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Exploring structural sediment connectivity via surface runoff in agricultural lands
of Finland
M. Tähtikarhu a, T. Räsänen a, J. Oksanen b and J. Uusi-Kämppä a

aNatural Resources Institute Finland (LUKE), Jokioinen, Finland; bFinnish Geospatial Research Institute FGI, National Land Survey of Finland,
Espoo, Finland

ABSTRACT
Spatial information on the distribution of erosion areas and sediment transport pathways within
agricultural landscapes is limited. Thus, we assess structural sediment connectivity via surface
runoff by using a digital elevation model (2 × 2 m2) and RUSLE-based erosion estimates to
compute index of connectivity (IC) and sediment delivery estimates. The variables were
analyzed within and between two topographically contrasting subcatchments. We found
greater spatial variability of IC within a subcatchment than between the subcatchments. The
majority of field parcel areas (65%–97%) were structurally connected to adjacent open ditches
and streams. Areas with high erosion estimates also tended to be structurally well-connected,
both at the pixel (Pearson r = 0.58–0.63) and parcel scale (r = 0.49–0.67). The IC model was not
highly sensitive to parameter variations. In contrast, the magnitude of sediment delivery
estimates was highly sensitive to parameter variations. However, based on the high rank
correlation (Spearman rs > 0.95) between computed sediment delivery estimates, the tool
provided consistent information on potentially high sediment delivery areas. More empirical
data and dynamic model applications could be applied to improve the accuracy of the
estimates. The method provides a feasible tool to generate open data on connectivity.
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Introduction

Processes leading to soil erosion and consequent sedi-
ment transport are affected by multiple interlinked land-
scape characteristics that vary spatially (e.g. Turunen et al.
2017). These characteristics include terrain topography,
soil properties, farming practices and drainage installa-
tions (Turtola et al. 2007; Puustinen et al. 2010; Ulén
et al. 2012; Turunen et al. 2017). The variability induces
differences in sediment loads between and within catch-
ments (e.g. Ulén et al. 2012). The sediment loads and
associated nutrients cause water quality problems (e.g.
Ulén et al. 2012) and agricultural land areas in particular
tend to be a major source of erosion (Garcia-Ruiz et al.
2015). However, spatial information on the distribution
of sediment source areas and transport pathways within
agricultural landscapes is still limited.

The concept of sediment connectivity is useful for
understandinghowdifferent erosion source areas contrib-
ute to the loads andhowareas are linked to one another in
terms of sediment transport. The degree of connectivity
describes the extent of the linkages and facilitates the
comparisonofdifferent areas in termsof sedimentdelivery

(Wainwright et al. 2011). Improvedknowledgeof sediment
connectivity at different scales and locations would
advance understanding of erosion and sediment delivery
and would consequently enhance possibilities to target
water protection measures more efficiently within and
betweenfieldparcels. Differentmethodshavebeendevel-
oped to estimate spatial variability in erosion and sedi-
ment transport (Ulén et al. 2012; Warsta et al. 2014;
Hamel et al. 2015), but sediment connectivity has not
been previously estimated in the agricultural landscapes
of Finland,where topographic variations anderosionmag-
nitudes are low compared to many regions (e.g. Panagos,
Borrelli et al. 2015).

Sediment connectivity consists of several distinct
compartments, including transport via horizontal
surface runoff (e.g. López-Vicente et al. 2013) and trans-
port of fine-grained and colloidal sediment via vertical
connectivity to subsurface drains (e.g. Øygarden et al.
1997; Ulén 2004; Turtola et al. 2007) and possibly also
via horizontal groundwater flow (McKay et al. 1993;
Turunen et al. 2017; Fresne et al. 2022). In the current
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study, we focus on sediment connectivity via surface
runoff. The role of surface runoff is distinct, since its
routing is controlled particularly by elements on the
soil surface (e.g. terrain topography and vegetation
cover) and its quality can be partly controlled by spatially
targeted measures on the soil surface (e.g. buffer strips).
Studying the surface runoff connectivity also has clear
practical implications, since the feasibility of implement-
ing such measures is dependent on whether the surface
runoff is controlled by local topographic depressions or
whether the runoff is directed from the fields towards
adjacent surface waters or open ditches. The routing of
surface runoff is largely controlled by topographic vari-
ations (e.g. Taskinen and Bruen 2007) and is also
affected by soil surface properties (e.g. Turunen et al.
2020). These structural landscape elements are relatively
stationary compared to hydrological dynamics (e.g.
Turunen et al. 2020) and represent the key controls.
However, connectivity also has a more dynamic dimen-
sion that is affected by several connected site-specific
factors and hydrometeorological variables (such as soil
hydraulic properties and temporal variability of precipi-
tation) that control hydrological variability (e.g. Warsta
et al. 2014).

Despite the complex dynamics of sediment connec-
tivity via surface runoff, the concept of structural sedi-
ment connectivity (e.g. Wainwright et al. 2011) provides
a widely utilised and feasible indicator for estimating
the degree of connectivity within large land areas. The
indicator excludes the dynamic dimension (which is
often called functional connectivity) and can be com-
puted based on landscape elements such as elevation
and roughness. Particularly the combination of the
index of connectivity (IC, Borselli et al. 2008) with
erosion estimates has been considered to be among the
most promising methods to analyze structural sediment
connectivity and sediment delivery via surface runoff at
different scales (Vigiak et al. 2012). Often the widely
used revised universal soil loss equation (RUSLE) is
applied to estimate erosion in such analyses (e.g. Hamel
et al. 2017; Zhao et al. 2020). RUSLE predicts long-term
average erosion rates based on rainfall erosivity, soil erod-
ibility, topographical properties, surface cover, agricul-
tural management methods, and support practices
(Renard et al. 1997). Recent studies have shown that the
magnitude and spatial variability of erosion and sediment
connectivity via surface runoff can be reasonably
described with simplistic models and low data availability
(e.g. Borselli et al. 2008; Hamel et al. 2017; Zhao et al.
2020). Structural sediment connectivity via surface
runoff has not been previously studied in the lowland
agricultural areas of Finland. Studying sediment connec-
tivity via surface runoff in these lowland areas can

increase understanding of the connectivity in different
environments and can be beneficial to the design and tar-
geting of local water protection measures.

Based on the above premises, the aim of this study
was to provide the first large-scale quantitative estimate
on the degree and variability of structural sediment con-
nectivity via surface runoff in agricultural lands of
Finland. The analysis is based on combining IC (Borselli
et al. 2008) with recently generated erosion data
(Räsänen 2021; Räsänen et al. in review) and focuses
on two topographically different subcatchments. The
quantitative estimates of this study are considered to
advance the current understanding of connectivity and
its spatial variability.

Materials and methods

Our analysis focused on agricultural lands of two sub-
catchments with contrasting topographical character-
istics. We combined previously produced high-
resolution RUSLE-data from the catchments (Räsänen
2021) with the index of connectivity (Borselli et al.
2008) and sediment delivery (Zhao et al. 2020) compu-
tations. The approach has been shown to reasonably
describe connectivity and sediment delivery between
and within catchments with varying characteristics
(e.g. Borselli et al. 2008; Hamel et al. 2017; Zhao et al.
2020). We also computed the share of areas that are
structurally connected to open ditches and streams
(e.g. Kebede et al. 2021). All of the computations were
conducted using the ArcGIS software and Whitebox
Geospatial Analysis Tools (Lindsay 2019) was used for
data processing.

These computations (IC, sediment delivery, and con-
nected areas) were subjected to sensitivity analyses to
explore the variability of the results due to uncertain
model parameters in the IC and sediment delivery com-
putations. The data and the methods are schematically
summarised in Figure 1 and described in more detail
below. The results were analyzed at the pixel scale and
field parcel scale, and the results between the two sub-
catchments are compared.

While the computations were conducted at the pixel
scale (2 × 2 m2), the results were spatially aggregated to
the parcel scale. The aggregation of the IC and erosion
values was conducted by calculating their mean values
for each parcel. Parcel scale sediment delivery was calcu-
lated as the sum of delivered sediment mass from each
pixel within a parcel divided by the area of the parcel.
The results are interpreted using standard statistical
metrics, namely Pearson correlation and Spearman
rank correlation. Pearson correlation is applied to
provide quantitative insight into the relationship
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between variables. Spearman correlation is used to
provide information particularly on the dependence
between the rankings of variables at the parcel scale.
The ranking of the variables is of practical interest at
the parcel scale since agricultural management choices
are conducted at that scale.

Catchment characteristics and field parcel data

The study area consists of two subcatchments of Mus-
tionjoki (60.5325°N, 22.4371°E) and Aurajoki (60.1232°
N, 23.7409°E) in southwestern Finland draining directly
into the Baltic Sea (hereafter referred to as the Mustion-
joki and Aurajoki subcatchments). The Mustionjoki sub-
catchment (116.2 km2) is dominated by clay soils
(Vertic Luvic Stagnosols), with small areas of siltic and
loamic soils (Stagnic Regosols) and more muddy soils
(Umbric Gleysols). The Aurajoki subcatchment
(146.6 km2) is located 86 km southwest of Mustiojoki,
and its agricultural areas are dominated by clay soils
(Vertic Luvic Stagnosols). The two subcatchments have
contrasting topographic characteristics. Their key prop-
erties are summarised in Table 1.

The agriculture in both subcatchments is dominated
by spring and winter cereals (about 60% of the field
area) and perennial grass and hay-type crops. Typically,
over 50% of the total field area has a wintertime veg-
etation cover (grass and hay, winter cereals or stubble)
(Finnish Food Authority). The fields are commonly
plowed in autumn with conventional moldboard

plowing, but reduced tillage is also used. Riparian
buffer strips are a common practice for reducing sedi-
ment and nutrient loading to surface waters, particularly
at the Aurajoki subcatchment. The agricultural lands of
the subcatchments are artificially well drained. That is,
individual field parcels are generally surrounded by
open ditches and drained by subsurface drains.

The field parcel borders for the Aurajoki and Mustion-
joki subcatchments were taken from the field parcel data
of the Finnish Food Authority, which contains over one
million vectorised field parcels for the whole of
Finland, accounting for nearly all agricultural land.
According to the field parcel data, the Aurajoki subcatch-
ment has 1766 field parcels with an average size of 2.8
ha (standard deviation 3.8 ha), and the Mustionjoki sub-
catchment has 1009 field parcels with an average size of
3.4 ha (standard deviation 4.9 ha).

Digital elevation models, disconnectivity
elements, connected areas and related scenarios

The digital elevation model for the Aurajoki and Mus-
tionjoki subcatchments was taken from a 2 × 2 m2 resol-
ution LiDAR-based digital elevation model (DEM) of
Finland (National Land Survey of Finland 2020). The
dataset is based on aerial laser scanning with point
density of at least 0.5 points per square metre, providing
a comprehensive spatial description of spatial elevation
variation. According to the DEM product quality model,
the root mean square error (RMSE) of the elevation data
is guaranteed to be less than 0.3 m on slopes having the
maximum steepness of 47% (National Land Survey of
Finland 2017). In an external quality testing, the RMSEs
of the DEM have been shown to be on average as low
as 0.11 m and even lower on the mildest slopes
(Oksanen 2013). RMSEs higher than 0.3 m were found
only on very steep slopes covering 1.5% of the study
area of the test (Oksanen 2013). In the current study,

Figure 1. Schematic overview of the utilised data and the conducted scenarios and computations.

Table 1. Key characteristics of the studied subcatchments.
Mustionjoki Aurajoki

Area (km2) 116.2 146.6
Agricultural area (%) 30 34
Topography Gently undulating Gently flat, with steep slopes

near rivers and streams
Average slope (%) 4.9 2.7
Soil type Clay soil Clay soil
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the terrain slopes were modest (Table 1) and only <0.1%
of the area of the subcatchments had the slope ≥47%.

DEMs can include sinks (topographical depressions)
of different sizes. While the sinks can markedly affect
structural connectivity, small sinks in DEMs occur partly
due to the noise in the data (Lane et al. 2017), and
some sinks can be practically too small to induce struc-
tural disconnectivity (e.g. Turunen et al. 2020). We esti-
mated that a threshold value between 0.05 and 0.20 m
(see Supplement 1) can reasonably differentiate
between sinks that can or cannot induce structural dis-
connectivity. Sinks with a lower depth than the
threshold value were spatially sporadic small
depressions with a small surface area, and larger sinks
were larger local depressions controlling overland flow.
Based on the estimation, filling sinks with a depth
≤0.10 m was interpreted as the most plausible scenario
to exclude spurious sinks from the DEM, as it removed
such sinks that had a small surface area and conse-
quently a limited ability to induce structural disconnec-
tivity (Supplement 1). The results of the external
quality testing of the DEM (Oksanen 2013) justifies the
use of the threshold value in the mildly undulating ter-
rains. The value of 0.1 m also corresponds with such
topographical variations that do not prevent runoff
occurrence (Turunen et al. 2020). However, we recognise
that the interpretation includes a degree of subjectivity.
To understand how the sink treatment can affect our
results, all IC computations were conducted using four
different DEMs, including DEMs where sinks with
depths of 0.05, 0.10, 0.15 and 0.20 m were filled. The
sinks were filled using the FillDepression algorithm of
Whitebox Geospatial Analysis Tools (Lindsay 2019). The
computational scenarios are hereafter called DEM5,
DEM10, DEM15, and DEM20, respectively (Figure 1).
The computations with the different DEMs were con-
sidered to provide a range of plausible connectivity
scenarios. Conceptually, the selected scenarios were
also in line with the DEM-treatment concept of Lane
et al. (2017), who suggested that removing noise from
DEMS can be conducted by gradually filling sinks to a
threshold where contributing areas to outlets do not
considerably decrease. Note, however, that the study
setup of Lane et al. (2017) differed from the current
study for example in terms of DEM properties and catch-
ment characteristics.

Locations of open ditches and streams were adopted
from the field parcel data. The parcel boundaries typi-
cally closely match with the open ditch lines (or
streams) in the landscape. The ditch and stream
locations were used when computing the share of the
field area connected to them. That is, in the DEMs, the
ditches and streams were represented by those pixels

that were located adjacent to the field parcel bound-
aries. The proportion of the areas that were structurally
connected to open ditches and streams was estimated
based on the DEM-based flow direction (the D8 algor-
ithm) and flow accumulation computation using
ArcGIS software (e.g. Kebede et al. 2021). To consider
the sensitivity of the results due to possible variations
in the width of the open ditches, we conducted compu-
tational scenarios where the ditch widths were extended
by 4 and 6 m. That is, in these scenarios, the ditches were
widened by two or three pixels, respectively, to analyze
how variability in their widths and possible inaccuracies
in their locations can affect our results. These scenarios
are hereafter called DITCH4 and DITCH6 (Figure 1),
respectively.

RUSLE data

RUSLE data for the subcatchments were taken from the
existing national dataset (Räsänen 2021; Räsänen et al. in
review). The dataset is based on the method of Renard
et al. (1997):

A = R× K × LS× C × P (1)

where A is the annual average erosion (t ha−1 yr−1), R is
the rainfall-runoff erosivity factor (MJ mm ha−1 h−1 yr−1),
K is the soil erodibility factor (t ha h ha−1 MJ−1 mm−1), LS
is the slope length and steepness factor (−), C is the
cover-management factor (−), and P is the support prac-
tice factor (−).

The dataset includes only the R, K and LS factors, and
it is calculated for all agricultural lands of Finland at a
two-metre resolution. In the dataset, the R factor is
from a 1 km resolution gridded European scale dataset
that is based on observational data (Panagos, Ballabio
et al. 2015), where the R data for Finland was calculated
from hourly precipitation data measured at 64 stations
during the years 2007–2013. Based on this, the R-value
for Aurajoki and Mustionjoki are 360 and 314 MJ mm
ha−1 t−1yr−1, respectively, while the national average is
273 MJ mm ha−1 h−1 yr−1 with annual average precipi-
tation of 660 mm.

The K factor is from the Finnish Soil Database (Lilja
and Nevalainen 2006; Lilja, Uusitalo et al. 2017), which
was supplemented with soil-specific K values (Lilja, Hyvä-
luoma et al. 2017; Lilja, Puustinen et al. 2017). The soil
database contains vector data (1:200,000) describing
the Finnish soils classified according to the World Refer-
ence Base for Soil Resources (IUSS Working Group WRB
2015) with the smallest spatial feature of 6.25 ha.
According to this data, the dominating agricultural
soils at the Aurajoki and Mustionjoki subcatchments –
Vertic Luvic Stagnosols (clay) and Stagnic Regosols
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(sand, silt, and loam) – have K values of 0.040 and 0.057 t
ha h ha−1 MJ−1 mm−1, respectively.

The LS is calculated from the two-metre resolution
LiDAR-based digital elevation model (DEM) of Finland
(National Land Survey of Finland 2020) by using the
method of Desmet and Govers (1996) in the SAGA GIS
module LS factor (Conrad 2003). The method computes
the LS value for each grid cell by estimating the slope
steepness (S) and substituting the original slope length
(L) (Foster and Wischmeier 1974) with the unit contribut-
ing area, which in turn is calculated using a multiple flow
direction algorithm (Quinn et al. 1991). The data for
Finland uses default settings of the SAGA GIS module
LS factor (rill/interrill erosivity ratio = 1 and stability =
stable). The field borders were considered according to
the field parcel data from the Finnish Food Authority.
According to the data, the average LS value of agricul-
tural lands of Aurajoki and Mustionjoki are 0.470 and
0.830, respectively.

In the current study, all fields were considered under
uniform crop cover and management to facilitate com-
parability between the structural connectivity of the
field parcels and the two subcatchments. Spring
cereals are the most common crops in Finland, and we
used the corresponding C factor value of 0.211 (spring
cereals with autumn plowing) (Räsänen et al., in review).

Connectivity index computations

Following Borselli et al. (2008), the index of connectivity
(IC [−]) at each pixel was computed based on an upslope
(Dup [−]) and downslope (Ddown [−]) factor:

IC = log10
Dup

Ddown

( )
(2)

Low IC values denote areas with a lower degree of con-
nectivity compared to higher IC values. Dup is computed
as:

Dup = WS
��
A

√
(3)

where �W [−] is the average weighing factor for the
upslope area, �S [m m−1] is the average terrain slope of

the upslope area, and A [m2] is the upslope area. Ddown

is calculated as follows:

Ddown =
∑n
i=1

di
WiSi

(4)

where n is the total number of pixels along the down-
slope flowpath, di [m] is the length of the ith pixel
along the downslope flowpath (2.0 m or 2.8 m, depend-
ing on the direction of flow in the eight-direction model),
Wi [−] is the weighing factor of the ith pixel, and Si
[m m−1] is the terrain slope of the ith pixel. Wi describes
local conditions affecting connectivity and thus relates to
vegetation cover and land use. Wi was given the par-
ameter value of the RUSLE C factor (Borselli et al. 2008),
which is considered to provide an integrated description
of vegetation cover and farming practices. The down-
slope flowpath was calculated from every pixel to the
ditches and streams surrounding the field parcel.

Sediment delivery computations

Based on the computed IC values, we estimate sediment
delivery rate (SDR) with a sigmoid-type function as
follows (e.g. Vigiak et al. 2012; Hamel et al. 2017; Zhao
et al. 2020):

SDRi = SDRmax 1+ exp
IC0 − ICi

KIC

( )( )−1

(5)

where SDRmax [−] is the maximum SDR (ranging from 0
to 1.0), ICi [−] is the computed IC value at the ith pixel,
IC0 [−], and KIC [−] are empirical parameters. Sediment
delivery is consequently estimated as (e.g. Zhao et al.
2020):

Qp =
∑N

i=1 EiSDRi
ap

(6)

where Qp [t ha−1 yr−1] is the sediment delivery via
surface runoff from field parcel p, N is the total
number of pixels in the field parcel, Ei [t yr

−1] is the
erosion (RUSLE data) in the ith pixel, and ap [ha−1] is
the area of the field parcel. Thus, the resulting pixel
scale SDRi values describe the share of erosion that is
delivered from a pixel to the ditches and streams that
surround the field parcel containing the pixel. Conse-
quently, the Qp values describe the amount of sediment
that is delivered from a parcel to the ditches and
streams.

We explored the sensitivity of the results to the par-
ameter variation (IC0 and KIC) of Equation (5) by identify-
ing different parameterizations from the literature and
using local data (hereafter called P1–P7, Table 2, and
Figure 1). Since sediment yield observations at the

Table 2. The applied parameterizations for the sensitivity
analyses regarding the sediment delivery rate calculations
(Equation 5).
Parameterisation IC0 KIC Description

P1 0.5 2.0 Widely used parameterisation
P2 0.5 1.8 Literature value
P3 0.5 3.5 Literature value
P4 0.1 2.0 Literature value
P5 −4.7 1.0 Reflects local data
P6 −3.3 1.0 Reflects local data
P7 −5.7 1.0 Reflects local data
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parcel scale are rare, we explored the sensitivity of the
results using a wide range of possible parameterizations.
P1 was set according to a widely applicable parameter-
isation that was previously used globally in different
locations (Vigiak et al. 2012; Hamel et al. 2015; Zhao
et al. 2020) and therefore may be applicable to
different landscapes. P2–P4 represented a range of
different parameterizations used in different locations
globally (see Hamel et al. 2017) and were considered
to represent a wide but possible variability in the par-
ameter values.

P5–P7 were set to reflect local conditions in Finland,
as follows. Sediment load via surface runoff has been
observed to vary between 10% and 50% of the total
load (defined as the sum of the load via surface runoff
and subsurface drains) (Turtola et al. 2007; Warsta et al.
2014; Turunen et al. 2017; Finnish Environment Institute
2019). Furthermore, our preliminary computations
showed median IC values of −5.2 in the studied areas.
Therefore, the parameterizations P5–P7 were conse-
quently determined by setting the SDR value at the
median IC to 0.3, 0.1, and 0.5 (reflecting the typical
range of surface runoff load shares from previous
studies) in the parameterizations P5, P6, and P7, respect-
ively. See Figure 2 for details. The parameterizations P5–
P7 were considered to reasonably reflect the previously
observed shares (10%–50%) of sediment transport via
surface runoff in local conditions. Note also that while
sediment is eroded on the field surface in the local con-
ditions (Uusitalo et al. 2001), it can thereafter be efficien-
tly transported forward via overland flow or through the
soil to subsurface drains (e.g. Turtola et al. 2007; Turunen
et al. 2017). While Equation (5) describes the share of
eroded material that is transported by surface runoff

from a pixel to open ditches and streams, the rest of
the sediment is considered be either deposited on the
soil surface or transported to the subsurface flow path-
ways. While our study focuses on the share of sediment
transported by surface runoff, conceptually the parame-
terisation is in line with previous empirical studies.

The resulting parameterizations and related sources
are shown in Table 2. For all of the parametrizations
(P1–P7), the SDRmax (Equation 5) was set to the widely
applied value of 0.8 (Hamel et al. 2015; Liu et al. 2020;
Gashaw et al. 2021; Duan et al. 2022). The consequent
relationship between each parameterisation and IC
values is shown in Figure 2. The sediment delivery com-
putations were conducted using DEM10 (see Figure 1).

Results

Pixel-scale IC and erosion values and areas
structurally connected to open ditches and
streams

The computed IC values varied from−8.6 to−1.2 (median
=−6.0…−5.9, standard deviation σ = 1.1) in theMustion-
joki subcatchment and from −8.1 to −0.4 (median =−5.9
…−5.8, σ = 1.0–1.1) in the Aurajoki subcatchment. Their
pixel scale distributions were centred around the
median values and were slightly positively skewed
(Figure 3a–b). Differences between the computational
scenarios (DEM5–20 and DITCH4–6, Figure 1) and
between the subcatchments were clearly smaller than
the variability within the subcatchments (Figure 3a–b).
At the Mustionjoki subcatchment, there was a wider
range of IC values between the low end and the median
of the distribution compared to the corresponding distri-
bution of the Aurajoki subcatchment (Figure 3a–b),
reflecting differences in catchment topographical proper-
ties. The IC distributions clearly differed from the erosion
distributions (Figure 3a–d). However, there was a statisti-
cally significant relationship between the IC and logarith-
mic (base 10) erosion values at both of the subcatchments
(Pearson r = 0.58–0.59, p < 0.01 at the Mustionjoki sub-
catchment and r = 0.63, p < 0.01 at the Aurajoki subcatch-
ment), demonstrating a degree of spatial correspondence
between the two spatial variables.

Our analysis with the different DEM treatment and
ditch width scenarios (Figure 1) showed that the
majority of the field area (65%–92% and 78%–97% at
the Mustionjoki and Aurajoki subcatchments, respect-
ively) was structurally connected to the adjacent
ditches (Figure 4). These results on the degree of con-
nectivity were more sensitive to the computational scen-
arios at the Mustionjoki subcatchment than at Aurajoki
subcatchment (Figure 4).

Figure 2. Surface runoff sediment delivery rate as a function of
the index of connectivity with the applied parameterizations
P1–P7.
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The disconnected field areas were sporadically located
in the landscape and were mostly due to local
depressions (Figure 5a–b). The connectivity pathways
were dominated by spatially sporadic flow accumulation
networks, controlled by elevation differences in the
model (Figure 5a–b). At the Aurajoki subcatchment the
most connected areaswere concentrated near to the Aur-
ajoki stream (Figure 5b), while at Mustionjoki, they were
distributed more evenly in the landscape (Figure 5a).

Parcel scale IC and erosion values

Regarding parcel scale, the distributions of the connected
mean IC values were skewed (Figure 6a–b) and differed
from those of the mean parcel scale erosion values
(Figure 6c–d). There was a statistically significant relation-
ship between the mean IC and logarithmic (base 10)
erosion values at the Mustionjoki subcatchment
(Pearson r = 0.49, p < 0.01), and the relationshipwas stron-
ger at the Aurajoki subcatchment (r = 0.67–68, p < 0.01).

There was also a significant rank correlation between
the mean parcel scale IC and erosion values at the

Figure 3. Distribution of pixel scale (a–b) index of connectivity (IC) and (c–d) erosion values at the Mustionjoki and Aurajoki subcatch-
ments. The red lines denote the minimum and the maximum from the different computational scenarios (DEM5–20 and DITCH4–6).
The low IC values denote areas with a lower degree of connectivity compared to higher IC values.

Figure 4. The share of field area connected to open ditches and
streams from the total field area with the six different compu-
tational scenarios. The blue and red bars denote the share at
Mustionjoki and Aurajoki subcatchments, respectively.

ACTA AGRICULTURAE SCANDINAVICA, SECTION B — SOIL & PLANT SCIENCE 963



Mustionjoki (Spearman rs = 0.49–0.51, p < 0.01) and Aur-
ajoki (Spearman rs = 0.60–0.67, p < 0.01) subcatchments.
As demonstrated in Figure 7a–b, the parcels with the
highest mean erosion values often corresponded with
the highest mean IC values. However, the relationship
was not as straightforward regarding the mid-range
values (Figure 7a–b).

Sediment delivery computations

The parcel scale SDR values (parameterizations P1–P7)
varied widely, ranging from 0.01 to 0.72 at the Mustion-
joki subcatchment and from 0.01 to 0.74 at the Aurajoki
subcatchment. Regarding the computed parcel scale
sediment delivery, the estimates with different parame-
terizations (P1–P7) varied by several orders of magni-
tude (Figure 8a–b), demonstrating the high sensitivity
of the delivery estimates to the parameter variations
(Table 2). The mean parcel scale deliveries and logarith-
mic (base 10) erosion values correlated significantly at
the Mustionjoki (Pearson r≥ 0.92, p < 0.01) and Aurajoki
(Pearson r≥ 0.99, p < 0.01) subcatchments.

Most interestingly, the rank correlations between the
computed deliveries regarding all scenarios (P1–P7)
were high in both of the catchments (Spearman rs>
0.95 and p < 0.01). This demonstrates a similar ranking
of the parcels in terms of sediment delivery despite
differences in the computedmagnitude of the deliveries.

Discussion

The computed IC value ranges in the two studied catch-
ments overlapped, but catchment characteristics also
resulted in differences in the IC distributions. Previous
connectivity index computations have concentrated in
areas with larger topographic variations (e.g. Borselli
et al. 2008; Gay et al. 2016; Hamel et al. 2017; Ortíz-Rodrí-
guez et al. 2017; Zhao et al. 2020), and our analysis
shows how IC distributions can differ in lowland areas.
The difference in the median IC between the two
studied subcatchments was <1.0, and the IC values
varied between −8.6 and −0.4 (median −6.0…−5.8).
Topographic variations in Finland are modest, and thus
the variability in Finnish catchments can be assumed

Figure 5. A representative snapshot of the pixel scale spatial distribution of the index of connectivity (IC) at the (a) Mustionjoki and
(b) Aurajoki subcatchments. Ditches and streams surrounding the parcels are located in the same places as the parcel boundaries.
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to be typically higher within catchments than between
catchments. However, the variability between catch-
ments should be analyzed by studying a larger
number of catchments to reach definitive conclusions.
For reference, Zhao et al. (2020) reported IC values
between −10.3 and 5.4 in the Yellow River catchment
area (China). Gay et al. (2016) reported mean IC values
between −3.9 and 10.0 in the lowlands of France. Can-
treul et al. (2018) reported median IC values between
−8.0 and −6.5 in a lowland area in Belgium. Note,
however, that the values from the previous studies are
not directly comparable with our results, as the appli-
cation differed in terms of the applied data, parameter-
izations, and methodological choices. However, the
comparison can provide insight into the variability of
connectivity within different catchments. Gay et al.
(2016) also developed a model to consider infiltration
and saturation processes in the IC computations,
which may provide insight into more comprehensive
connectivity assessments in humid lowland areas.

The correlation between the IC and RUSLE values (at
the both pixel and field parcel scales) as well as between
the sediment delivery and RUSLE values suggests that
areas with high computed erosion also tend to be struc-
turally well-connected to adjacent open ditches. The IC
and erosion values correlated more in the Aurajoki sub-
catchment than in the Mustionjoki subcatchment. The
difference was likely due to the clear topographical
slopes adjacent to the Aurajoki stream and the more
evenly distributed topographical variations in the Mus-
tionjoki subcatchment. Previously Hamel et al. (2017)
also showed that there can be a relationship between
IC and sediment delivery at the catchment outlets. The
RUSLE results reflect the connectivity magnitude, but
the applied IC model further improves the understand-
ing of sediment connectivity by providing quantitative
estimates of the variability of connectivity in structurally
varying landscapes. There was a relationship between
the IC and RUSLE results particularly since the LS par-
ameter of RUSLE (the slope length and steepness

Figure 6. Distribution of the mean parcel scale (a–b) index of connectivity and (c–d) erosion values at the two subcatchments. The red
lines denote the minimum and maximum.
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factor) and the upslope factor of the IC computations
both contained information on the landscape structure
upslope from each pixel. The IC computations,
however, also considered the landscape structure down-
slope from each pixel (see Equation 4). The downslope
factor did not dominate the result due to the relatively

small mean area of the field parcels (mean 2.8–3.4 ha).
However, we identified two cases where the relationship
between erosion and connectivity was not strong. Areas
with high erosion and low IC were located in regions
where the downslope flow pathway was long and ran
through relatively flat areas. Areas with high IC and

Figure 7. A representative snapshot of (a–b) the spatial distribution of the mean parcel scale index of connectivity (IC) and (c–d)
erosion [kg ha−1 a−1] values at the Mustionjoki and Aurajoki subcatchments.

Figure 8. Relationship between the computed mean parcel scale sediment deliveries and connectivity indices at the (a) Mustionjoki
and (b) Aurajoki subcatchments with the applied parameterizations P1–P7.
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low erosion were often located in relatively flat areas
that had a relatively large upslope area and were
located close to a ditch or stream.

Our analysis showed that the structural surface runoff
connectivity was often dominated by spatially sporadic
networks with relatively high IC values (Figure 5). Thus,
while there were apparent differences between field
parcels in terms of connectivity, they often had simi-
larities in terms of spatial patterns of connectivity.
Tree-like spatial connectivity structures were particularly
prominent and they are often found in landscapes likely
due to landscape evolution and the formation of
efficient surface runoff drainage networks (e.g. Kwang
et al. 2021). The results also demonstrate that the
majority of agricultural land areas can be structurally
connected to the adjacent open ditches and streams
(in terms of surface runoff) (Figure 4). Previous field-
scale studies (e.g. Uusi-Kämppä et al. 2000; Uusi-
Kämppä and Jauhiainen 2010) showed that buffer
strips can efficiently reduce sediment loads by mitigat-
ing erosion on steep slopes and retaining settled soil
particles, but our study showed how the potential
relates to a spatially larger view. Since the field parcels
are connected to the adjacent ditches and streams,
buffer strips can have a role in reducing sediment
loads on a large scale by retaining settled soil particles
if they are well-targeted and can efficiently reduce sedi-
ment loads via concentrated surface runoff fluxes. Also,
so-called grassed waterways established on concen-
trated water flows in the field may efficiently decrease
erosion and sediment load in overland flow channels.
In further studies, the computational model of the
current study could be applied to estimate the potential
impacts of spatially targeted buffer strips, grassed water-
ways, and other environmental measures (e.g. winter-
time vegetation cover) on sediment delivery.
Practically, such analysis can be conducted by describing
the effects of land cover on connectivity with the
spatially distributed C and P factors of RUSLE (Equation
1) and W factor of the IC computations (Equations 3
and 4) (e.g. Foerster et al. 2014).

The topographic variations in the studied catchments
were modest (mean slope ≤5%), which is typical in
Finland. While the utilised DEM with the resolution of
2 × 2 m2 represents macrotopographic features, the
choices of farming practices (particularly tillage
method and direction) can be assumed to have a role
in controlling surface runoff. For example, contour
tillage may reduce runoff and sediment loads (Jia et al.
2020). One of the practical applications of spatially dis-
tributed IC data would be the identification of those
locations where contour tillage can have a high potential
to control runoff and sediment load. Hypothetically,

contour tillage can have a high impact on connectivity,
particularly in field parcels where the spatial IC networks
are connected to a ditch or stream via several different
locations throughout a hillslope (i.e. the surface runoff
fluxes are not too concentrated to constantly increase
the flow depth above the tillage furrows).

While the studied differences in the sediment delivery
parameterizations (Equation 5, Figure 2) resulted in
widely varying sediment delivery magnitudes, the rank
correlation between the parcel-scale deliveries with the
different scenarios was high (Spearman rs> 0.95). This
means that despite the differences in the delivery mag-
nitudes, the different parameterizations resulted in a
similar ranking of the field parcels (in terms of sediment
deliveries). This capability of the model to produce con-
sistent estimates to discern which field parcels can
potentially have both high erosion and high connec-
tivity values can be practically interesting from the
point of view of targeting sediment load mitigation
measures. However, regarding the sediment delivery
magnitudes and choice of related parameterizations,
our study did not reach any conclusions. Previously
Hamel et al. (2015), who studied sediment export in
North Carolina (US), also showed that the applied com-
putational approach can be a useful tool in ranking sedi-
ment transport areas and prioritising the targeting of
environmental measures.

It is also noteworthy that in addition to surface runoff,
comprehensive sediment connectivity assessments
should consider subsurface sediment delivery. Soil par-
ticles eroded on the soil surface can be vertically trans-
ported particularly to subsurface drains and, thereafter,
directly to adjacent surface water (Øygarden et al.
1997; Uusitalo et al. 2001; Foster et al. 2003; Turtola
et al. 2007; Turunen et al. 2017), bypassing any discon-
nectivity elements on the soil surface. Our approach con-
siders only structural sediment connectivity via surface
runoff. The applied approach has been tested in
several studies and different data (e.g. Borselli et al.
2008; Hamel et al. 2017; Zhao et al. 2020). According
to physics-based surface runoff models (e.g. Taskinen
and Bruen 2007) terrain elevation difference is a
primary factor controlling runoff routing. Thus, the
concept of structural connectivity via surface runoff is
well-justified. However, studying connectivity dynamics,
for example, with dynamic sediment delivery simu-
lations (e.g. Warsta et al. 2014) would further improve
the understanding of how connectivity can vary in
space and time. Consideration of infiltration processes
(e.g. Gay et al. 2016) could also further improve our esti-
mate but would require consideration of factors such as
soil hydraulic properties and subsurface drainage par-
ameters. Also, calibration and validation of the sediment
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delivery rate equation (Equation 5, Figure 2) with local
data would further improve the accuracy of the results.

Despite the involved uncertainties and limitations,
our analysis provides the first large-scale sediment con-
nectivity analysis in the agricultural lands of Finland. The
approach also involved an exploration of the sensitivity
of the results to key uncertainties (Figure 1). The explora-
tion showed that the key results are not highly sensitive
to variation in the studied variables. Note, however, that
while the ranking of the field parcels according to sedi-
ment delivery was not highly sensitive to the parameter
variations, the sediment delivery magnitudes were very
sensitive to the variations (Figure 8). The practicality of
our approach is highlighted by the fact that the compu-
tations can be extended to the national scale in Finland,
as the digital elevation models and RUSLE data are already
openly available (Räsänen 2021). Generating open spatial
data on sediment connectivity would increase the possibili-
ties to predict potential sediment connectivity pathways
and consequently provide systems-based information to
enhancediscussionregardingthetargetingof sedimentmiti-
gation measures (e.g. buffer strips) on the field surface. The
data couldbe further extendedwith spatially and temporally
distributedparameterisationof themodelling approach (e.g.
Foerster et al. 2014), which would provide a tool to produce
estimates regardingthe impactsofdifferentwaterprotection
measures on sediment connectivity.
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