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Abstract: For particle-bound substances such as phosphorus, erosion is an important input pathway
to surface waters. Therefore, knowledge of soil erosion by water and sediment inputs to water bodies
at high spatial resolution is essential to derive mitigation measures at the regional scale. Models
are used to calculate soil erosion and associated sediment inputs to estimate the resulting loads.
However, validation of these models is often not sufficiently possible. In this study, sediment input
was modeled on a 10 × 10 m grid for a subcatchment of the Kraichbach river in Baden-Wuerttemberg
(Germany). In parallel, large-volume samplers (LVS) were operated at the catchment outlet, which
allowed a plausibility check of the modeled sediment inputs. The LVS produced long-term composite
samples (2 to 4 weeks) over a period of 4 years. The comparison shows a very good agreement
between the modeled and measured sediment loads. In addition, the monitoring concept of the LVS
offers the possibility to identify the sources of the sediment inputs to the water body. In the case of
the Kraichbach river, it was found that around 67% of the annual sediment load in the water body is
contributed by rainfall events and up to 33% represents dry-weather load. This study shows that
the modeling approaches for calculating the sediment input provide good results for the test area
Kraichbach and the transfer for a German wide modeling will produce plausible values.

Keywords: sediment input; erosion; suspended solids; composite samples; large-volume sampler;
rating curve

1. Introduction

Particle-bound substance inputs to surface waters still contribute significantly to
missed legal quality standards [1,2] by many water bodies [3,4]. A relevant source for
solid inputs is erosion by water. Especially substances transported attached to solids such
as phosphorus (P) or heavy metals; erosion is an important input pathway to surface
water [5,6]. In order to derive effective measures for emission reduction, knowledge of
the sources and input pathways of substances is essential. The need to quantify sub-
stance inputs to surface waters and derive adapted mitigation strategies stimulated the
development of diverse model systems at the regional scale [7–18]. These models have in
common that they used predominantly empirical or stochastic rather than process-related
approaches. The validation of the model results is usually done by the comparison of
calculated emissions with river loads derived from flow and quality measurements. The
basis are usually randomly distributed concentration measurements in combination with
discharge at gauging stations as part of routine sampling by the water authorities. Event-
related measurements or measurements representative of certain flow conditions, e.g.,
during dry weather periods, are not systematically taken into account. As a result, the
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calculated river loads may differ significantly from continuous sampling, which is very
time-consuming and expensive and thus hardly available [19–21]. Long-term composite
samples instead of grab samples are better suited here, as they capture the load in the water
body more realistically [19–21].

Europe-wide model results for soil erosion by water are available from Panagos et al. [22],
and sediment input using the newest data available for this scale from Borrelli et al. [16].
Panagos et al. [22] highlight the possibility that proper mitigation measures and scenar-
ios can be derived with these data. For Germany, modeling results of soil erosion by
water based on the universal soil-loss equation (USLE, [23]) is available from Wurbs
and Steininger [24] and the Federal Institute for Geosciences and Natural Resources [25],
among others. Individual factors of the USLE were recently adapted by Plambeck [26] and
Auerswald et al. [27,28] and were also calculated nationwide.

Long-term studies on soil erosion monitoring exist, for example, for Switzerland; oth-
erwise, recent studies considering current professional management practices are rare [29].
Poesen [30] points out that measurements for soil erosion are often performed only on a
single slope whereas sediment input is calculated for larger hydrological units. This also
emphasizes that long-term monitoring on catchment scale is strongly needed to support
model validation.

The calculation of sediment input on a 10 × 10 m grid and the associated particulate P
input in German river systems is the subject of a project initiated by the Federal Environ-
ment Agency [31] and the results are used in this study. For the modeling, algorithms that
have already been tested and validated in various research projects and in different regions
are used (Germany, China, South Africa) [11,12,32].

In a hotspot area of soil erosion by water and sediment input (Kraichbach river) LVS
(large-volume sampler) were installed and operated continuously over a period of several
years [33,34].

The large-volume sampler method was introduced in Fuchs et al. [35] and
Kemper et al. [36] and has been used in several studies examining combined sewer
overflows [37–39]. The different sampling strategies realized with LVS are described in
detail in Nickel and Fuchs [38]. LVS can also be used to monitor quality of surface waters
and thus validate model results on substance emissions [6,40].

In the Kraichbach catchment, the modeled sediment inputs are validated against
measured solids loads from the LVS in the river. The measured loads were additionally used
to separate the particle-bound emission pathways from the dissolved emission pathways,
which helps to facilitate a source-related evaluation (agriculture, sewer systems) and
improves the quality of the validation.

In this respect, the work in the Kraichbach area is a way to exemplarily verify the
approaches used to calculate long-term mean sediment inputs from soil erosion by water.
Based on this, the model procedure will be used to represent the sediment inputs in the
Federal Republic of Germany. In order to avoid scale-related biases, the modeling will be
carried out both in the Kraichbach area and nationwide on a 10 m raster and with the same
data basis.

This paper presents the monitoring and modeling work in the Kraichbach area and
compares the results.

2. Materials and Methods
2.1. The Study Area: Kraichbach

The study area is a sub-catchment of the Kraichbach river. The Kraichbach is located
in the north-west of Baden-Wuerttemberg (Germany) and has a flow length of about 55 km.
The upper reaches of the Kraichbach are located in the Kraichgau, an intensively farmed
area with fertile loess soils and a relatively dense population. After about half of its length,
the Kraichbach flows through the upper Rhine valley and enters the Rhine river at the
village of Ketsch. The gauging station ‘Ubstadt’ is located at this transition zone between
the Kraichgau and the upper Rhine valley and covers an area of 160 km2.
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The Kraichbach was chosen as study area because the catchment area is strongly
influenced by agriculture. Approximately 50% of the area is used for agriculture (Figure 1).
The loess soils of the Kraichgau and its hilly topography also contribute to the fact that the
soils are prone to erosion.
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Figure 1. Land use in the Kraichbach study area.

Urban factors also influence the water quality of the upper Kraichbach catchment.
Two wastewater treatment plants are located upstream of the gauging station ‘Ubstadt’
(Figure 1). According to Wagner [33], for the years 2009–2014, the wastewater treatment
plants have a mean wastewater flow of 2.5 and 3.3 million m3 per year, respectively,
which corresponds to about 15% of the river discharge at the gauging station. The annual
precipitation in the study area is about 700 mm a−1 [33].

2.2. Monitoring with the Large-Volume Sampler
2.2.1. Monitoring Campaign

Large-volume samplers increasingly used for the monitoring of sewer systems and
surface waters [38]. A LVS has also been in use on the Kraichbach river since 2017 to
investigate the transport of sediment in the water body. In contrast to the event sampling
in sewer systems described by Nickel and Fuchs [38], the sampling at the Kraichbach
operated as a continuous long-term sampler. The LVS are in operation throughout the year,
except in the case of technical defects, during the collection of samples from the LVS, or
during periods of freezing temperatures.

The mean annual flow rate (MQ) of the gauging station at the Kraichbach is 1.1 m3 s−1.
The LVS was used to sample a wide range of flow situations over the four-year period.

2.2.2. Large-Volume Sampler

The large-volume sampler consists of a 1000 L stainless steel tank. Over two to four
weeks, discharge-proportional long-term composite samples are collected in the tank. The
pump is controlled by the water level signal from the neighboring gauging station ‘Ubstadt’
to take a 10 L subsample from the river after a certain discharge volume and collect it in
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the tank. A float switch prevents the tank from overflowing. The schematic of the LVS is
shown in Figure 2.

Water 2021, 13, x FOR PEER REVIEW 4 of 19 
 

 

2.2.2. Large-Volume Sampler 
The large-volume sampler consists of a 1000 L stainless steel tank. Over two to four 

weeks, discharge-proportional long-term composite samples are collected in the tank. The 
pump is controlled by the water level signal from the neighboring gauging station ‘Ub-
stadt’ to take a 10 L subsample from the river after a certain discharge volume and collect 
it in the tank. A float switch prevents the tank from overflowing. The schematic of the LVS 
is shown in Figure 2.  

After a settling period of three to four days, the solid sample and the supernatant 
water are collected and analyzed separately. From the supernatant water a 2 L sample is 
taken to quantify the completeness of the sedimentation and the concentration the dis-
solved substances. The settled solids provide information on the particulate-transported 
substances. The solid samples are collected in 15 L stainless steel cans, after the superna-
tant water is drained to the river using faucets.  

Mineralization of the organic solids may occur under certain conditions during the 
settling time resulting in a reduction of the total mass of sediment. This aspect was not 
investigated in detail in this study. However, considering the organic content (loss on ig-
nition) after the sedimentation process, which accounts to 12% for the fine fraction (<63 
µm) and 35% for the sand fraction, the loss of mass is assumed negligible.  

  
(a) (b) 

Figure 2. Schematic of the large-volume sampler: (a) photo of the large-volume sampler; (b) sketch 
of the large-volume sampler [38]. 

An overview of the LVS settings on the Kraichbach river is summarized in Table 1. 
Further information can be found in Allion et al. [34].  

Table 1. Properties of the large-volume sampler at the Kraichbach river. 

Property Large-Volume Sampler 
Sampling period March 2017–June 2021 

Number of sampling periods 43 
Sampling strategy Volume-proportional, long-term 
Sampling interval 13,300 m3 

Subsample volume 10–15 L 
Tank volume Stainless steel, 1000 L 

Samples per container 100 
Pumping system Peristaltic 
Pump capacity 15,000 L∙h−1 

2.2.3. River Mean Concentrations 

Figure 2. Schematic of the large-volume sampler: (a) photo of the large-volume sampler; (b) sketch of the large-volume
sampler [38].

After a settling period of three to four days, the solid sample and the supernatant
water are collected and analyzed separately. From the supernatant water a 2 L sample
is taken to quantify the completeness of the sedimentation and the concentration the
dissolved substances. The settled solids provide information on the particulate-transported
substances. The solid samples are collected in 15 L stainless steel cans, after the supernatant
water is drained to the river using faucets.

Mineralization of the organic solids may occur under certain conditions during the
settling time resulting in a reduction of the total mass of sediment. This aspect was not
investigated in detail in this study. However, considering the organic content (loss on
ignition) after the sedimentation process, which accounts to 12% for the fine fraction
(<63 µm) and 35% for the sand fraction, the loss of mass is assumed negligible.

An overview of the LVS settings on the Kraichbach river is summarized in Table 1.
Further information can be found in Allion et al. [34].

Table 1. Properties of the large-volume sampler at the Kraichbach river.

Property Large-Volume Sampler

Sampling period March 2017–June 2021
Number of sampling periods 43

Sampling strategy Volume-proportional, long-term
Sampling interval 13,300 m3

Subsample volume 10–15 L
Tank volume Stainless steel, 1000 L

Samples per container 100
Pumping system Peristaltic
Pump capacity 15,000 L·h−1

2.2.3. River Mean Concentrations

The samples were used to calculate river mean concentrations of suspended solids
for the sampled period (sampling period mean concentrations (SPMC)). The sampled
discharge volume is comparable in all sampling periods, because the tank is always filled
to at least 80% capacity. This means that each calculated SPMC represents a discharge
volume of around 0.9 million m3. The SPMC is calculated for the parameter dry mass of the
sediment and the remaining solid concentration in the supernatant water and represents
therefore the complete amount of solids transported in the river [34]. The relationship



Water 2021, 13, 3649 5 of 19

between the SPMC and the maximum discharge during the sampling periods can be
expressed by a rating curve.

2.2.4. Annual River Loads

Based on the rating curve and hourly available discharge data of the gauging station,
annual suspended solid loads were calculated by Allion et al. [34]. For this purpose, the
discharge data were divided into volume segments of 0.9 million m3, representing the
sampling periods. Since the rating curve represents the relationship between the maximum
discharge during sampling and the resulting concentrations, each volume segment was
assigned an average concentration from the rating curve based on the maximum discharge.
The approach is described in detail by Allion et al. [34].

2.2.5. Dry-Weather Load

Suspended solids collected in the LVS, result from different sources. The dry-weather
load, for example, represents the inputs via wastewater treatment plant effluents, ground-
water and internal loading. While wet-weather flows comprise additional inputs from
agricultural areas (erosion) and urban areas (combined sewer overflow) because of sig-
nificant rain events. Since the modeling of sediment input only captures the component
resulting from erosion, a dry-weather load in the Kraichbach has to be defined and deter-
mined to separate the erosion-related emissions from the other sources.

Fuchs et al. [41] define the dry-weather load as discharges ≤ 2.5 m3 s−1 (approx.
2MQ) for the river Kraichbach. They stated that up to this discharge no systematic relation
between discharge and solid concentration could be found. However, the authors point
out that this dry-weather load also includes rainfall events. Therefore, the threshold for the
dry-weather load was adapted and set to the limit of 1.65 m3 s−1 (1.5MQ) considering the
measured values. Rainfall events cannot be completely excluded here neither. However,
based on the given data it seems to be more likely that the concentrations are not system-
atically influenced by runoff processes. Because of the given uncertainties not only the
median concentration but also the range of the 25th and 75th percentiles is considered.

To derive the concentrations for calculating the dry-weather load, the samples with
maximum discharge ≤1.65 m3 s−1 are extracted from the LVS data set.

2.3. Modeling Approaches of the Sediment Input

For the estimation of soil erosion by water, the USLE (universal soil-loss equation)
developed by Wischmeier and Smith [23] and the ABAG (general soil-erosion equation)
derived from it by Schwertmann et al. [42] for central European conditions are often used.
In the standard DIN 19708 (2017), the procedure for determining soil erosion according
to ABAG for agriculturally used arable soils is detailed on the basis of input data that
are predominantly digital and available for large areas. In contrast to more process-based
erosion models, such as Erosion 3D [43,44] or the temporally higher-resolution USLE-
M [45], ABAG does not represent soil erosion due to individual events, but rather the
long-term expected average areal soil erosion, due to rainfall [23]. Soil erosion due to
snowmelt, on the other hand, is not considered. It should further be noted that the ABAG
approach only considers sheet, rill and interrill erosion (DIN 19708 2017). The linear
erosion forms of channel or gully erosion remain unrecognized in the quantification at
the catchment level and are consequently not accounted for [46]. The long-term mean soil
erosion by water A [t ha−1 a−1] results as follows (Equation (1)):

A = R × K × C × L × S × P, (1)

with A as long-term mean soil erosion in t ha−1 a−1, R as surface runoff and rainfall
erosivity factor [N/(h·a)], K as soil erodibility factor [(Mg·h)/(ha·N)], L as slope length
factor (dimensionless), S as slope inclination factor, C as cover and tillage factor and P as
factor to account for erosion control measures.
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For the R-factor, the calculations by Auerswald et al. [27] and Fischer et al. [47] are
used for the period of 2001 to 2017 in a 1 km2 grid based on temporally high-resolution
radar-based precipitation data, using the original equation of Wischmeier and Smith [23]:

Re = Imax30 × Ekin (2)

with Re as the erosivity of a single rain event [N h−1], Imax30 as the maximum 30 min rain
intensity [mm h−1] and Ekin as the total kinetic energy per unit area [KJ m−2].

The R-factors derived from this data basis are about 50% higher than the values
resulting from DIN 19708 (2017), which can be attributed on the one hand to the influence
of climate change, but on the other hand also to the stronger consideration or lower
smoothing of events compared to the regression-analytical derivation of R-factors according
to Sauerborn [48] proposed in DIN 19708 (2017) [27].

The K-factor is determined for the topsoil horizon on the basis of DIN 19708 (2017) [27],
which fully implements the requirements of Schwertmann et al. [42], whereby simplifica-
tions are necessary due to missing data in the BUEK 200 (soil overview map 1: 200,000, [49]).
The calculation is performed in three stages, adapted to the soil nomenclature applicable in
Germany, taking into account the fine soil mass fractions of silt, clay and sand, the humus
content (based on the humus stage) and the permeability class (from water conductivity
per soil type subgroup and storage density or dry bulk density). The respective equations
for the three stages are automatically controlled via a decision tree in the soil database.

Deviating from the model conception of the USLE [23], which fully implements the
requirements of the L- and S-factors (according to RUSLE, see [50]) are derived in a two-
dimensional approach with a multiple flow algorithm according to Moore and Nieber [51]
using the GIS modules in open-source software SAGA-GIS as a summarized LS-factor on
the 10 m grid for each grid cell and the overlying specific catchment area (SCA):

LS = 1.4 × (SCA/22,13)0.4 × (sinß/0.0896)1.3) (3)

with SCA as specific catchment area [m2], ß as the slope [◦].
For the derivation in SAGA-GIS the methods “field-based”/“Moore and Nieber”/

“distance-weighted average catchment area”/“contour length simply as cell size” were
chosen, resulting in the highest LS values in comparison. Furthermore, barriers in the
landscape are considered, which limit the respective delivery areas (unit contributing areas
UCA, [50]). Calculations are performed field by field, which means that catchment area
calculation is restricted to each field’s area. Studies of selected experimental plots by Hra-
balíková and Janeček [52] show that this approach yields slightly lower values compared
to the original one-dimensional approach by Wischmeier and Smith [23] considering the
erosion-effective slope length. However, the agreements compared to the original approach
are higher on these plots than when using the method of Desmet and Govers [53], which is
also available in SAGA-GIS. Comparing with already available literature results [22,26]
based on the Desmet and Govers [53] procedure, though, there are no major deviations
from the results obtained here. The catchments derived for each grid cell are limited by the
parcel boundaries extracted from the ATKIS-DLM. Thus, the magnitude of the LS factors
depends not only on the algorithm used, the raster resolution, and the resolution of the
elevation model used, but especially on the parcel size. It is assumed here that parcels are
bounded by paths that limit the delivery areas.

C-factors were calculated for the districts of the Federal Republic of Germany (crop
type distribution 2016–2018) for the arable land within the framework of an ongoing UBA
project (FKZ 3719432033) with the proportional inclusion of tillage (plow, mulch sow-
ing/direct sowing per federal state or administrative district) (see [54,55]). Methodologi-
cally, the calculation of C-factors [23,42] for arable land follows the method documented
in Wurbs and Steininger [24] taking into account the crop rotations used there. C-factors
for noncropland are disaggregated for the respective uses according to Panagos et al. [56]
(data source: European Soil Data Centre (ESDAC), data status 2010, resolution 100 m).
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The P-factor is set to ‘1’, since no usable information on the lateral treatment of the
slope is available.

When evaluating the model results for soil erosion by water, it should generally be
noted that the selected grid size in the model has a significant influence on the modeling.
There is a tendency for soil erosion to level off as the grid size increases because the spatial
variability of the original relief parameters decreases as a result of aggregation [57]. For this
reason, a grid size of 10 m was chosen in the present project, which is as high a resolution
as possible for the calculation planned nationwide, but which can still provide sufficiently
good results in the study area of the Kraichbach.

The method for modeling sediment inputs to water systems developed for the
medium-scale range [11,12,32,58–62] determines, on the basis of generally available data
as well as modeled soil erosion by water, for each grid cell:

• Area connection to the watercourse system;
• Watercourse distance;
• Connectivity probability;
• Sediment delivery ratio;
• Grid-related sediment input.

It can be assumed that only a small proportion of the eroded soil material is introduced
into surface waters. At the same time, the input of sediment and particulate matter is
limited to those areas with a short distance to the watercourse or a high degree of connection
to the surface water [58,63]. This is caused, among other things, by the transport power of
surface water runoff as well as deposition and accumulation of eroded soil in the terrain.

The area connectivity describes the hydrological connectivity of an area (grid cell) with
the water body accessible via surface runoff on the natural flow path. Linear (roads, paved
paths, railroads, etc. from ATKIS-DLM) and areal landscape elements (e.g., settlement area)
are classified as barriers that cap the flow path. A GIS and model-based separation process
is used to determine the hydrologically connected areas or the areas that are considered
non-entry-relevant based on the defined barriers. Areas that are not relevant to discharge
are not taken into account when determining sediment input to surface waters.

Input data for calculation of the surface connectivity are a digital terrain model (DTM
10, [64]) and a land-use dataset (ATKIS-DLM, [65]).

The GIS technical routines for tracking the depth lines to map the watercourse
distance are performed with the program package SAGA GIS using a multiple flow
approach [66–69]. Grid cells for which a watercourse distance cannot be calculated because
the flow path to a watercourse is not realized are considered unconnected. The watercourse
distance lflow is derived from the flowpath lengths calculated as part of the hydrologic
connectivity determination, measured from the respective grid cell to the point where it
reaches the watercourse network under consideration of the DTM 10.

In the present empirical modeling approach, sediment inputs to water bodies due
to soil erosion by water are abstracted and estimated using the sediment-delivery ratio
(SDR). The SDR describes the ratio between soil erosion (gross erosion) from the surface
and sediment input to surface waters. Thus, it is a measure of the efficiency of sediment
transport from the eroding surface to the receiving water. According to Halbfass and
Grunewald [62], SDR is determined via the relationship.

SDR = xi (s/lflow) (1−P) (4)

with xi as the utilization coefficient, s as the slope [m m−1], lflow as the mean watercourse
distance [m], and P as the connectivity probability. The coefficient of utilization xi is derived
from the C-factor according to the following equation:

xi = 1.43 ln (C-factor) + 9.49 (5)
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The connectivity probability P is calculated from the conditional probabilities for the
watercourse distance Plflow, the soil erosion PA, and the surface runoff PRO (see [58,60–62]:

P =
√

(Plflow
2 + PA

2 + PRO
2) (0 ≤ P ≤ 1) (6)

with the following equations for Plflow, PA and PRO:

PIflow = −0.1358 ln (lflow) + 0.97107, R2 = 0.94 (0 < lflow ≤ 1000m) (7)

PA = 0.0671 ln (A) + 0.1557, R2 = 0.85 (A ≥ 0.1 t ha−1 a−1) (8)

PRO = 0.0386 ln (RO) + 0.0994, R2 = 0.96 (RO ≥ 0.1 mm a−1) (9)

Regarding surface runoff (RO), the direct runoff component calculated in the substance
emissions model system MoRE (modeling of regionalized emissions) is used as the average
value of the years 2001 to 2016 [10].

In conclusion, the sediment input SE to surface waters of agricultural land from
hydrologically connected land results from:

SE = SDR × A (10)

with SE [t a−1] as use-specific sediment input, and A [t ha−1 a−1] as soil erosion by water.

3. Results
3.1. River Concentrations

A total of 43 composite samples were collected from March 2017 to June 2021, from
which mean substance concentrations can be derived. The highest flow peak captured
during a sampling period was 6.7 m3 s−1 (6MQ). The resulting rating curve is shown
in Figure 3. It describes the dependence of the suspended solid concentration and the
maximum discharge Qmax of the sampling period. All composite samples taken represent
a mean discharge volume of the Kraichbach river of 0.9 million m3. The threshold for the
dry weather flow is marked with a line at 1.65 m3 s−1.
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The connectivity probability P is calculated from the conditional probabilities for the 
watercourse distance Plflow, the soil erosion PA, and the surface runoff PRO (see [58,60–62]: 

P = √ (Plflow2 + PA2 + PRO2) (0 ≤ P ≤ 1) (6) 

with the following equations for Plflow, PA and PRO: 

PIflow = −0.1358 ln (lflow) + 0.97107, R2 = 0.94 (0 < lflow ≤ 1000m) (7) 

PA = 0.0671 ln (A) + 0.1557, R2 = 0.85 (A ≥ 0.1 t ha−1 a−1) (8) 

PRO = 0.0386 ln (RO) + 0.0994, R2 = 0.96 (RO ≥ 0.1 mm a−1) (9) 

Regarding surface runoff (RO), the direct runoff component calculated in the sub-
stance emissions model system MoRE (modeling of regionalized emissions) is used as the 
average value of the years 2001 to 2016 [10]. 

In conclusion, the sediment input SE to surface waters of agricultural land from hy-
drologically connected land results from: 

SE = SDR × A (10) 

with SE [t a−1] as use-specific sediment input, and A [t ha−1 a−1] as soil erosion by water. 

3. Results 
3.1. River Concentrations 

A total of 43 composite samples were collected from March 2017 to June 2021, from 
which mean substance concentrations can be derived. The highest flow peak captured 
during a sampling period was 6.7 m3 s−1 (6MQ). The resulting rating curve is shown in 
Figure 3. It describes the dependence of the suspended solid concentration and the maxi-
mum discharge Qmax of the sampling period. All composite samples taken represent a 
mean discharge volume of the Kraichbach river of 0.9 million m3. The threshold for the 
dry weather flow is marked with a line at 1.65 m3 s−1. 

 
Figure 3. Rating curve of the Kraichbach with the threshold of 1.65 m3 s−1 for the dry weather flow.
Outliers are marked with a box.
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3.1.1. Concentrations during Dry Weather Flow

To determine a median concentration during the dry weather conditions, the samples
in the range ≤1.65 m3 s−1 are used (Figure 3). It is noticeable that there are four very high
concentrations at discharge around MQ (up to 200 mg L−1, marked with a box). These are
situations where the solid transport and discharge are obviously completely decoupled.
These solid concentrations are excluded from further analysis because they do not represent
a specific flow situation but are caused by random disturbances.

The median, 25th and 75th percentile dry weather concentrations are calculated
without the outliers. The results are shown in Table 2. The determined concentrations of
dry weather situations are in the range of about 26 to 51 mg L−1.

Table 2. Concentrations during dry weather in the Kraichbach river.

Parameter Suspended Solid Concentration in mg L−1

25th percentile 25.8
Median 31.9

75th percentile 51.1

3.1.2. Concentrations during Erosion Events

With increasing discharge, the amount of transported solids in the water rise (Figure 3).
In the range of 4 to 6MQ, the concentrations are about 220 mg L−1. At discharges in the
range of 6MQ, up to 660 mg L−1 are reached. These high concentrations in the Kraichbach
river are influence by erosion processes.

3.2. Determined Sediment Loads for Long-Term Discharges Based on Monitoring

The applications of the rating curve for a long period of discharged monitoring result
in annual suspended solid loads, summarized in Figure 4. The annual fluctuations of the
loads calculated clearly show the influence of flood events and erosion. In years with
serious floods like 2003 and 2013, more than 5000 t per year of suspended solids are emitted
into the Kraichbach. For the whole observation period of 2003–2020, the mean load is
approximately 2800 t per year.
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Table 4. USLE factors for the catchment of the Kraichbach river for different land uses. 

Factor 
Arable 
Land 

Grass- 
Land 

Fruit 
Growing Viticulture 

Coniferous 
Forest 

Deciduous 
Forest 

Mixed For-
est 

Nature 
Land 

R-factor 88.3 87.5 90.1 86.6 86.7 87.9 86.8 88.1 
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Figure 4. Annual suspended solid loads of the Kraichbach river for the years 2003–2020. Bars show
the total suspended solid load, three variants of the dry-weather load calculations are shown as
points (mean variant) and lines (minimum and maximum variants) in the bars. The ratio of the
annual discharge volume (Vyear) to the mean annual discharge volume (Vmean) is shown in blue for
wet years and orange for dry years.

Based on the dry weather concentrations (median, 25th and 75th percentiles, Table 2), a
range of the dry-weather load can be calculated as minimum, mean, and maximum variant.
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Points in the bars mark the calculated mean dry-weather loads and lines the minimum and
maximum dry-weather loads (Figure 4). The mean dry-weather load is nearly the same
over the different years (around 500 t per year), with lowest values during flood years.

Figure 4 additionally shows the ratio of the annual discharge volume (Vyear) to the
mean annual discharge volume over the period of 2003–2020 (Vmean). This ratio indicates
whether it is a wet (blue) or dry year (orange). The flood years of 2003 and 2013 highlight
this in particular.

The mean dry-weather load varies between 467 and 925 t per year (Table 3). The share
of the mean annual suspended solids load is between 17 and 33%. This means that the
inputs from rain events account for more than 67% of the annual load.

Table 3. Mean annual river loads separated into dry-weather load and precipitation input.

Parameter Dry-Weather Load Variant

Minimum Mean Maximum

Mean annual load in t a−1 2826 2826 2826
Mean dry-weather load in t a−1 467 577 925

Mean precipitation input in t a−1, total 2359 2249 1901
Thereof combined sewer overflow 49 49 49

Thereof erosion 2310 2200 1852

On average, precipitation-related sediment inputs to the Kraichbach river range
between 1901 and 2359 t per year (Table 3) comprising inputs from erosion and combined
sewer overflows. The combined sewer overflows contribute approximately 49 t per year
considering a mean suspended solid concentration of 64 mg L−1 [70] and an annual
overflow volume of 757,000 m3 per year [71].

Thus, the suspended solids inputs via erosion range from 1852 to 2310 t per year
(Table 3).

3.3. Results of the Modeling

The use-related results of the modeling for the factors of the USLE [23] are shown in
Table 4 for the study area of the Kraichbach. The resulting long-term mean soil erosion per
grid cell is shown in Figure 5 or split according to land use in Table 5. No modeling was
done for use the types surface water, wetland, open land, and residential.

Table 4. USLE factors for the catchment of the Kraichbach river for different land uses.

Factor Arable
Land

Grass-
Land

Fruit
Growing Viticulture Coniferous

Forest
Deciduous

Forest
Mixed
Forest

Nature
Land

R-factor 88.3 87.5 90.1 86.6 86.7 87.9 86.8 88.1
K-factor 0.47 0.43 0.29 0.28 0.53 0.49 0.47 0.50
LS-factor 1.16 1.59 0.97 2.16 1.76 1.95 2.14 1.73
C-factor 0.085 0.004 0.19 0.22 0.002 0.002 0.002 0.004

Table 5. Sediment input in t ha−1 in the catchment of the Kraichbach river.

Sediment Input
in t ha−1

Arable
Land

Grass-
Land

Fruit
Growing Viticulture Coniferous

Forest
Deciduous

Forest
Mixed
Forest

Nature
Land

Mean 0.478 0.009 0.638 2.08 0.003 0.004 0.003 0.017
SD 1.19 0.035 1.11 4.56 0.023 0.023 0.022 0.036

Min 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Max 82.9 3.69 6.96 134 0.57 0.98 1.29 0.80
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An overview of the mean watercourse distances, connectivity probabilities and the
resulting long-term mean sediment inputs are given in Figures 5–8. Areas not filled in
with color are covered by land use types for which no soil erosion and sediment input
modeling was carried out or which are not hydrologically connected and thus do not
contribute to the sediment input. Thus, it can be assumed that only a small fraction of
eroded soil material is carried into surface waters. At the same time, the input of sediment
and particle-bound nutrients is largely limited to only a few small subcatchments [58].
Causes include watercourse distances and the transport power of surface water runoff, as
well as deposition and accumulation of eroded soil in the terrain.

The mean land-use-related sediment inputs are listed in Table 5. Table 6 shows a
comparison of soil erosion totals or sediment input totals in the Kraichbach river study
area by land use type.

Table 6. Soil loss and sediment input in t per year in the catchment of the Kraichbach river.

Sum in t a−1 Arable
Land

Grass-
Land

Fruit
Growing Viticulture Coniferous

Forest
Deciduous

Forest
Mixed
Forest

Nature
Land Total

Soil loss 32,192 457.7 297.7 6286 16.3 228.1 217.3 157.4 39,853
Sediment

input 1460 7.2 5.3 158.5 0.2 2.1 1.2 3.3 1638
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The total sum of the modeled long-term mean sediment input in the Kraichbach
catchment is thus 1638 t per year.

4. Discussion

The use of large-volume samplers is well suitable to capture particulate-transported
materials. Long-term runoff proportional sampling provides the opportunity to represent
the runoff dynamics of a river properly. According to Horowitz [20], 80–85% of the
annual runoff events should be covered during sampling to provide representative annual
loads. For particulate-bound substances such as phosphorus, which are mobilized and
transported in the water body during high discharges, the loads in the water body are
recorded more realistically with large-volume composite samples over several days than
with single samples [19].

The rating curve exists out of four years of monitoring data representing a robust
mean state of the river by considering different hydrological situations of the sampled years.
Horowitz [20] points out that the stationarity should be checked when using sediment
rating curves for estimating river loads. Stationarity of a system means that only little or
no changes in sources or relations occur [20]. During the sampling period, stationarity is
given, therefore, the rating curve can be used to calculate mean annual loads in this period.
Extrapolation to long-term discharges (2003–2020) may have uncertainties as during this
long period dynamics in hydrology, land use, and population appear. In our study, this
fact is not considered, as a long-term mean river load is needed for comparison with the
modeled sediment input.
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Errors may also occur during sample collection and preparation. By analyzing all
samples in the same laboratory and following a strict sampling protocol since 2017, we try
to minimize the errors related to the methodology.

Allion et al. [34] describe that there are further uncertainties in the load calculation
caused the small number of samples at high discharges. This significantly affects the shape
of the rating curve. The problem is also described by Horowitz [72], who points out that
this causes rating curves to underestimate high solids concentrations and overestimate low
concentrations. Additional samples at high discharges would be desirable, but are difficult
to capture due to low occurrence.

The method of separating a dry-weather load is also subject to uncertainty. There
is currently no precise definition and it is clear that rain events can also occur in the low
runoff range. Rain events occurring sporadically and in a small part of the catchment may
result in increased suspended solid concentrations without a clearly visible reaction of the
river flow. In addition, the internal processes and the remobilization of solids in the water
body cannot be identified and mapped with the LVS.

In the modeling, it must be taken into account that the modeled erosive sediment
inputs are based on soil erosions, which represent long-term average values and only
cover the sheet and rill erosion paths. Thus, channel and gully erosion is explicitly not
included. According to Fischer et al. [73] and Brandhuber et al. [74], it can be assumed
that the importance of these erosion forms in the input event is increasing due to climate
change, even though they were practically not observed in Bavaria, for example, until
30 years ago. In addition, event-driven solid inputs from residential areas (e.g., runoff from
construction sites, from industrial and commercial sites, brownfields, traffic areas, etc.) are
not included in the modeling, although these input pathways are likely to be of marginal
importance in the rural study area [75].

In the following classification of the model results for sediment input in comparison
to the measured suspended solid loads, it should be noted that the measured solid load is
supplied by erosion, but also by a dry-weather load that should not be underestimated.
This is not erosion controlled and is continuously recorded even during dry weather runoff
or mean flow. This dry-weather load was determined in the present study and must
necessarily be added to the modeled loads for validation of an erosion-controlled sediment
input. Dry-weather loads are fed from in-water processes such as deep and lateral erosion,
direct input of solids (e.g., leaf fall) and solids inputs from wastewater treatment plants.
As mentioned earlier, event-driven solids inputs from residential areas, including solids
inputs from combined sewer overflows, are not included either. Thus, considering these
unaccounted sources, the modeled sediment input should be lower than the measured
solids load minus the dry-weather load.

For the dry-weather load (including wastewater treatment plant emissions), expected
as a long-term average, a corridor of 467 to 925 t per year results, as discussed in Section 3.2.
This leaves 1852 to 2310 t per year for the erosion-driven input, if the likewise event-driven
combined sewer overflow (49 t per year, see Section 3.2) is subtracted.

According to the modeling of the long-term mean sediment input, 1638 t per year
result. In order to describe the erosive inputs completely the missing erosion rates from
channel and gully erosion as well as from erosive inputs from the settlement area have to be
added. The contribution of channel or gully erosion to the total erosive input can be roughly
estimated at 12 to 29% for arable land [76,77]. Based on permanent observation plots in
Lower Saxony, combined with modeling of surface erosion, linear erosion (including rill
erosion) accounts for 25% of total erosion on average for all considered plots [77–79]. Thus,
an increase in the sediment input of 1638 t per year modeled here by a factor of 1.1 to
1.2 seems justified in order to approximately cover the shares of channel and gully erosion
as well as other runoff not considered (e.g., from settlement areas). Thus, a comparative
value of approx. Sediment input is 1800 to 2000 t per year, which almost perfectly fits
into the measured corridor of the sediment loads recorded in the water body via the
continuously operating LVS minus the dry-weather load and combined sewer discharge
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(1852 to 2310 t per year). It should also be noted that the proportion of linear erosion such
as channel or gully erosion in the years with particularly high discharges (2003, 2013) is
likely to be significantly higher than the 10–20% estimated here, and the USLE [23] tend to
significantly underestimate soil erosion in these years.

5. Conclusions

Within the framework of the work presented here, it can be shown that the tools used
to model the long-term mean sediment input provide plausible results in comparison with
the suspended solid loads recorded via continuous LVS sampling and under consideration
of the dry-weather load. It can be assumed that the model approach used here, which has
already been successfully applied in many other studies [11,12,32,60–63], can provide valid
results for solid input, especially for areas with a high importance of particulate substance
input. The use of the approach for a nationwide modeling of soil erosion and sediment
input seems justified under consideration of the positive validation. Nevertheless, the
algorithms used here contain uncertainties and represent the process of erosion up to the
input of sediment only in a simplified way. In the future, the recording of sediment loads
with continuously operating LVS should be extended to further test areas with deviating
catchment characteristics in order to expand the data basis for the verification of model
results. The focus should be to take long-term composite samples over a long period
of time.

Currently, a project funded by the Federal Environment Agency (FKZ 3719212020)
entitled “Further development of Germany-wide balancing of inputs of trace substances
and evaluation of reduction measures” is in progress. In this project, LVS are used in a
river catchment at surface waters, combined sewer overflows, and storm water discharges
in order to gain further knowledge about sediment transport and sources.

The transferability of the modeling approach presented here to other areas in Ger-
many and neighboring regions and its forecast quality with regard to the comparison of
measured and modeled solid loads can thus be successively improved. However, the
approaches focus on long-term modeling of soil erosion and particle bound solids input to
support water resource management on a regional level, so that event-related phenomena
at high temporal resolution are not covered. This is not planned in large areas such as the
Federal Republic of Germany and would also necessitate a shift to more physically based
modeling approaches [44,80], for which, however, there is insufficient available data at the
regional level.

To step by step enable the traceability of the model results and to facilitate the compar-
ison with the results of other model approaches, all results are integrated into a web-based
publicly accessible portal. The data can be analyzed on this platform for the Kraichbach
area as well as in nationwide grid-based form or aggregated to different spatial levels and
are also available for download for other user groups.
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