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The article presents the experience of using GIS technologies to prepare spatial predictors for their further 
use in modeling and mapping the dynamics of forest ecosystem functions. The study was conducted on the territory 
of the Dankovsky district forestry, which is located in the south of the Moscow region. GIS analysis of spatial data 
containing information about the relief and the hydrographic network of the study area was performed. As a result, 
morphometric values describing the surface runoff and altitude zonality of the study area have been created. The 
article describes GIS tools that can be used to create thematic geospatial products: slope exposure, steepness and 
curvature; direction, distance and length of the flow line, total flow; average altitude above sea level and distance 
to the river. In addition, the boundaries of river catchment basins have been identified by using GIS analysis, within 
which it is also planned to model climate-regulating forest functions associated with the carbon cycle.

Keywords: GIS analysis, forests, climate-regulating functions and services, morphometric relief value, DEM, 
SRTM, OSM

Natural ecosystems are inextricably inter-
twined with ecosystem processes occurring 
therein, i. e. physical, chemical and biological 
forces or events linking organisms and their 
environment (Ecosystem processes, 2022). 
The totality of physical, biological, chemical 
and other processes that support the integrity 
and maintain the ecosystem is commonly re-

ferred to as ecosystem functions (Ansink et al., 
2008). Ecosystem services are understood as 
the benefits that people obtain from ecosys-
tems (Alсamo et al., 2005). 

Four categories of ecosystem services 
are identified based on the types of benefits 
for humans in accordance with the Millen-
nium Ecosystem Assessment (2005) classifi-
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cation: Provisioning, Regulating, Cultural and 
Supportive Services. Various mechanisms 
of ecosystem regulation of environmental 
indicators are considered as Regulating Ser-
vices — in particular, climate regulation, hy-
drological regime regulation, erosion control, 
pollination and others. Mapping of climate-
regulating services of forests is an important 
issue. It is associated with the functions of bi-
omass production, carbon and nitrogen cycle 
regulation, formation of natural soil fertility, 
etc. (Lukina et al., 2020). This approach can 
be used as a tool for the topics of biodiversity 
and creating decision support systems.

To date, mapping of ecosystem functions 
and services at the local level has been most 
developed in Western Europe (Spain, Italy, 
Germany, Sweden, etc.) and the USA. The ob-
jective of many studies is the assessment and 
mapping of the ecosystem services, includ-
ing climate regulation (Burkhard et al., 2009; 
Palomo et al., 2013; Felipe-Lucia et al., 2014; 
Istomina, Luzhkova, 2017). There are works 
on mapping carbon stocks in soils (Chan et al., 
2006; Garcia-Pausas et al., 2007); soil stability 
(Nelson et al., 2009; Felipe-Lucia et al., 2014; 
Bruno et al., 2021); regulation of runoff (Bur-
khard et al., 2009; Nedkov et al., 2015) and the 
quality of water resources (Bruno et al., 2021).

According to current studies, mapping of 
ecosystem functions and services may include 
construction of regression models using ma-
chine learning methods. The purpose of this 
work is to create predictors by conducting GIS 
analysis of spatial data for their further use in 

modeling and mapping of forest ecosystem 
functions, including climate-regulating ones.

OBJECTS AND MATERIALS OF THE STUDY

The study investigates the territory of the 
Dankovsky district forestry, which is located 
in the south of the Moscow region on the bor-
der between the Moskvoretsko-Okskaya and 
Zaokskaya physiographic provinces (Atlas 
GUGK, 1976) (Fig. 1). The relief of the south-
ern part of the Moscow region typically has 
wide, well-developed river valleys and a de-
veloped ravine network. There are also karst 
relief forms such as craters, caves, sinkholes in 
places close to the surface of carbonate rocks 
of the Carboniferous period (Vagner, Ma-
nucharjanc, 2003). Similar landforms could 
be found in Prioksko-Terrasny Biosphere Re-
serve, bordering the study area. 

The Moscow region has a fairly dense 
river network with more than four hundred 
small and large rivers of the Caspian Sea basin. 
The Rechma, the Sushka and the Todenka are 
tributaries of the Oka river, which is one of the 
largest rivers of the Moscow region. It runs 
through the Dankovsky forest district, a re-
search territory of interest (Fig. 1). In the soil 
cover of the forest zone of the Moscow region, 
sod-podzolic soils and podzols predominate, 
whereas in the floodplains of rivers, alluvial 
soils are common (Soil map of the Moscow re-
gion, 1985). 

The study included the analysis of spatial 
data containing information about the relief 
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(GMTED2010, ASTER GDEM2, SPOT DEM, 
Next Map, NextMap World 30, TanDEM-X 
Global DEM, etc.), the Shuttle Radar Topogra-
phy Mission (SRTM) raster model with a grid 
cell size of 30 × 30 m was selected for the study. 
The model was obtained by satellite radar im-
aging with SIR-C and X-SAR instruments and 
covers the territory of the Earth between 
60° N and 54° S (USGS ..., 2022). As was noted 
in the work of Ju. I. Karionov (2010), SRTM 
has a high degree of correspondence of the 
relief to topographic maps plotted to a scale 
of 1 : 100 000–1 : 50 000.

and the hydrographic network of the object of 
study by means of a geographic information 
system (GIS). Open data from the OpenStreet-
Map (OSM) mapping project were used for GIS 
analysis of the hydrographic network. OSM 
data are provided in common geoinformation 
formats, are divided by layers and have a clear 
structure of attribute information.

Currently, two types of digital elevation 
models (DEMs) are most common — raster 
models with a regular height network (GRID) 
and TIN models with an irregular triangula-
tion network. Out of the many existing DEMs 

Figure 1. Study area — Dankovsky district forestry of the Moscow region
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GIS TOOLS FOR SPATIAL DATA ANALYSIS

The impact of morphometric values rep-
resenting surface runoff and altitude zonal-
ity should be assessed in models of climate-
regulating functions of forests at the local 
level (Kuznetsova et al., 2020) (Fig. 2). Mor-
phometric value (MV) refers to the numerical 
characters of the relief defined at each point 
of the map, such as slope height, steepness or 
exposure (Sharyj, 2006). This MV, along with 
the roughness (ruggedness) of the terrain, 

geometric shapes and thermal regimen of the 
slopes are one of the main aspects of the effect 
of relief on the functioning of the ecosystem.

The research used ESRI (Environmental 
Systems Research Institute) software — the geo-
graphic information system of ArcGIS Desktop, 
supplemented with the Spatial Analyst module 
for spatial modeling and analysis. This module 
allows user to create, analyse and display raster 
data in the cartographic interface. Spatial Analyst 
can be used for raster data vectorization as well.

Figure 2. Schematic diagram of preparation of spatial predictors
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Identification of morphometric 
values describing surface runoff

The ArcGIS Spatial Analyst module con-
tains tools of the Hydrology toolset used to 
simulate the movement of water on the sur-
face using a digital elevation model. Thematic 
tools of this group can be used independently 
or sequentially to build a network of streams 
or identify watersheds. The following tools 
were used: Flow Direction, Flow Distance and 
Flow Length for the runoff, Flow Accumula-
tion for the total flow (Overview of the Hy-
drology toolset).

The Flow Direction tool creates a raster 
layer of flow direction from each pixel of the 
DEM to its steepest downslope neighbor. The 
methods of single and multiple flow direc-
tions were used. In the case of a single direc-
tion, the flow from the cell is running exclu-
sively to one neighboring cell; in the case of 
multiple directions, the flow is distributed be-
tween different neighboring cells. The meth-
od of single flow direction D8 was used in the 
study, implying flow into only one of eight 
neighboring cells. A detailed description of 
the Flow Direction tool is given in the article 
by A. S. Plotnikova et al. (2017).

The Flow Length tool calculates the length 
of the flow inside the river basin. The input 
data is a raster layer of the flow direction. The 
tool makes it possible to choose the direction 
of measuring the length of the flow line: down 
or up the slope to the watershed line of the 
catchment basin area. The results can be ap-
plied in solving a wide range of ecological and 
hydrological problems, in particular, calculat-

ing the time of water passage to the outlet or 
for modeling surface runoff.

The Flow Distance tool calculates the min-
imum distance following the flow path to the 
cell into which they flow. The tool analyzes the 
raster layer of the flow direction D8. For each 
cell, one possible path downhill to the drain 
cell is identified, along which the flow dis-
tance is measured. In addition to the DEM and 
the flow direction, raster data of streams are 
required for the Flow Distance tool. The origi-
nal vector data of OSM streams were translat-
ed into a raster representation using the Poly-
line to Raster tool of the To Raster toolset of 
the Conversion Tools data conversion module. 
The cells of the resulting raster layer are as-
signed to a particular spatial object as a result 
of applying the maximum or combined length 
method. The tool provides an option of inter-
active method selection.

The Flow Accumulation tool is used to cre-
ate a raster layer of total flow to each pixel of 
the DEM. The input data is a raster layer of the 
flow direction. Pixels of the output raster lay-
er with a high flow accumulation are areas of 
concentrated flow, where pixels with a flow ac-
cumulation of zero are sections of the water-
shed line (Jenson, Domingue, 1988). The tool 
requires the user to set the number of pixels 
involved in the flow analysis. Apart from that, 
based on the raster layer of the flow direction, 
the ArcGIS Spatial Analyst module allows to se-
lect the boundaries of river catchment basins 
(Fig. 3). The Basin or Watershed tools are used, 
which are described in detail in the work by 
A. S. Plotnikova and A. O. Kharitonova (2018).
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The tools of the Surface toolset are used to 
determine the slope exposure, steepness and 
curvature. The Aspect tool creates raster sur-
face of the exposure using the 3 × 3 cell “mov-
ing window” method. The result reflects the 
spatial orientation of the elementary slope of 
the DEM. Measurements are performed clock-
wise in degrees from 0 (north) to 360 (north 
again), making a full circle.

The Slope tool identifies the slope steep-
ness, i. e. the degree of surface change in the 
horizontal and vertical directions. The tool 
finds the maximum height change per unit 
distance between the analyzed cell and eight 
surrounding neighbors. As a result, a raster 
layer of slope steepness is created in two dif-
ferent units of measurement — degrees or 
percentage points.

The Curvature tool creates a raster layer 
of the standard curvature of the slope, taking 
into account the profile and plan curvature. 
The profile curvature describes the angle of 
the maximum slope and is built parallel to 
the slope. Thus, the curvature of the profile 
characterizes the flow velocity on the surface. 
A negative value in the profile output indicates 
the surface as upwardly convex at the ana-
lyzed cell. It means that the flow slows down. 
A positive value indicates that the surface is 
upwardly concave, which means the accelera-
tion of the flow. A positive value indicates the 
surface is upwardly concave — the flow accel-
erates. A value of 0 indicates the surface is flat 
and has a constant angle of slope. The plan cur-
vature is perpendicular to the angle of maxi-
mum slope. The plan curvature characterizes 

the horizontal flow direction — convergence 
and divergence of the flow on the surface. In 
the planned output, a positive value indicates 
the surface is upwardly convex at that cell. 
A negative value indicates the surface is up-
wardly concave at that cell. A zero value also 
characterizes a surface with a constant angle 
of slope. Simultaneous consideration of both 
types of curvature, called standard curvature, 
allows us to better understand the patterns of 
redistribution of matter in liquid or solid form 
along the slope.

Identification of morphometric 
values describing altitude zonality

The Zonal Statistics as Table tool of the 
Zonal toolset is used to find the value of the 
average altitude above sea level within the 
forest subcompartment that in the future will 
serve as a spatial unit for regression modeling 
of ecosystem functions of the object of study. 
The SRTM DEM and the vector layer of the 
boundaries of forest subcompartments are 
employed as an input dataset for the Zonal 
Statistics as a Table tool. As an output, we got 
a table of average heights within the subcom-
partment.

The final predictor created by GIS analy-
sis of spatial data is the distance to the river, 
which was calculated in two stages. First, we 
found the centroid of the polygon of the forest 
subcompartment. This task was performed us-
ing the Feature To Point tool from the Features 
toolset of the ArcGIS Data Management Tools 
module. The tool translates input poly gonal 
objects into output points — centroids of poly-
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gons. Then, the distance from the centroid of 
the subcompartment polygon to the object of 
the hydrological network was calculated using 
the Near tool of the Proximity toolset of the 
ArcGIS Analysis Tools data analysis module.

RESULTS AND DISCUSSION

The conducted research resulted in ob-
taining morphometric values describing sur-
face runoff (direction, distance and length of 
the flow line, total flow; slope exposure, steep-
ness and curvature) and altitude zonality (av-
erage altitude above sea level) of the Danko-
vsky district forestry. The obtained morpho-
metric values can be considered as predictors 

for modeling climate-regulating functions, in-
cluding those related to the carbon stocks and 
the formation of water runoff.

Figure 3 highlights the boundaries of the 
catchment basins of the rivers in the area of 
study. It is apparent that they correlate well 
with the results obtained in Kazan Federal 
University (Ermolaev et al., 2017). Kazan 
researchers propose to use the map of river 
basins of the European territory of Russia 
they had created for various geoecological as-
sessments. There are quite a few examples of 
modern scientific research using the river ba-
sin as an object of environmental monitoring 
(Smolyaninov et al., 2007; Liseckij et al., 2014; 
Kharitonova et al., 2019).

Figure 3. Highlighted boundaries of river catchment basins
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The boundaries of the river basins of the 
European territory of Russia are identified on 
the basis of the GMTED2010 DEM with a reso-
lution of 250 m. In addition to the boundaries, 
the map contains data on the nature, resource 
potential and ecological condition of the ba-
sin. Subject information like this will be useful 
in assessing the climate-regulating functions 
of forests related to the carbon cycle — for ex-
ample, the dynamics of carbon stocks and the 
formation of the hydrological regime.

The above description of GIS tools used 
to analyze terrain and hydrographic network 
data for determining the direction, distance 
and length of the flow line, as well as expo-
sure, steepness and curvature of the slope is 

of interest for various environmental studies 
within the framework of the basin concept of 
nature management.
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