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Abstract

Developing and improving environmental audit methodologies is integral to natural resource management. This paper presents
an innovative approach to studying and analysing anthropogenic impacts on the territories whose boundaries are limited by the
watershed area of a small or medium-sized river. Using geoinformation technologies and high-resolution digital elevation models
allowed us to create an accurate geospatial model of anthropogenic transformations of the Oril River watershed area within the
Dnipropetrovsk region (Ukraine). The proposed approach to identifying potentially hazardous objects is based on surface slopes
and their distance from the riverbed within the watershed area. Based on the modelling results, a refined watershed area of the
Oril River with a total area of 11.1 thousand square kilometres was developed. Digitalisation and categorisation of anthropogenically
transformed lands allocated for residential development, industrial enterprises, farms, agricultural land, roads, and railways
within the Oril River watershed in the Dnipropetrovsk region (3963 km?) were conducted. It was found in the investigation that
79% of the study area comprises anthropogenically transformed land primarily used for agricultural and industrial activities. The
modelling results underscore that agricultural activity serves as the principal source of anthropogenic pressure on the ecosystems
of the studied area. The proposed improvements to the environmental audit methodology can be used in developing regulations to
limit the negative impact of economic activity on the environment. This will ensure the region’s sustainable development and
fulfil Ukraine’s obligations to preserve natural resources including international standards. The conclusions of the article point to
the need to further improve the tools for assessing anthropogenic impact and planning environmental protection measures.

Key words: anthropogenically transformed lands, digital elevation models, ecological audit of territories, geoinformation tech-
nologies, Oril River, watershed area

1 Introduction scientifically sound environmental management strategies.

In this context, it is worth paying attention to an innovative
Given the significant challenges associated with the conservation approach that successfully considers previous shortcomings and,
of natural resources and the sustainable development of natural based on modelling the watershed areas of small and medium-

ecosystems, a comprehensive environmental assessment of an- sized rivers, provides additional opportunities to determine the
thropogenically disturbed areas is critical. In the context of global spatial boundaries of territorial objects for environmental audit of
climate change and growing anthropogenic activity, the develop- land. Using high-resolution digital elevation models and advanced

ment of a methodology that will ensure the accuracy and reliability  geoinformation technologies makes it possible to avoid systemic
of the boundaries of study areas is crucial for the developmentof  shortcomings in establishing territorial restrictions related to envi-
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ronmental risks of anthropogenic activities.

Thus, the study aims to optimise the environmental audit
methodology based on modelling watershed areas of small and
medium-sized rivers using high-resolution digital elevation mod-
els and geographic information technologies. It is proposed that the
modelling of watershed areas based on the methodology improved
by the authors be used as a basis for establishing the territorial
boundaries of natural objects during environmental audits on their
territories. The approach described in this paper demonstrates the
stages of establishing the boundaries of a watershed area, such as
the middle Oril River, considering the impact of large hydrographic
objects (Dnipro River) on smaller river systems.

2 Literature review

Natural resources are an invaluable asset of every state, so their
conservation and rational use should be the responsibility of every
citizen of that state and the state as a whole. In this regard, each
country has several laws and codes that set out the mechanisms for
the use, conservation and protection of the state’s natural resources
(Yakymchuk et al., 2023).

Ukraine is no exception, and the use of natural resources is
regulated by the Law of Ukraine “On Environmental Protection”
(Protection of the Environment, 2023), according to which the en-
vironment and natural resources are subject to state protection and
regulation of use on the territory of Ukraine: land, subsoil, water,
air, forest and other vegetation, fauna, landscapes and other natu-
ral complexes. At the same time, local councils are responsible for
the state of the environment in their territory, managing environ-
mental protection, and controlling compliance with environmental
legislation.

One of the areas of environmental management, as stated in
Environmental Audit (2020), is an environmental audit — a docu-
mented systematic, independent process of assessing the object of
environmental audit, including the collection and objective evalua-
tion of evidence to establish compliance of certain activities, mea-
sures, conditions, environmental management system and infor-
mation on these issues with the requirements of the legislation
of Ukraine on environmental protection. However, as defined by
Article 2 of Environmental Audit (2020), the objects of environmen-
tal audit may include enterprises, institutions and organisations,
individual production facilities, other economic entities, and envi-
ronmental management systems. This list of objects does not in-
clude environmental audits for natural environment objects that are
not involved in economic use but suffer from the effects of anthro-
pogenic human activity due to their borders with artificial objects
that may have a hazardous environmental impact.

Thus, in scientific research, environmental audit of territories is
considered as scientific and practical activity based on the analysis
of co-adaptation between the economic and natural subsystems
(Lomtatidze, 2017; Okhremenko, 2017; Xiong, 2022; Zavalniuk,
2008). In other words, an environmental audit of territories is per-
formed based on the results of a comprehensive geo-environmental
assessment and analysis of the territorial organisation of the au-
dited object.

According to the proposed methodology for conducting an envi-
ronmental audit of territories (Feketa, 2016), certain information
grouped into the following blocks: cartographic information, cli-
matic conditions, atmospheric air, land, water and bioresources,
specially protected areas and recreation, complex indicators of
transformation of territories, medical and demographic informa-
tion, anthropogenic complex, social sphere and economic block will
be analysed. According to the proposed methodology, the environ-
mental audit involves identifying limiting characteristics (factors)
and assessing the territorial component regarding potential and
resilience to anthropogenic pressure. Regarding territorial restric-
tions in defining the object of environmental audit, the objects
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of both this paper and works of Okhremenko (2017) and Zaval-
niuk (2004) have clear geographical boundaries of the territory —
island territories (Bilohrudiv Island in the Dnipro Delta) or semi-
peninsular territories (Crimean Peninsula). The spatial and tem-
poral dynamics of chlorophyll concentration, as an indicator of
eutrophication, may depend on the structural features of the flood-
plain water network. This is a promising area for studying natural
conditions and environmental audit of the Dniprovsko-Orilskyi
Nature Reserve (Fedonenko et al., 2022).

It is also proposed to determine the functional classification
of urban landscapes as a limiting territorial factor (Parpan and
Mylenka, 2010), the regional distribution of territories by adminis-
trative boundaries (Vasenko et al., 2015), an integrated approach to
studying the ecological state of a system object in accordance with
the tasks of supporting environmental decision-making to regulate
the safety of a natural and technogenic object (Yemelyanova, 2017),
as well as the use of the basin principle to determine the impact of
natural and anthropogenic factors, taking into account the land-
scape and geographical features of riverine (Hnativ, 2022; Rybalova
and Artemiev, 2017; Sherstiuk, 2023).

In another example, to improve water quality in river basins and
promote environmental management of the Songhua River Basin
(Shen et al., 2017), it is proposed that quantitative assessments of
environmental security be conducted by combining the watershed
area and administrative boundaries of the region.

Finally, to conduct environmental observations as part of adap-
tive management in areas that do not have clear geographical
boundaries, it is also proposed to use the watershed principle as a
delineation of territorial boundaries (Vivian et al., 2023; Wu et al.,
2023). It is suggested that the boundaries of watershed basins be
modelled using remote sensing methods and geographic informa-
tion technologies. Balakrishnan and Ilanthirayan (2017) believe
that the use of geospatial tools in integrated watershed manage-
ment is a worthy approach to addressing the environmental, social
and economic challenges of watershed development.

Zhai et al. (2022), Tretyak and Kukhtar (2022) point out the
advantages of using remote sensing technologies, with their short
revisit time, extensive monitoring range, high spatial resolution of
satellite images. Therefore, a prerequisite for applying remote sens-
ing methods and analysing land surface data is carefully selecting
a digital elevation model based on its properties, from resolution
to the ability to reproduce natural changes at different scales accu-
rately.

Thus, due to the specifics of the audited object, which are differ-
ent from those specified in Environmental Audit (2020), there is a
need to develop and refine methodological techniques for conduct-
ing environmental audits of territories.

The authors of the article propose to finalise the initial stage of
the methodology of environmental audit of territories by defining
clear boundaries of the territories selected for research. Based on the
developed models of the watershed area, it is possible to obtain the
boundaries of the territories, including the quality of environmental
components, namely land, water and bioresources, protection and
recreational complexes, and the impact of anthropogenic complexes
that will be examined in the experiment.

A detailed configuration and defined size of a watershed area
provide a basis for establishing the environmental risks of the rele-
vant land users within the floodplain and watershed of the Oril River.
This is due to a high anthropogenic load, mainly the agro-industrial
complex, which releases various pollutants into the watershed with
surface runoff.

Therefore, the work aims to optimise the methodology for con-
ducting environmental audits of natural and anthropogenically
transformed lands that are geographically limited to the catchment
area of small or medium-sized rivers.



To achieve this goal, the following tasks were undertaken:

- the boundaries of the Oril River watershed were established,
taking into account the influence of the higher hydrographic
object (Dnipro River),

- digitisation of the lands of the Oril River watershed area and
identification of economic entities that have a potentially haz-
ardous impact on the river and its water protection zone,

- categorisation of anthropogenically transformed lands allocated
for residential development, industrial enterprises and farms,
agricultural land, roads and railways, etc,

- development of a digital map of vectorised anthropogenically
transformed lands of the Oril River watershed within the admin-
istrative boundaries of the Dnipropetrovsk region to conduct
an environmental audit of the lands and provide substantiated
conclusions on the level of negative impact of business entities
on civilian objects and natural areas bordering them.

3 Research methodology

In this paper, the study was carried out for the watershed of the
Oril River, one of the largest left tributaries of the Dnipro River,
the most powerful river in Ukraine. The calculation of the Oril
River watershed is limited to the territory of the Dnipropetrovsk
region. Taking into account the experience of previous modelling
of the watershed area (Omelych et al., 2021), the study used ASTER
GDEM v.3.0 DEM, which has a high resolution, a large number of
sensors and comprehensive coverage, providing a reliable basis for
studying river systems and developing effective water management
strategies.

In the first stage, the DEM of the study area was downloaded
from the open electronic resource Earthdata (2024). The digital
elevation models SRTM (Shuttle Radar Topography Mission) and
ASTER GDEM (Advanced Spaceborne Thermal Emission and Re-
flection Radiometer Global Digital Elevation Model) v.3.0 are two
well-known and widely used sources of geographic data for ele-
vation studies (Guth, 2010). Both digital elevation models can be
used to build a medium-sized river watershed, but the best choice
depends on the specific features of the study and accuracy require-
ments.

Since the study involves high requirements for accuracy and
detail, ASTER GDEM v.3 is the preferred solution. It has a similar
resolution to SRTM, but displays data from more sensors. ASTER
GDEM v.3 can also be helpful for hydrography studies and detailed
analysis of water bodies (Abrams et al., 2022; Arifian et al., 2023).
The ASTER GDEM elevation map covers the earth’s surface between
83°N and 83°S and was created by automated processing of 2.3
million scenes from the ASTER archive (Earthdata, 2024).

SRTM digital elevation models are also well-known and in de-
mand in research; however, due to the low coverage of territories
and a small number of sensors, errors in geospatial research may
be observed in some areas (Zhang et al., 2016). Therefore, the digi-
tal elevation model ASTER GDEM v.3 was preferred to perform the
tasks set in this paper.

In modelling the Oril River watershed area, the interconnection
of the studied watercourse with adjacent water bodies, particularly
larger rivers, was analysed, and a significant influence of a higher-
order water body (Dnipro River) was identified. The presence of hy-
drographic objects of this type on the DEM can cause certain errors
in modelling, namely, determining the accuracy of the boundaries
and contours of the lower-order river watershed. Since the dy-
namics of water flow into a smaller water body can be significantly
altered by the influence of a large river channel, such hydrological
interactions can have an additional impact on the actual bound-
aries and direction of water flow (Ran and Lu, 2011). Therefore,
to build catchment areas, it is necessary to analyse the relation-
ships between hydrographic features of different scales carefully
and consider possible deviations to achieve accuracy and reliability
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in defining watershed boundaries.

Toavoid possible errors in constructing the Oril River watershed,
the part of the digital elevation model (DEM) where the higher-
order Dnipro River is located was removed using the Cut tool. This
step ensured the accuracy and reliability of the results while pre-
serving the unique characteristics of the study area. After preparing
the DEM, a lower-order river basin study was conducted using the
new, refined geographic framework.

The hydrological tools of the Spatial Analyst module of ArcGIS
Desktop software were used to build the Oril River watershed. The
modelling was carried out in several stages, which included filling
in false depressions (Fill), creating a raster of the flow direction
(Flow Direction), creating a raster of the snap point (Snap Pour
Point), accumulating the flow (Flow Accumulation) and merging
the snap points of the mouth and sources (Merging).

Using the ArcGIS Online service, a layer with the administrative
boundaries of the Dnipropetrovsk region was added to the electronic
map. Using the geoprocessing tool "Cut", the watershed layer was
cropped along the administrative boundaries of the Dnipropetrovsk
region.

These stages allowed us to build the watershed area of the
Oril River, taking into account the nature of the relief and water
flow directions, which will allow further analysis of the watershed
area and will become the basis for conducting an environmental
audit of these lands within the administrative boundaries of the
Dnipropetrovsk region, depending on their intended purpose and
areas of natural resource use.

Clarifying the development of the watershed area means es-
tablishing its boundaries and determining individual land ar-
eas that should correspond to the land use status and en-
vironmental conditions. For accurate area calculations, the
WGS_1984_UTM_Zone_35N coordinate system was chosen, allow-
ing obtainment of metric system results. Based on this coordinate
system and a satellite image of the territory of the Dnipropetrovsk
region, which was used as a background image for the study, the
boundaries of settlements, roads, railways and other civil infras-
tructure facilities that were relevant at the time of the study were
digitised and categorised using ArcGIS Online. Water management
(ponds, lakes, reservoirs, etc.), forest (forest land), agricultural
(farmland, pastures, hayfields, etc.), industrial (enterprises, pro-
duction facilities, warehouses, petrol stations and repair shops, etc.)
and urban (cemeteries, solid waste dumps, etc.) objects were also
digitised and categorised.

The area of each digitised layer was calculated using ArcMap’s
Geometry Calculation tool in the attribute table, which provides
accurate measurements of the area of each object in square kilome-
tres.

The process of calculating the area of roads and railway tracks is
worth mentioning separately. Their area can be determined using
the Buffer tool, which needs to be built according to the object’s
width. Thus, according to the building regulations (DBN B.2.3-19-
2018, 2018), the width of the main subgrade area for one main track
is 7.6 m. The area of roads is calculated similarly: for trunk roads —
3.75 m, for local roads — 3 m in accordance with the construction
standards for roads (DBN B.2.3-5:2018, 2018).

The implementation of this methodology for determining the
boundaries of a catchment area and the individual natural and ar-
tificial objects that form it creates a clear basis for conducting an
environmental audit of land.

4 Results

As a result of modelling, the watershed area of the Oril River, with a
total area of 11.1 thousand km?, was obtained. The territory of the
entire watershed covers three regions — the Kharkiv region, the
Poltava region, and the Dnipropetrovsk region. Using the above
methodology, after trimming the watershed layer along the ad-
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Figure 1. Boundaries of the modelled watershed of the Oril River in the
territory of the Dnipropetrovsk region

ministrative boundaries of the Dnipropetrovsk region, the area of
the Oril River watershed in the Dnipropetrovsk region was calcu-
lated using the Calculate Geometry tool. The determined area is
3963 km?, which is 12.5% of the area of the Dnipropetrovsk region
and 35.7% of the total watershed area.

The watershed area of the Oril River, modelled using the above
methodology, is a colour image, according to which the colour cor-
responds to a certain height above sea level. Thus, in Figure 1, the
modelled surface corresponds to an elevation difference of 256 m
(red colour scheme) to 3 m (green colour scheme) above sea level.

As can be seen from Figure 1, almost half of the Oril River wa-
tershed in the Dnipropetrovsk region has the lowest elevation of
3+50 m above sea level due to a wide floodplain of 3—4 km and
left tributaries (Orilka, Pryadivka, Zhuravka, Shyroka Kilchenka,
Bahatenka and Mokra Zaplavka rivers). The eastern part of the Oril
River watershed is characterised by an altitude of 80-+-250 m above
sea level. In the central part of the Oril River floodplain, according
to the modelled watershed, areas with the lowest level were identi-
fied, indicating an uncharacteristic depression for this natural relief
due to the presence of the Dnipro-Donbas artificial water channel,
where a significant deepening of the bed of its channel is observed.

Data from ArcGIS Online was used to obtain the boundaries of
settlements, roads and railways. By cropping the relevant layers
along the boundaries of the modelled watershed area of the Oril
River, it was determined that it includes 161 settlements that par-
tially or entirely fall within the watershed. The total area of these
settlements is 597.9 km?2. Considering their structure and size,
roads cover an area of 6.7 km?, and other roads — 40.4 km?. Con-
sidering the width of the railway bed, the area of railway tracks is
0.54 km?.

The satellite image was analysed, and industrial and agricultural
facilities were digitised. According to the analysis, 150 industrial
enterprises were identified, with an area ranging from 0.01 to 5 km?,
and their total area within the study area is 22.9 km?.

The largest share of the land in the Oril River watershed, as
shown in Figure 2, is occupied by agricultural land. The "Agricul-
tural land" polygonal layer was created for their digitisation, the
elements of which were digitised in large areas. Their total area is
2476 km?, which is 62.5% of the study area.

The overall area of anthropogenically altered lands, incorporat-
ing settlements, roads, railways, industrial enterprises, and agri-
cultural lands, constitutes a significant portion of the surveyed
territory (Figure 2), namely 79%, significantly disrupting the eco-
logical balance of the region and posing a potential anthropogenic
hazard.

The digital map with vectorised anthropogenically transformed
lands was obtained by decoding satellite images and digitising the

Figure 2. Digitised anthropogenically transformed lands within the
modelled watershed of the Oril River in the Dnipropetrovsk
region and distribution of lands in the research area

watershed area of the Oril River within the Dnipropetrovsk region
(Figure 2).

The digital map in Figure 2 indicates that the lands of settle-
ments are predominantly situated in the lower reaches of the Oril
River. In some instances, industrial enterprises and agricultural
lands are located within the water protection zone and the coastal
protective strip, with dimensions of 300 and 50 meters, respec-
tively, from the water line (Rusina et al., 2021), presenting the most
significant risk of river basin contamination.

In Figure 3, A, the farm located 273 meters from the Oril River
water line is depicted. This enterprise breeds over 1,000 heads of
cattle on its premises, posing potential environmental hazards to
the adjacent area. The facility has a waste dump and a storage area
for fuel and lubricants for agricultural machinery, the storage con-
ditions of which do not ensure the complete prevention of water
bodies and soil contamination. According to modelling results, the
enterprise is situated at an altitude of 63 meters above sea level, with
the surface slope directed towards the river, averaging 2.0+4.9%,
indicating a high risk of surface runoff reaching the coastal protec-
tive strip and the Oril River directly.

In another example (Figure 3, B), the slope angle magnitude
(1.2+1.6%) of the poultry farm’s territory towards the Oril River
is insignificant, reducing the likelihood of pollutants reaching the
river through surface runoff. Considering the sufficient distance to
the riverbank (577 m) and the presence of a surface runoff collection
and drainage system at this facility, the environmental risk for this
area has been minimised.

According to the digitisation of anthropogenic objects, it is evi-
dent that surface runoff from agricultural land poses the most sig-
nificant environmental threat to the Oril River in the Dnipropetro-
vsk region. The application of fertilisers and pesticides to agri-
cultural land introduces not only biogenic elements into the soil
but also impurities in the form of heavy metal salts, organic com-
pounds, and radioactive isotopes. Subsequently, these pollutants
enter water bodies through surface runoff, resulting in deteriorat-
ing water quality of both groundwater and surface water, as well as
the ecosystems dependent on them. This process is exacerbated by
the excessive application of mineral fertilisers and their incomplete
absorption by plants (Omelych et al., 2021).

Based on the calculated slope angles, it has been determined
that most agricultural lands have surface runoff directed towards
the Oril River. Even fields located in the right-bank southern part
of the watershed and closer to the higher-order river (the Dnipro
River) have slopes of 1.6--1.8% towards the Oril River (Figure 4, A).

On average, the slope on the left bank of the Oril River ranges
from 1 to 3%. For instance, one of the areas containing agricultural
lands has elevation fluctuations ranging from 58 meters near the



Figure 3. The map and elevation profile of the investigated area in the
vicinity of: A — farmstead; B — poultry farm

Figure 4. The map and elevation profile of the investigated areas with
agricultural land use
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river channel to 66 meters within the agricultural field, with a slope
towards the river of 2.8+-3.1% (Figure 4, B), indicating an existing
ecological threat to the river ecosystem.

5 Discussion

The proposed enhancement of the methodology for conducting
land ecological audits has allowed for a more precise assessment of
the degree of anthropogenic transformation within the watershed
area of the Oril River within the administrative boundaries of the
Dnipropetrovsk region. The constructed watershed area serves as
a fundamental spatial framework, facilitating thorough analysis
and categorisation of various land types and their attributes within
the study area. This approach will help systematise and refine land
resource usage categories, thereby reinforcing adherence to envi-
ronmental norms and requirements of land and water legislation
(Land Code of Ukraine, 2023; Water Code of Ukraine, 2022).

Analysing results of land digitisation within the watershed area
of the Oril River in the Dnipropetrovsk region, it has been deter-
mined that agricultural activity has the most significant impact on
its ecological condition, as the share of agricultural land exceeds
60% of the investigated watershed area. Agricultural lands are con-
centrated in the left-bank part of the Oril River floodplain (Figure 2),
and based on the modelled watershed area (Figure 1), they have a
slope towards the Oril River.

This categorisation of land types will not only enable a more
accurate accounting and inventory of various land types but also
facilitate further analysis of the impact of human activity on water-
shed ecosystems.

Thus, based on the modelled watershed area, it becomes pos-
sible to identify objects potentially hazardous to the environment
from which surface runoff will enter the Oril River. Additionally,
based on slope data and distance from the riverbed, the environ-
mental risk level posed by each object can be determined.

The improved methodology for the initial stage of land ecologi-
cal audits will ensure the accuracy and reliability of delineating the
spatial boundaries of audit objects that do not have clear boundaries.
The proposed optimisation of the methodology for constructing
watershed areas of small and medium rivers using high-resolution
digital elevation models and geoinformation technologies will help
avoid systemic errors regarding the degree of anthropogenic trans-
formation of the watershed area.

The results of modelling the watershed area and its subsequent
analysis will enable reasoned conclusions regarding the level of
negative impact of economic entities on adjacent territories, con-
sidering their distance from the audit object, taking into account
elevation, slope, and direction.

Improving the existing methodology of environmental auditing
by introducing it at the initial stages for territories not belonging
to the respective landowners or users will enable justified claims
to be made against economic entities for the responsibility of envi-
ronmental damage inflicted on the surrounding environment. This
includes pollution of surface and groundwater, soil contamination,
violations of restrictions in the economic use of water protection
zones and coastal protective strips, and so forth.

6 Conclusions

The conservation of natural resources and ecosystems, along with
their comprehensive ecological assessment considering the in-
creasing anthropogenic pressure amidst environmental protec-
tion resource degradation and the imperfections in the manage-
ment mechanisms of compliance with environmental legislation,
requires the development of innovative approaches and methods.
They are a reasoned and thorough assessment of technological risks
not only within the territories of economic entities.
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The determination of the spatial boundaries of territorial objects
for conducting environmental land audits is proposed to be carried
out using advanced geoinformation technologies. They should be
based on improved principles of modelling watershed areas of small
and medium rivers, employing high-resolution digital elevation
models, taking into account the influence of major hydrographic
objects on smaller river systems.

Thus, the set goal of the study has been achieved, indicating
the development of an improved methodology for conducting en-
vironmental audits of natural and anthropogenically transformed
lands, which are territorially delimited by the watershed area of
small or medium rivers. The boundaries of the Oril River watershed
area have been established, considering the influence of the higher-
order hydrographic object; digitisation and categorisation of lands
within the Oril River watershed area have been carried out, and eco-
nomic entities potentially posing hazardous impacts on the river
and its water protection zone have been identified. Additionally,
an electronic land map of the Oril River watershed area within the
administrative boundaries of the Dnipropetrovsk region has been
developed to address the tasks of environmental land auditing and
provide well-founded conclusions regarding the level of negative
impact of economic entities on adjacent civil objects and natural
territories.
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