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ABSTRACT

Soil erosion and sediment export from hillslopes are significant problems
associated with agriculture, especially in parts of the world where society is
already living in extreme environments. In particular, mountainous
environments remain severely understudied, with only a few runoff and
sediment transport measurements available. It is necessary, therefore, to
develop and validate independent methods that do not rely on long-term
observations at gauging stations.

Here we used three independent methods to predict soil erosion and
associated sediment yield (SY) from a 1.84 km2 basin in the North Caucasus.
The first part concerns assessing the sedimentation rate, which was made
using in-situ measurements of volumetric sediment deposition rates.
Secondly, we look at the connectivity of sediment sources and the lake. A
combination of remote sensing data and field surveys was used to estimate
sediment connectivity and erosion mapping. The third part regards the
computation of soil erosion using the Revised Universal Soil Loss Equation
(RUSLE).

There are three major findings in this study that help us understand
sediment redistribution patterns in mountainous areas. First, based on the
lake sedimentation rate, we found that the mean annual area-specific
sediment yield is 514 (95% CI, 249-839) t km~2 yr~1. Similar results were
obtained from the erosion mapping (i.e., a map of erosion processes) — 428
(95% CI, 322-546) t km~2 yr=1. Secondly, the spatial distribution and rates
of the erosion processes suggest that sheet and rill erosion are responsible for
ca. 40% of total sediment export, slides and rockfalls — 18%, while the rest
is removed by soil creep. Additionally, the RUSLE-based modelling of sheet
wash and rill erosion has highlighted the areas most prone to soil erosion. The
corresponding mean annual soil erosion rate of 1.59 mm yr-! was very close
to the results obtained from the literature review.

1. INTRODUCTION

To meet the rising demand for food without compromising the
ecosystem's health, there is an urgent need for sustainable intensification of
agriculture to meet Sustainable Development Goal 2. However, soil erosion
and sediment export from hillslopes are significant problems associated with
agriculture, especially in parts of the world where society is already living in
extreme environments, especially mountain regions such as the Caucasus
(Forte et al., 2016; Golosov and Tsyplenkov, 2021; Perov et al., 2017; Vezzoli
et al., 2020). At a river basin scale, soil erosion threatens food, water, and
energy security due to the loss of productive soil and nutrients from hillslopes,
pollution of downstream water bodies by sediment and contaminants (Ivanov
et al., 2021), and siltation of hydropower dams and reservoirs (Hasholt et al.,
2000; Syvitski et al., 2022). The challenges of sediment dynamics are
becoming increasingly pressing with population growth, agricultural
expansion, and climate change (Dethier et al., 2022).

Furthermore, different processes of denudation contribute to river
sediment yield (SY). Many studies (Blake et al., 2018; Carrillo and Mao, 2020;
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Navas et al., 2020; Tsyplenkov et al., 2021a) aim to understand better the
role and relative importance of different sediment sources (e.g., landslides,
riverbank erosion, glacial erosion) in such environments. Akin insights are
highly needed for understanding erosion and sediment transport at various
spatial scales, notably in the face of climate and land-use changes.

This problem is particularly relevant to ungauged regions, which account
for most of the Earth's surface (Hrachowitz et al., 2013), where it is
challenging to estimate SY and water runoff (Pool et al., 2017). In particular,
mountainous environments remain severely understudied, with only a few
runoff and sediment transport measurements available (Vanmaercke et al.,
2011). The low mountain topographic zone (500-1500 m) of the North
Caucasus is not an exception (Golosov and Tsyplenkov, 2021). Historically,
pastoralism and animal husbandry have been important forms of agriculture
in the region (Holland, 2016; Hovsepyan, 2015). However, the collapse of the
Soviet Union reduced population density in the mountains (Vinogradova et al.,
2018), causing summer pastures to be abandoned and stationary grazing to
occur (Lewinska et al., 2021). Such significant changes in land use patterns,
combined with climate warming (Toropov et al., 2019), have resulted in the
expected altering of SY (Tsyplenkov et al., 2021b) over the last decades.

No matter the fact that the population density there is among the
highest in the Great Caucasus region (Vinogradova et al., 2018), the gauging
station density is low (Rets et al., 2020), especially the ones measuring
sediment transport (Golosov and Tsyplenkov, 2021). The results from gauging
measurements alone may not always indicate the regional SY patterns
(Vanmaercke et al., 2012, 2014). It is necessary, therefore, to develop and
validate independent methods that do not rely on long-term observations at
gauging stations. One way to offer an SY estimate accessible for a relatively
short period (Hadley et al., 1984) is by measuring a reservoir sedimentation
rate (Verstraeten and Poesen, 2002). The sediment deposition rate may
nevertheless provide the extent of catchment erosion; however, reservoir
characteristics substantially impact the sedimentation values (Verstraeten and
Poesen, 2000). Moreover, a significant SY uncertainty may occur if the
volumetric sedimentation rate is not accurately determined (Reinwarth et al.,
2019).

A variety of models exist for SY prediction at a regional scale, but not
all are critically evaluated or represent only selected processes (de Vente et
al., 2013). The Revised Universal Soil Loss Equation (RUSLE, Renard et al.
(1997)) is currently the most widely used erosion model in the world (Borrelli
et al., 2021), but estimates only sheet and rill erosion. However, its adaptation
to mountainous areas can cause several issues, relating mainly to the
quantitative description of hillslopes (Bircher et al., 2019). Using RUSLE alone
can lead to a misunderstanding of sediment transport processes (Govers,
2010), and independent assessment is crucial for model evaluation (Batista et
al., 2021). Thus, for the mountain catchments, the best results can be
obtained by combining several approaches, including field surveying, erosion
modelling, and remote sensing to evaluate sediment redistribution (Heckmann
et al., 2016; Heckmann and Schwanghart, 2013; Messenzehl et al., 2014).
Generally, sediment yield isn't measurable directly but can be estimated with
sediment delivery ratio (SDR) — a percentage of gross basin erosion delivered
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to the river network (Walling, 1983). However, an SDR estimation cannot be
done precisely, and various approaches exist (Najafi et al., 2021). For
example, modelling sediment connectivity based on detailed digital elevation
models (DEM) and other remote sensing data can help quantify certain aspects
of sediment transfers (Cavalli et al., 2013).

In this context, we performed a retrospective sediment budget analysis
of the small mountain lake in the North Caucasus — Gizhgit-Syr lake near
Tyrnyauz (Kabardino-Balkarian Republic). This catchment was chosen
because we hypothesised that sediment transport there is generated solely by
slope processes. It also meets the requirements for lakes to be used to
reconstruct the denudation rate (Mills et al., 2017; Schillereff et al., 2014),
i.e. small catchment size (A = 1.84 km?), simple shoreline morphometry and
a maximum depth of 4 m. We aim to estimate the relative role of various
hillslope transport processes using three independent methods: measuring
lake siltation rate, soil erosion modelling and geomorphological mapping with
sediment connectivity modelling. Our findings may help inform how sediment
transport forms in a typical catchment for the low mountain topographic zone
of the North Caucasus with long-term free grazing practices.

2. STUDY AREA

The Gizhgit-Syr catchment is located on the left valley bank of the
Baksan River, the left tributary of the Terek River (see Figure 1). The
waterbody at the catchment outlet can be classified as a pond (Richardson et
al., 2022). It will, however, be referred to hereinafter as the Gizhgit-Syr lake
since that is how it has historically been described on maps.

2.1 Geomorphological and geographical settings

The Gizhgit-Syr catchment lies on the periphery of the Scalisty (Rocky)
Range of the Greater Caucasus, characterised by typical for the region cuesta-
like morphology. Cuestas originate due to the monoclinal occurrence of the
Middle Jurassic terrigenous-organogenic sedimentary complexes (Dzhora and
Gandalbos formations) with the dip direction from the axial zone of the Greater
Caucasus to its northern periphery. In the lower part of the section, they are
represented by argillites, siltstones, and sandstones, and in the upper part,
by limestones, gypsum, dolomites, and carbonate mudstones (Andrushhuk et
al., 1968).

The Gizhgit-Syr catchment is a left-bank tributary of the Gizhgit River
(cf. Figure 1). The left side of the parent Gizhgit River basin is a steeper
escarpment of scarp slope, prone to erosion. The right side of the valley is a
dip slope, gentler, almost without outcrops of bedrock, with a predominance
of soil mass displacement processes. The small Gizhgit-Syr catchment is
located entirely on a steeper valley slope, resulting in precipitous slopes,
bedrock protrusions, and low loose sedimentary cover of 5-40 cm (See Figure
S0).

Mean Gizhgit-Syr catchment elevation is 1427 m a.m.s.l., the outlet is
located at 1176 m a.m.s.l. Therefore, the studied area could be considered a
Low Mountain catchment, according to the LANMAP2 classification (Mlcher et
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al., 2006). The Gizhgit-Syr is characterised by a temperate mountainous
climate with a mean annual rainfall of about 700 mm (Funk et al., 2015).

The slopes are variously sodded, which can be explained by the use of
the catchment for livestock grazing, which was more intensive in the recent
past. This is evidenced by the remaining remnants of cattle sheds (see Figure
S0). Tree and shrub vegetation is presented mainly along the bottom of the
main valley.

2.2 Gizhgit-Syr lake history

The Gizhgit-Syr lake was previously part of the larger tailing pond (Ullu-
Gizhgit lake) created for the needs of the Tyrnyauz Tungsten-Molybdenum
Mining and Processing Complex (TTMC) on the Gizhgit River, a left tributary
of the Baksan River. The TTMC was constructed started 1939 and
commissioned in 1945 (Bortnikov et al., 2020), mining the largest Tungsten
skarn deposit in the Former Soviet Union (Soloviev et al., 2021). According to
aerial photos and historical maps, the dam was tentatively built in 1964-1965
(see Figure S1). Nevertheless, the inundation of the Gizhgit-Syr valley began
only in 1989, and until 2000 the Gizhgit-Syr and Ullu-Gizhgit were connected
(see Figure S1). The Ullu-Gizhgit was a tailing impoundment until 2003, when
the TTMC was decommissioned (Bortnikov et al., 2020). Therefore, it was
filled by a mixture of water and tailings gradually upstream from the dam. As
a result, some tailings may have been transferred into the studied waterbody
during the 1989-2000 period, but this aspect has not yet been examined.
There is no doubt that the Gizhgit-Syr lake has been endorheic since 2000
(see Figure S1), having a 100% trap efficiency.
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FIGURE 1. Map (a) shows the study area's location in the Caucasus region.
Fragment of Geological map (Pismenny et al., 2021) on the study area

showing the interpreted dominant rock type (b).
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3. MATERIALS AND METHODS

The methodology can be divided into three parts. The first part concerns
assessing the sedimentation rate, which was made using in-situ
measurements of volumetric sediment deposition rates. Secondly, we look at
the connectivity of sediment sources and the lake. A combination of remote
sensing data and field surveys was used to estimate sediment connectivity
and erosion mapping. The third part regards the computation of soil erosion
using the Revised Universal Soil Loss Equation (RUSLE). These methods are
summarised below, and where applicable, additional detail is included in a
Supplement.

3.1 Remote sensing data

A high-resolution elevation dataset was acquired with Unmanned Aerial
Vehicles (UAVs) and photogrammetric processing. Additionally, accurate
measurements of DGPS reference points were used to obtain an independent
source of ground elevation data. In August 2020 and May 2021, aerial surveys
were conducted with a DJI Mavic Pro. Nadir images were taken from a height
of 100-300 meters overlapping on the front and sides. Oblique images were
sparsely captured so that hidden areas could be better covered. For calibration
purposes of the photogrammetric evaluation, the South S660N DGPS device
was used to measure ground control points. The drone imagery was further
processed using the Structure-from-Motion (SfM) photogrammetry software
Agisoft Photoscan, resulting in a digital terrain model (DTM) resolution of 0.27
cm/pix, which was harmonised to 1 m cell size. It was further filtered using
SAGA's simple square filter with a 5m radius and filled with Wang and Liu's
(2006) algorithm. The overall quality of the resulting DTM is 0.06 £ 0.4 m
(see Figure S2 for details).

3.2 Lake bathymetry data

The lake bathymetry was carried out during a field campaign in August
2020 using a Deeper Chirp+ echo sounder. This device is a single-beam sonar
with a 675 kHz frequency (7° beam angle). With such settings, the sonar has
a minimum measuring depth of 0.15 m and an anticipated vertical error of
0.11 m (Bandini et al., 2018). A further bathymetry map was created in
Reefmaster 2.0.38 (see Figure 2a). This software uses TIN interpolation with
Gaussian smoothing by default. The resulting DEM was compared with sonar
measurements (see Figure S3 for details). We found the vertical accuracy of
interpolation to be —0.03 £ 0.28 m.

3.3 Sediment deposition rate

Using a gouge auger (2 2 cm), thickness surveys were conducted to map
the thickness of the bottom deposits (see Figure 2b) in August 2020. A total
of 21 measurements were taken, evenly spatially distributed across the lake.
To interpolate sediment thickness over the entire lake area (to a 1x1 m grid),
we fitted a generalised additive model (Thin Plate Regression Spline (Wood et
al., 2008)) to predict thickness with coordinates (X, Y) and depth. Model
parameters were estimated using restricted maximum likelihood (REML) and
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outer optimiser using the mgcv R package (Wood, 2011). The model
exploratory power is substantial (R? = 0.83) with RMSE equal to 0.098.

As a result of the sediment thickness map (Figure 2b), the volume of
lake deposits (V, m3) was calculated as the sum of all grid cells. This value
was further used to assess the sediment yield following the Verstraeten and
Poesen approach (2002):

dBD-V
SYiake = 1 (1)

where SY is the area-specific sediment yield (t km=2 yr=t); dBD is the
dry bulk density of the lake deposits (t m=3); T, is the period in years during
which the sediments were accumulated; A is the catchment area (km?).

Using satellite images (see Figure S1), we can infer that the valley has
been flooded since 1989, while the survey was conducted in 2020. Since the
two waterbodies were hydraulically connected, tailings and sediments might
be transported from Ullu-Gichgit to Gizhgit-Syr after 1989 till 2000. Moreover,
even after 2000, some evidence (see rills in Figure S1) indicates that
sediments from the drained dam may enter the Gizhgit-Syr outside the basin.
Consequently, additional sediment input may have skewed the measured
basin sediment export. Because we are unable to separate basin sediments
from tailings at this stage, we have chosen to examine two periods of sediment
deposition: 1989-2020 (T, = 31 yr) and 2001-2020 (T, = 20 yr).

We know that the approach is rough and involves several shortcomings
and errors. First, as hammer-driven augers are driven into the ground, they
may compact the sediment, resulting in possible errors in sediment thickness
measurements (Garrison, 2016). Additionally, we did not determine bulk
density during sediment thickness measurements. The bulk density of
sediment differs depending on the sediment texture; therefore, frequent and
intensive sampling is necessary to obtain a representative result (Verstraeten
and Poesen, 2001b). Moreover, a 2001t study suggests that bulk density
variability for submerged and less consolidated sediments within a sediment
layer can be up to 60% (Verstraeten and Poesen, 2001a).

To assess the dry bulk sediment density for the Gizhgit-Syr lake, we
sampled 1000 values from a truncated normal distribution. The parameters
for the distribution were taken from the literature for nearby lakes. Thus, the
minimum possible density was set to 0.75 t m~3 as for the Khuko lake (Ivanov
et al., 2022), while the maximum to 2 t m~3 as for the Donguz-Orun lake
(Alexandrin et al., 2018). The mean and standard deviation was set to 1.5
and 0.5, respectively, following the distributions from Verstraeten and
Poesen's (2001a) study.

In light of a limited number of sediment thickness measurements and
the primitive nature of the assessment, the results should be interpreted with
caution. However, we assume that the actual sediment yield belongs to our
distribution.
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FIGURE 2. Lake bathymetry (a) and sediment thickness (b) map

3.4 Sediment connectivity

In this study, we used a topography-based sediment connectivity index
— index of connectivity (IC). This dimensionless index was suggested by
Borselli et al. (2008) and adapted for mountain environments by Cavalli et al.
(2013). We calculated IC using the standalone executable SedInConnect 2.3
(Crema and Cavalli, 2018), which employs the original Borselli's equation and
roughness index (RI) as a weighting factor (W):

IC; = logy, (IL;_::) = log; (ETZ?/)I (2)

where D, is the upslope component; W and S are the average value of
the weighting factor and the average slope (m/m) of the upslope area,
respectively, and A is the contributing area (m?) of pixel i. D4, is the downslope
component; d; is the length (m) of the path along the jth cell, W; is the
weighting factor, and S; is the slope gradient along the ith cell. The weighting
factor was calculated using the roughness index RI — standard deviation of
the residual topography on a scale of a few meters (Cavalli et al., 2008; Cavalli
and Marchi, 2008).
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Erosion by water and fluvial sediment delivery are related by sediment
delivery ratio (SDR). The SDR was calculated following the formula suggested
by Vigiak et al. (2012) for every i cell. Since it was based on IC calculated
using Cavalli et al. (2013) approach, from now on denoted as SDR;qyqui:

SDR

SDRcavaui, i = +§flci/ (3)

1+exp(T)

where IC; is the connectivity index for pixel i; IC, and k are calibration
parameters defining the IC-SDR relationship shape. They were set to 0.5 and
1 accordingly, following Vigiak et al. (2012). SDR,,,, is a theoretical maximum
of SDR defined as fraction of topsoil particles finer than coarse sand. The
SDR,,., Vvalue for the Gizhgit-Syr catchment was derived from the SoilGrids
database (Hengl et al., 2017) and set to 0.87. It was based on the CFVO map
(volumetric fraction of coarse fragments), which ranged from 0 to 0.6, with
an average of 0.13 for the catchment area.

To compare topography-based SDR  ,qui With measured sediment
deposition and estimated erosion rates, an independent SDR assessment was
conducted. In its original definition, SDR referred to the ratio of sediment
export (SE) to gross sediment loss (SL) in a catchment (Walling, 1983).

Therefore, we calculated SDRy;4nua @S follows:
SE

SDRyanuar = SL! (4)

where SE is a sediment export in t yr~! calculated from the sediment
deposition rate (see Section 3.3); SL is a total sediment loss (t yr-1) estimated
from mean erosion rates (see Section 3.5). Therefore, SE can be quantified
with Eq. (5), where both SDR 4 ,qui @and SDRy nua @re applicable:

SE = Aoy - Erosion,q;, = SL - SDR (5)

In addition to Eqg. (1), area-specific sediment yield (SY, t km=2 yr=1) can
be calculated from the SE:

SE

3.5 Erosion mapping and sediment sources inventory

It is well documented that transitions between various erosion processes
can be vague (Zweifel et al., 2019). To mitigate this issue in erosion mapping,
we focused only on major erosion types for a specific area. According to our
field surveys and literature review, the main erosion processes in our study
area are rill and inter-rill erosion, slides and rockfalls, sheet wash, and soil
creep. We also distinguish areas without pronounced erosion processes (i.e.,
none).

We used the orthophoto image taken in August 2020 with a 1 cm spatial
resolution to map the degraded sites. The differentiation between categories
was done based on orthophoto visual assessment by an expert, analysis of
slope map and relative visible atmospherically resistant index (VARL.;). The
original VARI is an atmospherically corrected index for vegetation fraction
estimation from RGB bands (Gitelson et al., 2002), calculated as follows:

VARI — Rgreen_Rred (7)

Rgreen"‘Rred_Rblue
For our purposes, we rescaled it to a new value range from 0 to 1.
Therefore, the greener surface is the higher the VARI,,, is (see Tablel). Rills
are distinguished by among the highest VARI,. values and a distinctly
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elongated shape. As well as their relatively compact shape and occurrence on
steeper slopes, slides and rockfalls differ from surrounding vegetation by their
distinct boundary (Meusburger and Alewell, 2008). It is assumed that sheet
wash is dominant at sites with low vegetation cover and vague boundaries
(Zweifel et al., 2019). The remaining areas are classified as areas with no
prevailing erosion type or low suspectable to erosion. Additionally, we
considered the creep to be everywhere, except in areas without pronounced
erosion processes (e.g., rock outcrops) and rockfall walls.

Monitoring observations were conducted at two locations to determine
the soil erosion and rockfall rate. A 1300 m? site with low grass cover was
chosen to measure the sheet and rill erosion processes. In the provided area,
sheet and rill erosion are evident (see Figure S4). The terrain transformation
was assessed by comparing multitemporal DTMs created with UAV surveys
conducted at 15-20 m altitude. Except for the altitude, the DTM acquiring
process was the same as described in Section 3.1. Two time frames (August
2020-May 2021 and May 2021-July 2021) of DTMs were acquired (see Table
S1), suggesting a mean rill incision rate of 1 cm yr-1,

Rockfall rates were estimated based on short-term terrestrial laser
scanning (TLS) measurements within c. one year (August 2020 — July 2021).
The monitoring station was located on the steep slope of the ravine, where
bedrock outcrops were on the surface (see Figure S4). Repeated TLS surveys
were conducted from 15-20 m using Leica BLK360 with a 1.5-2 mm
instrumental survey error. The resulting DEM of the difference of the rockfall
wall had a 2.5 cm resolution (see Figure S7).

Soil creep rates were previously estimated by authors (Azhigirov and
Golosov, 1990) at the nearby Biychesyn plateau using the "Young pits"
method (Young, 1960). The Biychesyn plateau locates 55 km west (see Figure
1) in the low mountain zone (mean altitude is 1700-1800 m a.m.s.l.). The
1990% study found that mean annual soil creep rates (vertical) varies
depending on the slope aspect, steepness, and regolith thickness from 0.94
to 2.86 mm yr—! with 1.92 average mm yr—! (Azhigirov and Golosov, 1990).
However, even though the Biychesyn plateau locates nearby, the area's
altitude is 300-400 m higher than Gizhgit-Syr's. Therefore, temperature
changes pass through 0 °C more frequently during the day. While the freeze-
thaw processes, along with moisture fluctuations, are the reason for causing
soil creep (Kirkby, 1967), the possible soil creep rates at Gizhgit-Syr's slopes
should be lower than 1.92 mm yr-!. We used a value of 1.5 mm yr=! for
further calculations as an average for low mountain ranges (Anderson and
Cox, 1978; Azhigirov and Golosov, 1990).

TABLE 1 Summary statistics of territories covered by dominant erosion
processes and their rates

Mean Mean erosion
Type of Mean (SD) (SD) Mean rate (m yr1)
erosion elevation, slope, | VARI used in Source
process m N rel further
calculations
11 Rills incision | 1321 (91) | 26 (10)| 0.81 0.01 ST:éSSS‘ethg’n
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4.3 for
details
2 This study.
Slides and See Section
rockfalls 1385 (177) |42 (12) | 0.06 0.013 4.3 for
details
3 | Rill, inter-rill
erosion and (Alewell et
sheet wash | 1396 (117) | 28 (9) | 0 0.0015 al., 2014;
at vegetated Azhigirov,
slopes 1991)
4 (Anderson
and Cox,
. 1978;
Soil creep 1473 (202) | 28 (9) 1 0.0015 Azhigirov
and Golosov,
1990)
5 None 1423 (75) 7 (3) 0.88 - —

Further, the map of erosion processes was used to create a spatially
distributed raster of mean annual erosion rates (m yr—1) by reclassifying with
the help of Table 1. However, the rockfall rates are estimated on the surface
normal while the areas are calculated by projecting the sub-vertical scarps
onto the horizontal space. Thus, the actual rockfall volumes may be
underestimated. To address this issue, the erosion rates estimated from the
normal to the slope were divided by the slope cosine.

To get a sediment loss raster (SLgyosionmap, £ Yr™t), the erosion rates
were multiplied by the bulk density map. The latter was created based on the
1:200 000 scales geologic map in the Soviet geologic map series, specifically
K-38-1 and K-38-II (see Figure 1b). While map units are determined
chronostratigraphically, we transcribed them lithostratigraphically and defined
three major rock types in the basin: argillites, sandstones, and limestones (cf.
Figure 1b). The dry bulk density (t m=3) was sampled from a truncated normal
distribution with mean and standard deviation taken from regional studies
(Buachidze et al., 1978). The average bulk density of argillites in the area
should be 2.55 t m~3, sandstones — 2.32 t m-3, and limestones — 2.67 t
m~3. We hypothesised that the minimum possible bulk density could not be
lower than 2.2 t m~3, while the maximum should not exceed 4 t m=3
(Buachidze et al., 1978). The standard deviation of 1000 Monte-Carlo runs
was set to 1.4. By generating 1000 dry bulk density rasters, all the possible
sediment loss values could be obtained.

The resulting sediment export (SEgyosion map, £ KM™2 yr—1) was estimated

by multlplylng SLErosionmap with SDRCavalli:

SEErosion map = SLErosion map ’ SDRCavallil (8)

3.6 Soil erosion modelling
Additionally, sheet and rill erosion has been assessed with the
detachment-limited model RUSLE (Renard et al., 1997). It estimates the soil
loss by multiplying the erosion factors:
SLrysis =R-K-C-LS-P, (9)
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where SLpys.r IS mean annual soil loss (t ha=! yr=1), R is the rainfall
erosivity factor (M mm ha=! h=1 yr=1), K is the soil erodibility factor (t ha h
ha-! MJ-! mm-!), LS is the slope length and slope steepness factor
(dimensionless), C is the cover-management factor (dimensionless), and P is
the support practices factor (dimensionless). An application of the RUSLE
model based on the best available datasets for the Gizhgit-Syr basin was
performed in this study (see Figure 3). We calculated the mean annual soil
loss for the lake's existence period (1989-2020). The resulting RUSLE raster
was used to estimate the sediment export from rill and sheet erosion (SEzys.k,
t yr~1) by multiplying the RUSLE soil loss with SDR:zpqui:

SErusie = SLrusie * SDRcavauis (10)

Similarly, RUSLE-associated area-specific sediment yield (SYxys.5, t k=2
yr—1) was calculated as follows:

SE
SYRUSLE _#l (11)

The overall soil erosion modelling scheme is presented in Figure 3, while
the process is described in detail in Supporting Information.

UAV Mapping SoilGrids
/ \ / Hengletal, 20171\

TerraClimate

{Abatzoglou etal,,
- 2018)
Orthophato

a'et
\ \\ / Asumﬁ rainfall erosivity (R1in
Modified Faurnier
L5 eqg S e 1961-1983 (Larienov et al,, 1993) SRl
LULE map (Schrmdt : \ 20'[9] (Williams et al. 1983) \ /
' Liniear model
SDR equation R=-65.9+882 MF
(Cavalli et al,, 2013) Cfactor K-factor raster
raster LS raster (Eoha R ha M mme
\ Bl ——
Sed ment dellwry Saitlaae __‘_‘___‘_-_-_______'___/ (M) -mm+ha'rh-" ey

Y, £ ha)

\/

Sediment export
raster (SE, £ -yr-")

Sediment yield
(5Y, £ km=yr)

FIGURE 3. Here is a schematic outline of the methodological framework
used to estimate the soil loss and sediment yield. Abbreviations and factors
are explained in section 3.6 and supplementary material.

3.7 Statistical analysis

All reported confidence intervals (CI) were calculated as 95% credible
(mean-centred quantile) intervals using a "ggdist" R package (Kay, 2022). All
statistical analyses and GIS procedures were completed with R version 4.2 (R
Core Team, 2022).
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4. RESULTS

4.1 Volumetric sediment deposition rates and sediment yield

As of August 2020, the lake volume is 92 165 m?3 with a mean (SD)
depth of 2.34 (1.0) m. Toward the lake centre, sediment thickness gradually
decreases from the highest (1.5 m) near the inlet on the north (see Figure
2b). The sediment thickness has a mean (SD) of 0.41 (0.2) m. The total
volume of lake deposits is 16 055 m3. Considering the simulated dry bulk
density of lake deposits, the total mass of accumulated deposits is 22 996
(95% CI, 13 214-31 344) tons with a mean annual sedimentation rate of 742
(95% CI, 426-1011) t yr~! for 1989-2020. This resulted in a corresponding
area-specific sediment yield (SY,4.) of 403 (95% CI, 232-550) t km~=2 yr=1,

However, because we measured only the sediment layer potentially
corresponding to the modern deposition period (i.e., since 2001; see Section
3.3 for details), the mean annual sedimentation rate should be 1150 (95% CI,
661-1567) t yr-! with area-specific sediment yield of 625 (95% CI, 359-852)
t km=2 yr-1 for 2001-2020 time frame. Therefore, considering the time
uncertainty, by joining both distributions (1989-2020 and 2001-2020), we
can assume that actual sediment yield lies in the 95% CI of 249-839 with a
mean of 514 t km=2 yr—1,

4.2 Sediment delivery ratio

The SDRigaui Varied from 0.01 to 0.17 across the basin, with the
average being 0.04 (95% CI, 0.015-0.126). In terms of spatial distribution,
the higher SDR.,.,.ui Values were recorded along the creek channel, lake, and
low elevated areas (< 1300 m) in the south, while the lower values were
recorded along the basin periphery and ridges (cf. Figure 4a). When
calculating SDR manually, the mean SDRy4nua: 1S €qual to 0.041 with a narrow
95% CI (0.022-0.065) based on bulk density variability (see Sections 3.3 and
3.4).
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FIGURE 4. Sediment delivery ratio map (a) computed using Cavalli et al.
(2013) approach; map of erosion types (b) digitised manually.

4.3 Erosion processes and sediment sources inventory

According to the map of erosion processes, the dominant erosion type
(except soil creep) was sheet wash, covering 49% of the basin area. However,
sheet erosion was responsible for only 26% of volumetric sediment loss, while
soil creep removed almost half of all sediments (Table 2). Loss due to slides
and rockfalls was 16%, and rill erosion was 9%. The gross sediment loss
(SLgrosion map) €Stimated using the anticipated mean annual erosion rates (see
Table 1) was equal to 5971 t yr—1. Estimated total volumetric sediment export
(with SDRgpqui) Was 258 m3 yr=1. Approximately 38% of this value is exported
through sheet and rill erosion. In contrast, slides and rockfalls export 18%
(see Table 2). After multiplying volumetric sediment losses by simulated bulk
densities (see Section 3.5), the calculated sediment export (SEg,osion map) Was
787 (95% CI, 592-1005) t yr—1. It corresponds to an area-specific sediment
yield (SYzrosion map) Of 428 (95% CI, 322-546) t km~2 yr-1,
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TABLE 2. Summary statistics of estimated volumetric sediment loss and

export from the Gizhgit-Syr catchment using mean erosion rates (see Table

1)
Estimate Estimated
Type of Area volumetric volumetric Percentage
erosion 2 . sediment export ge,
km sediment . %
process I 3 sl (with SDR;uaui)/,
oss, m3 yr 3 .
m?3 yr
1 Rills incision 0.051 566 32.3 12.5
| Slidesand |, 0y 938 46.1 17.9
rockfalls
Rill, inter-rill
erosion and
3 | sheet wash at | 0.91 1577 64.7 25.1
vegetated
slopes
4 Soil creep 0.76 2890 115 44.6
5 None 0.066 — — —
Total 1.84 5971 258 100

4.4 RUSLE results

Figure 5c illustrates the spatial pattern of soil losses by sheet and rill
erosion. It is mainly steep slopes that lead to strongly eroded areas in the
northern and south-east part of the basin (LS-factor, Fig. 5b). We estimated
the mean annual gross soil loss by RUSLE to be 3541 t yr—!, with a mean (SD)
soil loss rate of 19.4 (14.7) t ha=1 yr-1.

a)

b)

9]

Land use /land cover
Shrub
Patchy shrub

[ Forest
Pasture / grassland

0

LS alpine

0

500m

5 Gizhgit-Syr catchment ‘
Gizhgit-Syr lake

RUSLE, t ha-' yr-!
Bl <=120

106

1202330

[ 231-342

34,2-453

[ Il > 453
FIGURE 5. Land use / Land cover map of the Gizhgit-Syr catchment (a);

LSq1pine Map (b); potential soil loss due to rill and sheet erosion (RUSLE) map

().
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The mean rainfall erosivity for the 1989-2020 period was 807 (95% CI,
689-924) MJ mm ha ~! h=! yr=1, considering the 95% confidence interval of
the linear model (see Figure S6 and eq. S2). Taking into account the
uncertainty in R-factor estimations and GIS-based sediment delivery ratios
(SDRcavaui), the resulting sediment export by sheet and rill erosion for the
1989-2020 period (SEgys.z) €quals 167 (95% CI, 142-191) t yr~! with a
corresponding area-specific value (SYzys.z) of 90.8 (95% CI, 77.2-104) t km~2

yr-1,

5. DISCUSSION

There are three major findings in this study that help us understand
sediment redistribution patterns in low mountainous areas. First, based on the
lake sedimentation rate, we found that the mean annual area-specific
sediment yield is 514 (95% CI, 249-839) t km~2 yr—!. Similar results were
obtained from the erosion mapping (i.e., a map of erosion processes) — 428
(95% CI, 322-546) t km~=2 yr-1. Secondly, the distribution of the erosion
processes suggests that sheet and rill erosion exports ca. 25% of total
sediment export, slides and rockfalls — 18%, while the rest is removed by soil
creep. Thirdly, the RUSLE-based modelling of sheet wash and rill erosion has
highlighted the areas most prone to water erosion. The corresponding mean
annual soil erosion rate was very close to the results obtained from the
literature review.

5.1 Erosion rates

Since we measured the sheet and rill erosion and rockfall over a short
period, the data on their rates obtained during our observations do not reflect
average long-term values. However, they can serve as estimates if compared
to published data for the mountain ranges of the Alpide belt (Alewell et al.,
2014; Anderson and Cox, 1978; Azhigirov and Golosov, 1990; Hales and
Roering, 2005; Sass, 2007).

On average, rockfall processes in the Low and High Caucasus mountains
do not exceed 3 cm yr~! (Kharchenko et al., 2021). There is an average retreat
rate of 0.2-0.7 cm yr—! for sedimentary rock walls in the European Alps (Sass,
2007), whereas in the Southern Alps in New Zealand average 0.08-1.33 cm
yr—1 (Hales and Roering, 2005). A slightly higher retreat rate for rock walls in
Svalbard ranges from 0.33 to 1.96 mm yr—! (Siewert et al., 2012). Based on
the given values and our observations, we can conclude that rock walls retreat
an average of 1.5 cm yr—1.

The average annual rate of sheet erosion is difficult to estimate from the
literature review since it depends on numerous factors, including slope length
and steepness, grass projective cover, and rainfall intensity. For example,
sheet erosion rates were between 0.7 and 2.1 mm yr=! in the Western
Caucasus (Bzugu River basin), where precipitation is up to 1500 mm yr-!
(Azhigirov, 1991). The average rate of sheet erosion in the Baikal depression
was 1 mm yr—! on slopes steeper than 20° but 7.3 mm yr~! on slopes more
vertical than 40° (Agafonov, 1985). Both catchments have slope lengths of
approximately 300 m. In Gizhgit-Syr, the slope steepness is about 30° (see
Table 1), while at the same time, the slope length is significantly lower due to
the elongation of the catchment (cf. Figure 5b). Therefore, we expect that the
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1.5 mm yr—! rate used in our calculations reflects the average sheet erosion
rate for the low mountain conditions.

According to our findings, the soil creep processes are responsible for
almost half of sediment export. Directly the soil creep supplies only along the
slope contact zone of the slow mass displacement soil and the lake. In the
rest of the area, the creep only releases material for erosion. The displaced
material a) is more mobile; b) is carried to the fast transit routes (Kirkby,
1967). Therefore, particles supplied by the soil creep to the fluvial network
afterwards are involved in sediment export due to rill erosion. In addition, the
erosion intensity may be greater than the supply of material by the creep,
which not only removes the soil displaced by the creep but also incises and
deepens the old erosional landforms.

The RUSLE-based soil erosion modelling suggested that mean soil loss
rates for the whole Gizghit-Syr basin were 1.59 (95% CI, 1.36-1.82) mm yr—1,
At the same time, the maximum rates of 4.44 mm yr-! were observed on
slopes steeper than 40°. These rates correspond to the mean topsoil (0-30
cm) bulk density of 1.22 t m~3 derived from the SoilGrids database (Hengl et
al., 2017) and RUSLE results described in Section 4.4. Given the assessment
strategy, our results may differ from actual soil loss rates. However, our
modelling results tend to be accurate as the 1970t study (Makkaveev, 1970)
indicates that the mean annual soil erosion rate for the area of interest was 2
mm yr—! with a maximum of 6 mm yr-! for 1954-1969.

One may argue that we compared soil erosion rates obtained for various
periods. We found a slight decrease in annual rainfall erosivity at —0.13 %
yr-1 (Figure 6), but the Mann-Kendall test (Mann, 1945) didn't treat this
decrease as significant (tau = —0.08, p-value =0.37). This suggests that since
1958 the denudation rate has remained the same, as we have identified. While
it can't be excluded that grazing activity was higher before the collapse of the
Soviet Union in 1991, it could have stimulated higher rates of sheet wash and
rill erosion at that time.
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FIGURE 6. Rainfall erosivity time series for the Gizhgit-Syr catchment. The
purple line displays the time series with the uncertainty envelope calculated
with Eq. (S2). The blue line corresponds to a linear trend.

5.2 Sediment yield

Previous sediment yield studies in the Caucasus region were primarily
based on gauging station measurements (e.g., Golosov and Tsyplenkov,
2021; Mozzherin and Sharifullin, 2015) or cosmogenic 1°Be concentrations
(Forte et al., 2022). For example, a Tsyplenkov et al. (2019) study analysed
area-specific sediment yields from 200 gages in the North and South
Caucasus. According to their SY map of the Caucasus region, the weighted
mean (SD) SY for the Gizhgit-Syr basin should be around 370 (130) t km—2
yr=1. Our findings in this study mirror those results and others similarly
focused on low mountain zones (e.g., Vanmaercke et al., 2011), but we
estimated SY without direct gauging station measurements (see Table 3).
However, values based on gauging station measurements alone tend to lower
the sediment flux due to neglecting the bedload sediments (Vanmaercke et
al., 2015). At the same time, the fraction of bedload material varies from river
to river and can be up to 50% in mountain regions (Turowski et al., 2010).
Vanmaercke et al. (2015) presented a logarithmic equation to predict the
bedload fraction (fz,, %) from the catchment area (A, km?):

fa, = 0.45—0.04-1nA4, (12)

According to Eqg. 12, the bedload fraction for the 1.84 km? Gizhgit-Syr
basin should be 43% of the total sediment load. It follows that the total
sediment yield should be ca. 528 t km=2 yr-! based on the map from
Tsyplenkov et al. (2019). Contrariwise, erosion rates obtained from
cosmogenic radionuclides (Forte et al., 2022) suggest tenfold lower values.
Thus, using the relationship between the mean basin gradient and the erosion
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rate presented in their study, we can roughly estimate the mean erosion rate
of 200 m Myr—! with a mean basin gradient of 0.5 m m~1.

Considering the dominant erosion processes ratio (see Table 2), the
sheet and rill erosion is responsible for 25% of total sediment export. Using
this ratio, we can roughly assess the total sediment yield (SYzys.z, t km=2 yr-1)
using only RUSLE estimates by multiplying SYzys.r by four. Such assessment
is feasible because the SYz 5. is the area-specific sediment yield caused only
by sheet and rill erosion.

Consequently, various SY estimation approaches give similar results
(see Table 3), especially since the 95% confidence intervals overlap. Given
the uncertainty of the lake sediment deposition period and other uncertainties
(see Section 5.4 for details), the SY may vary from 232 to 839 t km~=2 yr—1,
However, it seems to us that the SY, . with a 95% CI of 249-839 and mean
of 514 t km~=2 yr~1, accounts for all uncertainties and best approximates
reality. A recent study (Hinderer et al., 2013) from small basins (A < 500 km?)
of the Northern and Southern Alps reported a mean annual sediment yield of
465 and 557 t km~2 yr=1 respectively. Even though the sediment deposition
rates in small low-mountain Alpine lakes slightly increased in Anthropocene
(Rose et al., 2011), our estimate indicates the same order of magnitude.

TABLE 3. Comparison of various methods used in the present study to
assess the area-specific sediment yield (SY, t km=2 yr=t). The mean, lower
and upper bounds of 95 % CI are presented.

Method Period | Mean Lower | Upper Source
bound | bound
1989- This study. See
403 232 550 Section 4.1 for
2020 i
details
2001- This study. See
SYake 625 359 852 Section 4.1 for
2020 .
details
This study. See
All 514 249 839 Section 4.1 for
details
2020- This study. See
SYErosion map 428 322 546 SeCtion 43 fOI‘
2021 .
details
1989 This study. See
SYrusLE 90.8 77.2 104 Section 4.4 for
2020 i
details
1989 This study. See
SYryusLE 363 309 416 Section 5.2 for
2020 i
details
Gauging station ca. (Tsyplenkov et al.,
measurements 1925- | 370 o - 2019)
2015
Gauging station ca. (Tsyplenkov et al.,
measurements with 1925- 528 — — 2019; Vanmaercke
bedload model 2015 et al., 2015)
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5.3 Sediment delivery

We can also validate our results by comparing the SDR 4, and
SDRyanuar distributions (see Fig.7). We previously reported that mean SDR
values computed with various methods are close and equal to ca. 0.04.
However, the variability of SDR;,,aui IS higher than SDRy nuai, €ven when
accounting for almost all possible dry bulk densities (see Section 3.5).
Nevertheless, the Student's t-test for samples with unequal and unknown
variances suggests that both SDR belongs to the same distribution (t = 2.86,
p-value = 0.9). The SDR of 0.04 is very close to global estimates for small
catchments and hillslopes of mountain areas. Thus, a 2018t study from the
Austrian Central Alps reports a mean SDR of ca. 0.06 (Heckmann and Vericat,
2018). In comparison, a more detailed analysis from the Otztal Alps (Hilger et
al., 2019) suggests that SDR significantly varies between processes, with a
mean basin SDR of 0.026. Despite their uncertainties, these values provide
an independent measure of the approach used in this study, particularly
regarding soil loss and sediment transport.

a

I s6
80%
95%

Method

SDR

L FIGURE 7. SDR values are computed using various methods.

5.4 Uncertainty assessment and further implications

Studies conducted in ungauged basins are usually subject to many
uncertainties (Hrachowitz et al., 2013). It is the case with our research as
well. We tried to consider many factors, but there are still some areas where
the results could have been significantly affected.

One of the major limitations of our research is the absence of bottom
sediment density, which increases the sedimentation rate variability. Previous
studies have highlighted sediment density's importance in sediment transport
modelling (Hostache et al., 2014; Lepesqueur et al., 2019). The uncertainty
assessment approach suggested by Reinwarth et al. (2019) should be used in
future studies to precisely evaluate sediment yield derived from volumetric
sediment deposition rates.
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The equipment used for the lake bathymetry survey (Deeper Chirp+)
has a low-quality built-in GPS receiver with an expected accuracy of up to
several meters. Previously, a study showed that horizontal errors could reach
30 meters (Bandini et al., 2018). However, they used an older model (Deeper
PRO+) that only used GPS satellites. The current model uses GPS, GLONASS,
Galileo, BeiDou, and QZSS to locate itself. Therefore, it is expected that the
positioning precision should be higher. However, we didn't assess it.

Due to a limited number of stations with measured rainfall erosivity
(rainfall intensity at least) in the study region, we had to use only eight
stations to create a linear model (see Supporting Information). This humber
of points is certainly not enough to build a robust model, and including
additional stations may seriously alter the relationship. Moreover, the 2009
study revealed that Modified Fournier Index is inappropriate for predicting
rainfall erosivity (Angulo-Martinez and Begueria, 2009) and should not be
used. However, there is no significant difference in rainfall erosivity estimated
for the whole world by Panagos et al. (2017) and our study. The mean annual
rainfall erosivity for 1961-1983 for the Gizhgit-Syr catchment is 730+133
(Panagos et al., 2017), while our assessment (Eq. S2) indicates that for that
period, rainfall erosivity should be 868+143 MJ mm ha ~! h=! yr=1, Considering
the overlapping 95% confidence intervals, the difference is not significant.

CONCLUSION

Three major conclusions were drawn from our study of sediment
transport in the small low mountain Gizhgit-Syr basin of the Northern
Caucasus. First, we defined the mean annual area-specific sediment yield
using various independent methods. Lake sediment deposition rate, erosion
mapping and soil erosion modelling suggest similar results of 514 (95% CI,
249-839) t km~2 yr~i. This finding is consistent with those for other low
mountain catchments of the Alpide belt. Secondly, the erosion mapping (i.e.,
a map of erosion processes) revealed that sheet and rill erosion is responsible
for ca. 40% of total sediment export, slides and rockfalls — 18%, while the
rest is removed by soil creep. Even soil creep does not export sediments
directly to the fluvial network; it plays a crucial role in detachment processes.
Additionally, the RUSLE-based modelling of sheet wash and rill erosion has
highlighted the areas most prone to soil erosion. The corresponding mean
annual soil erosion rate of 1.59 mm yr—! was very close to the results obtained
from the literature review.

The sediment delivery ratio comparison also validated the reliability of
our results. Both manually calculated and DEM-based approaches suggested
a mean SDR of 0.04. The SDR map shows that almost half of the catchment
has very low SDR values and is mainly not involved in sediment transport.
This fact is endorsed by the visual inspection of the Gizhgit-Syr valley: a poorly
incised temporary watercourse runs along the bottom of the valley, with
woody and shrub vegetation without evidence of flooding.

By identifying the dominant erosion processes and rates, this study will
contribute to maintaining and sustainably managing the low-elevation
grasslands that are vital to North Caucasus agriculture by identifying the main
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erosion processes contributing to sediment yield in the representative
catchment for that region.
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Figure 1

Map (a) shows the study area's location in the Caucasus region. Fragment of Geological map (Pismenny
et al., 2021) on the study area showing the interpreted dominant rock type (b).
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Figure 2

Lake bathymetry (a) and sediment thickness (b) map
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Figure 3

Here is a schematic outline of the methodological framework used to estimate the soil loss and sediment
yield. Abbreviations and factors are explained in section 3.6 and supplementary material.
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Figure 4

Sediment delivery ratio map (a) computed using Cavalli et al. (2013) approach; map of erosion types (b)
digitised manually.
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Land use / Land cover map of the Gizhgit-Syr catchment (a); LS, pinemap (b); potential soil loss due torill
and sheet erosion (RUSLE) map (c).
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Figure 6

Rainfall erosivity time series for the Gizhgit-Syr catchment. The purple line displays the time series with
the uncertainty envelope calculated with Eq. (S2). The blue line corresponds to a linear trend.
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SDR values are computed using various methods.
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