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Abstract: Recent decades in the north of the East European Plain have been characterized by sig-
nificant changes in climate and land use/cover, especially after the collapse of the USSR in 1991.
At the same time, the hydrological consequences of these changes, especially changes in erosion
processes and river sediment load, have been studied insufficiently. This paper partially covers
this existing knowledge gap using the example of the Vyatka River basin. Draining an area of
129,000 km?, the Vyatka River is among the largest rivers in the boreal forest zone of European Russia.
Cultivated land occupies about one-fifth of the river basin area; about three-fourths is covered by
taiga forest vegetation. The results of state long-term hydrometeorological monitoring and informa-
tion on land use/cover made it possible to reveal contemporary (since the 1960s) hydrological and
erosion-intensity trends and their drivers within the greater (96%) part of the river basin. There has
been a statistically insignificant increase in water discharge in the Vyatka River basin during recent
decades. This is due to a statistically insignificant increase (for the entire basin studied) in the spring
snowmelt-induced floodwater flow and a statistically significant rise in the discharge in the year’s
warm and cold seasons. The main reason for the detected trends is increased precipitation, including
heavy rainfall during the warm season. In contrast to this, the total annual suspended sediment load
of the river (especially that which was snowmelt-induced) and, consequently, soil/gully erosion
intensity have experienced a significant decrease in recent decades (up to 58% between 1960-1980 and
2010-2018). Land-use/-cover changes (a reduction of cultivated land area and agricultural machinery,
a decline of livestock in pastures) following the collapse of the Soviet Union are considered the main
reasons for this decrease. The most noticeable changes in water discharge, suspended sediment load,
and erosion intensity were observed in the most agriculturally developed southwest and south parts
of the Vyatka River basin. All the above trends may be considered with a high probability to be
representative for the south sector of the taiga zone of the East European Plain.

Keywords: large river; runoff; discharge; sediment yield; soil freezing; land-use change; land-cover
change; abandoned land; climate change; taiga; East European Plain

1. Introduction

Recent decades in the western part of Northern Eurasia (within the former USSR—
the Union of Soviet Socialist Republics) have been characterized by noticeable climate
change [1-7], which influenced, among other things, the inter- and intra-annual distribution
of the region’s river water flow [8-13]. Since the beginning of the 1980s, there has been a
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considerable reduction in spring (snowmelt-induced) floodwater flow as a phase of the
hydrological regime in most of the East European Plain. This reduction has been caused by
an increase in winter air temperatures and the number and duration of thaws, as well as a
decline in the depth of soil freezing by the end of winter. All this has resulted in a reduction
in the pre-spring water storage in the snow (snow water equivalent) and a decrease in
the maximum water discharge of the spring flood [9,11,12]. The reduction of the spring
floodwater flow is most noticeable in the Don River basin and the Volga River basin’s east,
where the contribution of water flow during this phase of the hydrological regime has
been reduced to 50% or less of the annual flow. In contrast, the spring floodwater flow in
these basins accounted for 60-70% on average of the annual value in the first half of the
20th century [11,14]. The reduction of snowmelt-induced floodwater flow has also been
observed in recent decades in the western part of the forest zone of the East European Plain
(the mixed forest zone), for example, in Estonia, Latvia, and Lithuania [15]. The low-water
flow of the plain’s rivers has significantly increased during the indicated period.

At the same time, in the northern part of the plain, there were multidirectional trends
in the spring floodwater flow over the past 20 years. In the first half of the 1990s, in the
Onega River, Sukhona River, and Vaga River, an increase in snowmelt-induced floodwater
flow was noted, followed by a smooth return to the previous average values [9,12]. During
this period, the Northern Dvina River and the Vychegda River basin’s rivers differed, with
stably increased spring floodwater flows. Slightly expressed trends in the decrease in the
spring floodwater flow were detected in the rivers of the Pechora River basin’s northern
part. In other cases, they were insignificant.

The above-noted hydroclimatic changes could affect the current rates of soil/gully
erosion in the region, since they reflect, first of all, the redistribution of surface and ground-
water runoff caused by changes in the depth of soil freezing under global warming. More-
over, the impact of these changes on erosion processes in river basins was supplemented by
changes in land use/cover after the collapse of the USSR in 1991—a reduction in cultivated
land (as the most erosion-hazardous area in river basins), especially noticeable in the 1990s
and the early 2000s, primarily in the administrative regions of European Russia with inef-
fective agriculture in the forest landscape zone [16-20]. According to our estimates, from
1970-1987 to 1996-2017, the total cultivated land declined, for example, in the Leningrad
Oblast (by 37%), the Novgorod Oblast (by 56%), the Kostroma Oblast (by 51%), the Perm
Oblast (Krai) (by 47%), etc. [21] The research team from Lomonosov Moscow State Uni-
versity [22] has estimated the probable soil erosion for administrative regions of European
Russia based on erosion models. According to this modeling, the relative reduction of the
rates of soil erosion in the regions of the northern half of the East European Plain (the taiga
zone) between 1980 and 2012-2014 were: in the Leningrad Oblast, 53%; in the Novgorod
Oblast, 77%; in the Pskov Oblast, 87%; in the Tver Oblast, 82%; in the Kostroma Oblast,
84%; in the Vologda Oblast, 72%; in the Komi Republic, 70%; in the Arkhangelsk Oblast,
80%; in the Perm Oblast (Krai), 81%; in the Udmurt Republic, 63%; etc.

In the presence of these model estimates, there are still no representative results
of long-term field observations of the current rates of soil/gully erosion in this region,
including confirming modeling results. The only exceptions are the relatively reliable
results of monitoring of the retreat of gully head-cuts (since 1978) in the extreme south
of the taiga zone of the east of the plain within the Udmurt Republic [23]. However, for
such a large region as the northern part of the plain, these are more than unsatisfactory
results. Soil-erosion surveys, which were organized regularly during the late Soviet Union
period, have not been carried out in the region in recent decades [24]. Consequently,
there is currently no reliable answer to the question of what has been the response of
soil/ravine erosion processes to current hydroclimatic and land-use changes in such a vast
region of Eastern Europe. This is an obstacle to constructing a general concept of modern
directed changes in soil/gully erosion within the entire territory of the East European
Plain. The analysis of contemporary trends in soil/gully erosion, in addition to the known
applied value, also has geoecological applications, since these trends largely determine
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changes in the turbidity of rivers and temporary streams, and pollutants entering rivers
with sediments (erosion products) affect the quality of river waters, the rates of siltation of
natural and artificial water bodies in river basins, etc. The solution to the above issues is
essential for the southern “belt” of European Russia’s taiga zone, which is economically
more developed and more populated than the rest of the plain’s northern half.

Below, using the example of the Vyatka River basin (Figure 1), which is one of the
largest rivers in the south of the taiga zone of European Russia, we reveal contemporary
(over the past 60 years) trends in water flow and erosion processes (based on data on the
temporal variability of river suspended sediment load) and their driving factors. With a
high probability, the results obtained can be regarded as representative for the entire south
sector of the East European Plain’s boreal forest (taiga) zone.
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Figure 1. The location of the Vyatka River basin on physical (A) and land-cover (B) maps. a—the basin
(sub-basin) boundary; b—the analyzed hydrological stations at: I—Kirov, 2—Vyatskiye Polyany,
and 3—Glazov; c—cities and the analyzed meteorological stations in: 1—Kologriv, 2—Nikol’sk,
3—Vetluga, 4—Oparino, 5—Yoshkar Ola, 6—Kumiony, 7—Nolinsk, 8—Koigorodok, 9—Kilmez’, 10—
Yelabuga, 11—Debessy, 12—Sarapul, and 13—Cherdyn’; d—forestland; e—arable land; f—boundaries
of Russia’s administrative regions: I—Vologda Oblast, II—Kostroma Oblast, IIl—Nizhny Novgorod
Oblast, IV—Mari El Republic, V—Republic of Tatarstan, VI—Kirov Oblast, VII—Komi Republic,
VIII—Udmurt Republic, IX—Perm Krai, and X—Republic of Bashkortostan; g—the Konzhakovskiy
Kamen summit of the Northern Ural, the highest elevation of the region shown on the map; h—the
average long-term level of the Kuybyshev Reservoir, the lowest elevation on the Earth’s surface of
the region shown on the map.
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2. Materials and Methods
2.1. The Vyatka River and Its Basin

Flowing in the eastern part of the East European Plain, the Vyatka River is the largest
right-bank tributary of the Kama River, the largest tributary of the Volga River. The
length of the river is 1314 km; the total basin area is 129,000 km?. The river begins on the
Upper Kama Upland with a maximum elevation of 337 m a.s.l,, in the north of the Udmurt
Republic (see Figure 1). The elevation of the river’s source (58°26'51.72"” N, 52°10'35.4" E) is
about 240 m a.s.1. The Vyatka River flows into the Kuybyshev Reservoir of the lower Kama
River. The river mouth’s elevation (55°35'41.99" N, 51°29/54.24" E) is about 53 m a.s.1.

According to the intra-annual discharge distribution, the Vyatka River belongs to the
group of rivers with a well-noted spring (snowmelt-induced) flood. The river freezes in
November; the breaking of the river ice occurs in April. During the spring flood period,
more than 80% of the annual water flow passes. Based on our calculations, the average
long-term water discharge (WD) in the lower course of the river near the town of Vyatskiye
Polyany (the basin area is 124,000 km?, see Figure 1) is 921 m3 s, or7.41s! km2. Since
the late 1970s, there has been a statistically significant increase in the river’s average annual
WD compared to previous decades after 1920 (Figure 2; see Appendix A, Figure Al).
This increase is mainly owing to a rise in WD during the non-spring-flood months of
the year, from July to March (see Appendix A, Figure A2). The noted changes can be
considered a historical hydrological background for contemporary (recent decades) changes
in water discharge and sediment load in the river basin. The average annual suspended
sediment load (SSL) of the river at Vyatskiye Polyany during 2010-2018 was 58 kg s}, or
1.83 million Mg y! (14.8 Mg km™2 y1).
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Figure 2. Changes in the Vyatka River’s average annual water discharge (WD) at Vyatskiye Polyany
(see Figure 1) from 1920 to 2018. (A—differences in WD (pWD) relative to the discharge averaged
for the entire period (921.3 m3 s71); (B)—cumulative WD (WDcum); pWD,y—average pWD for the
periods; WD,,—average WD for the periods; A—relative change; R?—the coefficient of determination
of a sixth-degree polynomial trend (6t). The photo, taken on 19 June 2021, shows the Vyatka
River at Lebyazhy (57.42387 N; 49.52030 E, almost halfway between Kirov and Vyatskiye Polyany
along the river). Note: The time border (1977/1978, 1) between the two periods was found using
the “Changepoint detection” and “Changepoints analysis” methods in the statistical analysis and
programming environment R.

The Vyatka River basin occupies a vast plain composed of Permian, lower Triassic,
and Jurassic rocks (mainly clays, sands, sandstones, marls, limestones, and dolomites)
overlapped by loose polygenetic Quaternary deposits [25]. The river basin is located within
the moderate continental climate zone. The slightly hilly relief and the absence of mountain
barriers allow the free penetration and movement of air masses. The basin is influenced
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by humid cyclones from the Atlantic Ocean, cold air masses from the Arctic, and dry air
masses from Western and Central Asia. According to our calculations, average annual
temperatures vary from 2 to 5 °C. Yearly precipitation decreases from 650-700 mm in
the north to about 550 mm in the south of the river basin. Annual evapotranspiration
is about 60% of yearly precipitation. The snowpack depth in the basin varies from 70 to
30 cm. The duration of the snowpack period ranges from 160 days in the north to 140 days
or less in the south [25]. Since the late 1970s, the Vyatka River basin has experienced a
statistically significant increase in the average annual air temperature and annual precipita-
tion and a decrease in their intra-annual amplitudes compared to previous decades after
1920 (Figure 3). Moreover, in the cold season, the relationship between the changes in
temperature and precipitation was direct, although statistically insignificant. In contrast, in
the warm season, this relationship was reversed (see Appendix A, Figure A3).
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Figure 3. Annual and monthly air temperature and precipitation at a meteorological station in
Kirov (see Figure 1) from 1920 to 2020. Cy—the coefficient of inter-annual variation; inter-period
changes: d—absolute, A—relative; p—statistical probability of the changes; WST (CST)—average
warm-season (cold-season) temperature; WSP (CSP)—the warm-season (cold-season) precipitation
and their annual share (in parentheses). Note: Precipitation data for 1936-1939 were not available.
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The northern and central parts of the Vyatka River basin belong to the territories
with excessive moisture; the southern part is the area of sufficient moisture. Most of
the basin is occupied by taiga vegetation. To the south, dark-coniferous taiga forests on
sod-podzolic soils are replaced by dark-coniferous broadleaf mixed forests and meadows
on sod-podzolic soils and light-gray forest soils [25]. The extreme southern part of the
basin is situated in the forest-steppe zone with gray and dark-gray forest soils and even
leached and podzolized chernozems. The Vyatka River basin, chiefly its southern half, is a
territory with relatively intensive economic activities. Crop production is dominated by
the cultivation of cereals, perennial and industrial crops, and vegetables. The sub-basin of
the middle and lower courses of the river is comparatively less forested and more plowed
(Figures 1 and 4). The Vyatka River basin is divided between nine administrative regions of
the Russian Federation, of which the Kirov Oblast and the Udmurt Republic occupy 88.6%
of the basin’s total area (68.7% and 19.9%, respectively). The rest of the basin is located
in the Komi Republic, Mari El Republic, Nizhny Novgorod Oblast, Republic of Tatarstan,
Perm Krai, Vologda Oblast, and Kostroma Oblast (see Figure 1).

(B)
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Figure 4. Land-cover structure in the Vyatka River basin in 2015. The sub-basins: (A)—upriver of
Kirov, (B)—upriver of Vyatskiye Polyany to Kirov (see Figure 1). I—forestland, 2—cultivated land,
3—grassland, 4—other, including wetlands and urbanized territories.

2.2. Data and Their Sources
2.2.1. Hydrological Data

To assess contemporary trends in river WD and SSL, as well as the intensity of overall
erosion processes within the Vyatka River basin, the study used the results of long-term
monitoring at two hydrological (gauging) stations at the city of Kirov and the town of
Vyatskiye Polyany, located along the middle and lower courses of the river, respectively
(see Figure 1, Table 1). In addition, data on WD and SSL of the Cheptsa River (near the
town of Glazov), the largest left-bank tributary of the Vyatka River, were collected and
studied. The analyzed river basin’s total area is 124,000 km? (upriver of Vyatskiye Polyany),
or about 96% of the Vyatka River basin’s total area.

Table 1. Analyzed gauging stations in the Vyatka River basin.

Characteristics
River Gauging Station at:
D, km F, km? H, m (BHS-K)
Vyatka Kirov 692.0 48,300 103.19
Vyatka Vyatskiye Polyany 100.0 124,000 54.83
Cheptsa Glazov 284.0 9750 133.70

D—distance from the river’s mouth; F—river basin area; H—zero water level (BHS-K—Baltic height system
at Kronstadt). NB: The selected gauging stations are characterized by the longest monitoring series of water
discharge and, especially, suspended sediment load in the entire Vyatka River basin.

The state hydrological monitoring data are available from hydrological collections of
the former USSR [26-29], the webpage of Lomonosov Moscow State University “Water
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Regime of the Rivers of European Russia” (http:/ /autolab.geogr.msu.ru/hydrograph/#,
accessed on 27 April 2021), and the automated information system of state monitoring for
water bodies (http://gmvo.skniivh.ru, accessed on 15 May 2021) from the Federal Agency
for Water Resources of the Ministry of Natural Resources and Environment of the Russian
Federation.

The WD data collected were summarized in the long-term series on average annual
and average monthly discharge (m3 s7') at the aforementioned hydrological stations.
Observations for the discharge of the rivers of the former USSR and modern Russia were
carried out based on a single standard program, several times daily (mainly by converting
water level into discharge). At the main hydrological stations of the study on the Vyatka
River at Kirov and Vyatskiye Polyany, the data covered the period from 1940 to 2018, except
for 1943, 1944, and 2009 at Kirov. The WD data of the Cheptsa River were presented for
two periods with different durations—from 1937-1985 and 2010-2018. The large gap from
1986 to 2009 is due to the lack of available data.

The SSL data collected for the Vyatka River were summarized in the long-term mon-
itoring series of average annual and maximum average monthly load (kg m™) for the
aforementioned hydrological stations. According to [30], the average error in estimating
the mean annual values of the load in gauging stations in the former USSR was up to 25%.
It could probably have somewhat increased in recent decades due to insufficient funding
of hydrological monitoring in the country. When compiling hydrological collections and
reports of the Hydrometeorological Service of the former USSR and modern Russia, the
average annual and monthly suspended sediment loads were calculated from the con-
centration of suspended sediment of the water received during the main phases of the
hydrological regime. At the main hydrological stations of the study on the Vyatka River at
Kirov and Vyatskiye Polyany, the load data covered 1940-1985 (except for a few years in the
1940s and 1960s) and 2010-2018. The SSL data on the Cheptsa River additionally collected
are presented for two periods with different duration—1950-1980 (except for nine years)
and 2014-2018. The large gap from 1981 to 2013 is also due to the lack of available data.

2.2.2. Climate Data

Long-term data on monthly/annual air temperature and precipitation for the periods
studied (1960/1966-1980 and 2010-2019) were collected from 13 regional meteorological
stations (see Figure 1). In addition, for the stations in the towns/cities of Kologriv, Nolinsk,
Sarapul, and Perm, reliable information on long-term changes in topsoil temperature
and water storage in the snow (snow water equivalent) during the first ten days of April
(1963-2012 with numerous interruptions due to lack of data) were also collected and
processed. All of these data are available from the All-Russia Research Institute of Hydro-
Meteorological Information—World Data Center, RIHMI-WDC (https://www.meteo.ru,
accessed on 27 April 2021), and “NCEI Climate Data Online. Global Summary of the Month
(Average Temperature and Precipitation for 1920-2019)” (https://www.ncdc.noaa.gov/
cdo-web/, accessed on 27 April 2021).

2.2.3. Land Use/Cover Data

Information on the distribution of cultivated land area within the Kirov Oblast and
the Udmurt Republic, where the predominant part of the Vyatka River basin is located, for
different time intervals (during the late USSR period (1960-1970, 1975, 1980, 1985, 1986,
1987, 1990, and 1991) and the post-USSR period (annually from 1992 to 2018) was collected
and analyzed. These data made it possible to semi-quantitatively assess the probable
human (mainly agricultural) impact on long-term temporal dynamics in WD, SSL, and
erosion intensity. The data were detailed for principal crops such as cereals, perennial,
and annual crops that used to occupy and still occupy about 85-90% of the total cropland
area in the regions. The sources of this information are statistical collections (bulletins) of
the former USSR [31-35] and also electronic statistical resources of the Russian Federation
(https:/ /fedstat.ru, https:/ /gks.ru, accessed on 10 May 2021).
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Relevant information on the Kirov Oblast and the Udmurt Republic for all types of
farms from 1953 to 2019 with numerous interruptions due to lack of data was also collected
to assess the potential impact of livestock (cattle, sheep, and goats) on temporal changes in
the above-mentioned hydrological variables. The sources of this information are [31-34]
and electronic statistical resources of the Russian Federation (https:/ /fedstat.ru, accessed
on 10 May 2021).

In addition, information on the annual amount of main (heavy) agricultural machinery
(tractors and grain combine harvesters) in the Kirov Oblast and the Udmurt Republic for
all types of farms for 1970-1975 [31,32] and 1990-2019 (https://fedstat.ru, accessed on
10 May 2021) was collected and processed to identify the dynamic of the “load” of this
machinery on cropland within the administrative region during these periods.

2.3. Methods
2.3.1. Hydrological Data Processing

The above hydrological variables were averaged over two periods—1960-1980 (as
a base period) and 2010-2018. On the one hand, the second period fell due to the most
considerable modern climate change in the region, while the first period was relatively
weakly affected by this change. On the other hand, the period of 1960-1980 and the early
1980s were the years of the most significant development of agriculture in the entire history
of Russia [24]. In the last decade, this development has been at its lowest level for at least
the past 60 years. Thus, comparing the analyzed hydrological characteristics between
the periods allows revealing the tendencies in hydrological and erosion processes with a
complex combination of climate and land-use/-cover changes and makes it possible to
identify the leading causes of these processes’ changes.

Along with calculating averaged long-term values, the specific values of average
annual and maximum (per annum) WD were also calculated for each analyzed period:
AWD—differentiated specific WD (1 s~! km~2) upriver of the corresponding hydrological
station for the corresponding monitoring period (Equation (1)):

AWD; = (WD; — WDj,1)/(Si — Sis1), (1)

WD; (1s~!)—average WD of a river at a hydrological station i (with a total basin area
S; (km?) upriver of this station); and WD;,4 (1 s’l)—average WD of the river at the nearest
hydrological station (i + 1) located upriver (with a total basin area Si,1 (km?) upriver of this
station). (WD; — WD, 1) represents differentiated WD (dWD). AWD; allows identifying
the areas (sub-basins) of the most intense water runoff and its year-to-year variability in a
particular river sub-basin.

Along with calculating averaged long-term values, the specific values of average
annual and maximum average monthly SSL were also calculated for each analyzed pe-
riod: ASSY—differentiated specific SSL (Mg km~2 y~!) upriver of the corresponding
hydrological station for the corresponding monitoring period (Equation (2)):

ASSY; = (SSL;j — SSLi41)/(Si — Sis1), ()

SSL; (Mg y~! or Mg month~!)—annual (or monthly) SSL of a river at a hydrological
station i (with a total basin area S; (km?) upriver of this station); and SSLi,; (Mg y_1
or Mg month~!)—annual (monthly) SSL of the river at the nearest hydrological station
(i + 1) located upriver (with a total basin area S;,; (km?) upriver of this station). (SSL; —
SSLi1) represents differentiated SSL (dSSL). ASSY; allows identifying the areas (sub-basins)
of the most intense sediment formation (mechanical denudation, including primarily
sheet/rill/gully erosion) and its year-to-year variability in a particular river sub-basin.

River sediment load/yield was/is widely used in world practice to estimate the
temporal variability of erosion (more broadly—mechanical denudation) intensity in fluvial
systems of various scales [14,36—43], despite some methodological flaws. At the same
time, sediment load/yield cannot serve as an absolute measure of all erosion products
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due to a complex mechanism for delivering sediment from erosion (sediment-mobilized)
areas to riverbeds. This delivery depends on a large set of factors such as geological
structure, morphometry/morphology of slopes, the density of permanent and temporary
streams, basin area, climatic characteristics, features of natural landscapes, and the nature
of their anthropogenic transformation [14,44-48]. This is especially important to consider
when assessing the spatial heterogeneity of erosion (mechanical denudation) intensity.
However, the importance and accuracy of sediment yield/load as an indicator of the
temporal dynamics of erosion (mechanical denudation) increases noticeably when assessing
the overall variability of erosion intensity within any one river basin for different time
intervals—the temporal dynamics of sediment load/yield relative to one gauging station.

2.3.2. Climate Data Processing

The collected meteorological data made it possible to calculate the average annual
air temperature and the early spring period temperature (March and April), when there
is active preparation for snow melting (March) and an intense snow melting process
occurring in most of the Vyatka River basin. The data were averaged over two periods
(1960-1980 and 2010-2019) at 12 meteorological stations. For 13 meteorological stations
analyzed, the average values of annual precipitation and precipitation of the warm season
(April to October) were calculated for 1966-1980 and 2010-2019. In addition, for four
analyzed meteorological stations, the long-term average values of water storage in the snow
(snow water equivalent) in the first ten days of April in 1966/1969-1980 and 2010-2019
were calculated.

The annual runoff coefficient (RC) as the ratio between annual water runoff depth
(mm y‘l) (based on the above-mentioned differentiated specific water discharge) and
annual precipitation (mm y‘l) (see below for selected meteorological stations) was calcu-
lated for the two analyzed sub-basins. The calculated RC-values were averaged over two
periods—1966-1980 and 2010-2018.

2.3.3. Land-Use/-Cover Data Processing

To assess the role of land-cover changes in long-term hydrological and erosion changes,
the integral crop management factor (C-factor) [49]), or 2C, was calculated for the warm
season, May to October, for the analyzed periods in the Kirov Oblast and the Udmurt
Republic. The X~C-factor is a weighted average that considers both the area occupied
by one or another crop in the corresponding period and the crop’s individual C-factor.
The ~C-index was calculated only for cereals, perennial, and annual crops according to
Equation (3). The total area under these crops is/was 85%+ of the total sown area of the
studied regions.

ZCZ(Cl XF1+CyxFy+... +CnXFn)/(F1+F2+... +Fn), (3)

C1, Cy ... Cp represent individual C-factors for different analyzed crops (0.016 for
natural meadow vegetation (almost the same for an abandoned land), 0.02 for perennials,
0.48 for cereals, and 0.48 for annuals), averaged over the warm season; i.e., it is the average
of the monthly averages from May to October [44]. From November to early April, the
cold period is a season with almost no liquid precipitation (mainly snow precipitation) and
reliable soil protection with a snowpack in the studied administrative regions. Because
of this, the 2C-index was not calculated for the months of the cold period. Fy, F; ... Fn
represent the average areas occupied by these crops in the corresponding period. The
Y C-index varies from 0 to 1. The lower the index, the better the plowed soils in the analyzed
administrative regions are protected against rainfall-induced soil erosion. At the beginning
and the end of the sowing season, the soil in the study region is poorly protected by
cultivated vegetation against rain-induced erosion; i.e., C is close to 1. Due to this, the
Y.C-values averaged over the warm season are somewhat overestimated compared to the
summer months.
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The agricultural machinery load (1) on cultivated land within the Kirov Oblast and
the Udmurt Republic for 1970-1975 and 1990-2019 was calculated based on Equation (4):

T=n/F, 4)

where 1 is the total amount (units) of tractors or grain combine harvesters for the corre-
sponding year and F is thecultivated land area (ha) for the corresponding year: for tractors,
the total area of cultivated land, and for grain combine harvesters, only sown areas for
grain crops.

To identify statistically significant differences in all averaged values of the studied
land-cover and hydrometeorological variables between the monitoring periods, Student’s
t-test was used. All the averaged values were calculated with a 95% confidence interval.

3. Results
3.1. Hydrological Changes
Between 1960-1980 and 2010-2018, the average annual WD of the Vyatka River tended

to increase, but these trends were not statistically significant (Figure 5). Moreover, this
detected increase was greatest in the lower course of the river.
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Figure 5. Changes in water discharge (WD) and suspended sediment load (SSL) of the Vyatka
River from 1940 to 2018 (according to [21]). WD,y—average annual WD (1), WDpax—maximum
average monthly WD (2, mostly May; in some years, April); SSLay—average annual SSL (3), SSLmax—
maximum average monthly SSL (4, May or April); A—relative change; R2—the coefficient of determi-
nation of a fourth-degree polynomial trend (the dashed line).
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Despite lacking accurate data on the inter-annual variability of the river flow during
the spring (caused by snow melting) flood, we can nevertheless state that this flow also
gradually increased between the indicated periods. We draw this conclusion from the long-
term river flow variability during the month with the maximum water discharge (May; in
some years, April) (see Figure 5). However, in this case, the trends were also not statistically
significant. It is noteworthy that, on the one hand, the increase in snowmelt-induced WD
was less than in the case of the average annual WD. On the other hand, the increase in
snowmelt-induced discharge was also greatest in the river’s lower course (see Figure 5).

Long-term changes in the Vyatka River’s SSL considerably differed from those expe-
rienced by WD of this river. The river’s SSL, both the annual average and the maximum
average monthly, was statistically significantly lower in the last decade than during the
1960s-1970s, the period of the highest sediment load for the last 80 years (at least) in the
Vyatka River basin (see Figure 5). Moreover, this decrease was also more noticeable in
the lower course of the river. It is necessary to pay attention to two more features. First,
the maximum average monthly sediment load of the river in its lower course decreased
significantly more than at the city of Kirov. Second, the reduction in both the average
annual and the maximum average monthly SSL began in the river’s lower course from
the very beginning of the 1980s, while at Kirov, it began most likely in the late 1980s or
even later.

The long-term dynamics of WD and SSL noted above reflected the changes that
occurred in their specific values, differentiated relative to the area of the river sub-basins.
We report an increase in the differentiated specific average annual WD in the two analyzed
sub-basins. Moreover, WD was the greatest and statistically significant only in the sub-basin
of the river upstream of Vyatskiye Polyany to Kirov (Figure 6A).

There was also a more or less proportional increase in the differentiated maximum
average monthly WD, but this was statistically insignificant (Figure 6B). As for the dif-
ferentiated yield of suspended sediment, we note its statistically significant and more
noticeable decrease (almost half or more) in the sub-basin between Vyatskiye Polyany and
Kirov compared to the sub-basin located upriver (Figure 6C,D). Considering the indicated
changes in SSL/SSY, there was a reduction in contrast in the differentiated SSY between
the two sub-basins of the Vyatka River basin from 1960-1980 to 2010-2018 (Figure 6C,D).

There was also some change in SSL structure in the lower course of the Vyatka River
between the analyzed periods. Compared to 1960-1980, during the period 2010-2018, there
was a slight increase in SSL of transit origin, i.e., sediment brought downriver from the
overlying sub-basin (Table 2). Despite this, the share of so-called local SSL formed by the
products of soil-gully erosion and riverbed deformations still remains significant (about
80%) in the river’s lower course.

The ratio between the differentiated maximum average monthly WD and SSL in each
of the two sub-basins from 1940 to 2018 made it possible to identify three different groups of
years: years of relatively normal SSL and years of anomalously high and low sediment load
(Figure 7). The proportion of years with anomalously relatively low sediment load in the
sub-basin upriver of Kirov and the sub-basin located between Kirov and Vyatskiye Polyany
was almost the same (25% and 21% of the total number of paired years of observations,
respectively). In comparison, anomalously relatively high sediment load was more frequent
in the second sub-basin than in the first sub-basin (45% and 21%, respectively).

Despite this, there were years when anomalously high maximum average SSL was
observed for the entire river basin—1941, 1961, 1965, 1967, and 2010. Several years of
anomalously relatively low maximum average monthly SSL (1955, 1985, 2013, 2014, 2015,
and 2016) were also typical for the entire studied basin. A reduction in the correlation’s
tightness between the indicated WD and SSL from the upper sub-basin to the lower one was
noted (see Figure 7). It is also noteworthy that the closest correlation of WD was observed
concerning the conventionally “normal” (average) sediment load and the smallest—for
anomalously high load.
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Figure 6. Changes in differentiated specific water discharge (AWD) and suspended sediment yield
(ASSY) in the Vyatka River basin between 1960-1980 and 2010-2018. (A)—average annual AWD;
(B)—maximum average monthly AWD; (C)—annual ASSY; (D)—maximum monthly ASSY; the
sub-basins: a—upriver of Kirov, b—upriver of Vyatskiye Polyany to Kirov (see Figure 1); Cy—the
coefficient of inter-annual variation; A—relative change.

Table 2. Changes in the origin of suspended sediment load (SSL) within the two analyzed sub-basins of the Vyatka River
between 1960-1980 and 2010-2018.

Annual SSL Maximum Monthly SSL
SSL Origin Sub-Basin 1! Sub-Basin II 2 Sub-Basin 1! Sub-Basin II 2
1960-1980  2010-2018  1960-1980  2010-2018  1960-1980  2010-2018  1960-1980  2010-2018
Local, % 100.0 100.0 83.3 81.0 100.0 100.0 84.7 79.7
Transit, % - - 16.7 19.0 - - 15.3 20.3

1 Upriver of Kirov; 2 Upriver of Vyatskiye Polyany to Kirov.



Water 2021, 13, 2567

13 of 30

Vyatka River at Kirov

SSLmay, kg st

Vyatka River at Vyatskiye Polyany
ASSLmax, kg 57!

250 1500 -
] 1 1970
_ 1 1971
4 A 106
200 - 1941 , 1200 A A o
E 1958 R==0.48 1941 .
1 1961 A--"RIZT9 1 - RE=031
1 e R?=0.77 1 -
! A miesim 1051
150 o ;g5 1975~ A 1965 Jp37.-7" 1974 900 - 19887K"
{ 1264 K" 1564 [ PEE
-1988&’194‘0‘1983 e .1957 7 AJIQFS’,"’IQSQ A
1 .., ) . 1972 1947
1 2000 mm-@m 158551 _ “a 1 2
100 A i B 10277 RT=065 600 19624 51969 1969‘?53 st
{1 B®" e @ | 1977 1960 == o 1_9.’,,-—-""
] *' - <@ 957 1967A19J81961 W " 5013
- 12,071949 ] 2010 -~ @555
1 Zo1igl0is- 2010 LT Ry -
50 4 00002013 300 A -- 2017 @ e
1 lgjjﬁ?’li%?‘)mb . . 8 Hos1 m R?=0.48
. == 2014 1.~ 2015g8 -~ 2
] . ‘1‘9‘;:; 2014 @1985 -
0 . — 11— . 0 —— T
500 1500 2500 3500 4500 500 1500 2500 3500 4500
WDmax, m3 st AdWDmay, M3 st

Figure 7. The ratio between maximum average monthly water discharge (WDmax) and suspended sediment load (SSLmax) of
the Vyatka River. R2Z—the coefficient of determination of a power trend (the dashed line). AWDmax(dSSLmax)—differentiated

WDmax(SSLmax)-

In recent decades, the Vyatka River had a statistically significant increase in the
minimum average monthly WD. It was the greatest in the river’s lower course, primarily
due to the rise in differentiated minimum average monthly discharge in the sub-basin
between Vyatskiye Polyany and Kirov (Figure 8A).

It is also noteworthy that in periods with the highest values of the minimum average
monthly WD, those values occurred, as a rule, in March, i.e., just before the beginning of
snowmelt-induced floods. During periods of the lowest values of the minimum average
monthly WD, those values were observed in a more comprehensive intra-annual range
(Figure 8B). In recent decades, this pattern has been violated in the lower Vyatka River. All
this requires a further separate study. In general, the river’s water flow during the warm
season after the spring (snowmelt-induced) flood period has also increased statistically
significantly in recent decades (Figure 8C).

All the noted changes in WD have reduced the amplitude of its intra-annual distribu-
tion in recent decades (Figure 9). This was somewhat more noticeable in the lower course
of the river.

3.2. Climate Change

Over the past decades, the Vyatka River basin has experienced an increase in both
air temperature and precipitation. As shown in Tables A1 and A2 (see Appendix B), only
increases in mean annual temperature and annual rainfall were statistically significant.
An increase in air temperature in spring, during the period of snow melting and form-
ing snowmelt-induced floodwater flow of rivers in the basin, as well as an increase in
precipitation during the warm season, the period of liquid precipitation (including erosion-
hazardous rainstorms), did not have statistical significance for any analyzed meteorological
stations. The minimum increase in rainfall, especially during the warm season, was ob-
served in the southwestern part of the Vyatka River basin, and the maximum increase was
observed in the east and northeast of the basin (Figure 10).
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Figure 8. Changes in some characteristics of the Vyatka River’s warm-season water discharge from 1940 to 2018.
(A)—minimum average monthly water discharge (WDpin); (B)—the calendar month (M) with WDy;,; (C)—average
water discharge from July to October—WD(J-O); I—observed water discharge at the hydrological stations, 2—differentiated
water discharge, i.e., the difference between the discharge at Vyatskiye Polyany and Kirov; A—relative change; R>—the
coefficient of determination of a sixth-degree polynomial trend (the dashed line). NB: After 1977, the most significant
changes in WDy, occurred.

It is noteworthy that it was in the southwest of the basin that the increase in the mean
annual air temperature in recent decades was the highest (see Figure 10). We also note
relatively slight warming in the north half of the Vyatka River basin. The “tongue” of
this warming, highlighted on the map as an isoline +1 °C, penetrated far enough to the
southeast within the comparatively high Upper Kama Upland. This upland was most likely
also the cause of a greater increase in annual precipitation (see isoline +15% in Figure 10),
possibly due to precipitation of the cold season. This issue requires a separate study.
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Figure 9. Changes in the ratio between WDmax and WDy, of the Vyatka River from 1940 to 2018.
The average monthly water discharge: WDmax(dWDmax)—maximum (differentiated maximum),
WDpin (IWDpjn)—minimum (differentiated minimum). A—relative change; R2—the coefficient of
determination of a sixth-degree polynomial trend (the dashed line).
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Figure 10. Changes in air temperature and precipitation within the Vyatka River basin and its
surroundings. a—absolute changes in average annual air temperature between 1960-1980 and
2010-2019; b(c)—relative changes in annual (warm-season) precipitation between 1966-1980 and

2010-2019. NB: The map is based on the data from Appendix B, Tables A1 and A2. For other symbols,
see Figure 1.
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The runoff coefficient calculated for the two analyzed sub-basins in the Vyatka River
basin demonstrates statistically insignificant changes between 1966-1980 and 2010-2018
(Figure 11). It is noted that after the collapse of the USSR in 1991, the rhythmic changes in
the runoff coefficient in the sub-basin upstream of Kirov began to lag somewhat in time
compared to the sub-basin located downstream (see Figure 11).
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Figure 11. Changes in the annual runoff coefficient (RC) within the Vyatka River basin from 1966 to
2018. RC(1)—upriver of Kirov, RC(2)—upriver of Vyatskiye Polyany to Kirov; 3—the time border
between the RSFSR (the Russian Soviet Federative Socialist Republic as the main republic of the
former USSR) and the Russian Federation; r—the coefficient of linear correlation; the dashed line—a
sixth-degree polynomial trend. Note: To calculate RC for the sub-basin upriver of Kirov, annual
precipitation was averaged over meteorological stations in Kirov, Oparino, Koigorodok, and Debessy
(see Figure 1); for the sub-basin upriver of Vyatskiye Polyany to Kirov, annual precipitation was
averaged over meteorological stations in Kirov, Oparino, Kumiony, Kilmez’, Vetluga, and Yoshkar
Ola (see Figure 1).

Since the mid-1960s, there have been no statistically significant trends in water storage
in the snow (snow water equivalent) in the first ten days of April for three of the four mete-
orological stations (Figure 12A, see Figure 1) in the study region. In the town of Nolinsk,
the water storage has increased statistically significantly in the last decade compared to the
1960s-1970s.

The presence of many gaps in the observation series associated with the lack of
data makes it difficult to identify general trends in changes in the depth of soil freezing
during snow melting and the formation of snowmelt-induced runoff in the study region.
Nevertheless, we note the predominance of positive soil temperatures (at least in the
topsoil) in the period under study, especially in the 1970s—2000s (Figure 12B).

3.3. Land-Use/-Cover Changes

In the Kirov Oblast and the Udmurt Republic, the administrative regions of European
Russia, where the predominant part of the studied basin of the Vyatka River is located
(see Figure 1), a reduction in cultivated land has been observed in recent decades. The
most significant reduction took place in the Kirov Oblast, where cultivated land used to
occupy and still occupies a relatively small area due to the features of the environment
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(Figure 13A). In total, in these two regions, cultivated land area decreased statistically
significantly by 47% between 1960-1987 and 2010-2018. This decrease was mainly due
to a reduced cultivated land area under grain crops (Figure 13B). In addition, the area
under perennial and annual crops has decreased in the Kirov Oblast, while in the Udmurt
Republic, these crops have increased (Figure 13C,D).
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Figure 12. Contemporary changes in (A) water storage in the snow (A, snow water equivalent)
and (B) soil temperature (T, at a depth of 20 cm) in the first ten days of April at some analyzed
meteorological stations in the Vyatka River basin and its surroundings (see Figure 1). A—relative
change; the dashed line—a fifth-degree polynomial trend.

The above crops in the periods under consideration occupied about 85-90% of the
cultivated land of these two regions. Hence, the crop management factor (C-factor) changes
were calculated as representative for the studied river basin. Table 3 shows a significant
decline in this factor between 1960-1987 and 2010-2018.

Along with reducing cultivated land, there was also a decrease in agricultural machin-
ery on the regions’ cropland. Unfortunately, we did not have data for the second half of
the 1970s and the 1980s. Nevertheless, a considerable decline in agricultural machinery
from the last year of the USSR to recent years was one of the consequences of the economic
reform in post-Soviet Russia in the regions under consideration. Considering these changes
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and changes in the area of cultivated land, agricultural machinery per unit of cropland has
also been significantly (almost three times or more) reduced (Figure 14).
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Figure 13. Changes in cultivated land area (F) in the Kirov Oblast and the Udmurt Republic (see
Figure 1) from 1960 to 2018. (A)—the total area of cultivated land; (B)—cereals; (C)—perennial
crops; (D)—annual crops; A—relative change; R>—the coefficient of determination of a fourth-degree
polynomial trend (the dashed line). The underlined percentage in green is the share of cultivated
land in the total area of the corresponding administrative region. The percentage in parentheses is the
corresponding crop’s share of the region’s total cultivated land area. For other symbols, see Figure 11.
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Table 3. Integrated crop management factor (XC) changes in the Kirov Oblast and the Udmurt
Republic (see Figure 1) between 1960-1987 and 2010-2018.

Administrative Region

Monitoring Period In Total
8 Kirov Oblast Udmurt Republic n ot
19601987 0.36 0.39 0.371
2010-2018 0.112(0.24) 3 0.212(0.26) 3 0.172

A, % —69.42(-33.3)3 -46.22(-33.3)3 -54.12

A—relative change; 1 weighted average by the total area of cropland; 2 within arable (cultivated + abandoned)
land; 3 within cultivated land.
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Figure 14. Changes in the amount of agricultural tractors (A, T) and grain combine harvesters (B, H) in the Kirov Oblast
and the Udmurt Republic (see Figure 1) from 1970 to 2019. 7(T) and 7(H) are the amount of the tractors (1) and harvesters
(2), respectively, per unit of cultivated land area. For other symbols, see Figure 11. The dashed line is a fifth-degree

polynomial trend.

During the economic reform period in the administrative regions, there were multiple
reductions in livestock (Figure 15). This circumstance, therefore, resulted in a decrease
in livestock grazing on pastures. The total load of livestock per unit of pasture area has
reduced, considering the expansion of ranges due to abandoned cropland.
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Figure 15. Changes in the amount (G) of cattle (A) and goats and sheep (B) in the Kirov Oblast and the Udmurt Republic
(see Figure 1) from 1953 to 2019. A—relative change; the dashed line is a sixth-degree polynomial trend. For other symbols,

see Figure 11.

4. Discussion

As shown earlier, within the past 100 years, the last 40 years in the Vyatka River basin
were distinguished by the highest (average) annual air temperature and precipitation, as
well as the highest water flow (see Figures 2 and 3). Against the background of these
intra-secular changes, there has been a considerable reduction in SSL in recent decades
(see Figure 5). This reduction was primarily associated with depressed erosion processes
(mainly soil/gully erosion) in the river basin. What were the most likely driving factors for
this reduction?

4.1. Hydro-Climatic Changes as a Driving Factor

The spring (snowmelt-induced) surface water runoff is traditionally considered by
hydrologists as the leading contributor to the annual water flow and SSL of rivers in
most of the East European Plain. In the last decade, its share has decreased, especially
in the central and southern (forest-steppe and steppe) regions of the plain, due to global
warming [9,11,14]. However, this runoff not only did not decrease but even increased (by
1-22%) in recent decades in the Vyatka River basin, although without statistical significance.
This increase was especially noticeable in the western and southern parts of the basin,
between the analyzed stations in Kirov and Vyatskiye Polyany (see Figure 6). Most likely,
this increase was due to a combination of a statistically insignificant increase in water
storage in the snow and spring temperatures, chiefly in the western and southern sectors of
the river basin. In the south part of the Vyatka River basin, which is the most agriculturally
developed area, cropland (particularly unsown) contributes to faster meltwater delivery
to the rivers, minimizing the water loss for evaporation. Moreover, snow melts faster
on cropland than in forests. These processes ultimately resulted in a more significant
increase in the spring surface water runoff in the lower sub-basin. At the same time, spring
(snowmelt-induced) specific SSL (SSY) declined significantly (by 40-58%) in the river basin
between 1960-1980 and 2010-2018. Consequently, the noted long-term dynamics of spring
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surface water runoff cannot be considered the reason for the current decrease in sediment
load in the Vyatka River basin. This runoff could increase the intensity of soil-gully erosion
on agricultural fields and SSL of the basin’s rivers but in no way reduce them.

There was a general increase in precipitation in the Vyatka River basin during the
warm season (see Figure 10), but it was not statistically significant. We assume that this
increase caused the general statistically significant rise in the river’s WD (as a result of an
increase in rainfall-induced surface water runoff) after the snowmelt-induced flood period,
as shown in Figure 8. It is noteworthy that this increase was also greatest again in the
sub-basin downriver of Kirov. It was proved that the frequency and intensity of heavy
rains in Russia as a whole has risen sharply over the past half-century, increasing by 1-2%
every ten years [50]. Consequently, the rise in rainfall-induced surface runoff, especially
shower-induced runoff, could also lead to increased soil erosion intensity in the basin’s
interfluves, mainly on erosion-vulnerable cropland and grassland. An increase in SSL due
to riverbed deformations because of increased water flow at this time of the year could also
be quite probable. Unfortunately, we did not have data on river-erosion-induced sediment
load during the warm season to confirm this assumption. However, we can confidently
state that the increased precipitation of the warm season was also not the reason for the
aforementioned considerable reduction in the annual SSL of the Vyatka River.

4.2. Land-Use/Cover Changes as a Driving Factor

A reduction in cultivated land and a change in the structure of the sowing fund for
the remaining cropland were among the main reasons for the decrease in sediment load
and the overall intensity of soil/gully erosion in the Vyatka River basin. On the one hand,
the total reduction of cultivated land by almost half, or 16,807 km?, mainly in the Kirov
Oblast and the Udmurt Republic, resulted in a proportional increase in abandoned land,
which over time was overgrown with herbaceous and partly woody zonal vegetation (see
Appendix C, Figure A4). Sod cover and forest (mainly coniferous) litter on abandoned
lands reliably protect the soil against any type of erosion. On the other hand, the share of
relatively erosion-hazardous grain crops has significantly decreased within the remaining
cultivated land; in contrast, the share of perennial grasses characterized by high anti-
erosion properties has increased (see Figure 13). The latter could substantially affect the
immobilization of sediments. For instance, erosional denudation of soil material under
perennial grasses was, on average, about 50 times less than on cultivated land, according
to earlier studies by I.A. Kuznik in 1961 [51] in the forest-steppe of the Trans-Volga region
of European Russia.

On the cropland remaining after the abandonment, the amount of heavy agricultural
machinery, primarily tractors and combine harvesters, was also considerably reduced,
which most likely resulted in a decrease in the overall mechanical load (pressure) on the soil
(its compaction, especially the subsoil). These processes could improve the water filtration
properties of cultivated soils and, consequently, bring about an additional reduction in soil
erosion risk.

There was a noticeable decline in livestock in the Kirov Oblast and the Udmurt
Republic, primarily due to the redistribution of livestock between state and private farms
and decreased rural population [52]. From 1960-1990 to 20102019, the total number
of cattle decreased in these two administrative regions by 61%, sheep and goats—by
84.5%. The latter means a reduction in mechanical compaction of the topsoil [53,54] and a
lower load on the vegetation cover within the old and recently formed (after abandoning
cultivated land) pastures. Consequently, such pasture soils are less susceptible to soil and
gully erosion, and they are much less likely to serve as sources of sediment supplied to the
river network of the Vyatka River basin.

Since the most significant decrease in SSL occurred in the sub-basin of the Vyatka River
between Kirov and Vyatskiye Polyany (see Figure 6), we assume that it was in this part of
the river basin (especially in its relatively better agriculturally developed southwestern and
southern sectors) that the above land-use/-cover changes were most significant. Moreover,
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this decrease in SSL could have been greater, especially in the sub-basin downriver of Kirov,
if it were not for the aforementioned likely intensification of soil erosion and riverbed
erosion and increase in sediment load due to increased snowmelt-induced and particularly
rainfall-induced surface runoff (river WD). It is also assumed that the discrepancy in the
relative synchronicity of the runoff coefficient in the two main sub-basins after 1991 (see
Figure 11) was related to the noted anthropogenic changes in the Vyatka River basin. This
issue requires a separate study:.

The above is a generalized view of hydrological and erosional changes and their causes
in the studied Vyatka River basin. Obviously, in sub-basins smaller than those analyzed,
the obtained regularities can vary depending on the characteristics of the environment.
For example, in the Cheptsa River sub-basin upriver of Glazov (see Figure 1), there has
been a more significant reduction in SSL in recent years (see Appendix C, Figure A5) than
in the entire Vyatka River sub-basin upriver of Kirov (see Figure 5), of which it is a part.
This happened even though the relative decline in cropland area in the Cheptsa River
sub-basin was close to or even smaller than that in the Vyatka River sub-basin. One of the
main reasons for this is the difference in the sub-basins’ elevation: the average elevation
of the Vyatka River sub-basin upstream of Kirov is 183 m, whereas the sub-basin of the
Cheptsa River upriver of Glazov averages 209 m (this sub-basin occupies the southern part
of the Upper Kama Upland; see Figure 1). In the conditions of well-moistened landscapes
in the south of the forest zone of the plain, apparently, even small changes in surface
gradients and the density of the hollow and small-dry-valley dissection of the relief can
cause noticeable changes in the rate of soil erosion and the delivery of sediment to the river
network when changing land use/cover. This was especially true in recent decades, with
the noted rise in shower-induced surface runoff in the year’s warm season.

4.3. Other Evidence of the Decrease in the Rate of Erosion in the Vyatka River Basin

The results of erosion modeling carried out by the research team of Lomonosov
Moscow State University [22] confirm a significant reduction in soil erosion intensity in
the study region. According to these results, soil erosion rates declined between 1980 and
2012-2014 by 52% in the Kirov Oblast and 51% in the Udmurt Republic. Notably, the total
relative soil loss between the years indicated was modeled in these regions as 85% and
63%, respectively. This trend coincided well with a decrease in gully head-cuts retreat rates
within plowed catchments in the Udmurt Republic over the past 40 years: from 1.3 m y! in
1978-1997 to 0.3 m y‘1 in 1998-2014, i.e., by 77% [23]. We [55] also found a commensurately
significant decrease in the rate of accumulation of washed-out soil in one of the small and
almost wholly cultivated dry-valley catchments of the Udmurt Republic, located in the Izh
River basin (see Figure 1), which adjoins the Vyatka River basin from its southeast. So, in
1954-1986, the washed-out soil material accumulation rates in the dry-valley bottom of
this catchment ranged from 1.8 to 2.5 cm y™!, while in 1987-2016, they ranged from 0.15 to
0.75 cm y1, i.e., decreased by at least 2.5-3.0 times.

4.4. Comparison with Neighboring Regions

A few studies, carried out mainly in the southern half of European Russia, have shown
an almost universal decrease in erosion intensity and river SSL [21,56-59]. This decrease
was most significant in the forest-steppe zone of the East European Plain [21], especially
in the Middle Volga region [14] located south of the Vyatka River basin. However, in
contrast to the Vyatka River basin, the decrease in erosion intensity and river SSL in the
river basins of the more southern regions of European Russia occurred with considerable
or predominant participation of climate [21,60].

4.5. Limitations and Uncertainties of the Study

1.  Estimates of the rates and causes of contemporary trends in erosion intensity obtained
based on river SSL data give only a general idea of the entire Vyatka River basin.
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It is evident that these rates and causes may vary at local levels depending on the
environment and human activities.

The analysis of long-term changes in SSL is one of the most reliable methods to
identify the general trends in erosion intensity in the Vyatka River basin. However, the
findings require verification using independent approaches and methods, primarily
field research, GIS technologies within agricultural land with an increased risk of
erosion [61], modeling of soil loss tolerance [62], etc.

Although river suspended sediment formed by soil/gully erosion on watersheds
plays a dominant role (especially in plowed river basins) in forming the annual
SSL [36,44,63], the contribution of sediment created by riverbed deformation to the
above trends in the Vyatka River is still not clear.

We did not consider the possible impact of reservoirs and ponds on long-term changes
in river SSL. However, we note that most of them were created in the river basin
during the late Soviet Union. The creation of new artificial water bodies in recent
decades has been minimal. It was not facilitated by the general degradation of
industry and agriculture in the country, especially in the Kirov Oblast, where the
main part of the Vyatka River basin is located.

We also left out of consideration the impact of erosion control measures in the region
in recent decades. They were predominantly local.

5. Conclusions

During the past half-century, there has been a statistically insignificant increase in
water flow in the Vyatka River basin. It was caused by a statistically insignificant
increase in water flow during the spring (snowmelt-induced) flood and by a statisti-
cally significant rise in the flow during the year’s warm and cold seasons. The most
significant increase in the flow was found in the Vyatka River’s sub-basin located
downstream of Kirov (the west and primarily south parts of the river basin). The
main reasons for the noted trends were increased precipitation, including summer
heavy rainfall.

In contrast to the noted changes in water flow, SSL and, consequently, overall erosion
intensity in the Vyatka River basin have essentially and statistically significantly
decreased over the past half-century (up to 48-58% between 1960-1980 and 2010-2018).
As in the case of water flow changes, more significant reductions occurred in the west
and, especially, south of the river basin (the sub-basin located downriver of Kirov).
The most probable reasons for these changes are a reduction in cultivated land area
(by 47% between 1960-1987 and 2010-2018), changes in the structure of sown areas
towards the prevalence of crops with comparatively better anti-erosion characteristics,
and a decline in the amount of both heavy agricultural machinery on cultivated fields
and livestock in pastures, which reduced the load on the soil and, accordingly, its
vulnerability to erosion processes.

The study showed that reducing the intensity of overall erosion and SSL in the Vyatka
River basin was part of the regional reduction of these processes, which covered the
southern, most agriculturally developed part of the East European Plain. However, in
contrast to the southern territories, in the south of the forest zone, at least in the east
sector of the plain, the role of human activity in the reduction noted was dominant.
This study contributes to the ongoing discussions on the absolute and relative roles of
climate change in and direct anthropogenic impacts on detected changes in erosion
and denudation processes.
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Figure A1. Changes in the relative distribution of the Vyatka River’s average annual water discharge
(WD) at Vyatskiye Polyany, the Kirov Oblast of European Russia (see Figure 1), between 1920-1977
and 1978-2018.
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Figure A2. Changes in the Vyatka River’s mean monthly water discharge (WD) at Vyatskiye
Polyany, the Kirov Oblast of European Russia (see Figure 1), between 1946-1977 and 1978-2018.
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Figure A3. Changes in the ratio between the average air temperature and precipitation during the
warm and cold seasons in Kirov (see Figure 1) from 1920-1977 to 1978-2018.

Appendix B

Table A1. Changes in air temperature (°C) at the analyzed meteorological stations.

Meteorological Station

Monitoring Period

, Temperature: A, °C
(See Figure 1) P 1960-1980 2010-2019
Mean annual 1.1+05 2.74+03 +1.6 ***
Oparino March -57+1.5 -51+23 +0.6 *
April 214+1.0 33+09 +1.2%
Mean annual 2604 434+03 +1.7 #**
Vetluga March -51+1.3 -3.6 £2.1 +15*
April 3.6 1.0 48 +0.8 +1.2%
Mean annual 2.8 £0.5 47 +03 +1.9 #**
Yoshkar Ola March -5.7+15 -39+19 +1.8*
April 414+12 53409 +1.2%
Mean annual 24+04 35406 +1.1 ***
Kirov March 54+14 44420 +1.0*
April 3.6t1.1 45+1.1 +0.9*
Mean annual 1.8+04 34403 +1.6 ***
Kumiony March -62+15 -48 £2.0 +1.4*
April 27+1.1 40+1.1 +1.3*
Mean annual 0.6 £0.5 20+04 +1.4**
Koigorodok March -6.7 £ 1.8 -6.1 £2.6 +0.6 *
April 15+1.1 27+1.0 +1.2%
Mean annual 25+04 41403 +1.6 ***
Kilmez’ March 57+14 -42+1.8 +1.5*
April 37+12 47 +1.1 +1.0*
Mean annual 33+05 49+04 +1.6 ***
Yelabuga March -55+15 -41+138 +1.4*
April 46+12 58+ 1.3 +1.2%
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Table A1. Cont.

Meteorological Station

Monitoring Period

(See Figure 1) Temperature: 1960-1980 2010-2019 Acc
Mean annual 23+04 3.6 £0.3 +1.3 ***
Izhevsk March -6.0+14 —49+17 +1.1%*
April 3.6£12 42+12 +0.6 *
Mean annual 1.3+04 27+05 +1.4 ***
Debessy March -6.8+ 1.6 -57+19 +1.1*%
April 24+11 34£11 +1.0*
Mean annual 1.7+04 3.0+03 +1.3 ***
Perm March -57+15 —44+19 +1.3*
April 33+£11 43+12 +1.0*
Mean annual 0.0+05 1.5£03 +1.5 ***
Cherdyn’ March -70+£1.6 -58+£22 +1.2%
April 1.1+11 25+1.1 +1.4*
A—changes between the periods. The statistical probability p: * >0.05, ** 0.001-0.01, *** <0.001.
Table A2. Changes in precipitation (mm) at the analyzed meteorological stations.
Meteorological Station Precivitati Monitoring Period o
; recipitation A, %
(See Figure 1) 1966-1980 2010-2019
584.7 + 48.2 671.0 + 56.8 x
Nikol'sk A rif;‘:fgiiober 4065+424 4483 +49.8 :11‘32 .
P (69.5) (66.8) :
Annual 652.0 +54.3 696.2 + 48.8 +6.8*
Vetluga AbriliOctobey | M488£512 4538433 ey
P (68.8) (65.2) :
' Annual 639.1 +35.8 713.6 + 88.0 117 *
Oparino April-to-October 4484 £29.0 490.2 £82.1 +9.3*
(70.2) (68.7) :
Annual 554.8 + 56.1 604.5 + 579 +8.9 *
Yoshkar Ola April-to-October 398.0 £48.1 399.3 £51.6 403 *
P (717) (66.1) :
593.7 + 475 678.0 =459 x
Kirov Apriﬁ;‘;}gﬁober 4095408 4347 +494 ++1§'12*
(69.0) (64.1) ’
' Annual 555.5 +41.7 628.5 + 53.8 +13.0
Kumiony April-to-October 390.1 £ 40.7 4324 £ 643 +10.8 *
(70.2) (68.8) '
Annual 570.1 +33.8 643.9 + 54.8 +12.9
Koigorodok April-to-October 405.3 £26.7 439.6 £49.8 +85*
(71.1) (68.3) ’
Annual 524.0 £ 375 586.5 + 45.7 +11.9
Kilmez’ Aprilto-October 6371298 39404 4538 e
(69.4) (67.2) :
Annual 534.3 + 58.0 533.1 £33.0 _02*
Yelabuga April-to-October 352.0 £51.1 330.5 £ 45.9 61t
(65.9) (62.0) ’
Annual 529.1 +44.0 569.5 £+ 49.6 476
Izhevsk April-to-October 3423 +£323 380.4 £ 82.7 +111*
(64.7) (66.8) :
Annual 532.8 + 324 595.3 £ 44.6 117
Debessy April-to-October 376.9 £ 30.1 428.3 £55.5 +13.6 *
(70.7) (71.9) :
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Table A2. Cont.

Meteorological Station T Monitoring Period
; Precipitation A, %
(See Figure 1) 1966-1980 2010-2019

596.6 4 37.2 702.3 £ 81.0 ”
Perm A riﬁ;‘;_‘giiober 4157 + 314 4904 + 715 11783 .

P (69.7) (69.8) :
711.6 + 68.1 871.0 £ 78.0 "
Cherdyn’ A riftr(‘;_‘giiober 4620 £530  564.0 + 672 324{ N

P (64.9) (64.8) :

A-relative changes between the periods. Note: The proportion (%) of April-to-October precipitation in the annual
precipitation is shown in parentheses. The statistical probability p: * >0.05, ** 0.01-0.05, *** 0.001-0.01.

Appendix C

(A) (B)

56°55718.39” N+
50°21°45.27°E H=124 m

(C) (D)

Figure A4. An example of formerly cultivated land (A,B) overgrown with herbaceous and woody (mainly Pinus sylvestris
L.) vegetation (C,D) in the Urzhum District of the Kirov Oblast, European Russia. Nofe: Ground images, taken on June 19,
2021, show sites with different age stages of overgrowing on the cultivated land—from relatively younger (C) to somewhat
older (D); according to the morphological characteristics of the growing pines, this site stopped plowing at least 10 years
ago). H—the absolute elevation of the point specified.
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Figure A5. Contemporary changes in water discharge (WD) and suspended sediment load (SSL) of the Cheptsa River at
Glazov (see Figure 1). (A)—average annual (WD,y, 1) and maximum average monthly (WDmax, 2) WD; (B)—minimum
average monthly WD (WD,,;,); (C)—average annual (SSLay, 3) and maximum average monthly (SSLmax, 4) SSL; (D)—the
ratio between WD,y and SSL.y, (E)—the ratio between WDmax and SSLmay; (F)—an example of overgrowing an abandoned
cultivated land in the Cheptsa River basin nearby the Sursovay rural settlement, Sharkansky District of the Udmurt
Republic, European Russia. R>—the coefficient of determination of a power trend (the dashed line). Note: As shown in
the charts D and E, different SSL of the Cheptsa River is within almost the same range of WD. This fact further confirms
our conclusion that the comparatively low values of SSL in the 2010s were not associated with a decrease in WD but with
land-use/-cover changes.
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