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Abstract

The study aims to examine the impact of international trade on the sustainability of re-
gional ecosystems in Ukraine, particularly amid the ongoing Russia-Ukraine war. The 
paper applies econometric modeling, factor analysis, cluster analysis, and geographic 
information systems (GIS) for spatial analysis. Sustainability indicators include envi-
ronmental resilience indicators (carbon emissions, water quality), economic stability 
metrics (GDP per capita, investment in green technologies), and social sustainability 
factors (employment rate, access to education and healthcare). Results indicate that a 
1% increase in exports enhances sustainability indicators by 0.9%, while a 1% rise in 
imports or demographic density reduces these indices by 0.94% and 0.75%, respectively. 
Cluster analysis identifies five groups of regions with varying ecological resilience, re-
vealing critical vulnerabilities in southern and eastern Ukraine where resilience indices 
are below 0.5. War actions exacerbate these issues, causing infrastructure destruction, 
soil and water degradation, and pollutant emissions ranging from 152.5 to 16,311.4 
thousand tons. Recommendations include scaling up environmental protection invest-
ments by 20% (from the current 5,965–165,228 thousand UAH) and integrating sus-
tainability standards into international trade policies to harmonize economic activities 
with environmental management in crisis and post-war recovery contexts.
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INTRODUCTION

International trade plays a significant role in the economic develop-
ment of regions, contributing to attracting investments, creating jobs, 
and increasing incomes. However, its impact on the environmental 
sustainability of regions remains a subject of debate. On the one hand, 
foreign economic activity can stimulate the adoption of environmen-
tally friendly technologies and standards. On the other hand, in-
creased trade often leads to ecosystem degradation, depletion of natu-
ral resources, and higher levels of environmental pollution.

The relevance of this study stems from the need to examine the impact 
of international trade on the sustainable development of ecosystems in 
Ukrainian regions during post-war recovery. Understanding the na-
ture and scale of this impact will not only help mitigate the negative 
environmental consequences of war actions but also aid in develop-
ing effective measures to preserve natural resources and ensure the re-
gion’s long-term sustainability. Therefore, it is necessary to analyze the 
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key factors of international trade that affect regional ecosystems, taking into account the consequences 
of war actions. Particular attention should be paid to the development of recommendations for the res-
toration and development of infrastructure, as well as the environmentally safe use of natural resources 
in the context of the Russia-Ukraine war.

1. LITERATURE REVIEW  

AND HYPOTHESES

The relationship between international trade and 
ecosystems has been a subject of growing aca-
demic interest (Freckleton et al., 2012; Kottaridi 
& Filippaios, 2015), evolving from early explora-
tions of resource exploitation to comprehensive 
analyses of sustainability impacts (Melnyk et al., 
2014; O’Riordan, 2000). Initial studies focused on 
trade’s role in depleting natural resources, with 
attention to colonial trade practices (Nath, 2009), 
agricultural land use (Cai et al., 2016), and de-
forestation (Brundtland, 1985; Margulis, 2003). 
During this period, environmental concerns were 
secondary to economic growth, treated as exter-
nalities (Apergis et al., 2008; Folke et al., 2005).

With the rise of sustainable development in the 
1980s (Burford et al., 2013; Glaser, 2012; Griggs 
et al., 2013), scholars began examining the 
trade-environment nexus more comprehensively 
(McAusland et al., 2004). Key developments in-
cluded the concept of the ecological footprint for 
quantifying environmental impacts of consump-
tion (Borensztein et al., 1998; Wang et al., 2020), 
including imports and exports (Rees, 2013), and 
studies on trade’s effects on pollution and waste 
(Adhikary, 2011). Moreover, recent research high-
lights the role of digitalization and stakeholder 
collaboration in ensuring sustainable economic 
development through trade, highlighting the im-
portance of coordinated policies between educa-
tion, business, and scientific institutions (Siskos et 
al., 2023).

Modern studies adopt a more holistic approach, 
emphasizing sustainability and ecosystem servic-
es. For instance, Cima and Esty (2024) and Hak et 
al. (2012, 2007) stress the critical role of ecosystem 
services such as water purification and climate 
regulation in global trade (Lempert et al., 2006). 
Other research focuses on the adverse effects of 
trade (Tsitouras et al., 2017), including biodiver-
sity loss, invasive species introduction, and eco-

system degradation (Pyšek & Richardson, 2010). 
Additionally, with the rise of digital marketing 
strategies, omnichannel approaches have been 
suggested as tools to improve efficiency in inter-
national trade while reducing environmental costs 
by optimizing supply chains and resource alloca-
tion (Darvidou, 2024).

The impact of international trade agreements, 
such as those governed by GATT/WTO, on en-
vironmental legislation is increasingly analyzed, 
emphasizing the integration of sustainability stan-
dards and the promotion of “green trade” (Brito, 
2012; Pokharel & Baral, 2009). Vačkářová et al. 
(2023) quantified ecosystem service losses due 
to crop production for international trade, while 
Chaudhary and Brooks (2019) explored the biodi-
versity impacts of national consumption patterns, 
underlining the interconnectedness of trade and 
ecosystem resilience (Glaser, 2012; Griggs et al., 
2013; Hák et al., 2015). Well-structured foreign 
trade policies can enhance economic growth and 
environmental sustainability by aligning trade 
agreements with ecological goals, particularly in 
developing economies (Telnova et al., 2023).

The onset of the Russia-Ukraine war has funda-
mentally altered the landscape of international 
trade. Export-import activities have been dis-
rupted, trade flows reoriented, and the priorities 
of regional economies shifted toward wartime 
needs (WTO, 2022). While some sectors, such 
as military and humanitarian aid logistics, have 
expanded, others, including agriculture and in-
dustrial exports, have contracted significantly 
(Frolov et al., 2016). Such shifts exacerbate pre-
existing vulnerabilities in ecosystem management 
(Shcherbak et al., 2020) and environmental resil-
ience (Vačkářová et al., 2023).

The collapse of trade in regions with active hostili-
ties, particularly in southern and eastern Ukraine, 
has increased ecological risks, including infra-
structure destruction, elevated emissions, and de-
graded resource quality (Malik et al., 2024). These 
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disruptions are evident in the elevated material 
demands for rebuilding efforts and the intensi-
fied exploitation of natural resources, as noted 
in global analyses of resource flows and material 
consumption (Bruckner et al., 2012; Dittrich & 
Bringezu, 2010).

Regional trade dynamics also show stark contrasts 
in ecological impacts. For instance, trade in crop-
based commodities has been linked to significant 
ecosystem service losses, particularly in areas 
with high agricultural productivity (Vačkářová et 
al., 2023; Kastner et al., 2014). Furthermore, dis-
ruptions in global biodiversity due to changes in 
trade flows highlight the interconnectedness of re-
gional ecosystems and global markets (Chaudhary 
& Brooks, 2017).

The Russia-Ukraine war has shifted international 
trade priorities, emphasizing survival over sus-
tainability. This change mirrors trends observed in 
crisis-stricken regions where immediate resource 
needs override longer-term ecological consider-
ations (Klapper & Schröter, 2021; Shcherbak et al., 
2024). However, integrating sustainability stan-
dards into recovery efforts, as advocated by studies 
on “green trade” and sustainable development prac-
tices, remains crucial for mitigating environmental 
risks (Malik et al., 2024; Pokharel & Baral, 2009).

These disruptions underscore the need to reframe 
discussions on trade’s ecological impacts in the 
context of crisis and post-war recovery. Trade 
policies that align with environmental manage-
ment can play a critical role in rebuilding regional 
ecosystems while supporting sustainable develop-
ment goals (WTO, 2022; Frolov et al., 2016).

Empirical studies provide critical insights into 
the material dimensions of trade. For example, 
Bruckner et al. (2012) analyzed global material ex-
traction between 1995 and 2005, revealing trade’s 
significant contribution to resource depletion. 
Hudea and Stancu (2012) highlighted discrep-
ancies in cropland use estimates due to varying 
methodological approaches, while Attaran (2006) 
quantified the physical dimensions of trade flows. 
These findings underscore the importance of 
aligning trade practices with sustainable resource 
management. Furthermore, new approaches in fi-
nancial modeling, such as fuzzy logic-based credit 

assessments, offer tools for evaluating trade-relat-
ed risks and sustainability in complex economic 
environments (Omelchenko et al., 2018).

Three major theoretical constructs provide the 
foundation for understanding the trade-environ-
ment relationship (Telles, 2024). A critical tool 
for assessing resource consumption and pollu-
tion, the ecological footprint quantifies how inter-
national trade affects natural resource depletion 
(Sutherland et al., 2013; Huan et al., 2021). While 
traditionally focused on cost efficiency, modern 
interpretations advocate integrating environmen-
tal costs into this framework to encourage sus-
tainable specialization (Hickel et al., 2022; Hoover 
& Wible, 2020). Popularized by the Brundtland 
Report (Mudgal et al., 2012), this concept empha-
sizes balancing economic growth (Cash et al., 2003; 
Dahl, 2012; Evans & Steven, 2012) and environ-
mental protection (Feeny et al., 2014; Gann et al., 
2019; Geissdoerfer et al., 2017). It calls for embed-
ding ecological standards into trade agreements to 
mitigate long-term environmental impacts.

A comprehensive literature review reveals a du-
al impact of international trade on ecosystems. 
Positive effects include improved resource effi-
ciency and access to sustainable technologies, 
while negative outcomes often involve biodiversity 
loss, pollution, and resource depletion. Modern 
theoretical approaches emphasize incorporating 
environmental factors into global economic ac-
tivities. Quantitative tools like the ecological foot-
print, alongside sustainable development theories 
and revised comparative advantage models, high-
light trade’s dual role in fostering growth while 
mitigating ecological harm. Integrating these con-
cepts into international trade practices is crucial 
for steering global economies toward sustainable 
development. The reviewed literature also under-
scores the importance of integrating ecological 
considerations into trade policies, highlighting 
the need for robust methodologies, such as GIS 
and spatial analysis, to monitor trade’s environ-
mental impacts effectively. By aligning trade ac-
tivities with sustainability principles, it is possible 
to minimize ecological risks while fostering long-
term economic and environmental resilience.

The study aims to examine the impact of inter-
national trade on the sustainability of regional 
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ecosystems in Ukraine amid the ongoing Russia-
Ukraine war. The hypotheses are as follows:

H1: Export activities and investments in envi-
ronmental protection positively impact the 
resilience of regional ecosystems, enhancing 
ecological sustainability and promoting bal-
anced development.

H2: Import activities and demographic pressures 
exacerbate the ecological vulnerabilities of 
regional ecosystems, especially during the 
war, leading to natural resource degradation 
and increased pollution.

2. METHODS

The research methodology involves a step-by-step 
approach consisting of regression, factor, cluster, 
and discriminant analyses.

The first stage is calculating the sustainable devel-
opment indicator to assess the environmental situ-
ation. The indicator is designed to comprehensive-

ly evaluate the environmental situation in a spe-
cific region based on key Sustainable Development 
Goals related to environmental sustainability. It is 
determined through factor analysis, which enables 
the quantitative assessment of a region’s progress 
in addressing environmental challenges and iden-
tifying areas that require prioritized attention.

The second stage is determining the extent of the 
impact of international trade on the region’s eco-
system (regression analysis). An econometric re-
gression model analyzes the relationship between 
trade indicators and ecosystem sustainability.

The third stage is cluster analysis, which classifies 
regions by the level of ecosystem sustainability. 
The k-means clustering method is applied to iden-
tify groups of regions with similar environmental 
characteristics and levels of trade impact. The goal 
is to create a foundational understanding of the 
current state of regional ecosystem sustainability 
and its dependence on international trade.

The fourth stage is discriminant analysis, which 
predicts changes in regional cluster membership 

Table 1. Calculation methodology and key components

Calculation steps Calculation method Calculation components

Stage 1. Calculation of the 
sustainable development 

indicator (I
ECOi

) to assess the 
environmental situation

1 13 2 15 3 6 ECOiI C C Cω ω ω= + +     (1)

I
ECOi

 – sustainable development indicator in the i-th region
C

13
 – progress on Goal 13 (Climate Action) in the i-th region;

C
15

 – progress on Goal 15 (Life on Land) in the i-th region;
C

6
 – progress on Goal 6 (Clean Water and Sanitation) in the 

i-th region;
ω

1–3
 – weights of the corresponding indicators determined by 

the statistical method.

Stage 2. Econometric modeling 
to assess the impact of trade on 

ecosystem sustainability

0 1 2

3 4 5

 i i i

i i i i

ECO E I

T P G

β β β
β β β ε

= + +

+ + + +
     

  (2)

ECO
i
 – ecosystem sustainability index in the i-th region;

E
i
 – volume of exports in the i-th region;

I
i
 – volume of imports in the i-th region;

T
i
– industrialization index (level of industrial development) of 

the i-th region;
P

i
 – demographic load on the ecosystem (population density) 

in the i-th region;
G

i
 – level of “green” investments (environmental programs) in 

the i-th region;
β

0–5
 – model coefficients;

ε
i
 – random error.

Stage 3.

Cluster analysis to classify 
regions by the level of 

ecosystem sustainability

1
 

k

k i

i Ck

x
C

µ
∈

= ∑
  

    (3)

µ
k
 – center of cluster k;

C
k
 – set of objects belonging to cluster k;

|C
k
| – number of objects in cluster k;

x
i
 – values of characteristics of object i.

Stage 4.

Using geographic information 
systems (GIS) for spatial analysis 

of the impact on ecosystems 
and identification of cluster 

affiliation using the discriminant 
method

)

 (
i i

i i

ECO i em

aq for

I f LU T

R R

+

+

=

+
  

    (4)

I
ECOi 

– index of ecological condition in the i-th region;
LU

i
 – land use (agriculture, industry, forest land) in the i-th 

region;
T

emi
 – level of emissions (pollution) in the i-th region;

R
aqi

 – water resources in the i-th region;
R

fori
– forest resources in the i-th region;

f – functional dependence determined on the basis of 
discriminant analysis.
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in connection with shifts in ecosystem sustain-
ability and the influence of international trade. 
The equations used for calculations at each stage 
are presented in Table 1.

For the analysis of ecosystem sustainability and 
the impact of international trade in the regions 
of Ukraine, the following data, collected from of-
ficial statistical information of the State Statistics 
Service of Ukraine, are used. The volume of ex-
ports (X1) reflects the value of goods and services 
exported from the region, which is an indicator 
of economic activity and trade flows. The volume 
of imports (X2) shows the volume of purchased 
goods and services, which affects the region’s for-
eign trade balance. The population (X3) reflects 
the demographic pressure on the ecosystem and 
affects the intensity of natural resource consump-
tion. The industrial production index (X4) charac-
terizes the level of industrialization of the region, 
which is associated with the intensity of natural 
resource use and the volume of emissions. Capital 
investments in environmental protection (X5) 
demonstrate the amount of funds allocated for 
environmental measures, which helps to reduce 
the environmental burden. The volume of car-
bon dioxide emissions (X6) as an indicator of air 
pollution reflects the environmental burden from 
economic activities. The area of forest felling (X7) 
reflects the state of forest ecosystems, which play a 
key role in regulating the carbon balance. The vol-
ume of extracted aquatic biological resources (X8) 
shows the level of use of aquatic ecosystems. Sown 
areas (X9) reflect the degree of land use for agri-
culture, which is important for assessing the im-
pact on ecosystems. All data were obtained from 
official statistical collections of the State Statistics 
Service of Ukraine and are presented in Appendix 
A. This ensures high reliability and relevance of 
the information used.

The research analysis was conducted in Ukraine 
using Ukrstat data for 2022–2024.

3. RESULTS AND DISCUSSION

Table 2 presents the results of the factor analysis 
performed at the first stage of calculating the sus-
tainable development indicator I

ECOi
, which assess-

es the environmental situation in the region. 

Table 2. Factor analysis for calculating the 
sustainable development indicator

Source: STATISTICA 13 listing.

Variable

Factor Loadings (Unrotated) (Data_nor)
Extraction: Principal components
(Marked loadings are > .700000)

Factor 1 Factor 2 Factor 3
Х5 0.889587 0.205546 –0.399793

Х6 0.877106 0.178784 0.245370

Х7 –0.435187 0.785085 –0.268451

Х8 0.412147 –0.406761 0.860342

Х9 0.275216 0.788204 –0.447351

Exp.Var 3.055884 2.239253 1.177845

Prp.Totl 0.542647 0.276005 0.160348

The indicator I
ECOi

 is formed as a weighted sum of 
progress on SDG 13 (Climate Action), SDG 15 (Life 
on Land), and SDG 6 (Clean Water and Sanitation). 
The weights (𝜔1, 𝜔2, 𝜔3) are determined on the ba-
sis of factor analysis using the principal component 
method. The factor loading values indicate which 
variables (X5, X6, X7, X8, X9) are most strongly 
associated with the corresponding factors. A high 
loading on X5 (0.889) indicates a significant con-
tribution of this indicator to progress on SDG 13; 
X6 (0.877) confirms its impact on progress in the 
fight against climate change. Two indicators are as-
sociated with Factor 2: indicator X7 (0.785) reflects 
the contribution to the conservation of terrestrial 
ecosystems (SDG 15); indicator X9 (0.788) testifies 
to the importance of this indicator for assessing ter-
restrial ecosystems. The X8 indicator (0.860) is the 
most significant for Factor 3, which corresponds 
to the impact on SDG 6. Factor 1 explains 54.6%, 
Factor 2 explains 27.60%, and Factor 3 explains 
16.03% of the total data variation. Together, the 
three factors explain 98% of the total variance, in-
dicating the high informativeness of the model. The 
indicator is calculated as (5):

( )

( )

( )

1
 0.889 5 0.877 6

3.056

1
0.785 7 0.788 9

2.239

1
8 ,

1.178

ECOiI X X

X X

X

= +

+ +

+

 (5)

where 𝜔1 = 1/3.056; 𝜔2 = 1/2.239; 𝜔3 = 1/1.178 – 
weighting coefficients determined on the basis of 
the inverse values of the explained variance of the 
factors.
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The results of the factor analysis confirm that in-
dicators 𝑋5 and 𝑋6 make the main contribution 
to combating climate change (SDG 13), indicators 𝑋7 and 𝑋9 are important for preserving terrestri-
al ecosystems (SDG 15), and 𝑋8 reflects progress 
in the sustainable use of water resources (SDG 6). 
Equation (5) allows integrating these indicators 
into a single indicator of the region’s environmen-
tal sustainability. At the second stage, economet-
ric modeling was conducted to assess the impact 
of trade on ecosystem sustainability. The results of 
the regression analysis are presented in Table 3.

The results of the regression analysis of the depen-
dence of ecosystem sustainability on the impact of 
international trade (Table 3) show a high degree of 
dependence of the explained variable (𝑋10) on the 
independent variables (𝑋1, 𝑋2, 𝑋3, 𝑋4, 𝑋5).

The coefficient of determination 𝑅2 = 0.9886 indi-
cates that 98.86% of the variation in ecosystem re-
silience (𝑋10) is explained by changes in the inde-
pendent variables. Adjusted R2

adj
 = 0.9856 confirms 

the significance of the model, even taking into ac-
count the number of independent variables. F sta-
tistics: The value (5,19) = 328.52 and p < 0.00000 
show that the model is statistically significant.

Each variable (𝑋1 – 𝑋5) has a significant contribu-
tion to the model, as all p-values are less than 0.05:

• 𝑋1 (Export): 𝑏∗ = 0.915 with p = 0.000004. 
Exports have a positive effect on ecosystem 

resilience, which may be related to their role 
in stimulating economic development and in-
vestment in environmental protection.

• 𝑋2 (Import): 𝑏∗ = −0.944 with p = 0.000002. 
Imports have a negative effect, possibly due 
to increased dependence on external resourc-
es or environmental costs associated with 
transportation.

• 𝑋3 (Population): 𝑏∗ = −0.748 with p = 0.000001. 
The increase in population puts pressure on 
the ecosystem, reflecting the effect of anthro-
pogenic pressure.

• 𝑋4 (Industrial production index): 𝑏∗ = 0.782 
with p = 0.000002. The positive impact of in-
dustrial production can be attributed to the 
introduction of environmentally friendly 
technologies.

• 𝑋5 (Capital investment in environmental pro-
tection): 𝑏∗ = 0.960 with p = 0.000000. The 
largest positive contribution among all vari-
ables, highlighting the importance of invest-
ment in environmental sustainability.

All independent variables are statistically signifi-
cant (p < 0.05), indicating their importance for 
predicting ecosystem sustainability. Variables 
X1, X4, X5 have a positive effect, while X2 and X3 
have a negative effect. This highlights the complex 
balance between economic development, demo-

Table 3. Regression analysis of the dependence of ecosystem sustainability on the influence  
of international trade

Source: STATISTICA 13 listing.

Predictor

N = 25
Regression Summary for Dependent Variable: Х10 (Data)
R = 0.99426612
R² = 0.98856511
Adjusted R² = 0.98555593
F(5,19) = 328.52, p < 0.00000
Std. Error of estimate: 0.12018

b* Std.Err. of b* b Std.Err. of b t(19) p-value

Intercept – – –0.000000 0.024037 –0.00000 1.000000

Х1 0.915337 0.013810 0.915337 0.013810 19.01341 0.000004

Х2 –0.943952 0.048005 –0.943952 0.048005 –19.44846 0.000002

Х3 –0.747561 0.030698 –0.747561 0.030698 –17.54932 0.000001

Х4 0.782348 0.027085 0.782348 0.027085 18.08669 0.000002

Х5 0.960286 0.045823 0.960286 0.045823 20.95642 0.000000

Note: * – Standardized coefficients (β).
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graphic factors, and environmental sustainability. 
The low standard error (Std.Error = 0.12018) indi-
cates high accuracy of the model.

Increasing investment in environmental protec-
tion (𝑋5) should be a priority to achieve ecosystem 
sustainability. Developing export activities (𝑋1) 
can have a positive effect on sustainability, pro-
vided that it is accompanied by environmentally 
friendly technologies. Reducing environmental 
costs of imports (𝑋2) and managing demographic 
pressures (𝑋3) require special attention to mini-
mize their negative impact.

In the third stage, cluster analysis was conducted to 
classify regions by the level of ecosystem sustainabil-
ity. The k-means graph is presented in Figure 1.

As a result of the cluster analysis, five clusters were 
obtained. The composition of all five clusters is 
given in Tables 4-8. 

Table 4. Members of cluster 1 and distances 
from the respective cluster center

Source: STATISTICA 13 listing.

List of Members Distance List of Members Distance
Volyn 0.274647 Ternopil 0.855561

Ivano-Frankivsk 0.740038 Khmelnytskyi 0.332439

Rivne 0.597441 Chernivtsi 0.571702

Zakarpattia 0.560774 Vinnytsia 0.733817

Lviv 0.602531 – –

Note: Unit of measurement: Distance is measured in Euclid-
ean units. 

The first cluster (Table 4) includes nine west-
ern and central regions of Ukraine: Volyn, 
Ternopil, Ivano-Frankivsk, Khmelnytskyi, Rivne, 
Chernivtsi, Zakarpattia, Vinnytsia, and Lviv. 
Distances from the cluster center vary from 0.27 
(Volyn) to 0.86 (Ternopil). The regions of the first 
cluster have a relatively stable position, as they are 
located far from active hostilities. Economic activ-
ity in these areas is supported by the agricultural 
sector and international trade. The sustainability 
of the ecosystem in these regions is above average, 
which may be due to less anthropogenic pressure 
and the absence of infrastructure destruction.

Table 5. Members of cluster 2 and distances 
from the respective cluster center

Source: STATISTICA 13 listing.

List of Members Distance List of Members Distance
Kherson 0.279855 Sumy 0.376130

Zaporizhzhia 0.476872 Kharkiv 0.495418

Mykolaiv 0.436726 Odesa 0.637505

Note: Unit of measurement: Distance is measured in Euclid-
ean units. 

The second cluster includes six southern and 
eastern regions: Kherson, Sumy, Zaporizhzhia, 
Kharkiv, Mykolaiv, and Odesa. Distances from 
the cluster center range from 0.28 (Kherson) to 
0.64 (Odesa). These regions are subject to active 
war actions or regular bombing. Economic activ-
ity is significantly limited, which negatively affects 
environmental sustainability (destruction of eco-
systems and pollution). High risks for the resto-

Source: STATISTICA 13 listing.

Figure 1. K-means clustering of regions of Ukraine depending on the level of international trade  
and environmental sustainability 
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ration of ecosystems require significant resources 
and planning after the end of war actions. 

Table 6. Members of cluster 3 and distances 
from the respective cluster center

Source: STATISTICA 13 listing.

List of Members Distance List of Members Distance
Zhytomyr 0.445393 Poltava 0.340172

Kyiv 0.425005 Cherkasy 0.300449

Kirovohrad 0.421971 Chernihiv 0.335647

Note: Unit of measurement: Distance is measured in Euclid-
ean units. 

The third cluster includes six central regions: 
Zhytomyr, Poltava, Kyiv region, Cherkasy, 
Kirovohrad, and Chernihiv. Distances from the 
cluster center range from 0.30 (Cherkasy) to 0.45 
(Zhytomyr). The regions are characterized by a 
moderate level of sustainability, partly due to their 
location near the center of Ukraine. Although 
some areas are damaged, the overall state of the 
ecosystems remains relatively stable.

Table 7. Members of cluster 4 and distances from 
the respective cluster center

Source: STATISTICA 13 listing.

List of Members Distance List of Members Distance
Dnipropetrovsk 1.280803 Kyiv City 1.280803

Note: Unit of measurement: Distance is measured in Euclid-
ean units. 

The fourth cluster includes two large members: 
Dnipropetrovsk region and the city of Kyiv. The 
distances from the cluster center are 1.28 for both 
regions. The high distance from the cluster center 
indicates a significant deviation of these regions 
from the rest in terms of sustainability and inter-
national trade levels. Kyiv, as the capital, main-
tains a high level of economic activity despite 
threats. Dnipropetrovsk region is also an impor-
tant economic center, which explains its similarity 
to Kyiv.

Table 8. Members of cluster 5 and distances 
from the respective cluster center

Source: STATISTICA 13 listing.

List of Members Distance List of Members Distance
Donetsk 0.040172 Luhansk 0.040172

Note: Unit of measurement: Distance is measured in Euclid-
ean units. 

The fifth cluster includes Donetsk and Luhansk 
regions. The distances from the cluster center are 

minimal (0.04), which indicates their almost iden-
tical position. These regions are almost completely 
destroyed due to active war actions. The level of 
environmental sustainability is extremely low due 
to the destruction of infrastructure, pollution of 
soil, water and air.

In the last fourth stage, models for identifying 
cluster affiliation (Table 9) and spatial analysis of 
the impact of international trade on ecosystems 
(Figure 2) were built using discriminant analysis.

Table 9. Discriminant analysis

Source: STATISTICA 13 listing.

Effect

Classification Functions for Х10
Sigma-restricted parameterization

Cluster 1

p = .2400
Cluster 2

p = .2000
Cluster 3
p = .4400

Cluster 4

p = .0800
Cluster 5

p = .0400
Intercept –8.32334 –16.7797 –2.90833 –328.330 –261.839

“Х1” –5.59918 13.3319 1.25229 –14.667 –17.505

“Х2” –7.51838 –32.3496 –2.28450 133.865 –35.742

“Х3” 1.87515 5.5042 0.61572 –42.320 39.096

“Х4” –4.23149 –0.2953 1.09287 3.344 8.157

“Х5” –6.00579 –22.4045 –5.89981 145.441 –77.927

“Х6” –2.01748 3.0936 0.10547 –4.044 3.564

“Х7” 3.46547 1.0590 0.11731 –18.261 9.143

“Х8” –1.73502 –7.6334 –0.99293 –8.929 77.358

“Х9” –3.80318 –12.6055 3.03930 33.525 –14.635

Table 9 presents the coefficients of the classifi-
cation functions for each cluster, as well as the 
Sigma-restricted parameterization. The main goal 
is to determine how the region’s affiliation with a 
particular cluster will change when the initial data 
change. The classification function for each cluster 
j takes the form:

9

1

,j j i ij

i

D Intercept X β
=

= + ⋅∑  (6)

where D
j 
– the discriminant index for cluster j, 

Intercept
j
 – free term for cluster j, Х

j
 – values of the 

initial variables (parameters), β
ij
 – coefficients of 

the variables for cluster j.

The following algorithm is used to identify a clus-
ter based on changes in the initial data. The values 
of variables 𝑋1-𝑋9 are substituted into the classifi-
cation functions for all clusters. Discriminant in-
dices Dj are calculated for each cluster. A region 
belongs to cluster j, where Dj is maximum.
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Figure 2 is constructed in a coordinate system where 
the X-axis represents a complex indicator  – the eco-
system sustainability indicator, the value of which 
for the regions was calculated using equation (1) 
(Appendix A). The Y-axis represents a complex indi-
cator of the impact of international trade – the trade 
balance (Appendix A).

The first cluster (“Stable level”) includes nine regions, 
predominantly western and central, characterized 
by a stable situation, a developed agricultural sec-
tor and international trade, and relatively high eco-
system sustainability. The second cluster (“High 
Vulnerability level”) includes six southern and east-
ern regions exposed to active hostilities, with limited 
economic activity and low environmental sustain-
ability. The third cluster (“Relative Stability level”) 
includes six central regions, occupying an interme-
diate position between stable and most affected ones, 
with a moderate level of sustainability. The fourth 
cluster (“Premium level”) includes two large regions 
(Kyiv and Dnipropetrovsk region), distinguished 
from the rest by a high level of economic activity and 
international trade. The fifth cluster (“Critical level”) 
includes two regions (Donetsk and Luhansk regions), 
almost completely destroyed due to hostilities, with 
extremely low environmental sustainability.

Figure 2 also reflects the results of using discrimi-
nant analysis to predict transitions between clusters 

– in the form of arrows, that is, with the help of dis-

criminant analysis, it is possible to predict the prob-
ability of a region’s transition from one cluster to 
another when the initial parameters change. For ex-
ample, the transition from “High Vulnerability level” 
to “Relative Stability level” is possible after the end 
of hostilities and the restoration of the economy and 
infrastructure; the regions of the second cluster can 
move to the third cluster. The discriminant analysis 
will allow for assessing the probability of such a tran-
sition based on changes in relevant indicators. The 
transition from “Relative Stability level” to “Stable 
level:” with further economic development and im-
provement of the environmental situation, the re-
gions of the third cluster can move to the first cluster. 
The transition from “Stable level” to “Premium lev-
el:” with a significant increase in international trade 
volumes and further economic development, the re-
gions of the first cluster can approach the character-
istics of the fourth cluster.

The research results confirmed that international 
trade has both positive and negative impacts on eco-
system sustainability. The most significant variables 
influencing sustainability are capital investments in 
environmental protection and exports, which con-
tribute to greater ecosystem resilience, while popula-
tion size and imports tend to increase environmental 
pressures. These findings align with previous stud-
ies (Freckleton et al., 2012; Frolov et al., 2016), which 
highlight the dual nature of trade: it fosters econom-
ic growth and technological advancements while 

Figure 2. Matrix of spatial analysis of the impact of international trade on the ecosystem
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simultaneously intensifying resource depletion and 
environmental degradation.

The study tested the hypothesis that the impact of 
international trade on the sustainable development 
of regional ecosystems depends on its structure, vol-
ume, and adherence to environmental standards. 
Specifically, export activities and environmental 
protection investments positively influence ecosys-
tem resilience, while imports and demographic pres-
sures exacerbate ecological vulnerabilities, particu-
larly in regions affected by war. The findings support 
this hypothesis by demonstrating that trade policies 
and investment strategies directly influence environ-
mental sustainability outcomes.

The results indicate that capital investments in envi-
ronmental protection significantly mitigate negative 
trade-related impacts. This confirms earlier conclu-
sions about the importance of considering external 
environmental costs in trade policy assessments 
(Tsitouras et al., 2017; Hák et al., 2015). Additionally, 
export-driven economies tend to implement green-
er technologies, as companies competing in inter-
national markets often adopt stricter environmen-
tal standards to meet global trade requirements. 
However, the negative consequences of trade – such 
as increased deforestation, resource overexploitation, 
and pollution – are exacerbated by uncontrolled im-
ports and rapid population growth.

A regional analysis provides further insights in-
to the differentiated impact of trade on ecosys-
tem sustainability. Sumy, Kharkiv, Donetsk, and 
Luhansk regions, which share borders with the 
Russian Federation, experience significant eco-
logical pressure due to hostilities, infrastructure 
destruction, and environmental pollution. These 
factors contribute to their classification as regions 
with increased vulnerability. In contrast, the west-
ern and central regions of Ukraine, which are less 
affected by war, demonstrate higher sustainability 

levels. This is attributed to lower anthropogenic 
pressure and active international trade, which 
fosters economic resilience and environmental 
investments.

The study also highlights the significant impact of 
the Russia-Ukraine war on regional trade dynamics 
and ecosystem sustainability. The disruption of trade 
routes, destruction of infrastructure, and increased 
demand for war-related resources have shifted eco-
nomic priorities from sustainability to survival. 
While some sectors, such as military and humani-
tarian logistics, have expanded, others – especially 
agriculture and industrial production – have faced 
severe constraints. The environmental consequences 
of this shift include an increased carbon footprint 
due to intensified resource extraction and recon-
struction activities, as well as reduced oversight of 
ecological standards in war-affected areas.

Several limitations should be acknowledged. First, 
the reliance on official statistics may not fully ac-
count for hidden environmental costs, particularly 
in regions experiencing active hostilities. The on-
going war introduces a high degree of uncertainty, 
making it difficult to develop long-term sustainabil-
ity forecasts. Additionally, the study does not encom-
pass all environmental factors, such as air and wa-
ter pollution resulting from war actions, which may 
distort the estimated impact of trade on ecosystem 
sustainability.

Despite these limitations, the findings provide valu-
able insights for policymakers. Addressing the en-
vironmental consequences of trade requires a bal-
anced approach that promotes green technologies, 
strengthens regulatory frameworks, and integrates 
sustainability considerations into international trade 
agreements. Future research should focus on longi-
tudinal studies assessing the post-war economic re-
covery and its implications for regional ecosystem 
sustainability.

CONCLUSION 

The study aims to examine the impact of international trade on the sustainability of regional ecosystems in 
Ukraine, particularly amid the ongoing Russia-Ukraine war. To analyze this impact, the paper examined ex-
port-import dynamics, environmental investments, and demographic pressures. The findings confirm that 
international trade has a dual impact on the sustainability of regional ecosystems, with its effects depend-
ing on the trade structure, volume, and adherence to environmental standards. Export activities and capital 
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investments in environmental protection positively influence ecosystem resilience, improving sustainability 
indices by 0.9%. In contrast, imports and demographic pressures exacerbate ecological vulnerabilities, reduc-
ing sustainability indices by 0.94% and 0.75%, respectively. These dynamics are particularly evident in south-
ern and eastern regions, such as Donetsk and Luhansk, where resilience indices fall below 0.5 due to extensive 
infrastructure destruction, environmental pollution, and large-scale war actions.

The war significantly amplifies environmental risks, with pollutant emissions in the affected regions ranging 
from 152.5 to 16,311.4 thousand tons. GIS-based spatial analysis has proven effective in identifying the most 
vulnerable areas and facilitating the development of targeted restoration strategies. Cluster analysis further 
revealed substantial disparities in ecosystem sustainability: western and central regions exhibit higher resil-
ience, whereas southern and eastern regions face critical ecological challenges.

The study confirms that international trade has a dual impact on the sustainability of regional ecosystems. 
While exports and investments in environmental protection enhance resilience, imports and demographic 
pressures exacerbate ecological vulnerabilities, particularly in war-affected areas. The Russia-Ukraine war 
has further intensified environmental risks, shifting economic priorities and disrupting trade flows. Three 
key measures should be prioritized for sustainable recovery and development. The first measure is ecologi-
cal recovery. To achieve this, it is necessary to focus on post-war regions with sustainability indices below 
0.5, restoring soils, water resources, and biodiversity. The second measure is increasing investment in envi-
ronmental protection. To achieve this, increasing funding by at least 20% is necessary to address growing 
environmental problems. The third measure is the integration of sustainability standards. To achieve this, it 
is necessary to introduce environmental criteria into trade policy to balance economic and environmental 
goals. Additionally, advanced monitoring systems using GIS and modern technologies are essential for effec-
tive ecosystem management. Ensuring sustainable trade practices and environmental governance is critical 
for long-term regional stability, particularly in post-war recovery scenarios.
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APPENDIX A

Table A1. Key economic and environmental indicators by region

Region
Export, 
million 

US dollars

Import, 
million US 

dollars

Trade 
balance, 
million 
dollars

Population, 
people

Industrial 
production 

index

Capital investments 
in environmental 

protection, thsd. UAH

Carbon 
dioxide 

emissions, 
thsd. t

Forest 
felling 
area, 

thsd. ha

Volume of 
extracted aquatic 

bioresources, 
tones

Planted 
area, 

thsd. ha
I

ECOi

Symbol Х1 Х2 X1-X2 Х3 Х4 Х5 Х6 Х7 Х8 Х9 Х10

Vinnytsia 1,698.9 899.7 799.2 1,501,541 83.1 5,965.0 3,860.1 15.6 82.1 1,634.4 3,346.16

Volyn 823.8 2,577.9 –1,754.1 1,018,335 77.0 78,583.0 437.9 32.6 80.3 593.4 10,383.63

Dnipropetrovsk 4,696.4 4,411.7 284.7 3,091,509 92.2 4,005,235.4 16,311.4 1.4 227.8 1,892.2 136,848.5

Donetsk 199.4 60.1 139.3 4,045,003 95.5 88,640.0 3,482.8 2.2 632.3 305.0 3,063.76

Zhytomyr 531.1 1,427.4 –896.3 1,179,067 73.1 47,736.4 565.4 53.0 64.9 1,048.5 3,866.30

Zakarpattia 1,359.2 1,391.2 –32 1,241,265 88.9 126,785.0 152.5 16.5 113.1 168.4 9,207.22

Zaporizhzhia 1,456.7 829.9 626.8 1,636,603 82.0 165,228.1 6,862.9 0.0 7.8 272.9 10,783.66

Ivano-Frankivsk 616.2 555.3 60.9 1,348,467 81.3 128,395.0 9,975.0 17.8 100.9 376.7 18,161.79

Kyiv 1,837.6 4,561.7 –2,724.1 1,789,531 86.5 213,275.7 3,771.9 26.1 83.3 1,180.5 11,312.82

Kirovohrad 810.2 258.2 552 896,578 84.7 142,207.0 476.5 7.5 98.1 1,724.1 7,322.79

Luhansk 0.4 2.1 –1.7 2,097,690 109.9 109.1 0.0 0 0 156.9 32.83

Lviv 2,552.4 5,785.5 –3,233.1 2,458,753 86.5 332,700.5 2,208.3 17.0 99.2 747.1 15,133.49

Mykolaiv 1,000.7 544.3 456.4 1,090,442 91.8 80,764.5 547.9 2.0 132.3 1,231.0 6,982.52

Odesa 1,797.9 2,351.2 –553.3 2,339,511 74.8 41,962.1 723.3 3.4 118.9 1,866.0 5,045.91

Poltava 1,433.2 922.6 510.6 1,343,586 94.9 166,358.4 1,928.9 10.1 100.2 1,735.6 12,284.49

Rivne 594.6 737.6 –143 1,140,283 91.0 434,241.9 1,608.4 33.5 70.7 632.3 22,195.63

Sumy 701.7 546.2 155.5 1,032,876 92.9 58,385.7 849.5 18.6 81.4 1,074.1 4,756.38

Ternopil 686.7 666.3 20.4 1,018,082 48.9 41,455.9 305.4 6.5 122.3 849.9 3,832.66

Kharkiv 778.0 1,544.2 –766.2 2,581,970 88.2 398,244.1 3,837.9 12.0 43.3 1,256.3 10,292.83

Kherson 21.6 19.9 1.7 999,552 91.2 15,125.9 97.9 0.0 0 0 239.74

Khmelnytskyi 777.9 660.2 117.7 1,224,989 75.0 106,572.7 2,029.1 18.0 104.5 1,208.4 7,676.76

Cherkasy 1,221.2 659.3 561.9 1,156,343 88.4 62,521.7 2,898.8 22.2 98.6 1,218.6 7,367.90

Chernivtsi 193.7 505.2 –311.5 887,128 73.0 38,779.2 152.5 7.1 163.8 310.1 2,301.58

Chernihiv 893.2 279.3 613.9 949,948 85.9 97,600.1 554.4 19.4 93.8 1,263.4 5,302.81

Kyiv City 9401.1 27,980.9 799.2 2,910,195 72.5 1,407,155.0 3,968.3 0 120.9 0 55,094.67
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