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Abstract: Assessing ecological environment quality at the administrative-unit scale is important
for understanding regional landscape differentiation and ecological dynamics in temperate regions.
This study used the Remote Sensing Ecological Index (RSEI), derived from Landsat 8/9 growing-
season imagery processed in Google Earth Engine, to examine district-level spatiotemporal patterns
and ecological heterogeneity in the Minsk Region, Belarus, during 2016-2025. Annual RSEI maps
were generated to characterize spatial patterns, intra-district variability, and temporal tendencies.
Mean district-level RSEI values ranged from 0.539 to 0.682, showing clear spatial differentiation
among districts. Higher values were generally associated with forest-dominated and semi-natural
landscapes, whereas agriculturally transformed and urbanized districts showed lower values and
greater internal heterogeneity. Temporal trends were predominantly negative but weak. The results
indicate that average ecological conditions alone are insufficient for characterizing district-level
ecological environment quality and confirm the usefulness of RSEI for detecting subtle ecological
contrasts in temperate Eastern European landscapes.
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1. Introduction

Assessing ecological environment quality is an important task in physical geography
and environmental science because it reflects the combined effects of land-surface processes,
landscape structure, and human-environment interactions. At regional and administrative-
unit scales, such assessment is especially relevant for identifying spatial differentiation and
internal landscape heterogeneity. Traditional field-based observations remain indispens-
able, but their limited spatial coverage and discontinuous temporal records restrict their
use for long-term regional comparison. Remote sensing therefore provides an effective
basis for spatially continuous monitoring of land-surface ecological conditions. In Belarus,
ecological environment quality is closely related to land-resource structure, territorial
planning, agricultural development, and sustainable environmental management, which
have been widely discussed in previous geographical and geoecological studies [Loginov
and Struk, 2009; Pirozhnik et al., 2009; Sokolov, 2017; Vitchenko et al., 2009].

Ecological environment quality can be described using many indicators, including
vegetation activity, surface moisture, land-surface temperature, land-cover composition,
artificial surfaces, wetlands, disturbed land, and landscape diversity. Belarusian regional
assessment systems also use broader environmental, resource, and management indi-
cators to evaluate ecological development [Dubianok et al., 2022]. However, individual
indicators usually represent only one dimension of ecological conditions. For regional
remote-sensing assessment, a composite index is therefore needed to integrate vegetation,
moisture, dryness, and thermal information within a consistent spatial framework.
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The Remote Sensing Ecological Index (RSEI) proposed by Xu et al. integrates green-
ness, wetness, dryness, and heat components through principal component analysis (PCA),
avoiding subjective weighting and producing a synthetic indicator of land-surface ecolog-
ical conditions [Xu et al., 2018, 2019]. Early and widely cited RSEI applications demon-
strated its capacity to detect spatial and temporal ecological changes related to population
growth, impervious-surface expansion, watershed transformation, and regional land-use
change [Xiong et al., 2021; Yuan et al., 2021; Zhang et al., 2022]. These studies established
RSEI as a practical framework for combining multiple land-surface ecological dimensions
into a single remote-sensing-based index.

Subsequent methodological studies further improved the robustness of the RSEI
framework. These works addressed issues such as index construction, modified ecological
indicators, incorporation of additional ecological information, forest structure and quality,
and the temporal stability of RSEI time-series analysis [Liu et al., 2022; Liu et al., 2023;
Luo et al., 2025; Ning et al., 2020; Wang et al., 2023; Yang et al., 2022; Zheng et al., 2022].
These improvements are important because RSEI values may be affected by normalization
strategy, PCA orientation, indicator selection, land-cover composition, and interannual
image conditions. Therefore, although RSEI is useful for integrated ecological assessment,
its results require careful interpretation within a specific geographical and land-cover
context.

RSET has also been applied in a wide range of geographical settings, including urban
systems, agricultural and oasis regions, mining areas, arid river basins, and large watershed
or ecological corridor systems [An et al., 2022; Chen et al., 2023; Gan et al., 2024; Gao et al.,
2020; Geng et al., 2022; Gong et al., 2023; Maimaitituersun et al., 2025; Yang et al., 2023].
These studies show that RSEI can capture ecological contrasts associated with vegetation
dynamics, surface dryness, thermal stress, urbanization, and human disturbance. At
the same time, they indicate that RSEI should not be treated as a complete substitute for
comprehensive environmental assessment, because it does not directly measure biodiversity,
soil contamination, water quality, ecosystem services, or below-ground ecological processes.

Two limitations remain important for geographical and landscape-ecological appli-
cations. First, many RSEI studies focus on short- or medium-term comparisons, whereas
analyses capable of identifying persistent spatial patterns over a decadal period remain less
common. Second, RSEI results are often interpreted at pixel or whole-region scales, while
administrative units are usually treated only as statistical containers. This is problematic
because districts are internally heterogeneous landscape systems composed of forests, crop-
lands, wetlands, settlements, and disturbed land. Mean RSEI values may therefore obscure
internal spatial variability caused by land-use mosaics, fragmentation, and transitional
zones between dominant land-cover types.

The Minsk Region of Belarus is suitable for such an assessment because it forms
a transitional landscape zone between more forest-dominated northern areas and more
intensively cultivated southern agricultural landscapes. Its mixed land-use structure,
including forests, croplands, grasslands, wetlands, water bodies, and urbanized areas,
provides a practical basis for comparing both average ecological conditions and intra-
district heterogeneity. Official land-resource statistics indicate pronounced contrasts among
agricultural lands, forest complexes, and built-up zones within the region [Land Resources
Register of the Republic of Belarus, 2025]. Previous studies have examined agricultural and
soil-agroclimatic potential, anthropogenic pressure, agricultural land changes, and soil-
cover structure in the Minsk Region [Chernysh and Chervan, 2020; Chervan and Romanova,
2021; Kolmykov and Avdeev, 2020, 2021]. However, these studies do not provide a spatially
continuous, multi-year remote-sensing assessment of ecological environment quality across
all districts.

This study therefore investigates district-level spatiotemporal patterns and spatial
heterogeneity of ecological environment quality in the Minsk Region during 2016-2025
using Landsat-based RSEI. The objectives are to map annual RSEI patterns, compare mean
ecological environment quality among districts, quantify intra-district RSEI variability
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as an indicator of landscape heterogeneity, and describe temporal tendencies over the
ten-year period. The study contributes to Belarusian geoecological research by linking a
standardized remote-sensing index with administrative-unit comparison and land-cover-
based interpretation.

2. Materials and Methods

The Minsk Region is located in central Belarus and represents a suitable area for
district-level ecological environment assessment (Figure 1). Situated within the East
European Plain, it is characterized by predominantly flat and gently undulating terrain,
with elevations generally ranging from about 150 to 300 m above sea level. The region forms
a transitional landscape zone between more forest-dominated northern areas and more
intensively cultivated southern agricultural landscapes. Its land-cover structure includes
croplands, forests, grasslands, wetlands, water bodies, and urbanized areas, which makes it
appropriate for analyzing both regional spatial differentiation and intra-district ecological
heterogeneity. The climate is temperate continental, with a mean annual air temperature
of about 6-7 °C and annual precipitation of approximately 600-700 mm, much of which
falls during the warm season. Administrative districts were used as the basic spatial units
for statistical analysis. Previous land-resource and regional studies indicate pronounced
contrasts among agricultural areas, forest complexes, soil-cover conditions, and built-up
zones in the Minsk Region [Chernysh and Chervan, 2020; Chervan and Romanova, 2021;
Kolmykov and Avdeev, 2020, 2021; Land Resources Register of the Republic of Belarus, 2025].
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Figure 1. Land cover and administrative districts of the Minsk Region, Belarus: (a) land-cover
distribution; (b) administrative districts.
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The main remote-sensing data were Landsat 8 OLI/TIRS Collection 2 Level-2 products
for 2016-2025 and Landsat 9 OLI-2/TIRS-2 Collection 2 Level-2 products from 2022
onward. These products provide atmospherically corrected surface reflectance and land-
surface temperature data suitable for constructing the greenness, wetness, dryness, and
heat components of RSEI. Landsat 8 and Landsat 9 data were used together because
Collection 2 Level-2 products are processed within a consistent radiometric framework.
Optical surface reflectance bands were scaled using the official Collection 2 scale factors
and offsets, and the thermal band was converted to land-surface temperature in degrees
Celsius.

For each year, images acquired from May to September were selected to represent
growing-season ecological conditions. This seasonal window was used instead of a single
fixed month because cloud contamination and uneven image availability in humid temper-
ate regions can reduce spatial completeness and create unstable annual estimates. Pixels
flagged as clouds, cloud shadows, cirrus, dilated clouds, and snow/ice in the QA_PIXEL
band were masked. For each year, valid images were combined using a median composite.
Pixels with fewer than three valid observations during the May-September period were
excluded to reduce the influence of residual cloud contamination and incomplete annual
coverage.

Administrative district boundaries were used for zonal statistics. Land-cover data were
used to calculate the proportions of major land-cover classes, including forests, croplands,
grasslands, wetlands, water bodies, artificial surfaces, and disturbed or transitional land
within each district. These land-cover data were not used to construct RSEI directly, but
served as contextual information for interpreting spatial patterns, district-level differences,
and intra-district heterogeneity.

Ecological environment quality was evaluated using the Remote Sensing Ecological
Index (RSEI) proposed by Xu et al. [2018, 2019]. Following the standard RSEI framework,
four indicators were selected: greenness, wetness, dryness, and heat. Greenness was
represented by the Normalized Difference Vegetation Index (NDVI):

NDVI = PNIR — PRed )
PNIR t PRed

where pnir and preq are the surface reflectance values of the near-infrared and red bands,
respectively.

Wetness was derived from the tasseled-cap wetness component for Landsat 8 OLI and
Landsat 9 OLI-2 surface reflectance data:

WET =0.151 1pBlue+0'1973pGreen+0'3283pRed+0'3407pNIR_0'71 17PSWIR1 _0-4559PSWIR2-

Dryness was represented by the Normalized Difference Built-up and Soil Index
(NDBSI), calculated as the average of the Soil Index (SI) and the Index-based Built-up

Index (IBI):

NDBSI = > ’;IBI.

Heat was represented by land surface temperature (LST) derived from the thermal
infrared information in Landsat Collection 2 Level-2 products. Together, NDVI, WET,
NDBSI, and LST characterize vegetation condition, surface moisture, exposed or built-up
surfaces, land-use intensity, and thermal environment.

To make the indicators comparable, NDVI, WET, NDBSI, and LST were normalized to
the range 0-1 using min-max scaling:

Xl/ — Xi B Xmin
Xrnax - Xmin

’

where X; is the original value of a given indicator, Xy,;, and X, are the minimum
and maximum values of that indicator in the study area for a given year, and X/ is the
normalized value.
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Principal component analysis (PCA) was applied to the four normalized indicators
separately for each annual May-September composite. The first principal component
(PC1), which explained the largest proportion of total variance, was used as the basis for
RSEI construction. Because the sign of PC1 is mathematically arbitrary, the ecological
direction of PC1 was checked for each year. Higher NDVI and WET values were interpreted
as better ecological conditions, whereas higher NDBSI and LST values represented stronger
dryness, exposed or built-up surfaces, and thermal stress. When the PC1 loadings were
opposite to this expected direction, PC1 was multiplied by —1 before final normalization.
The annual RSEI was then calculated as:

PC1 adj — PCladj,min

RSEI = ’
PC1 adj,max — PC1 adj,min

where PCl,q; is the direction-adjusted first principal component, and PCl,4jmin and
PCl,4dj,max are its minimum and maximum values in the study area for a given year.
Annual PCA loadings and variance contributions were examined to confirm whether PC1
consistently represented a meaningful ecological gradient.

Annual RSEI maps were generated for 2016-2025. The values therefore represent
growing-season ecological conditions rather than single-date observations or full calendar-
year averages. To improve consistency, the same seasonal window, data source, quality-
masking procedure, indicator formulas, normalization strategy, PCA workflow, PC1 orien-
tation rule, and final rescaling procedure were applied to all years.

District-level statistics were calculated by aggregating pixel-based RSEI values within
administrative boundaries. Mean RSEI was used to characterize average ecological environ-
ment quality, whereas the spatial standard deviation of RSEI was used as an indicator of
intra-district heterogeneity. Temporal tendencies were assessed using linear regression of
annual mean RSEI values for each district:

RSEl;; =ag+ Bat+eay,

where RSEl, ; is the mean RSEI of district d in year t, a is the intercept, 4 is the annual
RSEI trend slope, and ¢, is the residual term. Given the relatively short ten-year period,
these slopes were interpreted as descriptive temporal tendencies rather than definitive
evidence of long-term ecological change.

Land-cover composition was used to support interpretation of the RSEI patterns. The
proportions of major land-cover classes were compared with district-level mean RSEI, intra-
district RSEI standard deviation, and temporal trend slopes. Spearman correlation analysis
was used to evaluate associations between land-cover composition and RSEI metrics. The
reliability and regional interpretability of the results were assessed from three perspectives:
ecological consistency of PCA loadings, spatial plausibility of RSEI patterns in relation to
land cover, and agreement with previous Belarusian and regional studies on land resources,
anthropogenic pressure, agricultural land dynamics, soil-cover structure, and ecological
development [Chernysh and Chervan, 2020; Chervan and Romanova, 2021; Dubianok et al.,
2022; Kolmykov and Avdeev, 2020, 2021; Loginov and Struk, 2009; Pirozhnik et al., 2009;
Sokolov, 2017; Vitchenko et al., 2009]. The overall workflow is summarized in Figure 2, and
the annual RSEI map series for 2016-2025 is shown in Figure 3.

3. Results

The annual PCA results confirmed the ecological consistency of RSEI construction
during 2016-2025 (Table 1). PC1 explained 75.42-87.72 % of the total variance, indicating
that the first component captured the dominant ecological gradient in all years. After sign
adjustment, NDVI and WET contributed positively to the final RSEI, whereas NDBSI and
LST contributed negatively. Therefore, higher RSEI values consistently indicated better eco-
logical environment quality. Since the index was derived from growing-season composites
and normalized within the study area, RSEI should be interpreted as a relative indicator of
ecological conditions in the Minsk Region rather than an absolute environmental quality
score.
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1. Input data

Landsat 8 OLI and
Landsat 9 OLI-2 Collec-
tion 2 Level-2 images
were selected for the
May-September growing
season and clipped to the
Minsk Region boundary.

2. Preprocessing

QA_PIXEL masking
removed cloud, cirrus,
cloud shadow, and
invalid pixels. Surface
reflectance and thermal
bands were processed

consistently for all years.

3. Indicator
construction

NDVI, tasseled-cap wet-
ness, NDBSI, and LST
were derived from annual
growing-season com-
posites and normalized
to a common 0-1 scale.

4. PCA-based RSEI

Annual PCA was applied
to the four normalized
indicators. PC1 sign was
checked and corrected
so higher RSEI consis-
tently indicates better
ecological condition.

5. RSEI map products

Annual RSEI maps
for 2016-2025, multi-
year mean RSEI, and

RSEI quality classes

were generated for
spatial interpretation.

District statistics Land-cover context Relationship analysis

Mean RSEI, RSEI standard
deviation, and temporal trend
slope were calculated for
each administrative district.

District land-cover composition
was summarized for forests,
arable land, meadows, wet-
lands, water bodies, artificial

surfaces, and other land.

Spearman correlation was used
to examine spatial associations
between RSEI metrics and land-
cover composition. Results are
not interpreted as causal effects.

Final outputs for Results and Discussion

Annual and multi-year RSEI patterns; district ranking and trends; intra-
district heterogeneity; land-cover-based explanation of spatial differen-
tiation; reliability evidence from PCA loadings and consistency checks.

Figure 2. Workflow of data processing, RSEI construction, and spatiotemporal analysis in this study.
Study area: Minsk Region, Belarus. Data: Landsat 8/9 Collection 2 Level-2, 2016-2025.

Table 1. Annual PCA loadings and variance contribution of PC1 used for RSEI construction, 2016-2025

Year . Raw NDYI WE.T NDI?’»SI LST val:iirllce S.ign
images loading loading loading loading explained adjusted
(%)
2016 100 0.357 0.604 —-0.587 —0.405 79.34 Yes
2017 92 0.302 0.496 -0.712 -0.395 75.42 Yes
2018 103 0.355 0.550 —0.683 —-0.323 84.22 Yes
2019 110 0.274 0.571 -0.701 -0.328 85.02 Yes
2020 103 0.299 0.521 —-0.734 -0.317 81.71 Yes
2021 97 0.382 0.537 -0.716 -0.232 83.93 Yes
2022 203 0.301 0.539 —-0.743 -0.259 85.14 Yes
2023 219 0.358 0.524 -0.646 -0.424 84.70 Yes
2024 221 0.375 0.543 -0.698 -0.277 87.72 Yes
2025 190 0.327 0.555 -0.721 -0.256 82.30 Yes

Annual RSEI maps revealed clear spatial differentiation in ecological environment
quality across the Minsk Region (Figure 3). Relatively high RSEI values were mainly
distributed in the northern, northeastern, and northwestern parts of the region, where
forest complexes, lake—wetland systems, and less intensively transformed landscapes are
common. Lower values occurred more frequently in central and southern agricultural
districts and in areas affected by urbanization, transport infrastructure, and intensive
land use. This pattern indicates that RSEI distribution was closely linked to the regional
landscape mosaic and land-cover composition.

At the district level, mean RSEI values for 2016-2025 ranged from 0.539 to 0.682
(Table 2). The highest values occurred in Logoisk, Myadel, Borisov, and Krupki, whereas
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Figure 3. Spatial distribution of annual Remote Sensing Ecological Index (RSEI) values in the Minsk
Region during 2016-2025 (part 1/2).

the lowest values were found in Slutsk, Nesvizh, and Kopyl. These contrasts correspond to
the regional transition from more forested and semi-natural northern landscapes to more
agriculturally transformed southern districts. The ten-year mean pattern shown in Figure 4
confirms that this spatial hierarchy remained broadly stable despite interannual variation.

Intra-district spatial heterogeneity, represented by the mean annual standard deviation
of RSEI, also varied substantially among districts. Higher heterogeneity was observed in
Nesvizh, Slutsk, Minsk, Kopyl, and Smolevichi, whereas lower values occurred in Myadel,
Logoisk, Krupki, and Vileyka. This result shows that mean RSEI alone does not fully
characterize district-level ecological environment quality, because districts with similar
average values may differ strongly in internal spatial structure. Temporal trend slopes
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Figure 3. (continued) Spatial distribution of annual Remote Sensing Ecological Index (RSEI) values
in the Minsk Region during 2016-2025 (part 2/2).

included both positive and negative values, but their magnitudes were generally small.
The slopes were therefore interpreted as descriptive tendencies rather than statistically
confirmed evidence of ecological degradation or improvement.

Land-cover composition provided the main context for interpreting district-level
RSEI differences (Table 3). Districts with higher mean RSEI generally had larger forest
proportions and lower cropland coverage. Logoisk, Krupki, and Borisov combined high
forest coverage with high RSEI values, whereas Myadel showed high RSEI under a semi-
natural structure with low cropland and relatively large wetland and water areas. In
contrast, Nesvizh, Slutsk, and Kopyl had high cropland proportions and lower mean RSEI
values. However, land-cover composition did not explain all variation. Starodorozhsky, for
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Figure 4. District-level ecological environment quality in the Minsk Region during 2016-2025:

(a) mean RSEI; (b) mean intra-district RSEI standard deviation.

example, had high forest coverage but relatively low mean RSEI, suggesting that vegetation
condition, soil moisture, land management, patch configuration, and interannual variability
also affected district-level RSEI. Therefore, these relationships should be interpreted as
spatial associations rather than deterministic causal mechanisms.

Table 2. District-level RSEI statistics and temporal trends in the Minsk Region from 2016 to 2025

District Mean RSEI Mean RSEI SD RSEI trend Min annual Max annual
2016-2025 2016-2025 slope per year RSEI mean RSEI mean
Berezino 0.629 0.171 —-0.0017 0.591 0.654
Borisov 0.660 0.162 —-0.0047 0.613 0.710
Cherven 0.598 0.179 —-0.0040 0.568 0.640
Dzerzhinsk 0.627 0.177 —-0.0016 0.596 0.669
Kletsk 0.581 0.182 0.0012 0.536 0.642
Kopyl 0.560 0.185 0.0042 0.505 0.616
Krupki 0.654 0.154 —-0.0017 0.600 0.682
Logoisk 0.682 0.151 —-0.0032 0.632 0.730
Luban 0.565 0.166 0.0020 0.536 0.613
Minsk 0.596 0.186 —-0.0016 0.555 0.638
Molodechno 0.624 0.162 0.0001 0.580 0.678
Myadel 0.660 0.141 —-0.0024 0.608 0.704
Nesvizh 0.551 0.200 —-0.0003 0.511 0.600
Puchowichi 0.597 0.170 —-0.0025 0.561 0.619
Slutsk 0.539 0.188 0.0019 0.478 0.594
Smolevichi 0.583 0.184 —-0.0031 0.548 0.631
Soligorsk 0.577 0.178 —-0.0007 0.528 0.623
Starodorozhsky 0.576 0.170 0.0015 0.532 0.636
Stolbtsy 0.622 0.176 —-0.0017 0.589 0.669
Uzda 0.605 0.173 —-0.0028 0.565 0.642
Vileyka 0.630 0.155 —-0.0015 0.580 0.677
Volozhin 0.637 0.162 —-0.0013 0.607 0.685

Note: Mean RSEI represents the average annual district-level RSEI value from 2016 to 2025. Mean RSEI SD repre-
sents the average intra-district standard deviation of RSEI and is used as an indicator of spatial heterogeneity.
The RSEI trend slope was calculated from a linear regression of annual mean RSEI against year and is expressed
in RSEI units per year.
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Table 3. District-level land-cover composition within the mapped classified area in the Minsk Region

Artificial Cropland Grassland Forest Wetlands  Water Other Shannon

District (%) (%) (%) (%) (%) (%) (%) H
Berezino 3.77 24.77 8.71 58.33 0.54 0.71 3.17 1.169
Borisov 4.64 20.88 10.04 52.56 3.38 0.84 7.67 1.390
Cherven 4.38 35.30 11.34 45.73 0.19 1.43 1.63 1.249
Dzerzhinsk 7.91 41.71 10.14 35.14 0.46 0.53 4.11 1.349
Kletsk 5.84 45.82 16.62 24.47 0.68 1.35 5.22 1.412
Kopyl 6.18 51.58 17.55 18.81 0.88 2.02 2.97 1.358
Krupki 3.53 23.27 9.87 56.44 0.58 1.29 5.01 1.245
Logoisk 4.98 22.94 8.39 56.43 0.41 0.40 6.46 1.239
Luban 4.96 37.90 9.89 41.60 0.57 2.11 2.98 1.326
Minsk 10.58 38.46 9.23 31.13 0.82 2.33 7.46 1.509
Molodechno 8.86 35.18 13.82 34.50 0.52 0.77 6.35 1.463
Myadel 4.14 16.09 19.79 41.15 6.77 7.86 4.20 1.627
Nesvizh 8.24 59.88 14.80 10.74 0.73 0.85 4.77 1.256
Puchowichi 5.20 28.47 12.26 42.87 3.00 1.00 7.20 1.472
Slutsk 6.42 49.43 15.74 22.89 0.95 0.89 3.68 1.361
Smolevichi 9.13 38.53 7.62 38.16 0.58 1.32 4.67 1.380
Soligorsk 4.56 31.66 15.50 33.20 3.10 2.10 9.87 1.578
Starodorozhsky 4.36 22.67 14.05 52.66 2.26 0.97 3.03 1.323
Stolbtsy 5.02 27.69 11.85 50.52 0.54 0.69 3.67 1.288
Uzda 5.34 33.93 14.08 42.70 0.64 0.76 2.56 1.326
Vileyka 4.55 23.27 13.74 47.86 1.20 3.30 6.08 1.441
Volozhin 6.56 31.78 12.25 41.54 0.94 0.34 6.59 1.408

Note: Percentages use the sum of the eight source land-cover class areas within each district as the denominator.
Bare/disturbed land and shrub/transitional vegetation are combined as Other. H is calculated from the seven
unrounded class fractions using natural logarithms. Displayed percentages may differ slightly from 100%
because of rounding.

The relationships between land-cover composition and RSEI metrics are visualized
in Figure 5 and quantified in Table 4. Forest proportion was positively correlated with
mean RSEI, whereas cropland proportion showed a stronger negative correlation. The
forest—cropland balance had the strongest positive relationship with mean RSEI, confirming
that the main district-level gradient was structured by the contrast between forested and
cultivated landscapes. Artificial surface proportion was negatively but not significantly
related to mean RSE], indicating that urbanized land did not dominate the district-wide
average pattern at this spatial scale.

The correlation results also showed that land-cover composition was more strongly
related to intra-district RSEI heterogeneity than to mean RSEI. Cropland proportion was
strongly positively correlated with mean intra-district RSEI standard deviation, whereas
forest proportion showed a negative relationship. Artificial surface proportion was also
positively correlated with heterogeneity, while the Shannon land-cover diversity index
was not significant. This indicates that internal ecological contrast was controlled less by
overall land-cover diversity than by the dominance of specific land-cover types, especially
cropland, forest, and artificial surfaces. Associations between land-cover composition and
temporal RSEI trends were weaker and should be interpreted cautiously because they were
based on a ten-year annual series and do not imply direct causal effects.
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Figure 5. Relationship between forest—cropland balance and district-level mean RSEI in the Minsk

Region during 2016-2025.

Table 4. Spearman correlations between land-cover composition and district-level RSEI metrics

Variable X Variable Y Spearman’s p p-value Significance

Forest percentage Mean RSEI, 2016-2025 0.659 0.0009 o

Cropland percentage Mean RSEI, 2016-2025 -0.712 0.0002 e

Artificial surface Mean RSEI, 2016-2025 -0.350 0.1108 ns

percentage

Wetland percentage Mean RSEI, 2016-2025 -0.112 0.6184 ns

Water percentage Mean RSEI, 2016-2025 —-0.313 0.1556 ns

Other Mean RSEI, 2016-2025 0.336 0.1262 ns

disturbed/transitional land

percentage

Forest-cropland balance Mean RSEI, 2016-2025 0.722 0.0001 S

Forest percentage Mean intra-district RSEI —-0.675 0.0006 ek
SD, 2016-2025

Cropland percentage Mean intra-district RSEI 0.837 <0.0001 ek
SD, 2016-2025

Artificial surface Mean intra-district RSEI 0.540 0.0094 o

percentage SD, 2016-2025

Land-cover diversity index ~ Mean intra-district RSEI —-0.042 0.8516 ns
SD, 2016-2025

Forest percentage RSEI trend slope, -0.525 0.0122 *
2016-2025

Cropland percentage RSEI trend slope, 0.474 0.0257 *
2016-2025

Artificial surface RSEI trend slope, 0.244 0.2728 ns

percentage 2016-2025

Note: * p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant. “Mean intra-district RSEI SD” represents spatial

heterogeneity within districts, not interannual variability.

4. Discussion

The spatial differentiation of ecological environment quality in the Minsk Region was
mainly associated with land-cover structure. Higher RSEI values were concentrated in
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northern, northeastern, and northwestern districts with larger forest, wetland, or semi-
natural components, whereas lower values occurred more often in southern agricultural
districts. This pattern indicates that district-level ecological environment quality was
structured primarily by the forest—cropland balance rather than by administrative location
alone. The positive association between forest proportion and mean RSEI and the negative
association between cropland proportion and mean RSEI are ecologically plausible, because
forests usually maintain more stable vegetation cover, higher moisture conditions, and
weaker thermal stress, while croplands show stronger seasonal vegetation dynamics and
periodic soil exposure. These relationships, however, should be interpreted as spatial
associations rather than direct causal effects.

A central result is the distinction between average ecological environment quality and
intra-district spatial heterogeneity. Nesvizh, Slutsk, Kopyl, Minsk, and Smolevichi showed
relatively high RSEI variability, indicating strong internal contrasts in land-surface ecologi-
cal conditions, whereas forest-dominated districts such as Myadel, Logoisk, Krupki, and
Vileyka were more spatially homogeneous. Cropland proportion was strongly positively
correlated with intra-district RSEI standard deviation, while forest proportion showed
a negative relationship. Artificial surfaces also contributed to heterogeneity, although
their relationship with mean RSEI was weaker. The non-significant relationship between
Shannon land-cover diversity and RSEI heterogeneity suggests that internal ecological
contrast was controlled less by overall land-cover diversity than by the dominance of
specific land-cover types, especially cropland, forest, and artificial surfaces.

Temporal trends in district-level RSEI during 2016-2025 were weak and spatially
differentiated. Negative slopes were more common than positive slopes, but their mag-
nitude was small. Therefore, the results should not be interpreted as evidence of strong
regional ecological degradation. In forest-dominated districts, negative slopes may reflect
interannual variation in vegetation condition, moisture availability, thermal conditions,
or image-composite characteristics rather than direct forest degradation. Likewise, slight
positive slopes in agriculturally dominated districts should not be interpreted as confirmed
ecological restoration, because annual RSEI in cropland landscapes is sensitive to crop
phenology, soil exposure, management timing, and seasonal weather conditions.

The administrative-unit application of RSEI provides a practical framework for com-
paring ecological environment quality, internal heterogeneity, and temporal tendencies
across districts. However, RSEI remains a remote-sensing-based proxy of land-surface
ecological condition, not a complete measure of ecosystem health. It does not directly quan-
tify biodiversity, soil contamination, water quality, ecosystem services, or below-ground
processes. District-level correlations are also affected by aggregation and should not be
transferred directly to pixel-level or causal interpretations. In addition, annual RSEI values
in this study represent May—September growing-season conditions, and annual PCA with
min-max normalization makes the index relative to the study area and year-specific data
distribution. Landsat spatial resolution may miss small landscape elements and fine urban-
rural transitions, while ten-year trend slopes cannot be formally attributed to climatic,
land-management, or socio-economic drivers. Future research should integrate longer time
series, climatic and land-management data, soil and biodiversity information, and field
observations.

5. Conclusions

This study assessed district-level spatiotemporal patterns and spatial heterogene-
ity of ecological environment quality in the Minsk Region, Belarus, using Landsat 8/9
growing-season composites and RSEI for 2016-2025. PCA results supported the ecological
consistency of RSEI construction: PC1 explained 75.42-87.72 % of total variance, with
positive contributions from NDVI and WET and negative contributions from NDBSI and
LST.

The results showed clear spatial differentiation among districts. Mean RSEI values
ranged from 0.539 to 0.682, with higher values generally occurring in forest-dominated
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and semi-natural northern districts and lower values in more agriculturally transformed
southern districts. Intra-district heterogeneity also varied substantially, with mean RSEI
standard deviation ranging from 0.141 to 0.200, confirming that average RSEI alone is
insufficient for characterizing district-level ecological environment quality.

Land-cover composition was closely associated with RSEI patterns. Forest proportion
was positively correlated with mean RSEI, whereas cropland proportion was negatively
correlated with mean RSEI and positively correlated with intra-district RSEI heterogeneity.
Temporal trends were generally weak and should be interpreted as descriptive tendencies
rather than definitive evidence of ecological degradation or improvement. Overall, com-
bining RSEI with administrative-unit analysis and land-cover interpretation can support
regional geoecological assessment in mixed temperate landscapes.

Al Use Statement. During the preparation of this work we used ChatGPT (OpenAl)
and Gemini (Google) for English language editing and bibliographic formatting during
manuscript preparation. We did not adequately verify the bibliographic output before
submission. We apologize for this oversight and accept responsibility for the errors. After
using these tools, the authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.
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