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Abstract Quantitative assessments of soil loss from cultivated land and sediment redistribution along
pathways from cultivated fields to river channels have been undertaken using a range of different methods
and techniques, including erosion models, detailed studies of sediment redistribution in representative
catchments, monitoring of gully head retreat and evaluation of sediment deposition in ponds and small
reservoirs. Most of the sediment eroded from arable land is deposited between the lower portions of the
cultivated slopes and the river channels. Less than 15% of the eroded sediment is delivered to the river
channels. Sediment redistribution rates in the upper parts of the fluvial system have declined during the last
25 years in both the western and eastern parts of the Russian Plain, because of a major reduction of surface
runoff during snowmelt and a reduction of the area of arable land in some parts of the study area.
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INTRODUCTION

During the past decade, increasing attention has been directed to quantification of sediment
transfer through fluvial systems because of improvements in both the available techniques and
modelling strategies (Brown et al., 2009). However, such attention has also been promoted by
interest in the impact of climate and land-use change, which can exert an important influence on
the fluvial system in different landscape zones (Nearing et al., 2004; Mullan, 2013). Quantitative
evaluation of recent trends in sediment redistribution rates can be used to validate different models
of landscape change under anthropogenic pressure and climate change (Schoorl et al., 2002; Van
de Wiel et al., 2007).

European Russia largely comprises a vast plain that can be divided into two parts by a line
connecting Bryansk—-Moscow—Kazan—-Ufa. These two parts are characterized by different patterns
of sediment redistribution within the upper parts of the fluvial system. To the north of this line, the
land is mostly forested with a relatively low proportion of cultivated land. To the south, the
proportion of arable land increases considerably (up to 70-75% of the total area). In the northern
part of European Russia, sediment transport in the fluvial system is generally dominated by
sediment mobilised from the river channels, whereas in the southern half of European Russia soil
loss from cultivated fields represents the primary sediment source. The southern half of the
Russian Plain has the highest proportion of cultivated land and a relatively recent history of
intensive agriculture, comparable with that of the Great Plains of the USA (Ramankutty & Foley,
1999). The zone with the maximum erosion rates gradually shifted during the 17th-19th centuries
from the taiga to the broad-leaved forest and then to the forest-steppe, in response to the expansion
of the cultivated area (Sidorchuk & Golosov, 2003). Soil erosion rates reached a maximum during
the period extending from the second half of the 19th century to around 1985, in the forest-steppe
zone of the Russian Plain. Significant changes in sediment redistribution rates have since occurred
in the agricultural zone of European Russia, as a result of both climate change and a reduction of
the cultivated area during last two to three decades (Golosov et al., 2013). The aim of this paper is
to provide a quantitative assessment of recent trends in the magnitude of sediment redistribution
rates in the upper part of the fluvial system in different parts of the Russian Plain, located
primarily in the forest-steppe zone within the Srednerusskaya Upland and the Srednee Povolzhie
regions (Fig. 1).
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Fig. 1 Location of the Srednerusskaya Upland and Srednee Povolzhie on the Russian Plain.

FACTORS AFFECTING CHANGES IN SEDIMENT REDISTRIBUTION RATES

There are two main groups of factors responsible for changes in sediment redistribution within the
fluvial system in different parts of the Russian Plain, namely fluctuations in climate and land-use
change.

Climate fluctuations can exert opposing influences on sediment redistribution. The trend of
increasing winter temperature coupled with a decrease in the depth of frozen soil during the last
two decades (Perevedentsev et al., 2007) has resulted in a sharp reduction in surface runoff from
cultivated slopes during snowmelt. Monitoring of spring snowmelt runoff on cultivated slopes
within the Novisil experimental station (Orel region) has demonstrated a marked decrease in the
runoff coefficient during the last 12 years (Petelko et al., 2007). A similar trend was detected by
monitoring undertaken in the upper part of the Lebedin catchment (the Gracheva Loschina
experimental catchment) during the period 1986-2002 (Kumani, 2003).This reduction in spring
snowmelt runoff has resulted in a major reduction in associated soil loss, which has resulted in a
significant change in the overall sediment budget. In contrast, the mean intensity of high
magnitude precipitation events (exceeding the 95th percentile and contributing 25-40% to the
total) occurring during the warmer months has increased by 6-8% per decade (Zolina et al., 2010).
As a result it is likely that surface runoff from cultivated slopes has increased during this period of
the year in the Russian Plain. This is confirmed by the results of detailed analyses of rainfall
records for the Srednerusskaya Upland (Golosov et al., 2010) and Srednee Povolzhie (Kanatieva et
al., 2010). The annual USLE erosivity index has increased by 5-6% in the Srednerusskaya Upland
and by 2-3% in the Srednee Povolzhie region. However most of the sediment eroded during
rainstorms is deposited close to the arable fields because of the high turbidity of the surface runoff.
As a result of these different trends, there has been an overall decrease in sediment redistribution
rates across the Russian Plain in recent years as a result of climate fluctuations. Land-use changes
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during the last two decades were slightly different in the two regions investigated. In the case of
the Srednerusskaya Upland, the maximum increase in the area of abandoned land occurred in the
northern part, where in 2006 the area of abandoned land represented 10-12% of the total area of
cultivated land in 1980. Elsewhere in this region, the equivalent value is 6.6%, although there is
clear evidence of a recent increase in the area of cultivated land during the period 2006-2014.
Over the same time period (1980-2006), the area of abandoned land in Srednee Povolzhie reached
10% (Litvin et al, 2010) and has continued to increase during the period 2006—2014. More detailed
investigations undertaken in the western part of Srednee Povolzhie have demonstrated that most
abandoned land is located on relatively steep (6-7%) slopes (Kanatieva et al., 2010). Such a
situation is typical for the other parts of the region. It is therefore more likely that land-use change
has caused a reduction in soil loss from cultivated land in the Srednee Povolzhie region.

AN ASSESSMENT OF CHANGES IN SEDIMENT REDISTRIBUTION FOR A TYPICAL
SMALL CATCHMENT

An assessment of changes in sediment redistribution rates was undertaken for the 15.2 km? Lebedin
catchment, which is a typical Hortonian 3rd order catchment located within the River VVorobzha
basin, in the south-western part of the Srednerusskaya Upland. An earth dam was constructed at the
outlet of the catchment in 1956. This has permitted a detailed sediment budget to be established for
the catchment. An integrated approach, involving the use of erosion models, dating of sediment
deposits using *¥'Cs and large-scale geomorphic mapping, was used to quantify soil loss/gain on the
cultivated hillslopes and in different order catchments over several time periods since the middle of
the 20th century. In addition, meteorological data and detailed information on land use and crop
rotation changes were assembled for the study area for a 60 year period.

The resulting estimates of sediment delivery into the main valley of the Lebedin catchment
were compared with sedimentation rates and volumes derived from analysis of the **’Cs-based
valley bottom sediment microstratigraphy, including the dry reservoir infill. Gross erosion rates for
arable hillslopes during the periods 1956-1964, 1964-1986 and 1986-2008, calculated using a
USLE-based model and information on the known extent of the cultivated areas and the crop
rotations, were estimated to be 8.6, 10.6 and 6.8 t ha*year?, respectively (Table 1). In addition to
sediment deposition in the valley bottoms, other sediment sinks exist (Table 2).

Table 1 Mean annual erosion rates and total soil losses from cultivated slopes in the Lebedin catchment for
three time intervals covering the period after dam construction at the catchment outlet.

Time interval (years) Mean annual erosion rate (t hatyear?)  Total soil loss (t)
1956-1964 8.5 83912
1964-1986 10.6 287 769
1986-2008 6.8 191 848
Mean for period 1956-2008 8.6 563 529

Based on direct measurements after snowmelt and storm runoff events, deposition of mobilized
sediment within the cultivated fields was generally found to vary within a range of 2-25% of the
gross soil loss from the respective fields. Conveyance losses of this magnitude have also been
indicated by detailed studies of gross and net erosion rates on the catchment slopes using the *Cs
technique (Golosov et al., 2011). Data obtained after extreme erosion events and during snowmelt
periods showed that about 2-7% of the sediment mobilized from the cultivated land was deposited
within the grassed valley sides (Belyaev et al., 2008). Sediment deposition in the uncultivated parts
of slope hollows (most of which represents infilled formerly active valley side gullies) was estimated
based on direct measurements of total sediment volumes stored in a representative selection of
hollows in the catchment and extrapolation of the results to all the uncultivated hollows on the valley
sides of the Lebedin catchment. By combining all the above data and comparing the results with the
USLE-based soil loss calculations, it was concluded that the latter overestimated total soil loss from
the cultivated slopes of the Lebedin catchment by about 11% (Table 2).
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Table 2 Percentage of the mobilised sediment deposited in different depositional zones of the Lebedin
catchment during the period 1956-2008.

Deposition zone % of gross soil loss deposited in given zone
Range (based on observations) Mean value

Within arable lands 2-25 10

Near the lower edge of cultivated fields 5-30 8

Valley sides 2-1 4

Uncultivated part of hollows (former valley side 4-10 6

gullies)

Bottom of valleys including ponds and reservoirs - 51

Sediment passing the reservoir dam 5-15 10

Residual - 11

It can be suggested that the volume of sediment deposited within the main reservoir at the
catchment outlet during the different periods was proportional to the volume of sediment exported
from the Lebedin catchment during those periods. In this respect, it is noteworthy that before 1986
about 12% of the total soil loss or a total equivalent to about 21% of the total deposition in the
valley bottoms, reached the catchment outlet. After 1986 the percentage of sediment reaching the
Lebedin catchment outlet decreased more than threefold, mainly as a result of reduced surface
runoff and associated erosion during the spring snowmelt period. Consequently, it can be
tentatively suggested that during the last two decades, the volume of sediment delivered into the
River Vorobzha valley from its main tributary catchments fell by about one third.

Evaluation of sediment volumes deposited in ponds and reservoirs within the Srednerusskaya
Upland provides information on the mean annual sediment yield from catchments of different size
(Table 3). It was found that for the ponds and reservoirs with catchment areas of 10-50 km?, only
about 14% of the sediment eroded from the fields was delivered to the pond or reservoir. This is in
good agreement with the findings of the detailed study of sediment redistribution in the Lebedin
catchment reported above. It can therefore be suggested that the trend of decreasing sediment
transport from cultivated fields to the river channels during the last two decades noted above
reflects the considerable reduction of surface runoff and associated erosion rates during the
snowmelt period. This conclusion is also confirmed by information on changing overbank
sedimentation rates within small and medium sized river basins within the Srednerusskaya Upland
(Golosov et al., 2010). It was found that sedimentation rates decreased by a factor of 2.5-3 when
the period 1986-2009 was compared with the period 1964-1986.

Table 3 Specific sediment yields (SSY) determined from the volume of sediment deposited in ponds and
reservoirs within the Srednerusskaya Upland with different catchment areas.

Sediment sink Catch- Number ~ Mean catch-  Specific sediment yield (t-km-year?)
mentarea  pondsor  ment area ;
(km?) reservoirs  (km?) Mean  Max Min Stddev. C,
Small in-field <0.25 10 0.12 686 2230 320 590 86%
ponds
Small reservoirs  0.25-10 11 45 133 309 37 96 73%
Medium 10-50 28 32 102 194 5 53 52%
reservoirs
Large reservoirs  50-100 17 73 87 144 24 37 44%

Sediment redistribution within the fluvial system of the Srednerusskaya Upland is very similar to
that in some other regions of Europe (Verstraeten & Poesen, 2001). It is characterised by the deposition
of a high proportion of the sediment eroded from cultivated land in various different sediment sinks
prior to its reaching the river channel (Fig. 2).

The Srednee Povolzhie region is also characterized by considerable variation of rates of soil
loss from cultivated land, because it includes both upland and lowland. The mean annual soil loss
during spring snowmelt estimated for the region using an erosion model is 0.46 t ha year™. This is
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one order of magnitude less than the equivalent rainfall erosion rate of 5.56 t ha' year?
(Yermolaev & Maltsev, 2008). Maximum total soil loss is associated with the western part of the
region within the Privolzhskaya Upland and the southeastern part, the Bugulmino-Belebeevskaya
Upland. However, soil type exerts an important influence on erosion rates within the region. The
results of detailed field surveys of soil loss associated with the entire period of intensive
cultivation for different soil types indicate that maximum erosion rates occurred areas with
different types of grey forest soils (Yermolaev, 2002, 2013, 2014). A study of sediment deposition
in ponds and small reservoirs with catchment areas up to 50 km? was undertaken in the Srednee
Povolzhie region in the mid 1980s. Most of the impoundments were constructed at the beginning
of the 1970s, and so the mean annual values of specific sediment yield produced by this survey
data are representative of the period 1970-1988. The study indicated a mean value of SSY of 650 t
km2 year! and a range of 460-850 t km? year?. The range of values documented reflected a
number of factors, including catchment size, the proportion of land under cultivation, the gradient
of the cultivated slopes and the soil type. In general, these values fall within the same range as the
estimates of current total soil loss from cultivated land in the region provided by erosion models
(mean 6.12 t hal year?). However it is necessary to recognise that the values of SSY based on the
volume of sediment deposited in ponds and reservoirs represent values of net soil loss from the
catchments. It is likely that the gross soil loss from the cultivated fields was at least 2—-3 times
higher (see Fig. 2 for the Srednerusskaya Upland). Hence it can be suggested that rates of gross
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Fig. 2 The relationship between specific sediment yield (SSY) and catchment area for the
Srednerusskaya Upland.
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Fig. 3 Mean gully head retreat rates within the Udmurt Republic during the period 1978-2010, based
on results of monitoring of 168 gully heads (Rysin & Grigoriev, 2010).
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soil loss have significantly decreased in the Srednee Povolzhie region during the past 25 years.This
observation is supported by results from the long-term monitoring of gully head retreat undertaken
on 168 gully heads in the Udmurt Republic, located in the northeastern part of the region (Fig. 3).
Gully head retreat is largely restricted to the snowmelt period and so it would seem very likely that
surface runoff during snowmelt has become negligible in the Srednee Povolzhie region in recent
decades.

CONCLUSION

Within the southern half of the Russian Plain most sediment eroded from cultivated land is
deposited in a variety of sediment sinks prior to reaching the river channels. Sediment
redistribution rates associated with the fluvial system of the agricultural zone of the Russian Plain
have shown a significant decline over the past 25 years in response to two main factors. The first
relates to the considerable decrease of surface runoff during snowmelt. This has resulted in a
reduction in gross soil loss and particularly in the sediment delivery ratio within both the western
and eastern parts of the Russian Plain. The second reflects the decreasing area of arable land
during recent decades. This latter factor is most important in the Srednee Povolzhie region because
of the greater reduction in the area of cultivated land. Although there is evidence that the
frequency of high magnitude storm events has increased during the past 2-3 decades and has
resulted in some increase in rates of soil loss, this has not affected the amount of sediment
transported from the slopes to permanent watercourses, due to the ephemeral nature of the surface
runoff.
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