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ABSTRACT

The article addresses the dynamics of biological processes in various landscapes within a holistic natural
geosystem—a catchment area. The Klyazma river (the fourth order tributary to the Volga) was selected as
the object of study. The natural complex of the Klyazma river basin is a combination of different
landscapes, each marked by a diverse composition of geomorphological and soil-vegetation structures.
The study is based on remote sensing data and the Trends.Earth Land Degradation Monitoring Project
(Land Cover Dataset, European Space Agency 2015, 300 m spatial resolution) implemented using the
open-source Quantum GIS 2.18. Four landscape provinces and eight site were identified in the studied
catchment area according to the geomorphological structure and the soil and vegetation cover. The
ecosystem parameters Gross Primary Productivity, Net Primary Productivity, and Ecosystem Respiration
were measured in the identified sites. In different landscapes the biological processes, characterizing the
organic matter dynamics in the form of plant production and organic matter accumulation, differ in both
rate and intensity, and variously respond to the changes in climate parameters and land use. The river
basin, as a holistic ecosystem, showed sufficient stability of the dynamic processes. This suggests that
holistic natural ecosystems, such as catchment areas, have internal compensatory mechanisms that
maintain the development stability over long period of time, while irrational land use remains the main
damaging factor.

Keywords: Productivity dynamics; Biological process; River basin; Biological property; Irrational using;
Remote Sensing.

RESUMEN

El articulo esta dedicado al estudio de la dinamica de los procesos bioldgicos en los paisajes en los limites
de la zona de captacion. Se eligié como zona modelo la cuenca del rio Klyazma (que esta entrando con un
afluente de cuarto orden a la cuenca del VVolga), que es una combinacion bastante compleja de diferentes
paisajes. El estudio se bas6 en datos de teledeteccion. Se eligieron como pardmetros los indicadores de
fito-productividad y de carbono del suelo. Se establecié que en los distintos paisajes los procesos
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biolégicos difieren tanto en velocidad como en intensidad y responden de forma ambigua a los cambios en
los parametros climaticos y al cambio en el uso del suelo. Sin embargo, en general, la cuenca hidrogréfica,
como ecosistema Unico, mostrd suficiente estabilidad en los procesos dindmicos. Esto indica que los
ecosistemas naturales holisticos tienen internas propiedades compensatorias.

Palabras claves: Dindmica de productividad; Procesos bioldgicos; Cuenca hidrografica; Propiedades
bioldgicas; Uso irracional; Teledeteccion.

RESUMEN

El articulo esta dedicado al estudio de la dindmica de los procesos biolégicos en los paisajes en los limites
de la zona de captacion. Se eligié como zona modelo la cuenca del rio Klyazma (que esta entrando con un
afluente de cuarto orden a la cuenca del VVolga), que es una combinacién bastante compleja de diferentes
paisajes. El estudio se basd en datos de teledeteccion. Se eligieron como parametros los indicadores de
fito-productividad y de carbono del suelo. Se establecié que en los distintos paisajes los procesos
biolégicos difieren tanto en velocidad como en intensidad y responden de forma ambigua a los cambios en
los parametros climaticos y al cambio en el uso del suelo. Sin embargo, en general, la cuenca hidrogréfica,
como ecosistema Gnico, mostrd suficiente estabilidad en los procesos dindmicos. Esto indica que los
ecosistemas naturales holisticos tienen internas propiedades compensatorias.

Palabras claves: Dinamica (dindmica de la fito-productividad); Procesos biol6gicos; Cuenca
hidrogréfica; Propiedades biol6gicas; Uso irracional; Teledeteccion.

1. INTRODUCTION

Practical implications of environmental research on a planetary scale have become more substantial due to
the development of space-borne remote sensing, which allows examining the surface conditions of vast
areas with high spatial and temporal resolution. When studying carbon assimilation by forest ecosystems
on a large territory, remote sensing data make it possible to estimate such an important indicator as the
rate of metabolic processes involving organic carbon (Ovington, 1962; Goetz, Prince, 1999; Salunkhe et
al., 2018).

Remote sensing data are also useful for assessing components of the ecosystem services (biological
productivity, soil formation, absorption and fixation of nutrients in various media) (Truchy et al., 2015;
Wang et al., 2015).

Recently, there have appeared ecosystem productivity evaluation models that use remote sensing data and
operate indicative measurable indices, such as Normalized Difference Vegetation Index (NDVI),
Enhanced Vegetation Index (EVI), Leaf Area Index (LAI), and Fraction of Photosynthetically Active
Radiation (FPAR) (Hashimoto et al., 2012; Chen et al., 2019). However, despite this interest in remote
sensing applications, there is still a need for commonly accepted approaches to assessing, analyzing, and
forecasting the biological productivity of ecosystems (Robinson et al., 2018; Li et al., 2019; Varghese, &
Behera, 2019).

The open-source global data on gross primary productivity (GPP) collected by the MODIS sensor are
increasingly used to examine the carbon cycle associated with terrestrial ecosystems (Turner et al., 2006;
Wu et al., 2010). Researchers are developing approaches to determining the carbon balance based on
remote data, and investigating the equilibrium of inputs and losses of soil carbon and the accumulation of
soil carbon (Guo & Gifford, 2002; Van der Werf et al., 2009; Deng et al., 2014; Krasilnikov, 2015; Deng
et al., 2016). Global data on the soil cover can help quantify various types of lands in order to find optimal
paths of land use, predict the availability of land resources and rationalize nature management (Dong et
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al., 2019; Meyer & Riechert, 2019). Some works have addressed the relationship between the change in
land use and the spatiotemporal dynamics of carbon flows (Novick et al., 2015).

Environmental research addresses ecosystems of various hierarchical levels. One of the ecosystem types is
the river basin. This study applies the catchment area approach because river basins have fairly clear
natural boundaries, i.e. watersheds. The flows of the surface and subsoil water runoffs and the migration
of dissolved substances and solids are integrally confined to the watersheds. Interacting endogenous and
exogenous factors drive the formation and functioning of catchment areas, and, geographically, any river
basin develops within the boundaries shaped by a number of climatic factors (Trifonova, 2005, 2008).
Proceeding from these positions, a river basin is regarded as a natural ecosystem (Fitoka et al., 2020).

The most interesting characteristics of the vegetation cover are usually the indicators of its productivity.
The vegetation cover productivity has been factored into many studies of the natural resource and bio-
resource potentials of landscapes (Odum, 1983; Bazilevich et al., 1986; Isachenko, 1991; Qader et al.,
2015; Tian, 2015; Dedeoglu et al., 2019; Prince, 2019; Sun et al., 2019). Since the solutions to many
environmental management problems rely on information on the state and the use of vegetation and
topsoil on the land surface, it is necessary to have relevant and objective information on soil and
vegetation, in particular, the content of organic matter, the physical and mechanical properties, the bulk
chemical composition of soil, the type of land use in that particular territory, and the composition of plant
formations. (Trifonova & Mishchenko, 2018).

Gross Primary Productivity (GPP), Net Primary Productivity (NPP), and Ecosystem Respiration (RE) are
the key indicators that determine the carbon balance of ecosystems (Valentini et al., 2000; Kudeyarov et
al., 2007). GPP gives a measure of the total organic matter production by plants per unit area over a
certain period of time. In the set of vegetation indices, LAI appears to correlate with GPP best of all.
However, at present it is difficult to name any uniform method for studying fundamental spatial
geosystems, especially from the perspective of GIS, carbon content modeling, and assessment of the land
cover and the productive biomass based on space-born remote sensing.

The purpose of study was to assess the state and the functioning dynamics of organic matter in the soil and
vegetation cover of the Klyazma River basin over a 15-year period using remote sensing data and QGIS
Trends.Earth.

The object of study was the basin of the Klyazma River located in the center of the East European Plain. It
is a 686 km long left tributary to the Oka with a west-east trending catchment area of 42,500 sq km (Fig.
1). In this work, the Klyazma River basin was considered as a single ecosystem albeit marked by certain
internal diversity (Trifonova, 2018).

The subject matter of study was the soil and vegetation cover that determines the landscape diversity of
the Klyazma River basin. On its territory there are different natural areas with varying degrees of
anthropogenic impact. The state of vegetation was assessed generally in the catchment area and
individually on eight sites located in the identified landscape provinces (Figures 1 and 2). The eight sites
were the following:

I The Klin-Dmitrov Province was represented by two sites corresponding to the natural areas that
differ significantly by the soil and vegetation cover.

Site 1. Geomorphologically, the greater part of the Klin-Dmitrov Ridge is a poorly broken morainic plain

covered by low-hilly and hummock-and-hollow terminal moraines. Soddy cryptopodzols and
mesopodzols prevail in the soil cover. Spruce and, patchily, broad-leaved species are abundant in the
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upland forest communities that cover approximately 30% of the site. About 45% of the land is ploughed
up.

Site 2. In the Vladimir High Plain, the terrain is shaped by the alternation of ridges with very smooth,
gentle slopes and large hollows with flat bottoms. Streams and rivers flow in some of the hollows. The
soil cover is mainly a combination of gray wood soils on the hill tops and the upper slopes, and dark-gray
wood soils on the lower slopes. The hill tops and the slopes are mostly ploughed up or fallowed. More
than 60% of lands are cultivated. Meadows with a varying degree of wetting, sometimes to the point of
bogginess, occupy the hollows.

Il The Meshchera Province has a uniform landscape, represented by one site.

Site 3. The Meshchera Site is a flat boggy alluvial Upper Pleistocene-Holocene plain in the Middle
Klyazma woodland. Podzolic and sod-podzolic gley soils prevail in the interfluves; peaty-podzolic gley
soils, on the slopes of elevations; and peaty bog soils, in the depressions. Alluvial slimy-humic-gley bog
soils dominate along the Klyazma tributaries. The Middle Klyazma woodland is covered with forests by
85%. Pine trees are abundant, occupying 75 to 90% of the woodland. The forest cover is unevenly
interspersed by fields and meadows formed around villages gravitating to the banks of Klyazma.

I"i. The Volga-Klyazma Province had two sites.

Site 4. The Nerl-Klyazma Lowland is a flat and gently undulating, poorly broken morainic water-glacial
plain of the Moscow glaciation. The Upper Pleistocene alluvial soils dominate the parent rock material.
The soils are sod-podzolic loamy and sabulous on the elevated interfluves, peaty in the lowlands, and
alluvial argillo-arenaceous within the river terraces and floodplains. The forest cover is unevenly
preserved, occupying from 35 to 95% of the territory in different areas. The agricultural development is
insignificant.

Site 5. The Lower Lukh Site is the most waterlogged area in the lower reaches of the Luh River, with
swamps sprawling out. Under the conditions of surface water stagnation, the peat-gley soils with sandy
sod-podzolic patches were formed, pointing to the ancient deltas of glacial water flows. There are
evergreen coniferous forests with abundant spruce and pine species. Cereal-herbaceous phytocenoses
dominate the flood meadows.

\VA The Oka-Tsna Province was represented by three sites due the diverse landscapes.

Site 6. The Oka-Tsna Wall is a high Dnieper morainic-glacial undulating wooded watershed, marked by
widespread Kkarst, deep-lying ground waters, and extremely underdeveloped hydrographic networks.
Anthropogenic development of the landscape is insignificant. The soil cover consists of soddy
cryptopodzols and mesopodzols. The uniform forest cover (pine and birch-pine stands rich in lichens and
grasses) is only disturbed by rare plots of open agricultural land next to the villages.

Site 7. The Kovrov-Kasimov Plateau is a gently sloping well-drained Dnieper morainic-glacial plain. The
karstic phenomena are well developed. The soils are soddy modal podzols, weakly gley soddy podzols,
and gley soddy podzols. The site is unevenly covered (about 70%, sometimes less than 30%) with boreal
forests such as pine woods, pine woods with some spruces, and less often spruce woods. The open spaces
formed by cultivated areas are rather vast, although a significant part of these farmlands have been
abandoned and turned into laylands.

Site 8. The Gorokhovets Spur is an intensely erosion-dissected, gently undulating Dnieper morainic-

glacial plain. The soils cover includes soddy modal podzols and washed-off truncated soddy podzols on
the high interfluves, truncated soddy podzols on the slopes, and washed-off and alluvial soils at the
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footslopes and in the gullies and ravines. Forests occupy about 35% of the site and are confined to steep
slopes and ravines. Flat tops of the watersheds are small and nearly all ploughed up.

Fig. 1 and fig. 2 show the sites on the map and their satellite images.
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Figure 1. Sites in the identified landscape provinces: (a) the Klyazma River basin; (b) landscapes within the Klyazma
River basin and the sites
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Figure 2. Satellite images of the sites (Sentinel-1l, Aug 2018): Site 1 — Klin-Dmitrov Ridge, Site 2 —

Vladimir High Plain, Site 3 — Meshchera Site, Site 4 — Nerl-Klyazma Lowland, Site 5 — Lower Lukh Site,
Site 6 — Oka-Tsna Wall, Site 7 — Kovrov-Kasimov Plateau, Site 8 — Gorokhovets Spur.
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2. MATERIALS AND METHODS

The geoinformation analysis of remote sensing data and cartographic information on the soil and
vegetation cover was performed applying the catchment area approach.

The river network vectorization and the boundary determination were carried out on the basis of the
digital elevation model (DEM). The input data were the Shuttle Radar Topography Mission (SRTM) 90 m
data. Having prepared the DEM, the river network and the catchment area boundaries were vectorized by
automated geo-modeling methods in ESRI ArcGisl10.4 using the Hydrology toolset (Ermolaev et al.,
2014).

The land types were identified by HDF raster images made on the same four dates in 2001, 2005, 2009
and 2017 according to the MODIS open-source data of (Friedl & Sulla-Menashe, 2015). For a more
detailed analysis, we resorted to the Trends.Earth Land Degradation Monitoring Project (Land Cover
Dataset, European Space Agency 2015, 300 m spatial resolution) implemented using the open-source
Quantum GIS 2.18 (Fig. 2) (Trends. Earth, 2018).

The productivity indicators were calculated in carbon units based on the MODIS GPP/NPP data (Running
et al., 2019). The resulting set of raster images in the HDF format was processed by the reclassification
and statistics tools of the ArcGIS package. When calculating the carbon balance, we obtained the GPP,
NPP and RE values (all in gC/m2) for 2000—2015.

The soil organic carbon pool was determined by the UN FAO’s data based on Trends.Earth and QGIS
2.18 (Trends. Earth, 2018). The data were generalized according to the Soil Grids global database of the
International Soil Reference and Information Centre with a 250 m spatial resolution at a depth of 0 to 30
cm for 2001-2015 (SoilGrids, 2019). The dynamics of soil and vegetation cover for 2001-2015 was
calculated in the whole Klyazma River basin and in each site using Trends.Earth and QGIS 2.18 (Trends.
Earth, 2018).

The weather statistics was taken from weather website rp5.ru (Raspisaniye Pogody, 2020). The
mathematical data processing was performed using Microsoft Excel and STATISTICA 10.

3. RESULTS
3.1. Dynamics of Land Use in the River Basin

According to the classification of the International Geosphere-Biosphere Program, the Klyazma River
basin includes ten classes of land cover. As of 2017, almost 60% of the basin was covered by mixed
forests, about 20% were occupied by grasses, shrubs and open woodlands, and about 14% were arable
lands.

The conjoint quantitative and graphical analysis of data on the land use structure in the basin in 2001
2017 revealed the following changes in the area of different lands (Fig. 3):

1) the area of mixed forests that form the main vegetative cover of the basin increased by 9.0%;

2) the area of shrub vegetation and open woodlands decreased by 2.3 and 2.2%, respectively,
primarily as a result of succession and their subsequent transition to forests,

3) the area of natural meadows, ploughlands/pastures, and broad-leaved forests decreased by 2.1, 1.0
and 0.1%, respectively,

4) there was a 1% increase in the area of urbanized territories; water surfaces and swamps also grew
slightly.
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Figure 3. Dynamics of land structure in the Klyazma River basin according to MODIS (%)
3.2. Dynamics of Land Use in the Landscape Provinces

The catchment area of the Klyazma River has a complex landscape structure. To make a detailed analysis
of the main trends in the different parts of the basin, we took remote data from Trends.Earth with 300 m
spatial resolution for six types of lands.

It was found that the trend was towards the sprawl of forest vegetation and the reduction of ploughlands
and pastures in the entire basin. The only exception was the interfluve with the Lukh River, where a
transition of forest lands into bogs could be observed. The selected sites featured the changes in the land
use structure of the landscape provinces (Table 1, Fig. 4).

The land use structure in the Meshchera Province was the most stable: almost 90% of the province was
occupied by forests and their area changed insignificantly.

The revegetation of ploughlands with gray wood soils and soddy podzols had different dynamics. For
example, the Klin-Dmitrov Province has both types of soils. Forests most actively overgrew the pastures
and ploughlands with soddy cryptopodzols and mesopodzols, which could be observed on Site 1 (the
Klin-Dmitrov Ridge). Here, the revegetation rate was the highest (-3.5%) in the Klyazma River basin. The
gray wood soils, represented on the Vladimir High Plain, are the most fertile and agriculturally developed,
hence they got overgrown significantly less (Site 2). The Vladimir High Plain has the vastest ploughed-up
lands that are actively used in farming.
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The land use dynamics was determined as the difference of electronic raster layers for years 2001-2015.
The obtained difference raster was superposed on boundaries of the landscape provinces and the sites, to
make a comparative cartographic analysis of the dynamics of land use structure in the Klyazma River

basin.
Table 1. Dynamics of land use on the sites
. . Land use structure (%)

Province Site Year Forests Pastures Ploughlands Bogs Other Water

. . . 2001  55.9 4.1 38.5 0.0 1.6 0.0

1 -Klin-DmitrovRidge 5515 659 o 35.0 00 22 00

Klin- Dynamics 6.1 -3.3 -3.5 0.0 0.6 0.0

Dmitrov o . 2001 314 2.0 65.3 0.0 0.6 0.6

2= Viadimir HighPlain 5,5 337 g 63.7 00 12 06

Dynamics 2.3 -1.2 -1.6 0.0 0.6 0.0

3 _ Meshchera Site 2001  88.8 3.2 6.9 0.1 0.6 0.4

Meshchera 2015  89.7 2.7 6.2 0.1 1.0 0.4

Dynamics 0.9 -0.5 -0.7 0.0 0.4 0.0

4 — Nerl-Klyazma 2001 715 5.4 22.5 0.0 0.4 0.2

Lowland 2015  76.9 1.6 20.6 0.0 0.6 0.2

Volga- Dynamics 5.4 -3.8 -1.9 0.0 0.2 0.0

Klyazma . 2001 854 0.1 0.8 12.5 0.0 1.2

5-LowerLukhSite 55§79 01 11 306 00 1.2

Dynamics -18.4 0.0 0.3 181 00 0.0

2001 86.9 1.6 114 0.0 0.0 0.1

6-OkaTsnaWall 555 g93 03 10.2 00 00 01

Dynamics 2.4 -1.3 -1.2 0.0 0.0 0.0

7 — Kovrov-Kasimov 2001 76.4 2.8 20.3 0.0 0.2 0.2

Oka-Tsnha Plateau 2015 811 0.2 18.0 0.0 0.4 0.2

Dynamics 4.7 -2.6 2.3 0.0 0.2 0.0

8 — Gorokhovets Spur 2001 543 5.8 38.2 0.2 0.4 1.0

2015 59.8 2.3 35.8 0.2 0.9 1.0

Dynamics 55 -3.5 -2.4 0.0 0.5 0.0

Total 2001 605 4.9 32.1 0.4 14 0.7

Basin _ 2015 63.7 2.3 30.4 0.8 2.1 0.7

Dynamics 3.2 -2.5 -1.7 0.5 0.6 0.0

The cartographic analysis revealed areas where various lands transitioned from one category to another;
refer to Fig. 4. Such transitions mainly occurred due to revegetation of agricultural land with shrubs and
grasses. There was also a significant enlargement of waterlogged areas and bogs in the eastern part of the
basin: in the Volga-Klyazma Province (interfluve of the rivers Lukh and Klyazma, Site 5) and in the Oka-
Tsna Province (near the Gorokhovets Spur, Site 8).
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Figure 4. Land use dynamics in the Klyazma River basin in 2001-2015
3.3. Productivity of Vegetation Cover

To quantify the productivity of the vegetation cover in the catchment area, the GPP, NPP and RE values
were determined in gC/cm2 at the height of vegetation season (mid-July) in 2000-2015 based on the
MODIS data.

On average, GPP was 59.1 gC/cm2 and NPP was 39.5 gC/cm2 for the studied period at the height of the
vegetation season in the entire basin of the Klyazma River. GPP was unevenly distributed across the basin
(Table 3). Fertile gray wood soils of the Vladimir High Plain do not have high gross productivity, and on
that site was even slightly lower than the average, due to the predominance of agrocenoses there. The most
productive in the basin were the natural areas of the Oka-Tsna Province. The Gorokhovets Spur has the
highest GPP that was higher than the average for the Klyazma River basin. In this area, in comparison
with others, there are more grasses and shrubbery that are more productive than forests. Phytoproductivity
of the other landscapes corresponded to the average values in the basin.

The productivity indicators varied significantly over the years both generally in the basin and separately
by the sites. The coefficient of variation characterizing the sample was rather substantial (Fig. 5, Table 3).
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Figure 5. Long-term productivity dynamics in the Klyazma River basin: blue stands for NPP, red stands for RE, and
the whole column stands for GPP

3.4. Carbon Balance in Soil Cover

The data in Table 2 indicates the change in carbon content in the soil in 2001-2015. In general, the
Klyazma River basin ecosystem increased carbon reserves by 0.6%, but the data on the sites showed that
the rate and the direction of this process varied in the different landscape provinces of the studied
catchment area.

Table 2. Balance of organic carbon in the soil.

. . Balance
2 0,
Landscape province Site Area (km?) (Cton/km?) C (A%)
1 - Klin-Dmitrol Ridge 420 96.2 growth +0.7
Klin-Dmitrov

2 — Vladimir High Plain 405 7.4 growth +0.1

. loss

Meshchera 3 — Meshchera Site 410 -24.1 01
4 — Nerl-Klyazma Lowland 410 125.9 growth +0.9

Volga-Klyazma

5 — Lower Lukh Site 368 73.9 growth +0.3
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6 — Oka-Tsna Wall 381 119.3 growth +0.7

7 — Kovrov-kasimov

Oka-Tsna 402 125.2 growth +0.9
Plateau

8 — Gorokhovets Spur 257 253.5 growth +1.5

Klyazma River basin 42500 92.8 growth +0.6

4. DISCUSSION

4.1. Analysis of Productivity Dynamics in the River Basin

From 2000 to 2015, the GPP, NPP and RE values in the ecosystem of the Klyazma River basin were
fluctuating both up and down as compared to the respective average values. No sustainable trend
indicating either growth or decline in productivity was observed. The value distribution histograms
showed periods of growth, decline and steady state of productivity, which can be mainly associated with
the weather conditions.

Both GPP and NPP were stable in 2007-2010 when the gross productivity remained in the range from 70
to 71 gC/m2 and the net productivity was 44 gC/m2 in average. Despite the hot and arid summer of 2010
when the average temperature in July reached 24.8 °C, the total precipitation in June and July was 54 mm,
the number of days with weather elements was only 22, and the relative humidity was under 60%
(Raspisaniye Pogody, 2019). The considered indicators remained at a relatively high level: GPP was 71
gC/m2 and NPP was gC/m2. On the other hand, the consumption for autotrophic respiration was also
substantial: RE was 27 gC/m2. It could have been caused by adverse weather conditions and large-scale
summer fires.

The GPP and NPP maximums occurred during the humid summer of 2014 and reached 75 and 51 gC/m2,
respectively. The average temperature in July 2014 was 19.3 °C, the total precipitation in June and July
was 156 mm, the number of days with weather elements was 30, and the relative humidity did not exceed
66% (Raspisaniye Pogody, 2019).

The worst period for the land cover was year 2006 when GPP dropped to 38 gC/m2 and NPP was 18
gC/m2, the average temperature in July was below normal and reached only 16.6 °C, and the total
precipitation in June and July was 77 mm (Raspisaniye Pogody, 2019). A relatively small amount of
precipitation in May and June, amounting to 62 mm, could also have had a negative impact on
phytoproductivity. Apparently, this factor contributed to the decrease in groundwater levels by July and
formed the conditions of water deficit.

4.2. Productivity Dynamics in the Landscape Provinces
We compared the phytoproductivity dynamics of the whole river basin and the landscape provinces
represented by the sites (Fig. 6). The periods of increased and decreased productivity in different

provinces generally coincided; however, the magnitude of these fluctuations was different.

The most significant changes in the productivity indicators from year to year were observed in the Klin-
Dmitrov Ridge, which can be confirmed by the maximum coefficients of variation for GPP (23.3%), NPP
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(26.3%) and RE (33.1%) (Table 3). The smallest productivity fluctuations occurred in the Oka-Tsna Wall:
here they were below the basin average.

The sites were grouped by productivity based on visual analysis and subsequent comparison of the
histograms. The sites having similar productivity parameters but confined to different landscapes,
generally had a similar distribution of lands. Thus, the Meshchera Site (Site 3) and the Oka-Tsna Wall
(Site 6), both covered with mixed forest by 86-88%, were alike in terms of productivity distribution. The
landscapes of the Volga-Klyazma Province (Site 4) and the Kovrov-Kasimov Plateau (Site 7), both
covered with mixed forest by 71-76%, were alike in terms of productivity distribution and differed from
the other sites by the most significant variation of indicators.

The most dynamic site was the interfluve of the rivers Lukh and Klyazma (Site 5) where the structure of
land use had taken significant changes. Thus, the forested areas decreased by 18% due to bogging but the
productivity indicators in the studied period were the lowest. On the other hand, the Gorokhovets Spur
(Site 8) and the Klin-Dmitrov Ridge (Site 1), both having 50% of mixed forests and 35-38% of arable
lands, were grouped by the NPP to RE ratio.

The Vladimir High Plain (Site 2) can be isolated as unique in terms of productivity distribution. It bore no
similarity to any other site but had the productivity distribution similar to the river basin taken as a whole.
This site differs from the others by the degree of cultivation with 60% of arable lands and 30% of forests

(Fig. 6).

On average, in the Klyazma River basin the coefficient of variation of GPP was 18.5%, while RE
fluctuated more significantly, the coefficient of variation being 27.9%. It should be highlighted that the
dynamics of landscape productivity on the selected sites, referring to various landscapes, generally agreed
with the processes in the whole river basin.

The coefficients of correlation between variables GPP, NPP and RE as a whole for the basin landscapes
and the vegetation of these areas were maximum (Table 3). However, the dynamics of plant community
productivity on the Vladimir High Plain and the Klin-Dmitrov Ridge most closely agreed with the
dynamics of productivity of the whole river basin.

Since these sites and the river basin appear to have matching patterns of phytoproductivity dynamics, they

can be used as monitoring sites for the Klyazma River basin. At that, the Klin-Dmitrov Ridge is even
more preferable since it is more consistent with the whole river basin in terms of land use.
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Figure 6. Graphical distribution of GPP, NPP and RE over 15 years in the landscapes of the Klyazma River basin:
(1) Klin-Dmitrov Ridge, (2) Vladimir High Plain, (3) Meshchera Site, (4) Nerl-Klyazma Lowland, (5) Lower Lukh
Site, (6) Oka-Tsa Wall, (7) Kovrov-Kasimov Plateau, (8) Gorokhovets Spur
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Table 3. Statistical indicators of productivity distribution

) ] ) Productivity (gC/m?)
Province Site Indicator

GPP NPP RE

Xto 56.5+13.2 38.4+10.1 18.046.0
1 — Klin-Dmitrov 0
Ridge V(%) 233 26.3 331
. . r 0.92 0.93 0.94
Klin-Dmitrov

Xto 58.4+11.4 38.9+10.5 20.0+6.0

2= Vladimir High V(%) 19.5 243 28.5

Plain

r 0.97 0.98 0.92
Xto 59.6+11.0 40.249.2 19.045.0

Meshchera 3 — Meshchera Site V(%) 18.5 22.8 26.2

r 0.94 0.97 0.91
Xto 59.9+13.3 40.5+10.0 19.046.0

4= Nerl-Klyazma V(%) 222 24.7 31.8

Lowland
r 0.93 0.96 0.91
Volga-Klyazma

Xto 50.9+11.0 37.549.0 13.4+4.2

5 — Lower Lukh Site V(%) 21.7 24.1 313

r 0.86 0.86 0.81
Oka-Tsna 6 — Oka-Tsna Wall Xto 61.7+10.6 41.249.1 20.045.0

Note: X is the arithmetic mean, o is the standard deviation, V (%) is the coefficient of variation, and r is the
coefficient of correlation.

4.3. Carbon Balance and State of Soil and Vegetation Cover in the Landscape Provinces

We compared the data on the carbon balance in the soil cover of the Klyazma River basin and the change
in land use structure (Table 2). The carbon balance in the soil cover of the whole river basin was positive,
with the exception of the Meshchera Site and the Vladimir High Plain where there were insignificant
changes over the period from 2000 to 2015. Therefore, the carbon balance can be assumed to be zero. The
Meshchera Site was marked by slightly negative dynamics as the soil carbon content reduced by 0.1%,
while the VIadimir High Plain had a 0.1% increase in soil carbon content.

The land use structure of the sites with the zero balance was notably different. The Meshchera Site is
mostly occupied by forests (89%), and the Vladimir High Plain, by cultivated land (65%). A common
feature of these sites is the stability of land. On the Meshchera Site, the area of forest vegetation changed
insignificantly, and on the Vladimir High Plain, forested territories grew only slightly and farmland areas
remained almost unchanged.

In the other landscapes, the farmlands were actively overgrown with forest vegetation, and at the same

time, the rate of carbon accumulation in the soil increased. For the analyzed period, this accumulation
amounted to 0.6% in the Klyazma River basin.
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On the Klin-Dmitrov Ridge, the rate of carbon deposition in the soil corresponded to the river basin
average (0.7%), which must be taken into account when choosing key sites for environmental monitoring.
The highest rate of carbon accumulation in the soil was observed on the Gorokhovets Spur (1.5%).
Summing up, in the Klyazma River basin, the overgrowing of agricultural land with forest vegetation was
accompanied by increasing carbon accumulation in the soil. In the landscapes with a stable land use
structure, the carbon balance was zero or slightly negative.

We compared the data on productivity and long-term dynamics of the vegetation cover to the organic
carbon content in the soil for each site:

Site 1. On the Klin-Dmitrov Ridge, the average indicators of productivity dynamics over the studied
period were minimum: GPP = 57 gC/m? and NPP = 38 gC/m?. However, the correlation between the
productivity dynamics on this site and in the whole river basin was rather good. The variation of values
was higher in relation to other sites. The carbon content in the soil grew by 0.7%, which is slightly higher
than the river basin average. The gain of organic carbon in the soil was confined to 1.6% of the site.

Site 2. The Vladimir High Plain had average indicators of long-term productivity dynamics: GPP = 58
gC/m?and NPP = 39 gC/m?. The coefficient of correlation between the productivity dynamics of the entire
basin and this site was maximum (0.97). The carbon content in the soil grew by 0.06%, which can be
considered akin to neutral balance. However, arable lands lost a large mass of organic carbon in the soil,
and only a small number of forests could replenish it, hence the neutral balance was achieved. The
increased mass of organic carbon was gained from the smallest area 0.5% of the site.

Site 3. The Meshchera Site had average indicators of long-term productivity dynamics: GPP = 60 gC/m?
and NPP = 40 gC/m2. The productivity was steady and varied insignificantly. The carbon content
decreased by 0.1% due to the growth of artificial surfaces and bogs. The carbon balance was akin to zero.
Site 4. On the Nerl-Klyazma Lowland, the average indicators of productivity dynamics over the studied
period were moderate: GPP = 60 gC/m? and NPP = 41 gC/m?. A relatively high increase in the organic
carbon content (0.9%) was due to the high positive dynamics of mixed forest growth (by 5%).

Site 5. The Lower Lukh Site had average indicators of long-term productivity dynamics: GPP = 51 gC/m?
and NPP = 37 gC/m?. However, there was a small positive increase in the organic carbon content (0.3%),
apparently, due to the fact that the area of wetlands grew by 18% over 15 years. The carbon content
increase can, possibly, be associated with the deposition of carbon in plant residues as a result of water-
logging processes in the bogs.

Sites 6 and 7. The Kovrov-Kasimov Plateau and the Oka-Tsna Wall had high GPP amounting to 62 gC/m?
while NPP was moderate and remained 41 gC/m?. A relatively high increase in the organic carbon content
(0.7-0.8%) was observed on 1-2% of these sites.

Site 8. The Gorokhovets Spur had maximum GPP that reached 63 gC/m? while NPP was still 41 gC/m?.
The organic carbon content grew significantly by 1.5%, which points to plant litter accumulation on a
considerable territory (up to 6% of the site area) where the succession processes take place.

Due to the reduction in the area of arable land and pastures (alienation for urban development and
waterlogging), the mass of organic carbon in the soil decreased. This is especially evident in the
Meshchera Province that showed a negative trend of organic carbon accumulation in the soil.

In whole, in the Klyazma River basin ecosystem, GPP was gC/m?, NPP was about 40 gC/m?, and the
carbon content in the soil grew by 0.6%.

4.4. Recommendation for Environmental Monitoring
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The analysis of productivity, land use and carbon accumulation in the soil in the whole Klyazma River
basin and the sites pointed to the Klin-Dmitrov Ridge as a representative site for environmental
monitoring in the studied catchment area. It matches to the whole river basin by several parameters
(productivity and its dynamics, land use structure, carbon accumulation), and hence Site 1 can serve as a
model of the Klyazma River basin.

It should be noted that although the catchment area of the Klyazma River is rather large, it functions stably
enough in the regime of a holistic ecosystem. This is facilitated by a favorable correlation of climatic
parameters, the location of various land areas, and a relatively stable anthropogenic load.

5. CONCLUSIONS

The territory of the Klyazma River basin features a complex combination of different landscape structures,
i.e. the landscape provinces. Each of them is marked by a diverse composition of geomorphological and
soil-vegetation features. Moreover, the biological processes that characterize the organic matter dynamics
in the form of plant production, the accumulation of organic matter, etc. can be distinguished by both rate
and intensity.

The landscapes react differently to changes in climatic parameters and land use. Thus, the active
revegetation of farmland by forests gives the increased rate of carbon accumulation in the soil. The
landscapes covered with grasses and shrubs are more productive than those covered with forest. On the
other hand, woody biotopes are more stable in their development over time.

Although in 2000-2015 there were fluctuations of GPP, NPP and RE in the ecosystem of the Klyazma
River basin and the said indicators could have been both above and below average, no stable trend toward
either increase or decrease in productivity can be noted.

The overgrowing of ploughlands and pastures with forest is accompanied by an increase in carbon
deposition in the soil. For the whole basin, the increase in carbon content was 0.6% over the fifteen-year
period from 2000 to 2015. On the sites with a stable land use structure, the carbon balance was akin to
zero (the Vladimir High Plain) or slightly negative (the Meshchera Site).

It can be confirmed that large natural ecosystems such as river catchment areas marked by a strict
territorial certainty of the material and energy flow distribution, have a set of compensation mechanisms
to maintain relative functioning stability. The smaller structures that make up the basin in the form of
different landscapes react more dynamically to various impacts of both natural and anthropogenic
character. This must be taken into account when assessing the ecosystem resilience to changing external
conditions
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