation of the
gross primary production of the forest ecosystem.

The obtained VIs have effectively been used in
mathematical models for quantifying the forest
aboveground biomass and C stocks (Potter et al.
1993; Zhou et al. 2001; Zhang, Kondragunta 2006).
Simple regression models are established by asso-
ciating a single VI or spectral reflectance to field
biomass measurements (Roy, Ravan 1996).

Although a simple model is widely applied to es-
timate the AGB in a local region, the model’s ac-
curacy and optimal independent variables vary
with the spectral variables and local environment
(Foody et al. 2003). Furthermore, simple regres-
sion models could also correlate the biomass to the
shadow fraction from high resolution imagery and
LAI (leaf area index) in logarithmic relationships
(Madugundu et al. 2008).

A multiple regression model is able to improve
the biomass estimates by combining the surface
reflectance, VIs, and biophysical variables (Zhang,
Kondragunta 2006).

Recently, there has been an increasing need to
carry out the investigations of the functional status
and productivity of forest stands in the steppe. The
Scots pine is one of the main forest-forming species
of the forests of the steppe zone of Ukraine. In this
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region, pine plantations cover an area of 21472.9 ha,
have a natural (20%) and an artificial origin, and
predominantly perform sanitation and recreational
functions (Hulchak et al. 2011).

For the automated and rapid identification of the
structural components of forest ecosystems, it is
most appropriate to use multiband imagers with
geo-information system tools like a special and
zonal statistics analysis.

The purpose of the study is to develop mathemat-
ical models for the estimation of the aboveground
biomass of the pine stands in the Northern Steppe
of Ukraine on the basis of the data decoding multi-
band images of Sentinel-2.

MATERIAL AND METHODS

Study area. The Northern Steppe of Ukraine is
located in a moderate climatic belt in the area of
a mild moderately continental climate (Figure 1).
The values of the annual total solar radiation in the
Northern Steppe of Ukraine change from north to
south from 4 200 to 4 400 mJ-(m?)~%, the sum of the
active temperatures higher than 10 °C change from
north to south from 2 700 to 3 400. Winter iso-
therms change from north southwards from —6.2 °C
to —4.0 °C, summer isotherms change from +20.5 °C
to +22.0 °C. The average temperatures in January,
the coldest month, and July, the warmest month,
are —3.6 °C and +22.1 °C, respectively. The average
amount of precipitation is equal to 400-500 mm.
The coefficient of moisture is 0.625-0.688, indicat-
ing an insufficient amount of moisture in the terri-
tory. The main soil-forming geological rock in the
majority of the territory of the surveyed forestry
area is loess based on loose carbonate rocks. The
most common genetic group of soils is the com-
mon black soil.

Field measurements. A field study was conduct-
ed from 2015 to 2019 to examine the relationship
between the remotely measured reflectance and
the aboveground biomass for the Scots pine forest
plantations. The project was carried out in twenty-
five temporary sample plot areas (7'SPs) (50 x 50 m)
which were used to build and validate the AGB es-
timation models. The T'SPs are within the responsi-
bility of the Dnipropetrovsk Administration of For-
est and Hunting Management. The distribution of
the sampling plots was randomly generated.

At each TSP, the GPS coordinates were recorded,
the diameter of the trees at breast height (DBH)
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and the tree heights were measured. The mean
stand height and DBH for all the TSPs were 19.4 m
and 21.8 cm, respectively.

The average diameter at breast height (D), av-
erage height (H) and relative density of the stand
(RD) were measured for the forest AGB calcula-
tion of the main characteristics of the forest stands
within a TSP. The AGB from D, H, RD were previ-
ously calculated based on the allometric function
of a dependent field-based forest (Lovynska et al.
2019).

Satellite data processing. The present study
used Sentinel-2 satellite imagery that has 13 spec-
tral bands from visible to infrared and systemati-
cally acquires the optical imagery at a high spatial
resolution from 10 m to 60 m. The Biophysical Pro-
cessor computes the Level-2B Biophysical products
from the Sentinel-2 reflectance. It derives a set of
biophysical variables from the top-of-canopy nor-
malised reflectance data, namely:

(i) leaf area index (LAI),

(ii) fraction of absorbed photosynthetic active
radiation (FAPAR),

(iii) fraction of vegetation cover (FCOVER),

(iv) Chlorophyll content in the foliage (CAB).

The Sentinel-2 SNAP Toolbox biophysical vari-
able retrieval algorithm is based on specific ra-
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Figure 1. The location of the study
area and surveyed temporary sam-
ple plots

dioactive transfer models associated with strong
assumptions, particularly regarding the canopy
architecture (turbid medium model). All the vari-
ables derived from such algorithms should be
seen as effective, i.e., the variables that would cor-
respond to the measured satellite signal reflected
by the canopy verifying all the assumptions made
through the radioactive transfer models. Depend-
ing on the variable, this may lead to differences
with the ground values that may be accessed from
the field measurements.

Furthermore, the algorithm is “generic’, i.e., it
should apply to any type of vegetation with reason-
able performances. However, to better match the
specificities of the given canopies, either a simple
correction could be calibrated, or a more specific
algorithm could be developed.

One strong assumption embedded in any single
pixel retrieval algorithm as this one, is that the pix-
el targeted belongs to a landscape patch presenting
enough homogeneity (on a pixel scale) preventing
the unexpected loss or gain of radiation fluxes. For
forests with large crowns, or any pixel showing
strong heterogeneity, such as pixels at the intersec-
tion between two different vegetation patches, the
results may be uncertain. This also applies to pix-
els where the neighbouring ones are very different.

341



Original Paper

Journal of Forest Science, 66, 2020 (8): 339-348

https://doi.org/10.17221/28/2020-JES

Forest AGB

mapping based
* on regression
Models development for models and
calculation 4GBiowar from Raster

* vegetation indexes and
biophysical values

Calculation tool

Figure 2. Scheme of the methodology for modelling and mapping the forest aboveground biomass (AGB)

(NDVI — normalised difference vegetation index, T'VI — transformed vegetation index, TSP — temporary sample plot,
LAI - leaf area index, FAPAR — fraction of absorbed photosynthetic active radiation, FCOVER — fraction of vegetation
cover, CAB — chlorophyll content in the foliage, CW — content of water)

Specific algorithms should be developed to detect
such situations and possibly propose. The proposed
algorithm is based on methods that have already
been proven to be efficient (Figure 2).

They have been implemented in order to generate
biophysical products from VEGETATION, MERIS,
SPOT, and LANDSAT sensors. It mainly consists
in generating a comprehensive database of vegeta-
tion characteristics and the associated Sentinel-2
top of canopy reflectance (TOC). Neural networks
are then trained to estimate the canopy character-
istics from the TOC reflectance along with a set of
corresponding angles defining the observational
configuration.

The actual algorithm running in SNAP runs the
prediction step of the neural network, from a set
of pre-processing coefficients computed during the
training phase.

Cloud-free Sentinel-2A images covering the study
area were obtained on December 25, 2015, and
downloaded from the Copernicus Scientific Data
Hub (https://scihub.copernicus.eu/) as a Level-1C
product. The Level-1C product is composed of
100 x 100 km? tiles.

The statistical relationship between the investi-
gated values was conducted using non-linear re-
gression models. The best fit models were report-
ed with the coefficients of determination (R?) and
F-test coefficients.
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RESULTS

The data acquired in the field surveys on the
aboveground biomass of pine stands ranged from
6.22 (DBH 5 cm) to 472.31 (DBH 30 cm) tha™'.
The results of the LAI of the forests revealed that
this parameter ranges from 1.1 to 3.36. The average
values of the calculated parameters of the biomass
and LAI equalled 211.5 + 21.7 tha!and 1.92 +
0.12 m%(m?)1, respectively.

The pairwise Pearson’s product-moment correla-
tion analysis was operated to determine the rela-
tionship of the field-based AGB with the multisen-
sor-derived indices and collinearity between each
type of variables. Comparing the results of the field
measurements with the satellite-derived param-
eters of the multi-spectral analysis for the studied
TSP revealed correlations of different strength be-
tween the aboveground biomass of the pine stands
and the NDVIand TVI with the biophysical param-
eters LAI, CAB, CW, FARAP, FCOVER (Table 1).

We determined that all the variables obtained
from the satellite images by Sentinel-2 had a posi-
tive correlation with the AGB of the pine forests.
The obtained spectral characteristics correlated
with stronger correlations with the AGB for the
trunks and the total AGB compared with the AGB
of the crown. According to the correlation analysis,
the closest relationship (P < 0.05) was present for
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Table 1. Pearson’s correlation coefficients between the field-measurement and satellite-obtained data

Values NDVI TVI FAPAR FCOVER LAI CAB cw
AGB,,, 0.833 0.771 0.801 0.789 0.826 0.783 0.721
AGB,,, 0.824 0.780 0.835 0.806 0.837 0.799 0.790
AGB 0.215* 0.130* 0.030* 0.103* 0.133* 0.103* 0.130*

crown

*P < 0.05, NDVI — normalised difference vegetation index, TVI — transformed vegetation index, LAI — leaf area index,
FAPAR - fraction of absorbed photosynthetic active radiation, FCOVER — fraction of vegetation cover, CAB — chlorophyll

content in the foliage, CW — content of water

the AGB and the parameters NDVI, TVI, FAPAR,
LAI and FCOVER. It was these particular predica-
tors that were selected for the following surveys.
The next step was determining the mathematical
relationship of the AGB to the selected predica-
tors. As an analytical form of the obtained results,
we used an equation of a non-linear (allometric)
type, where the initial arguments were NDVI, LAI,
FARAP, TVI, FCOVER parameters. As a result, the
obtained regression models contained the coeffi-

(F e — 9-33), and two-factor (F_, — 6.93) models.
These assessment results demonstrate that empiri-
cal models could be potentially used to develop a
map of spatial distribution of the AGB of the strata
of the pine forests, based on satellite-derived vari-
ables, specifically NDVI.

The graphic interpretation of the obtained de-
pendencies of the AGB on the NDVI is shown in

Figure 3. The mean value of the NDVT for the sur-

cients of equations given in Table 2. 350

The highest values of the coefficient of determi- 300 .
nation parameters were seen in case of the depen- 250 .
dence of the AGB on the NDVI index separately, ® 200 A
and also in combination with other predicators ij 150 P /,
(NDVI + TVI; NDVI + FCOVER). In such models, S,:D
the determination coefficient of the total AGB of 100
the pine forests reached 0.707. The lowest accuracy 50 5 .
of approximation was determined in the case of the 0

0 01 02 03 04 05 06 07

dependence of the AGB on the LAI The adequa-
cy of the generated models was also determined
while testing them for the Fisher (F) criterion. The
obtained actual F-values exceeded the table val-
ues both in the case of applying the single-factor

NDVI

Figure 3. Allometric relationship between the forest above-
ground biomass (AGB) and normalised difference vegetation
index (NDVI)

Table 2. Empirically fitting coefficients (¢—c) used non-linear estimation of the pine forest forest aboveground biomass

Model a b c R? F-test
Allometric y = axb, y = a x %, x %,°

— with NDVI 563.620 1.251 - 0.698 30.72
— with LAI 240.241 0.265 - 0.544 12.68
— with NDVI + LAI 495.317 1.098 0.098 0.636 7.13

— with NDVI + FAPAR 550.474 1.140 0.096 0.698 14.22
— with NDVI + TVI 716.261 1.608 —1.644 0.706 15.19
— with FCOVER 486.879 0.554 - 0.641 23.67
— with NDVI + FCOVER 566.648 1.936 -0.350 0.707 14.49

NDVI - normalised difference vegetation index, TVI — transformed vegetation index, LA — leaf area index, FAPAR — fraction
of absorbed photosynthetic active radiation, FCOVER — fraction of vegetation cover, CAB — chlorophyll content in the foliage
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Figure 4. Forest aboveground biomass (AGB) distribution map within the Obuchiv forestry enterprise (Dnipropetrovsk

region) from the allometric model using the normalised difference vegetation index (NDVI) from Sentinel-2

veyed pine forests in the region was 0.42. It seems
that the biomass of the pine stands in the amount
of 150 to 250 t-ha! accumulates with an NDVI val-
ue ranging from 0.4 to 0.5.

The determined difference in the values of the
vegetative indices obtained using satellite imagery
is due to the nature of the reflected radiation, and
also the structural peculiarities of the forest group,
since the spectral-zonal data mostly reflect the pa-
rameters formed by the phototrophic part of the
plants (Voronin 2006).

Use of the determined regression dependence
allowed us to extrapolate the results of the assess-
ment of the aboveground biomass of the stands of
the Scots pine in the territory of the studied region
with the development of the corresponding maps
of their distribution. Based on the processing of
the multiband images from Sentinel-2 satellite, we
performed a transformation of the obtained data
on the abovementioned biomass of the pine forests
area to the forest massif in the structure of Dni-
propetrovsk State Forestry (on the example of the
Obuchiv forestry enterprise).
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To determine the boundaries of the distinguished
territory with a depiction of the corresponding
gradation of the distribution of the AGB of the
Scots pine stands, we used the shape-files of the
forestry enterprises of the Dnipropetrovsk region
(http://www.lisproekt.gov.ua/).

The map of the spatial distribution of the total
AGB included four main classes with the following
gradation of the biomass: to 20 (t-ha™'); from 20 to
50 (tha™!), 50 to 100 (t-ha™'), 100 to 200 (t-ha™!),
and over 200 (t-ha™!) (Figure 4).

The value of the biomass in the study area within
the Obuchiv forestry enterprise varies from 0.1 to
309 t-ha=l. The average value of the aboveground
biomass of the pine stands in the areas covered with
forestvegetation within the studyregionis 140t-ha-1.
The total value of the aboveground live biomass
of the pine stands in the Obuchiv forest manage-
ment sub-unit, calculated on the basis of the geo-
information data processing, is 195782.40 t-ha’!,
while the obtained biomass index, determined by
the land-based measurements, is 210861.95 t-ha™,
which is 7.2 % higher than the estimate using the
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remote sensing data. Thus, the obtained differences
in the estimation of the pine live biomass by direct
(terrestrial) and indirect (using GIS technologies)
methods are insignificant.

DISCUSSION

In this study, we performed an assessment of the
AGB of pine forests for the Dnipropetrovsk region,
the Steppe part of Ukraine, by combining the data of
field surveys with the spectral and biophysical val-
ues obtained using satellite images from Sentinel-2.
In the subsequent studies on the assessment of the
bio-productive processes in the pine forests of the
abovementioned region in the quantitative equiva-
lent, based on the results of field surveys, we de-
veloped empirical regression models with a subse-
quent comparison of the spectral values obtained
from the Sentinel-2 imagery.

Currently, the formation of an information basis
for the distribution of the forest biomass on a glob-
al scale is becoming increasingly important, and
conducting such studies by remote sensing meth-
ods is one of the most promising on national and
regional levels.

In this case, the assessment of the AGB by remote
sensing methods is usually based on regression
models obtained through field studies (Muukkonen
2007; Shvidenko et al. 2007).

The existing information databases, formed on
the basis of geographic information system (GIS)
data, characterise both the current state of the for-
ests and the dynamic transformations of the ter-
restrial ecosystem biomass over a certain period of
time (Hansen et al. 2013; Liu et al. 2015).

So far, it has not been possible to develop a uni-
versal method for estimating the quantitative char-
acteristics of the vegetation that could be applied
directly, regardless of the type of satellite or air-
craft sensors. With some exceptions (Santoro et al.
2011), it is usually an integral part of any remote
sensing technology, in estimating the vegetation in-
dices and biophysical parameters that are indirectly
related to the AGB through an empirical relation-
ship, to verify ground-based observations to take
the peculiarity of the input data for specific region-
al conditions into account (Houghton et al. 2007).

Our results show a high level of correlation be-
tween the obtained characteristics of the field mea-
surements and satellite images. This is consistent
with the data obtained by Gallaun et al. (2017), who

conducted large-scale studies of broadleaves and
conifers of forest-forming groups within Europe.

The vegetation indices determined from the
multispectral images of the Sentinel-2 satellite are
considered to be the most sensitive to the photo-
synthetic parts of the plants (le Maire et al. 2008;
Swatantran et al. 2011). The bands B4 (red) and
B8 (near infrared) of the MSI Sentinel-2 with im-
proved spatial resolution (10 m) are the most ef-
fective channels for distinguishing the vegetation
indices (in this work, primarily for NDVI, FAPAR,
LAI). The importance of these spectral channels in
determining the indicators that are directly related
to the quantitative characteristics of the stands, in
particular, the aboveground live biomass and grow-
ing stock, has been tested and reported in scientific
literature (Sibanda et al. 2015; Navarro et al. 2019).

However, it should be noted that there is a weak
correlation between the vegetation indices pre-
sented in this paper (Table 1) and the biomass of
the assimilation apparatus (AGB__, ). In this case,
the data obtained are consistent with the results of
Mcmorrow et al. (2011), whose publication states
that NDVI has a weak relationship with the bio-
mass in the context of a forest structure assess-
ment. Mganga and Lyaruu (2015), studying the bio-
mass of Tanzanian forests, also determined a low
correlation coefficient between the photosynthetic
part of the AGB and the NDVI, which reached a
maximum value of 0.23. The low level of correlation
between the photosynthetic component of the bio-
mass and the values of the vegetation indices is pri-
marily explained by the geometry (compositional
structure) of the forest canopy, whose spectral
profile may vary depending on its orientation and
compositional structure.

On the other hand, our research has established a
high correlation between the studied spectral char-
acteristics and the non-photosynthetic part (stem
biomass and total biomass) of the pine stands. This
may be due to the high sensitivity of the optical
sensors to changes in the structural composition
within the vertical profile of the stand’s canopy
(Foody et al. 2001).

In this study, in order to determine the biomass
of the pine forests, we tested one-factor and two-
factor non-linear regression models by integrating
the results of the assessment of the aboveground
forest biomass and with use of data obtained from
the images from Sentinel-2. Single-, and multi-
factor regression models are broadly used for the

345



Original Paper

Journal of Forest Science, 66, 2020 (8): 339-348

(A 260

https://doi.org/10.17221/28/2020-JFS

240

NDVI

220

200

180

160

140

120

100

Predicted AGB (t-ha™!)

80

60

40

20

0 50 100 150

200 250 300 350

Observed AGB (t-ha™!)

280

260

NDVI + FCOVER

240

L]

220

200

180

160

140

120

100

Predicted AGB (t-ha™!)

80 L

60

40

20

0 50 100 150

200 250 300 350

Observed AGB (t-ha™!)

Figure 5. Scatterplot of the predicted versus observed values for the estimate forest aboveground biomass (AGB

) through

total

one-factor normalised difference vegetation index (NDVI) (A) and the two-variate (NDVI + FCOVER) (B) non-linear

models, (FCOVER - fraction of vegetation cover)

assessment of the forest biomass (Lambert et al.
2005; Muukkonen et al. 2007).

The results revealed that the coefficients of deter-
mination of the single-factor (R? = 0.698) and two-
factor (R? = 0.707) regression algorithm models with
involvement of the NDVI and the NDVI combined
with the FCOVER are quite high, and the models
themselves — are the most optimum for predicting
the AGB of the studied region.

Comparison of the obtained and predicted AGB
values of the pine forests in the case of using the men-
tioned models is presented in Figure 5.

According to the models, the range of the predicted
biomass of the pine forests is narrower than the one
obtained during the field observations, and the maxi-
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mum value of the biomass was lower in both present-
ed models. The mentioned models can be used for the
assessment of the AGB of the pine forests according
to the data from Sentinel-2 for areas with similar con-
ditions. Furthermore, compared with other resources
of aerospace imagery with free access, the data from
Sentinel-2 have significant spatial characteristics and
resolution both on regional and national levels. Such
broad accessibility is extremely important, especially
for developing countries, where resources available
for buying such software and satellite images are ex-
tremely limited.

The obtained results demonstrate the perspec-
tives of the suggested method for the assessment
of the aboveground biomass of the pine forests on
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a regional level, because this method is expedient
for this region, allowing the determination of the
methods of management of forest resources in the
territory of the Steppe. Moreover, in a global sense,
mapping the spatial distribution of the aboveg-
round biomass of forests has recently been a cause
of serious concern, especially in developing coun-
tries, where such studies are not conducted to the
full extent.

CONCLUSION

Data obtained with Sentinel-2 are considered an
effective system of satellite imagery for improving
the use of remote sensing for forest vegetation and
studying the prediction data on the biomass for
exploiting forests. The correlation analysis of the
vegetative indices with the data on the biomass
obtained in the field surveys revealed the stron-
gest correlation relationships taking place between
the aboveground biomass of the Scots pine and
the NDVI and TVI. For the obtained biophysical
parameters, the highest coefficients of correlation
were observed for the FAPAR and FCOVER with
the total aboveground biomass and trunk biomass.
Modelling the biomass of the pine forests using
vegetation indices, particularly NDVI, demon-
strated high values in the determination coefficient
parameters. Extending the models with arguments
of biophysical parameters from Sentinel-2 (FAPAR,
FCOVER) contributed to the accuracy of the devel-
oped models, emphasising the significance of their
implementation.

The obtained spectral characteristics became the
basis for the general assessment of the biomass of
the pine forests of the Northern Steppe in Ukraine,
and combining them with a map — the basis for the
regional assessment of the distribution of the bio-
mass of the pine stands. This study indicates the
usefulness of an analysis of Sentinel-2 images which
can be used for the assessment of the biomass of
coniferous forests and mapping the distribution of
the pine stands within the Dnipropetrovsk region.
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