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Exploring the RUSLE-based structural sediment connectivity approach for
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A B S T R A C T

Models play a crucial role in guiding agricultural erosion management, though their incorporation of sediment
connectivity and management strategies varies. This study evaluated the RUSLE/IC/SDR model’s potential for
simulating agricultural erosion management at both the field scale and across two catchments. We tested the
model’s ability to simulate erosion management measures at a high spatial resolution (2 m × 2 m) across diverse
topographies, assessed whether incorporating sediment connectivity improves RUSLE-based erosion manage-
ment planning within catchments, and explored its capacity to tailor measures based on local connectivity
characteristics. Our findings showed significant variability in sediment sources and connectivity. The simulation
of no-till and buffer strip measures effectively demonstrated their varying effectiveness across fields and
catchments. At the catchment scale, erosion management planning that incorporates sediment connectivity
through the RUSLE/IC/SDR approach did not contribute to significant additional sediment delivery reduction
compared to using RUSLE alone. However, at the field scale, RUSLE/IC/SDR offered improved opportunities for
tailoring erosion management measures to local sediment connectivity characteristics. These simulations high-
light both the potential and limitations of RUSLE/IC/SDR, advancing our understanding of its application for
erosion management. In conclusion, while RUSLE/IC/SDR represents a valuable extension of RUSLE, further
research is needed to fully realize its practical applications. Nonetheless, it shows promise for high-resolution
simulation of sediment connectivity and erosion management at the field scale, across large catchments and
regions.

1. Introduction

Mitigation of soil erosion by water is a persistent challenge in agri-
cultural environments (Ulén et al., 2012). Erosion results in the loss of
fertile topsoil, structural changes in the soil, and the transport of sedi-
ment, nutrients, and carbon to surface waters, with negative impacts on
agricultural productivity, surface water quality, and aquatic ecosystems
(Manninen et al., 2023; Ekholm and Lehtoranta, 2012; Bilotta and
Brazier, 2008; Montgomery, 2007; McDowell et al., 2004; Henley et al.,
2000; Pimentel et al., 1995). An effective mitigation of soil erosion and
its negative impacts depends on understanding erosion, sediment
transport, and deposition processes, as well as on effectively imple-
menting erosion management measures tailored to local conditions.

Computational models provide an efficient means for studying and
evaluating erosion management. They are widely used to support
practical erosion management and decision-making (Schmaltz et al.,
2024; Borrelli et al., 2021; Batista et al., 2019; Boix-Fayos et al., 2006).

Models can be used to evaluate erosion management strategies at
various scales, ranging from field to the catchment and regional levels.
They effectively generalize and extend knowledge from local empirical
measurements to different locations or regions, providing a cost-
effective approach. The models, however, vary in their description of
the erosion-transport-deposition process (e.g., Karydas et al., 2014;
Merritt et al., 2003), as well as in their capacity to consider different
erosion management measures (Schmaltz et al., 2024).

The most widely used erosion model is the Revised Universal Soil
Loss Equation (RUSLE) (Borrelli et al., 2021; Renard et al., 1997). It is an
empirical model, and it was originally developed for estimating soil loss
on hill slopes, but is commonly used as a spatially distributed model
where erosion is predicted across gridded computational units (Borrelli
et al., 2021; Ghosal and Das Bhattacharya, 2020). The spatially
distributed RUSLE, however, has a significant limitation as it does not
consider sediment transport between the computational units. This
limitation hinders the estimation of sediment delivery from the
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landscape to sinks (e.g., surface waters) and the incorporation of various
erosion management measures and landscape features that affect sedi-
ment transport or connectivity in the simulations.

This limitation of RUSLE in spatially distributed computations has
been addressed by at least two complementary approaches. The first
approach utilizes the transport coefficient (TC) approach to simulate
sediment transport and has been implemented in USPED (Mitasova
et al., 1996) and WATEM/SEDEM (Van Oost et al., 2000; Van Rompaey
et al., 2001; Verstraeten et al., 2006), which are based on RUSLE factors.
The second approach is based on the concept of connectivity (Hooke and
Souza, 2021; Najafi et al., 2021; Baartman et al., 2020; Heckmann et al.,
2018; Keesstra et al., 2018; Bracken et al., 2015; Bracken and Croke,
2007) and it utilizes connectivity indices to account for sediment
transport (e.g., Hooke and Souza, 2021). A particularly promising
approach is a structural sediment connectivity approach that is based on
the Index of Connectivity (IC) (Borselli et al., 2008) and sediment de-
livery ratio (SDR) (Vigiak et al., 2012). In conjunction with RUSLE, it
provides estimates of sediment delivery from source areas to sinks. The
RUSLE/IC/SDR approach has been utilized at the catchment scale, for
example by Hamel et al. (2017, 2015), Zhao et al. (2020), and Abebe
et al. (2023), on the field scale by Tähtikarhu et al. (2022), and it is
integrated as part of the InVest model (Hamel et al., 2015). Tähtikarhu
et al. (2022) explored RUSLE/IC/SDR in the same study catchments as in
our study, without validation against observed sediment delivery, and
found the model to reveal variations in sediment connectivity charac-
teristics between fields and that it consistently ranked fields by magni-
tude of sediment delivery despite different parametrizations.
Applications that simulate erosion management measures and their ef-
fects on sediment yields at the field scale are limited, which is a limi-
tation in the understanding of the potential of RUSLE/IC/SDR in
supporting agricultural erosion management at the field scale.

Erosion management is often simulated using process-based erosion
models, which provide more detailed description of the physical pro-
cesses compared to empirical models (Pandey et al., 2016). These
models typically allow for the consideration of a range of erosion
management measures, although their capability to do so varies by
model, and sometimes the users need to implement the measures into
the model. Commonly used process-based models include WEPP (Laflen
et al., 1991), SWAT (Arnold et al., 2021) and LiSEM (De Roo et al.,
1996). However, our focus is on exploring the inclusion of sediment
connectivity in the empirical RUSLE model, given its widespread use
and the potential benefits for agricultural erosion management.

Our aim was to advance the understanding of the potential of
RUSLE/IC/SDR for simulating agricultural erosion management. The
specific objectives were:

a) To test how RUSLE/IC/SDR simulates erosion management measures
on a field scale and at high spatial grid resolution across a range of
fields with varying topography.

b) To evaluate whether considering sediment connectivity using
RUSLE/IC/SDR can enhance RUSLE-based erosion management
planning within catchments, particularly in allocating erosion
management measures to individual fields to achieve higher sedi-
ment delivery reduction.

c) To test how RUSLE/IC/SDR can be used to tailor erosion manage-
ment measures for individual fields according to local sediment
connectivity characteristics.

To achieve these objectives, we simulated individual fields under
different erosion management measures in two topographically
differing agricultural catchments in southern Finland. The simulations
employed a range of erosion management scenarios and focused on
surface sediment delivery from individual fields to ditches and surface
waters surrounding the fields. The simulations were exploratory and
were not validated against sediment delivery observations. To our
knowledge, RUSLE/IC/SDR has not been evaluated before with these

specific objectives for agricultural erosion management.

2. Methodology

The simulations consisted of three parts, each corresponding to one
of the three objectives. First, we implemented RUSLE/IC/SDR on the
fields of two case study catchments with a spatial resolution of 2 m × 2
m. We simulated two erosion management measures with different
sediment connectivity implications to evaluate how RUSLE/IC/SDR
describes sediment delivery reduction under varying field conditions.

Second, we simulated scenarios where erosion management mea-
sures were allocated to individual field parcels based on RUSLE and
RUSLE/IC/SDR approaches with different allocation rates. We evaluated
whether considering sediment connectivity improves RUSLE-based
erosion management planning by comparing the total sediment de-
livery reductions resulting from the two allocation approaches. In these
scenarios, the erosion management measures were implemented uni-
formly across all fields without tailoring them to the sediment connec-
tivity characteristics of individual fields. The scenarios also considered
parameter uncertainty in SDR and the influence of different erosion and
sediment delivery units in the allocation. These scenarios were devel-
oped for model evaluation purposes and did not reflect existing erosion
management practices in the study areas.

Third, we simulated erosion management measures at two case study
fields to evaluate the potential of RUSLE/IC/SDR for tailoring measures
according to local sediment connectivity characteristics.

In all simulations the focus was on riparian fields. The sediment
delivery from the fields was defined as the sum of sediments exiting the
field from any side through surface transport, corresponding to sediment
delivery to open ditches surrounding the fields or to surface water.
Sediment transport outside of fields and potential sediment delivery
through artificial subsurface drainage were not considered.

These simulations build upon earlier RUSLE-based erosion assess-
ments (Räsänen et al., 2023) and the exploration of RUSLE/IC/SDR
(Tähtikarhu et al., 2022) conducted in the same study areas. The
methodology is described in detail in the following sections and sum-
marized in Table A1 in Appendix A.

2.1. Study area

The RUSLE/IC/SDR simulations were conducted on riparian fields
within the Aura and Mustio River sub-catchments in Southwestern
Finland (Table 1). These sub-catchments (hereafter referred to catch-
ments) are the lowest drainage areas of the coastal rivers that drain to
the Baltic Sea situated within 80 km distance from each other. The study
focused on riparian fields to account for erosion management measures
typically implemented only in riparian fields, streamlining the analysis
by limiting the number of fields.

The two catchments are intensive agricultural areas with nationally
high erosion levels. They represent topographically different agricul-
tural environments while experiencing similar climatic conditions
(Räsänen et al., 2023). The topography of the Aura River catchment is
generally flat, but with steep slopes near streams and rivers (Table 1 and
Fig A1 in Appendix A). In the Mustio River catchment, the fields gently
undulate with few or no steep slopes near streams and rivers. The soils of
the agricultural lands in both catchments are dominated by clay soils
(Vertic Luvic Stagnosols). However, Mustio River catchment also in-
cludes areas with siltic and loamic soils (Stagnic Regosols) and very
small areas of muddier soils (Umbric Gleysols) (Lilja et al., 2017c).
Annual precipitation averages in both catchments around 700 mm, with
higher rates between June and January, according to the Finnish
Meteorological Institute (Table 1). The area is covered by snow for an
average of three to four months from December to March.

Agriculture is predominantly focused on spring and winter cereals (e.
g., wheat, barley, and oats, covering 60 % of the field area) and
perennial grass and hay crops according to data from Finnish Food
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Authority. The spring crops are planted in April and May and harvested
in August and September. Tillage is typically performed in the autumn
after harvest using conventional moldboard plowing or reduced tillage.
No-till and spring tillage are being increasingly used.

Most of erosion occurs outside the growing season, especially in
spring, autumn, and early winter when the fields have less vegetation
cover, and the soil is more exposed. Erosion is commonly managed by
wintertime vegetation cover (e.g., stubble, winter crops), reduced
tillage, and riparian grass buffer strips. The fields are typically drained
by open ditches surrounding the fields and isolating them from each
other in terms of surface runoff and sediment transport. The ditches
effectively drain the field areas and transport sediments toward streams,
rivers, and lakes. Artificial subsurface drainage is also a common

practice.
Riparian fields were defined as those within a 10-meter distance

from the main water bodies, such as lakes, rivers, and perennial streams
(Finnish Environment Institute, 2010). The field borders were selected
and defined from the Land Parcel Register of the Finnish Food Authority.
This resulted in 514 and 232 riparian fields for the Aura and Mustio
River catchments, respectively (Table 1, Fig. 1). The average size of the
riparian fields is 4.6–6.3 ha.

2.2. Simulation of sediment delivery reduction by erosion management
measures

2.2.1. Revised Universal Soil Loss Equation (RUSLE)
Erosion was estimated using the Revised Universal Soil Loss Equation

(RUSLE) developed by Renard et al. (1997), an empirical model
designed to predict sheet and rill erosion by water. RUSLE is a revised
version of the Universal Soil Loss Equation (USLE) proposed by Wisch-
meier and Smith (1978). Initially developed for assessing soil loss at the
field slope/plot scale, RUSLE has been widely applied as a spatially
distributed model. The RUSLE equation is given by:

E = R× K× LS× C× P, (1)

Here, E represents the annual average erosion (t ha− 1 yr− 1), and the
factors are defined as follows:

• R: Rainfall-runoff erosivity factor (MJ mm ha-1h− 1 yr− 1)
• K: Soil erodibility factor (t ha h ha− 1 MJ− 1 mm− 1)
• LS: Topographic factor (dimensionless)
• C: Cover-management factor (dimensionless)
• P: Support practice factor (dimensionless).

For a more detailed description of RUSLE factors, refer to Renard
et al. (1997).

The original field slope/plot scale RUSLE predicts soil loss, or the
amount of sediment transported to the end of the slope (Renard et al.,
1997). In contrast, the spatially distributed RUSLE predicts soil loss at a
spatially discrete computational unit, such as a grid cell, but does not
account for sediment transport between the computational units.
Therefore, the predictions of spatially distributed RUSLE over a

Table 1
Characteristics of the Aura and Mustio River catchments and their riparian
fields.

Aura River
catchment

Mustio River catchment

Catchment area [km2] 146.6 116.2

Catchment area [km2] 146.6 116.2

Annual precipitation
[mm]

690 710

Field area [%] 34 30

Topography Generally flat,
with steep slopes
near rivers and
streams

Gently undulating

Dominating soil types Clay soil (Vertic
Luvic Stagnosols)

Clay soil (Vertic Luvic
Stagnosols), Siltic and loamic
soils (Stagnic Regosols)

Riparian fields (pcs.) [-] 514 232

Average riparian field size
(25th-75th percentile)
[ha]

4.6 (1.1–5.8) 6.3 (1.7–8.5)

Average riparian field
slope (25th-75th
percentile) [̊]

2.3 (0.9–2.9) 2.7 (1.5–3.8)

Fig. 1. A. Aura and B. Mustio River catchments and their riparian fields (axis units in meters, y-axis pointing north).
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landscape are considered as gross erosion predictions. The spatial units
are, however, connected in spatially distributed computation through
the LS factor, which accounts for the effect of slope length and steepness
on the erosion rate at each spatial unit.

2.2.2. Index of connectivity (IC) and sediment delivery ratio (SDR)
Sediment delivery was estimated by combining the IC and SDR

following the methods of Borselli et al. (2008) and Hamel et al. (2017,
2015) with RUSLE (Renard et al., 1997), which is the structural sedi-
ment connectivity approach to estimate sediment delivery from the
landscape to sinks (e.g. surface waters). The dimensionless IC is
computed based on landscape structural elements, such as elevation and
roughness, and is represented as

IC = log10

(
Dup
Ddown

)

(2)

where Dup [m] and Ddown [m] are the upslope and downslope factors,
respectively. Dup is calculated as:

Dup =WS
̅̅̅̅
A

√
(3)

whereW [-] is the mean weighing factor of the upslope area, S [m m− 1]
is the mean terrain slope (upslope area), and A [m2] is the upslope area.
Ddown is calculated as:

Ddown =
∑n

i=1

di
WiSi

(4)

where di [m] is the length of ith grid cell, Wi [-] is the weighing factor of
ith cell, Si [m m− 1] is the slope of ith cell along the downslope flow path,
and n is the number of cells in the downslope path.wi describe the effects
of land use and vegetation (i.e., roughness) on the IC. In agricultural
settings, W and Wi can be parameterized using RUSLE C factor values
(Borselli et al., 2008). High and low IC values describe areas with a high
and low degree of connectivity, respectively.

The sediment delivery ratio (SDR) from a grid cell to a sink is
described by sigmoid-type function as

SDRi = SDRmax
(

1 + exp
(
IC0 − ICi
KIC

))− 1

(5)

Here SDRmax [-] represents the maximum SDR (ranging from 0.0 to 1.0),
ICi [-] is the IC value of the ith grid cell, and IC0 [-] and KIC [-] are
empirical parameters. SDR describes the share of eroded sediment that is
transported over the soil surface from a grid cell to a specified sink.

Sediment delivery from the modelled area is then computed as

Q =
∑n

i=i
EiSDRi (6)

where Q [t ha− 1 yr− 1] is the total sediment delivery via surface trans-
port, Ei [t ha− 1 yr− 1] is the erosion (from RUSLE) in the ith grid cell, SDRi
[-] is the sediment delivery ratio in the ith grid cell, and n is the number
of cells.

2.2.3. Erosion management measures
The erosion management measures were considered for spring cereal

cultivation and comprised of:

• No measure: autumn moldboard tillage
• No-till: cultivation using a seed drill and wintertime stubble cover
• Buffer strip: autumn moldboard tillage and a 30-meter-wide riparian

grass buffer strip with perennial grass cover that is mowed in the
autumn

These measures were selected for simulations as they are commonly

implemented and subsidized practices in Finland. From a connectivity
simulation perspective, they present two distinct cases. “No-till” impact
connectivity throughout the field, while buffer strips impact connec-
tivity in specific areas of the field where they are located. The buffer
strips also effectively reduce erosion at their own area. The selection of
30-meter buffer width aligns with Finland’s CAP Strategic Plan (EU,
2022).

2.2.4. Estimation of erosion
Erosion in the riparian fields was estimated using RUSLE (Equation

(1)). For the R, K, LS, and C factors of RUSLE, the same data was used as
by Räsänen et al. (2023).

The R factor is derived from a 1 km resolution gridded European-
scale dataset (Panagos et al., 2015), where the R for Finland was
calculated using hourly precipitation data measured at 64 stations from
2007 to 2013. The R-values for the Aura and Mustio River catchments
are 360 and 314 MJ mm ha− 1 t− 1 yr− 1, respectively.

The K factor is based on the Finnish Soil Database (Lilja et al.,
2017c), supplemented with soil-specific K values (Lilja et al., 2017b,
2017a). The soil database contains a vector map (1:200,000) describing
the Finnish soils according to the World Reference Base for Soil Re-
sources (IUSS Working Group WRB, 2022) with the smallest spatial
feature being 6.25 ha. The dominant soils Vertic Luvic Stagnosol (clay
soil) and Stagnic Regosol (siltic and loamic soils) in Aura and Mustio
River catchments had values of 0.040 and 0.057 t ha h ha− 1 MJ− 1 mm− 1,
respectively.

The LS is based on two-meter resolution digital elevation model
derived from LiDAR measurements (National Land Survey of Finland,
2020). It was calculated for the field areas using Desmet and Govers
(1996) method (rill/inter-rill erosivity ratio = 1 and stability = stable)
and the multiple flow direction algorithm (Quinn et al., 1991). The
average LS values for the agricultural lands of Aura and Mustio River
catchments are 0.470 and 0.830, respectively.

The C factor values were taken according to the calibrated values for
Finland (Räsänen et al., 2023). The C factor value for spring cereals
(wheat, oat, and barley) with autumn moldboard plowing was 0.211,
and for spring cereals (wheat, oat, and barley) with no-till it was 0.075.
For the grassed area of buffer strips, we used a value of 0.065 of
perennial grass. The P factor was not considered due to lack of adequate
data on the subsurface drainage status of fields, their efficiency, and
parametrization.

The resulting RUSLE data for riparian fields of Aura and Mustio River
catchments had a 2 m × 2 m resolution. The average erosion rate for
each field was calculated in kg ha− 1 yr− 1 and in kg yr− 1 by multiplying
the average rate in kg ha− 1 yr− 1 with the respective field area. The
erosion estimates exclude the erosion reduction effect by potential
subsurface drainage in the fields (see e.g., Räsänen et al., 2023). The
erosion estimates by RUSLE are presented in the results section as
average erosion rates for all fields and their buffer strip areas. Also,
percentiles are calculated for average erosion rates of individual fields to
describe the distribution of erosion rates between the fields.

The performance of RUSLE with the provided data was previously
assessed against erosion measurements from seven experimental fields
in Finland by Räsänen et al. (2023). The Nash-Sutcliffe efficiency (NSE)
between predictions and estimates was 0.72 (R2 = 0.76), with a mean
absolute error of 190 kg ha− 1 yr− 1 and 90 % prediction errors ranging
between − 634 and 141 kg ha− 1 yr− 1. These correspond to the typical
performance of erosion models (Batista et al., 2019; Govers, 2011).

2.2.5. Estimation of sediment delivery and its reduction through erosion
management measures

The sediment delivery through surface transport from each riparian
field was estimated under no measure, no-till, and riparian buffer strip
using the RUSLE/IC/SDR approach (Equation (6)). The approach has
been used in the same study catchments earlier by Tähtikarhu et al.
(2022), but it has not been evaluated against observations or used for
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simulation erosion management measures in these catchments. There-
fore, we adopted a sensitivity-type approach for the most uncertain
model parameters and a relative interpretation of simulation outputs, as
explained below.

The sediment delivery was defined as the total amount of sediment
exiting the field from any side, which closely corresponds to sediment
delivered to open ditches surrounding the fields or adjacent surface
water bodies. Sediment transport outside the field areas, as well as in
ditches and streams, was not simulated. Sediment delivery through
artificial subsurface drainage cannot be simulated with RUSLE/IC/SDR,
and therefore potential subsurface drainage was not considered.
ICi (Equation (2)) and SDRi (Equation 5) were calculated for each

grid cell of the fields using the same 2 m × 2 m resolution DEM (National
Land Survey of Finland, 2020) as for the LS factor of RUSLE. The DEM
was processed to address artificial sinks in order to prevent the frag-
mentation of flow paths by filling sinks up to 0.15 m, a fill level deter-
mined to be a realistic at the study areas (Tähtikarhu et al., 2022). The
downslope flow path in the calculation of IC (Equation (4)) was defined
from each grid cell to the edge of the field.

The ICi and SDRi were parameterized based on literature values as
RUSLE/IC/SDR has not been calibrated against observations in Finland.
Wi (Equation (4)) for spring cereals with autumn moldboard plowing,
no-till, and buffer strips were parameterized using C values for RUSLE,
as suggested by Borselli et al. (2008). Thus, the effect of no-till and
buffer strips on sediment delivery was considered in Wi through the
changes in vegetation cover (or roughness) in their respective areas.

Plausible parameter ranges for IC0 and KIC (in Equation 5) were
estimated by applying three parameterizations: P1, P2, and P3. These
were based on literature and earlier work by Tähtikarhu et al. (2022) in
the same sub-catchments as in this study, and they are presented in
Table 2. P1 is a commonly used parameterization in the literature (e.g.,
Hamel et al., 2015), P2 is the parameterization used by Hamel et al.
(2017) and P3 is a parameterization suggested by Tähtikarhu et al.
(2022) in the same catchments as our study. Tähtikarhu et al. (2022)
explored a larger number of parametrizations. The parameterizations of
SDRi with different IC0 and KIC values are known to provide relatively
consistent information about the relative differences between high and
low sediment delivery areas and fields. however, the absolute magni-
tude of sediment delivery varies depending on the parametrization
(Hamel et al., 2015; Tähtikarhu et al., 2022).

The P1, P2 and P3 values in our study were also selected so that the
simulations provide sediment delivery rates that are within the range of
what has been observed at experimental fields in Finland (Lilja et al.,
2017a), while demonstrating the uncertainty in sediment delivery pre-
dictions resulting from the parameter uncertainty. The selected param-
eterizations also reflect different connectivity dynamics resulting in
different shapes of the sigmoid function of the SDR equation (Equation
5).

The sediment delivery from the fields, denoted as Q (Equation (6)),

was estimated using the RUSLE erosion estimates for no measure, no-till,
and buffer strip, and the SDRi (Eq. 5) for each field. Q values were
calculated in kg ha− 1 yr− 1 and in kg yr− 1, similar to the erosion
estimates.

The reduction in sediment delivery due to the erosion management
measures at each field was calculated as the difference between sedi-
ment delivery under the erosion management measure and no measure
(e.g., sediment delivery reduction by no-till = sediment delivery with
no-till – sediment delivery with no measure). The sediment delivery
reductions were reported as relative values due to the uncertainty in IC/
SDR parameterization and resulting uncertainty in absolute values of
sediment delivery reductions, as suggested by Oreskes et al. (1994) and
Alewell et al. (2019). The absolute values of model outputs are generally
more sensitive to uncertainties in model parameterization compared to
the relative comparison of model outputs, such as between simulation
scenarios. In the results section, the sediment delivery reductions are
presented as average rates for all fields along with frequency distribu-
tions for individual fields.

All computations were performed using the standard algorithms of
ArcMap 10.6.1 (ESRI, 2019) and the terra package (Hijmans et al., 2023)
in the R software (R Core Team, 2022).

2.3. Evaluation of RUSLE/IC/SDR for erosion management planning

2.3.1. Planning of erosion management measures at catchments
The potential improvement brought by RUSLE/IC/SDR in RUSLE-

based erosion management planning at catchment level, in terms of
sediment delivery reduction, was evaluated through erosion manage-
ment scenario simulations. In these scenarios, erosion management
measures were allocated to individual fields of the two catchments using
RUSLE (A) and RUSLE/IC/SDR (B) approaches. The resulting total
sediment delivery reductions in the catchments were evaluated and
compared to determine whether allocation with RUSLE/IC/SDR results
in greater sediment delivery reduction than allocation with RUSLE
alone.

In the RUSLE approach, erosion management measures were allo-
cated to the highest-ranking fields according to estimated erosion rate
under no measure. In the RUSLE/IC/SDR approach, the erosion man-
agement measures were allocated to the highest-ranking fields accord-
ing to estimated sediment delivery reduction rate through erosion
management measures. In the allocation, the fields were ranked in
descending order (from largest to smallest) using two ranking units of kg
ha− 1 yr− 1 and kg yr− 1 based on the magnitude of field-specific erosion
and sediment delivery reduction. In both approaches, no-till was allo-
cated to the highest-ranking fields with rates of 20 %, 40 %, 60 %, and
80 % of the total riparian field area, while buffer strips were allocated to
the highest-ranking fields with rates of 20 %, 40 %, 60 %, and 80 % of
the total potential buffer strip area in the riparian fields. The potential
buffer strip area was defined as the 30 m wide strip on the riparian side
of a field, and they were allocated uniformly across all fields without
tailoring their location or dimensions according local sediment con-
nectivity characteristics. Three SDR parametrizations (P1, P2, and P3)
were also used in these simulations to account for the parameter un-
certainty in sediment delivery estimates, as previously described.

The allocation with the two approaches, the two ranking units, the
four allocation rates, and the three parameterizations resulted in a total
of 24 sediment delivery reduction scenarios for the RUSLE (A1-A24) and
RUSLE/IC/SDR approaches (B1-B24) for each erosion management
measure in both catchments. The scenarios are shown in detail in
Table A2 in Appendix A, and they were developed solely for simulation
purposes and to achieve our objectives; they do not reflect the actual
allocation of the measures in the study catchments.

The differences in the catchment-scale total sediment delivery
reduction resulting from the RUSLE and RUSLE/IC/SDR allocation ap-
proaches were evaluated by calculating the sediment delivery reduction
difference between the simulation scenarios of the two approaches (e.g.,

Table 2
Parametrizations P1, P2 and P3 for IC/SDR.

Parameter Description Source

W No measure:
0.211
No-till: 0.075
Buffer strip:
0.065

Räsänen et al. (2023)

SDRmax 1 Tähtikarhu et al. (2022)

IC0 P1: 0.5
P2: 0.5
P3: − 3.3

Tähtikarhu et al. (2022)Hamel et al. (2015)
Hamel et al. (2017)

KIC P1: 2.0
P2: 3.5
P3: 1.0

Tähtikarhu et al. (2022)Hamel et al. (2015)
Hamel et al. (2017)
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Diff.1 = |A1| − |B1|, Diff.2 = |A2| − |B2|, see Table A2 in Appendix A).
The total sediment delivery reductions from all scenarios were estimated
with RUSLE/IC/SDR. The evaluation compares whether allocating
erosion management measures to individual fields based on estimated
sediment delivery reduction by the erosion management measures results in a
greater total sediment delivery reduction in the catchment, compared to
allocating based on estimated erosion rate with no erosion management
measures at the fields.

2.3.2. Planning of erosion management measures at fields
The potential improvement brought by RUSLE/IC/SDR in RUSLE

based-erosion management planning at field level, in terms of sediment
delivery reduction, were evaluated at two individual fields. These fields
were selected to represent different spatial distribution of high erosion
areas and with different sediment transport pathways. The evaluation
involved the comparison of three erosion management measures – no-
till, buffer strip, and extended buffer strip – and their respective sedi-
ment delivery reductions. The extended buffer strip represent an erosion
measure that were tailored to the fields according to local sediment
connectivity characteristics to address sediment fluxes that were not
captured by the conventional implementation of buffer strips. The width
of the extended buffer strip was 30 m. We also calculated sediment flow
accumulation rasters for both fields to visualize the sediment transport
pathways using sediment delivery from individual grid cells (Qi = Ei⋅S-
DRi) and standard flow accumulation algorithm of ArcMap 10.6.1 (ESRI,
2019).

3. Results

3.1. Erosion

According to RUSLE estimates, the riparian fields had average
erosion rates of 1,939 kg ha− 1 yr− 1 (25.-75. percentiles for individual
fields: 649–2,586) and 1,762 kg ha− 1 yr− 1 (783–2,176) with no measure
at the Aura and Mustio River catchment, respectively (Fig. 2). At the
potential buffer strip area, the erosion rate was 3,774 kg ha− 1 yr− 1

(924–5,572) and 1,715 kg ha− 1 yr− 1 (547–1,894) with no measure at the
Aura and Mustio River catchments, respectively. Erosion was more
pronounced near streams and rivers in the Aura River catchment due to
steep slopes, while in the Mustio River catchment, erosion was generally
more pronounced further away from streams and rivers due to undu-
lating topography.

3.2. Sediment delivery reduction through erosion management measures

The assessment using RUSLE/IC/SDR and parameterization P1-P3
indicates that no-till has similar effect on sediment delivery in both
catchments. No-till was found to reduce the sediment delivery of indi-
vidual fields by an average of 71–83 % (P1-P3) in both catchments, and
the differences between individual fields in the reduction were ≤ 7
percentage points (pp) (Fig. 3, Fig. 4).

The buffer strips were more effective in reducing sediment delivery
at Aura than at the Mustio River catchment, with efficiency varying
among fields. At Aura River catchment, riparian buffer strips reduced
sediment delivery by an average of 39–55 % (P1-P3) for individual
fields, with a quarter of the fields having lower reduction than 22–40 %

Fig. 2. A representative subset of the estimated erosion (kg ha− 1 yr− 1) with no measures at riparian fields in the A. Aura and B. Mustio River catchments. The
potential buffer strip areas (30 m wide) are also shown. (axis units in meters, y-axis pointing north).
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(P1-P3) (Table 3, Fig. 3). At Mustio River catchment, the reduction was
on average 23–34 % (P1-P3) for individual fields, with a quarter of the
fields having lower reduction than 7–13 % (P1-P3) (Table 3, Fig. 4).

The parameterization P1-P3 influenced the magnitude and distri-
bution of sediment delivery reduction rates at individual fields.
Parameterization P3 generally resulted in the largest sediment delivery
reductions, while P2 led to the lowest sediment delivery reductions with
an average difference of 13 pp for individual fields (Fig. 5 and Table 3).
In the case of buffer strips, the range of sediment delivery reduction rates
is wide from below 10 % to above 80 % (Fig. 5). The frequency

distributions for sediment delivery reduction rates at individual fields
are also dissimilar between Aura and Mustio River catchments (Fig. 5).
In the Aura River catchment, the distributions are more symmetric or
skewed towards higher reduction rates, whereas at Mustio River
Catchment, the distribution are heavily skewed towards lower reduction
rates. In the case of no-till, the distributions are more similar between
both catchments, but parameterization P3 shows greater variation in the
sediment delivery reduction rates of individual fields compared to P1
and P2.

The surface sediment fluxes over the potential buffer strip areas were

Fig. 5. Frequency distributions of estimated sediment delivery reduction by buffer strips and no-till practices at individual fields with parametrization P1-P3 at Aura
(A-F) and Mustio (G-L) River catchments.
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Fig. 3. Representative subsets of the estimated A. surface sediment delivery with no measures (kg ha− 1 yr− 1), B. sediment delivery reduction with no-till (kg ha− 1

yr− 1), C. sediment delivery reduction with buffer strips (kg ha− 1 yr− 1) at the riparian fields in the Aura River catchment (SDR parameterization P1; axis units in
meters, y-axis pointing north).
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estimated to be, on average, 81–85 % and 64–66 % (P1-P3) of the total
surface sediment flux from the riparian fields of Aura and Mustio River
catchments, respectively. The rest of the sediments exited the field
through other edges of the field. The drainage area of the buffer strips, in
turn, was estimated to be on average 63 % and 69 % of the total field
area in the Aura and Mustio River catchments.

The same allocation rates resulted in larger total sediment delivery
reduction in the Aura than in the Mustio River catchments. For example,
no-till with 40 % allocation rate reduced the total sediment delivery in
the Aura River catchment by 52–73 %, and in the Mustio river catch-
ment by 38–68 % (Table 3). Similarly, riparian buffer strips with 40 %
allocation rate reduced the total sediment delivery in the Aura River
catchment by 33–53 %, and in the Mustio River catchment by 10–27 %
(Table 3).

The erosion management measures had the highest relative impact
on total sediment delivery at lower allocation rates, and the impact of
the measures did not increase considerably after 60 % allocation rate.
For example, in the case of no-till, increasing allocation rate from 60 %
to 80 % resulted in additional total sediment delivery reduction of 1–6
percentage points (pp) in the Aura River catchment and 4–15 pp in the
Mustio River catchment (Table 3). In the case of buffer strips, increasing
the allocation rate from 60 % to 80 % resulted in the additional total
sediment delivery reduction of 1–3 pp in the Aura River catchment and
1–4 pp in the Mustio River catchment (Table 3).

The use of parameterization P1-P3 resulted in similar magnitude
differences in total sediment delivery reductions at catchment scale
compared to the field scale. The average difference in total sediment
delivery reductions between P2 and P3 was 14 pp (Table 3).

3.3. Planning of erosion management measures at catchments

The allocation of erosion management measures using the RUSLE/
IC/SDR approach resulted in small to modest differences in total sedi-
ment delivery reduction compared to the RUSLE approach. For no-till,
allocation using the RUSLE/IC/SDR approach resulted in 0–6 and
0–15 pp (P1-P3, kg ha− 1 yr− 1 and kg yr− 1, allocation rates 20 %-80 %)
larger total sediment delivery reduction than allocation using RUSLE
approach in the Aura and Mustio River catchments, respectively
(Table 3). In the case of buffer strip, allocation using RUSLE/IC/SDR
approach resulted in 0–4 and 0–10 pp (P1-P3, kg ha− 1 yr− 1 and kg yr− 1,
allocation rates 20 %-80 %) larger total sediment delivery reduction
than allocation using RUSLE approach in the Aura and Mustio River
catchments, respectively (Table 3). The level of improvement varied by
field, ranking unit, allocation rate of erosion management measures, and
the parameterization P1-P3 (Table 3).

The use of the ranking unit kg ha− 1 yr− 1 was generally found to result
in larger or similar total sediment delivery reduction in the catchments
than the use of the unit kg yr− 1. In the case of no-till, the use of unit kg
ha− 1 yr− 1 resulted in 1–13 pp and 1–25 pp larger total sediment delivery
reduction than the use of unit kg yr− 1 in the Aura and Mustio River
catchments, respectively (Table 3). In the case of buffer strip, the use of
unit kg ha− 1 yr− 1 resulted at Aura River catchment in similar (− 2 − +3
pp) and at Mustio River catchment in 0–10 pp larger total sediment
delivery reduction than the use of unit kg yr− 1 (Table 3). The differences
in sediment delivery reduction between the two ranking units were
generally higher with lower erosion management measure allocation
rates. Two units also emphasized differently the size of fields in the of
allocation of erosion management measures. The use of the unit kg yr− 1

prioritized generally larger fields, whereas the unit kg ha− 1 yr− 1 did not

Table 3
Total catchment scale sediment delivery reductions by the erosion management measure allocation scenarios A1-A24 (RUSLE approach) and B1-B24 (RUSLE/IC/SDR
approach) at Aura and Mustio River catchments. pp stands for percentage points.

Aura River catchment Mustio River catchment
Ranking unit kg ha-1 yr-1 kg yr-1 kg ha-1 yr-1 kg yr-1

Allocation rate [%] 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80
Erosion management measure: No-till

A. RUSLE: Total 
sediment delivery 
reduction (A1-
A24) 

P1, % -47 -66 -73 -75 -36 -58 -67 -72 -41 -57 -68 -74 -23 -42 -55 -68
P2, % -41 -59 -66 -69 -32 -52 -61 -67 -34 -50 -61 -68 -21 -38 -51 -63
P3, % -53 -73 -79 -81 -40 -64 -73 -78 -50 -66 -76 -81 -25 -46 -59 -74
Range, pp -12 -14 -13 -12 -8 -12 -12 -11 -16 -16 -15 -13 -4 -8 -8 -11

B. RUSLE/IC/ 
SDR: Total 
sediment delivery 
reduction (B1-
B24)

P1, % -47 -66 -73 -75 -37 -62 -72 -74 -42 -58 -68 -74 -32 -47 -61 -72
P2, % -41 -58 -66 -69 -32 -54 -63 -68 -35 -50 -61 -68 -23 -40 -54 -65
P3, % -54 -73 -80 -81 -44 -69 -79 -80 -51 -68 -76 -81 -40 -60 -71 -80
Range, pp -13 -15 -14 -12 -12 -15 -16 -12 -16 -18 -15 -13 -17 -20 -17 -15

Difference in 
sediment delivery 
reduction 

P1, % 0 0 0 0 -1 -4 -4 -2 -2 0 0 0 -9 -5 -7 -4
P2, % 0 1 0 0 0 -2 -2 -1 -1 0 0 0 -3 -2 -3 -2
P3, % -1 0 0 0 -4 -5 -6 -2 -2 -1 -1 0 -15 -14 -12 -6

Erosion management measure: Buffer strip

A. RUSLE: Total
sediment delivery 
reduction (A1-
A24)

P1, % -27 -43 -49 -50 -27 -42 -47 -50 -14 -18 -22 -23 -8 -15 -19 -22
P2, % -21 -34 -39 -40 -21 -33 -37 -40 -9 -13 -15 -16 -5 -10 -13 -16
P3, % -33 -53 -59 -60 -33 -51 -56 -60 -20 -26 -30 -32 -11 -21 -26 -31
Range, pp -12 -19 -20 -20 -12 -18 -19 -20 -11 -13 -15 -16 -6 -11 -13 -15

B.
RUSLE/IC/SDR: 
Total sediment 
delivery reduction 
(B1-B24)

P1, % -29 -43 -49 -50 -30 -44 -49 -50 -14 -19 -22 -23 -14 -19 -22 -23
P2, % -22 -33 -39 -40 -23 -34 -39 -40 -9 -13 -15 -16 -10 -13 -15 -16
P3, % -35 -52 -60 -61 -37 -53 -60 -60 -20 -27 -31 -32 -21 -27 -31 -32
Range, pp -13 -19 -21 -21 -14 -19 -21 -20 -11 -14 -16 -16 -11 -14 -16 -16

Difference in 
sediment delivery 
reduction 

P1, % -2 0 0 0 -3 -2 -3 -1 0 -1 0 0 -7 -5 -3 -1
P2, % -1 1 0 0 -2 -1 -2 -1 0 0 0 0 -5 -3 -2 -1
P3, % -2 1 0 0 -4 -2 -3 -1 0 -1 -1 0 -10 -7 -4 -2
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consider the area sizes and accounted only for the average erosion or
sediment delivery rate per surface unit.

The improvements of the RUSLE/IC/SDR allocation approach
compared to the RUSLE approach varied based on the erosion man-
agement measure allocation rate, with generally higher improvements
at lower allocation rates (Table 3).

Parameterizations P1-P3 of the SDR had only a marginal effect on the
allocation of erosion management measures to fields, as the rankings
were very similar across the different parameterizations. The Spearman
rank correlations between the rankings were 0.97–1.00 (p < 0.001).

3.4. Planning of erosion management measures at fields

Both fields in the Aura and Mustio River catchments (Fig. 6) are large

fields with high erosion rates, measuring 13.5 ha and 16.2 ha, respec-
tively. The Aura field has an erosion rate of 2,970 kg ha− 1 yr− 1 with no
measure, while the Mustio field has an erosion rate of 2,108 kg ha− 1 yr− 1

with no measure.
No-till had a similar effect on reducing sediment delivery at both

fields, with reduction of 71–82 % (Table 4). However, the impact of
buffer strips differed; at the Aura field, buffer strips reduced sediment
delivery by 36–52 %, while at the Mustio field, the reduction was only
4–6 %.

In the Aura field, the presence of a large gully at the center of the
field reduces the effectiveness of the buffer strips. Significant sediment
fluxes (29–36 %, P1-P3) flow directly to the gully and the Aura River,
bypassing the buffer strip (Fig. 5). To address this issue, the extended
buffer strip provided an additional sediment delivery reduction of

Fig. 4. Representative subsets of the estimated A. surface sediment delivery with no measures (kg ha− 1 yr− 1), B. sediment delivery reduction with no-till (kg ha− 1

yr− 1), C. sediment delivery reduction with buffer strips (kg ha− 1 yr− 1) at the riparian fields in the Mustio River catchment (SDR parameterization P1; axis units in
meters, y-axis pointing north).
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13–17 pp (Table 4).
At the Mustio field, 29 % of the field area drains, and only 10–16 %

(P1-P3) of sediments flow over the buffer strip area (Fig. 6). Moreover,
high sediment source areas are located further away from the buffer
strip. Sediments from these areas flow directly into a ditch and then into
the tributary stream of the Mustio River, bypassing the buffer strip
(Fig. 6). To address this issue, the extended buffer strip provided an
additional sediment delivery reduction of 21–40 pp (Table 4).

Overall, the buffer strip results in 32–46 pp larger reduction in
sediment delivery in the the Aura field than in the Mustio field. In the
case of the extended buffer strip, the sediment delivery reduction is still
23–24 pp larger at the Aura field than at the Mustio field.

4. Discussion

4.1. Key findings

RUSLE/IC/SDR provided a significant expansion of the spatially
distributed RUSLE by incorporating sediment connectivity for simu-
lating sediment delivery and erosion management measures at the field
and catchments levels. Previous studies using RUSLE/IC/SDR have
primarily focused on sediment delivery at catchment scales (e.g., Abebe
et al., 2023; Hamel et al., 2017, 2015; Zhao et al., 2020). There have
been only a few studies focusing on field scale (e.g., Tähtikarhu et al.,
2022), and even fewer studies that include erosion management mea-
sures in their field scale simulations. Our simulations provide an
enhanced understanding of the potential and limitations of RUSLE/IC/
SDR in simulating and assessing agricultural erosion management, as
well as the role that sediment connectivity plays in RUSLE-based erosion
management planning. Additionally, they also offer valuable insights

Fig. 6. Estimated A., C. sediment delivery via surface transport and B., D. surface sediment flow accumulation at Aura (13.5 ha) and Mustio fields (16.2 ha). The tiles
A., C. show buffer strip areas and drainage areas of buffer strips (30 m wide), and the tiles B. and D. show extended buffer strip areas (30 m wide) (SDR param-
eterization P1; axis units in meters, y-axis pointing north).
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into the effectiveness of erosion management measures under different
topographical conditions.

Spring cereal cultivation with conventional autumn plowing, no-till,
and grass buffer strips were successfully simulated in the fields of two
topographically different catchments (Section 3.2). No-till measure had
an average simulated reduction in sediment delivery of 71–83 % (P1-P3)
at both catchments. Measurements from three experimental fields in
Finland indicate a 36–75 % reduction in sediment delivery through
surface transport by no-till (Honkanen et al., 2021; Kukkonen et al.,
2004a; Puustinen et al., 2005). The measurements better consider the
heterogeneity in soil and management conditions, while the RUSLE/IC/
SDR simulations consider the accumulation of connectivity effects over
larger areas than the experimental fields or plots. The reduction effect is
known to be scale-dependent (García-Ruiz et al., 2015; Leys et al.,
2010). Buffer strips, in turn, had average simulated reductions of 39–55
% and 23–34 % (P1-P3) at Aura and Mustio River catchments, respec-
tively. Measurements from two experimental plots in Finland suggest
53–72 % reduction of sediment delivery through surface transport by
10–15 m wide grass buffer strips (Uusi-Kämppä and Jauhiainen, 2010;
Puustinen et al., 2005). The measurements provide estimates of the
effectiveness of buffer strips in well-controlled experimental plots, while
the RUSLE/IC/SDR simulations reveal the effect of the heterogeneity in
sediment connectivity characteristics between fields and catchments.
For example, according to the simulations, a notable share of sediments
are delivered to ditches on the sides of the fields, bypassing the buffer
strips. This results in lower effectiveness of buffers strips compared to
estimates from experimental plots where this phenomenon may not be
present.

The sediment delivery reduction effect of no-till was relatively
consistent across catchments and fields, with few pp higher reduction
rates at Aura compared to the Mustio River catchment (Section 3.2). The
variation between fields was on average less than 7 pp. The parame-
terization P3, however resulted in greater variation in the reduction
rates than P1 and P2. The reduction of buffer strips, in turn, varied
greatly by catchment and field, with 16–21 pp higher reduction rate at
the Aura than at the Mustio River catchment, and 83 pp variation be-
tween fields. These highlight the potential of RUSLE/IC/SDR to simulate
the impact of variable sediment connectivity characteristics on reducing

sediment delivery through erosion management measures. The larger
differences in sediment delivery reduction by buffer strips between
catchments and fields compared to no-till are explained by the differ-
ences in the spatial distribution of high erosion areas and the nature of
the two erosion management measures. The buffer strips were more
effective in the Aura River catchment because they were located in high-
erosion areas, effectively reducing erosion generation and sediment
transport. In contrast, in the Mustio River catchment, the high-erosion
areas were not commonly situated within the buffer strip areas. The
buffer strips are also more sensitive to variations in local sediment
connectivity characteristics because they are implemented only at one
side of the field, and they do not capture sediment fluxes bypassing the
buffer strips from other sides of the fields. In contrast, no-till measure
has a more uniform effect on erosion generation and sediment transport
across all areas of the field.

In the catchment level planning of erosion management measures to
fields (Section 3.3), the RUSLE/IC/SDR approach (B) resulted in only
small to modest additional sediment delivery reduction compared to the
RUSLE approach (A). This unexpected result shows that allocating
measures based on estimated erosion by RUSLE is almost as effective at
the catchment scale as allocating based on the estimated effectiveness of
erosion management by RUSLE/IC/SDR. The magnitude of erosion in
the fields appears to be a strong indicator of erosion management out-
comes, and the sediment connectivity characteristics did not vary
significantly enough between the riparian fields to play a more sub-
stantial role in the allocation of erosion management measures. The
outcome of this comparison could, however, be different if erosion
management measures in the RUSLE/IC/SDR allocation approach were
tailored according to the local sediment connectivity characteristics,
similarly to the approach taken in the two case study fields, especially in
the case of buffer strips. In the current comparison, the buffer strips were
uniformly implemented on the riparian side of the fields without
considering of the local sediment connectivity characteristics.

The improvements in sediment delivery reduction from RUSLE/IC/
SDR approach were, however, slightly larger in the Mustio River
catchment compared to the Aura River catchment and with the field
ranking unit of kg yr− 1 compared to the ranking unit of kg ha− 1 yr− 1.
This is likely due to the greater distances that sediments need to travel
from high-erosion areas to the outlet of the fields at Mustio compared to
the Aura River catchment, and that allocation with unit kg yr− 1 con-
siders the size of the fields, which related to sediment connectivity. This
may imply that the improvements from RUSLE/IC/SDR allocation
approach may be greater in conditions where fields are larger and high-
erosion areas are located further away from field outlets.

The catchment-scale evaluation also revealed that the same alloca-
tion rates of erosion management measures resulted in higher total
sediment delivery reductions at Aura than at the Mustio River catch-
ment, attributed to the distribution of erosion across riparian fields. At
the Aura River catchment, the highest erosion rates were concentrated
to smaller number of fields, whereas at the Mustio River catchment,
high-erosion rates were distributed more evenly among the fields. This
indicates higher cost-effectiveness of erosion management measures at
Aura than at Mustio River catchment.

The parameterizations P1-P3 of SDR were found to considerably
influence the estimated absolute magnitude of sediment delivery, which
was on average over three times higher with P3 and almost 2.5 times
higher with P2 compared to P1. However, the parameterization had less
effect on the estimated reduction effect of erosion management mea-
sures. The sediment delivery reduction was on average 22 % higher with
P3 and 35 % times higher with P2 compared to P1. The parameterization
P1-P3 also influenced the distribution of sediment delivery reduction
rates at individual fields. This suggests that different parameterizations
result in varying sediment connectivity characteristics in terms of how
sediment is transported from source areas to sinks. However, the
parameterization P1-P3 had very little effect on the ranking of fields in
terms of sediment delivery reduction through erosion management

Table 4
Simulated reduction of erosion and sediment delivery through surface transport
by no-till, buffer strip (30 m wide), and extended buffer strip (30 m wide) in the
Aura (13.5 ha) and Mustio (16.2 ha) fields in the Aura and Mustio River
catchments.

Aura field
Reduction
[%]

Mustio field
Reduction
[%]

No-till Erosion reduction − 64 % − 64 %
Sediment delivery
reduction, P1

− 77 % − 77 %

Sediment delivery
reduction, P2

− 71 % − 71 %

Sediment delivery
reduction, P3

− 82 % − 82 %

Buffer strip Erosion reduction –32 % − 3 %
Sediment delivery
reduction, P1

− 44 % − 6 %

Sediment delivery
reduction, P2

− 36 % − 4 %

Sediment delivery
reduction, P3

− 52 % − 6 %

Extended buffer
strip

Erosion reduction − 41 % − 15 %
Sediment delivery
reduction, P1

− 59 % − 36 %

Sediment delivery
reduction, P2

− 49 % − 25 %

Sediment delivery
reduction, P3

− 69 % − 46 %
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measures. The correlations between rankings were 0.97–1.00, p <

0.001. The findings on the similarity of rankings with different param-
eterizations are consistent with earlier studies (Tähtikarhu et al., 2022;
Hamel et al., 2015), and indicate that the RUSLE/IC/SDR approach
provides consistent information for comparing relative sediment de-
livery reduction rates based on rank despite the uncertainty in
parametrization.

In the planning of erosion management measures at individual fields
(Section 3.4), the RUSLE/IC/SDR provided valuable opportunities for
tailoring erosion management measures according to local sediment
connectivity characteristics. RUSLE/IC/SDR revealed the source areas of
sediment delivery and the connectivity characteristics within the fields,
and it was able to consider the sediment transport-related effects of
different configurations of erosion management measures. Whereas
RUSLE was able to only reveal areas with high erosion rates and provide
estimates on the impacts on gross erosion, but it could not provide in-
formation on sediment transport-related effects. In our case study fields,
the consideration of local sediment connectivity characteristics in the
implementation extended buffer strips to mitigate sediment fluxes
bypassing the conventionally implemented buffer strip, resulted in an
additional 13–40 pp reduction in sediment delivery. The consideration
of local sediment connectivity characteristics can thus improve the
effectiveness of erosion management.

4.2. Strengths, limitations, and ways forward

RUSLE/IC/SDR appears to be an efficient and valuable tool for
screening sediment connectivity and effectiveness of erosion manage-
ment measures at the field and catchments levels. RUSLE/IC/SDR pro-
vides a parallel empirical modeling framework to the more commonly
utilized WaTEM/SEDEM (Van Oost et al., 2000; Van Rompaey et al.,
2001) in practical applications. Both models provide predictions on the
long-term average sediment delivery rates, or the structural sediment
connectivity, and can be used to simulate various erosion management
measures and landscape elements at the field scale in high grid resolu-
tion over large regions. The main strengths of RUSLE/IC/SDR are that it
can be easily implemented as a post-processing method over existing
RUSLE data with low data input, computational, and parameterization
requirements. The IC/SDR can be computed using only DEM and three
parameter values as the input data. The main limitations of RUSLE/IC/
SDR compared to WaTEM/SEDEM are that it is less tested against
empirical observations in different climatic, topographical, and soil
conditions. Additionally, the development for incorporating different
erosion management measures and different landscape elements is more
limited compared to WaTEM/SEDEM. When compared to process-based
models, RUSLE/IC/SDR provides a more cost-effective approach for
screening large areas in high-resolution. Process-based models, in turn,
provide a more detailed description of erosion-transport-deposition
processes and erosion management measures. They often allow simu-
lation of functional sediment connectivity in addition to structural
sediment connectivity. Functional sediment connectivity typically pro-
vides better description of sediment delivery as sediment transport
heavily depends on the temporal aspects of the rainfall-runoff process
(Hooke and Souza, 2021). Implementing process-based models over
large spatial scales can be more demanding due to high parameteriza-
tion and computational requirements. Therefore, RUSLE/IC/SDR is
particularly useful in situations where RUSLE data exists and there is a
need for screening of erosion management over a large area. For
instance, in evaluating the potential benefits of buffer strips across
multiple large catchments.

Further evaluation and development of RUSLE/IC/SDR is, however,
needed. Firstly, the sediment delivery estimates need further evaluation
against observed sediment delivery rates to improve the parameteriza-
tion and credibility of modeling approach. Evaluation has been per-
formed in at least a few studies (e.g., Hamel et al., 2015; Zhao et al.,
2020), but overall, the evaluation is not comprehensive. Secondly, the

suitability of RUSLE/IC/SDR for various topographical climatic and soil
conditions needs further evaluation. Very few studies have evaluated
them. For example, Gay et al. (2016) noted different infiltration con-
ditions between lowlands and hilly and mountainous environments.
They adjusted the IC calculation to the lowland conditions in their study
area and reported improvements compared to the original IC (Borselli
et al., 2008). The infiltration is also influenced by other factors, such as
winter conditions and artificial subsurface drainage. Currently, it is not
clear how different infiltration conditions can be considered in the
RUSLE/IC/SDR model structure, even though Borselli et al. (2008)
metioned that infiltration could be factored into the weighting factor wi
(Eq. (4). Thirdly, RUSLE/IC/SDR was demonstrated to be able to
simulate area-based erosion management measures that can be pre-
sented in raster grids. However, comprehensive evaluation of the
implementation of different erosion measures and their parameteriza-
tion is still lacking. Currently, area-based erosion management measures
have mostly been implemented using the RUSLE C factor values to
parameterize the weighting factor Wi (Eq. (3) and Eq. (4) in calculation
of IC, following Borelli et al. (2008). We also did not evaluate in detail
the implementation of erosion management measures in RUSLE/IC/
SDR. For example, we did not evaluate the significance of flow
convergence, which is known to influence sediment trapping by buffer
strips (see e.g., Verstraeten et al., 2006). Fourthly, the model structure of
RUSLE/IC/SDR currently does not enable the consideration sediment
delivery via subsurface drainage, which is a significant limitation in
various agricultural environments. For example, in Finland, artificial
subsurface drainage is a common practice. Research shows that eroded
sediments are transported from the soil surface to subsurface drains
through cracks and macropores in the soil (Foster et al., 2003; Øygarden
et al., 1997; Turunen et al., 2017; Uusitalo et al., 2001). A large share of
the total sediment yield of a field can be through subsurface drainage
flow, especially at clay soils (Finnish Environment Institute, 2019;
Kukkonen et al., 2004b; Nurminen et al., 2018; Turtola et al., 2007;
Turtola and Kemppainen, 1998; Warsta et al., 2014). The implementa-
tion of subsurface drainage in RUSLE/IC/SDR by partitioning the pre-
dicted erosion at each grid cell into surface and subsurface sediment
fluxes and routing these fluxes separately to a sink would most likely be
feasible.

In addition, the quality and spatial resolution of data significantly
affect simulation outcomes. High-resolution DEMs are crucial for accu-
rately describing erosion, sediment transport pathways, and sediment
connectivity. However, all DEMs must be adjusted for artificial sinks to
prevent errors in sediment connectivity. In our simulations, the K factor
data from a 1:200,000 scale soil map limited erosion estimate detail
(RUSLE), particularly within the fields, but did not impact sediment
connectivity calculations (IC/SDR). The R factor data, though coarse (1
km2), did not significantly influence erosion estimates due to the small,
climatically similar catchments. Scenario-based simulations and their
relative comparisons also reduced the impact of data inaccuracies.

Currently, we consider RUSLE/IC/SDR suitable for exploring sedi-
ment connectivity and erosion management at the field scale across
catchments and regions. It can serve as an indicative tool, but due to the
limitations discussed above, careful consideration is needed if it is used
to estimate absolute values of sediment delivery rates or to support
practical erosion management, especially in the Finnish context. Eval-
uation and development following the directions identified above can
enhance the feasibility and credibility of RUSLE/IC/SDR for simulating
agricultural erosion management.

Our simulations further indicate potential and a need to develop
uncertainty management strategies beyond conventional calibration
and validation, sensitivity analysis, and probabilistic approaches. In our
simulations, the parameterization was based on literature, and the
model outputs were not evaluated against observation. However, the
simulations using the three different parameterizations (P1-P3)
demonstrated that the parameterizations led to very similar rankings of
fields in terms of sediment delivery reduction by erosion management
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measures. The relative sediment delivery reduction rates were not also
very far from each other, despite significant differences in absolute
sediment delivery reduction rates. These indicate that uncertainty can
also be managed by testing the models against specific questions,
simulation design, and a relative interpretation of model outputs. For
example, in our case, the model outcomes with the three parameteri-
zations and relative interpretations could have been evaluated against
the question “At which fields the buffer strips are the most effective?“
and model outcomes would have provided very consistent answers to
despite the parameterization uncertainty. This does not, however,
reduce the uncertainties related to the model structure and whether it is
suitable for the particular simulation. The simulation of absolute erosion
and sediment delivery rates is inherently uncertain (Batista et al., 2019),
and the relative interpretation of model outputs in scenario and system
response analyses, as well as fit-for-purpose model evaluations can help
to manage uncertainty in model simulations (Alewell et al., 2019;
Batista et al., 2019; Guillaume et al., 2015; Oreskes et al., 1994).

4.3. Implications of sediment connectivity for erosion management

The simulations revealed spatial variability in sediment source hot-
spots, sediment connectivity, and effectiveness of erosion management
measures. This indicates that practical erosion management can be
improved through model-assisted planning that accounts for sediment
connectivity. The RUSLE/IC/SDR simulations demonstrated how
erosion management outcomes can potentially be improved by tailoring
the erosion management measures according to local erosion and sedi-
ment connectivity characteristics.

The sediment connectivity was found to play an important role in the
effectiveness of buffer strips, and most likely of other measures that aim
to influence sediment fluxes from specific directions. The effectiveness
of the buffer strips was influenced by the share of sediment fluxes
bypassing the buffer strip area and flowing to the ditches on the sides of
the field. The sediment fluxes were often found to be highly concen-
trated, which can further reduce the effectiveness of buffer strips (see e.
g., Verstraeten et al., 2006). Additionally, artificial subsurface drainage
provides an alternative transport pathway for sediments reducing the
effectiveness of buffer strips. The buffer strips were, however, found to
be most effective when located in the high erosion areas. They reduced
erosion in those areas and trapped sediments transported from the up-
slope areas.

5. Conclusions

The RUSLE/IC/SDR approach enables the simulation of sediment
connectivity and delivery by extending the spatially distributed RUSLE
framework. Our simulations further advance the understanding of the
feasibility of using RUSLE/IC/SDR for simulating erosion management
measures at the field scale within catchments or regions, and of the
potential and limitations of RUSLE/IC/SDR in enhancing the outcomes
of RUSLE-based erosion management planning by considering sediment
connectivity.

No-till and riparian buffer strip erosion management measures in
spring cereal cultivation were successfully simulated using the RUSLE/
IC/SDR modeling approach. The simulated sediment delivery reduction
effects aligned with measurements from experimental fields, although
the RUSLE/IC/SDR approach was parameterized based on literature and
not against measured sediment delivery rates. The RUSLE/IC/SDR
revealed the spatial variability in high sediment source areas and con-
nectivity characteristics between the fields and the catchments. This had
an important role in determining the effectiveness of erosion manage-
ment measures between the fields and catchments, especially

concerning buffer strips. These findings highlight the importance of
local sediment connectivity characteristics in planning erosion man-
agement. RUSLE/IC/SDR provided valuable insights for this purpose.

At individual field level, RUSLE/IC/SDR provided a means for
tailoring erosion management measures based on local erosion and
sediment connectivity characteristics, thereby improving erosion man-
agement outcomes. Surprisingly, it did not lead to significant improve-
ments in the catchment-scale allocation of erosion management
measures to individual fields compared with allocation using RUSLE
alone. The role of sediment connectivity simulated using RUSLE/IC/SDR
appeared to be less important in catchment scale allocation, at least
when erosion management measures were uniformly implemented
across all fields without tailoring them according to local sediment
connectivity characteristics of the fields.

For the practical application of RUSLE/IC/SDR in erosion manage-
ment, greater attention must be given to model structure, parameteri-
zation, and prediction uncertainty than was done in our study.
Specifically, the suitability of the model structure and the parameteri-
zation of RUSLE/IC/SDR across various climatological and soil condi-
tions, as well as its performance against measured sediment delivery,
require further evaluation. Additionally, research is needed to evaluate a
wider range of erosion management measures and to account for sedi-
ment delivery through artificial subsurface drainage. Our simulations
suggest that managing uncertainty in sediment delivery predictions can
be enhanced through careful simulation design, relative interpretation
of model outputs in different scenarios and system responses, and fit-for-
purpose evaluations.

In conclusion, the RUSLE/IC/SDR model demonstrates significant
promise for simulating sediment connectivity and evaluating the effec-
tiveness of erosion management measures at the field scale. Its primary
strengths include its ability to integrate with existing RUSLE data, of-
fering high-resolution analysis across large areas with low data re-
quirements and computational costs. By incorporating local sediment
connectivity characteristics, RUSLE/IC/SDR has the potntial to sub-
stantially improve RUSLE-based erosion management planning.
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Appendix A

Table A1
Summary of the methodology for exploring RUSLE/IC/SDR for erosion management planning at the field-scale in agricultural catchments.

Methodology Description

1. Study area Aura River catchment in Southern Finland
Catchment area 146.6 km2

514 riparian fields
Topography generally flat with steep slopes near rivers and streams

Mustio River catchment in Southern Finland
Catchment area 116.2 km2

232 riparian fields
Topography gently undulating

2. Simulation of sediment delivery reduction by erosion
management measures

RUSLE
Empirical model for predicting long-term average erosion

RUSLE/IC/SDR
Structural sediment connectivity approach for predicting sediment delivery via surface transport

Erosion management measures
Spring cereal cultivation with
No measure: Conventional autumn moldboard plowing
No-till: no-tillage/seed drill/wintertime stubble cover
Buffer strip: 30 m wide riparian grass buffer strips

Estimation of erosion
RUSLE
Resolution 2 m × 2 m
Erosion at the riparian fields under
No measure
No-till
Buffer strip

Estimation of sediment delivery via surface transport and its reduction by erosion management measures
RUSLE/IC/SDR
Resolution 2 m × 2 m
Sediment delivery reduction from the riparian fields by
No-till: difference between sediment delivery with no-till and sediment delivery with no measure
Buffer strip: difference between sediment delivery with buffer strip and sediment delivery with no measure

3. Evaluation of RUSLE/IC/SDR for of erosion
management planning

Planning of erosion management measures at catchments
Approaches for allocating erosion management measures to fields:
RUSLE approach (A): Allocation of erosion management measures to fields with highest erosion rate with no erosion
measures
RUSLE/IC/SDR approach (B): Allocation of erosion management measures to fields with highest sediment delivery
reduction by erosion management measure
Fields with highest erosion rate (A) and sediment delivery reduction by erosion management measures (B) were identified
based on descending ranking of fields with ranking units kg ha− 1 yr− 1 and kg yr− 1

Allocation of erosion management measures by four rates: 20 %, 40 %, 60 % and 80 % of field/potential buffer strip area
Simulation with three IC/SDR parameterizations: P1, P2 and P3*
Evaluation of allocation approaches A and B:
Comparison of catchment scale total sediment delivery reductions resulting from the allocation approaches

Planning of erosion management measures at fields
The implementation of erosion management measures with RUSLE/IC/SDR was further evaluated at two case study fields
with implementation of no-till, buffer strip, and extended buffer strip.

*Defined in Table 4.
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Fig. A1. A representative subset of elevation data (meters above sea level, m asl.) from the fields of A. Aura and B. Mustio River catchments. Note that the scale
values vary in tiles, but their range remain consistent (axis units in meters, y-axis pointing north).

Table A2
Simulated total sediment delivery reduction scenarios for comparing the RUSLE (A) and RUSLE/IC/SDR (B) erosion management measure allocation approaches.

Allocation approach Ranking unit
(for ranking of the fields by erosion/sediment
delivery reduction by erosion management
measures)

Allocation rate of erosion
management measures

(for allocating the measures to
highest ranking fields)

Parameterization of IC/SDR

(for accounting the
parameter uncertainty)

Total
sediment
delivery
reduction
scenarios
(for
comparing
the
allocation
approaches
at
catchment
scale)

A. RUSLE

(Allocation by erosion under no-
measures)

and

B. RUSLE/IC/SDR
(Allocation by sediment delivery
reduction by erosion management
measure)

kg ha− 1 yr− 1 20 % P1 A1 B1
P2 A2 B2
P3 A3 B3

40 % P1 A4 B4
P2 A5 B5
P3 A6 B6

60 % P1 A7 B7
P2 A8 B8
P3 A9 B9

(continued on next page)
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Table A2 (continued )

Allocation approach Ranking unit
(for ranking of the fields by erosion/sediment
delivery reduction by erosion management
measures)

Allocation rate of erosion
management measures

(for allocating the measures to
highest ranking fields)

Parameterization of IC/SDR

(for accounting the
parameter uncertainty)

Total
sediment
delivery
reduction
scenarios
(for
comparing
the
allocation
approaches
at
catchment
scale)

80 % P1 A10 B10
P2 A11 B11
P3 A12 B12

kg yr− 1 20 % P1 A13 B13
P2 A14 B14
P3 A15 B15

40 % P1 A16 B16
P2 A17 B17
P3 A18 B18

60 % P1 A19 B19
P2 A20 B20
P3 A21 B21

80 % P1 A22 B22
P2 A23 B23
P3 A24 B24
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