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Connectivity has been embraced by the geosciences community as a useful concept to understand and describe
hydrological functioning and sediment movement through catchments. Mathematical modelling has been used
for decades to quantify and predict erosion and transport of sediments, e.g. in scenarios of landuse change or con-
servation measures. Being intrigued by both models and the connectivity concept, as a group of modellers we
aimed at investigating what different models could tell us about connectivity. Therefore, we evaluated the re-
sponse of contrasted spatially-distributed models to landscape connectivity features and explained the differ-
ences based on different model structures. A total of 53 scenarios were built with varying field sizes and
orientations, as well as the implementation of soil conservation measures. These scenarios were simulated, for
two rainfall intensities, with five event- and process-based water and soil erosion models – EROSION3D,
FullSWOF_2D, LandSoil, OpenLISEM and Watersed. Results showed that rainfall amount plays the most impor-
tant role in determining relative export and connected area of runoff and sediment in all models, indicating
that functional aspects of connectivity were more important than structural connectivity. As for the role of struc-
tural landscape elements, there was no overall agreement between models regarding the effects of field sizes,
crop allocation pattern, and conservation practices; agreementwas also low on the spatial patterns of connectiv-
ity. This overall disagreement betweenmodels was unexpected. The results of this exercise suggest that the cor-
rect parameterization of runoff and sediment production and of routing patterns may be an important issue.
Thus, incorporating connectivity functions based on routing would help modelling forward. Our results also sug-
gest that structural connectivity indices may not suffice to represent connectivity in this type of catchment (rel-
atively simple and monotonous land cover), and functional connectivity indices should be applied.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The extent to which system components are coupled controls the
functioning and behaviour of Earth systems. For example, Fryirs
(2013) proposed to use (dis)connectivity as framework to analyse spa-
tial and temporal variation that operates within a catchment's sediment
cascade. This (dis)connectivity of a system has emerged as a useful
Management Group (SLM),
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concept in geosciences over the last decades (e.g. Keesstra et al., 2018;
Parsons et al., 2015; Wohl, 2017). The connectivity concept supported
the understanding of water and sediment transfer within catchments
(e.g. Bracken et al., 2015, 2013) and the concept has thus been em-
braced by the scientific community (e.g. Heckmann et al., 2018; Nunes
et al., 2018). Bracken and Croke (2007) identified three major types of
connectivity: (i) landscape connectivity relating to the physical (de)
coupling of different landscape elements, (ii) hydrological connectivity,
referring to the passage of water through the system, and (iii) sedimen-
tological connectivity, relating to the transfer of sediment. Fryirs (2013)
combined them and describes connectivity as the water-mediated
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transfer of sediment within different components of a sediment cas-
cade. In line with Heckmann et al. (2018), connectivity can be defined
as the degree to which a system facilitates the transfer of sediment
andwater. Connectivity thus reflects the continuity and strength of run-
off and sediment pathways in a catchment at a given point in time
(Heckmann et al., 2018). Often a distinction is being made between
structural connectivity, representing the spatial configuration of system
components, and functional connectivity, which is inferred from the ac-
tual transfer ofwater and sediment and ismore dynamic than structural
connectivity (e.g. Cossart and Fressard, 2017; David et al., 2014; López-
Vicente et al., 2017; Reulier et al., 2019; Turnbull et al., 2008;
Wainwright et al., 2011). Another distinction that can be made is be-
tween lateral (e.g. hillslope – channel) and longitudinal (e.g. along a
river network) connectivity (Heckmann et al., 2018).

Within the geosciences, connectivity is being used and extended in
several ways. Studies with a more conceptual focus, exploring connec-
tivity as a framework, include Bracken et al. (2015); Brierley et al.
(2006); Croke et al. (2005); Fryirs (2013); Fryirs et al. (2007);
Keesstra et al. (2018); Lexartza-Artza and Wainwright (2009);
Turnbull et al. (2008) and Wainwright et al. (2011). Several studies
also highlight the potential of the connectivity concept to cross scales
(e.g. Bracken et al., 2015; Darboux et al., 2002; Mueller et al., 2007;
van der Ploeg et al., 2018): connectivity can be defined and quantified
relatively easily for various subsystems, i.e. on different scales, which al-
lows the subsequent evaluation of how the connectivity of one (sub)
system can affect the (sub)system at another scale. One example
given in Van der Ploeg et al. (2018) is that of semi-arid landscapes
with banded vegetation patterns. At micro-scale, hydrological connec-
tivity between top- and subsoil is low in the bare areas because of
crusting, but high in the vegetated patches because of bioturbation;
while at the landscape scale, hydrological and sediment connectivity is
low because vegetation bands avoid larger-scale transport of water
and sediment as they are being interrupted by the vegetation bands
(e.g. Mora and Lázaro, 2013; Saco et al., 2007). Connectivity is also
used in a land-management context (Gumiere et al., 2011; Keesstra
et al., 2018; Mekonnen et al., 2016), for example the investigation of
the role of humans in impacting fluvial systems (e.g. Poeppl et al.,
2017), the effect of riparian vegetation on connectivity (Poeppl et al.,
2012), the effect of land-use change (e.g. David et al., 2014; Follain
et al., 2012; Llena et al., 2019), terracing (Calsamiglia et al., 2018), drain-
age density reduction and road networks (Persichillo et al., 2018) and
dams (Poeppl et al., 2015) on sediment connectivity. Estrany et al.
(2019) used high-resolution imagery to estimate sediment connectivity
after vegetation disturbance. Furthermore, Smetanová et al. (2018) in-
vestigated the perception of stakeholders of water and sediment con-
nectivity and found that half of the stakeholders considered
connectivity management important, but that adopting connectivity
intomanagementwashindered by institutional- and policy-basedman-
agement limitations, insufficient data and methods, and ineffective
knowledge transfer. Connectivity has also been used to estimate quali-
tatively or (semi-) quantitatively (via connectivity indices) the degree
of water and sedimentfluxes in catchments from geographical informa-
tion (see Ali and Roy (2010) and Heckmann et al. (2018) for reviews of
hydrological and sediment connectivity). Briefly, the main aim of
models is to quantify the complex dynamics of water and sediment re-
distribution within a catchment, while indices usually are a combina-
tion of several variables conceptually known to control the spatial
organization and intensity of sediment fluxes in a landscape
(Heckmann et al., 2018) and often are more static than models. An ex-
ample of an index of connectivity that is being appliedwidely andmod-
ified for various applications is the Index of Connectivity (IC, Borselli
et al. (2008); modified by, among others, Cavalli et al. (2013); Gay
et al. (2016); López-Vicente et al. (2017); Martínez-Murillo and
López-Vicente (2018)). Another series of indices of connectivity are de-
rived from graph theory (e.g. Cossart and Fressard, 2017; Heckmann
and Schwanghart, 2013; Masselink et al., 2017). This brief overview
shows that connectivity has been embraced by the scientific
geosciences community as a useful concept and some great progress
has been made; but there is still considerable potential for the concept
to be developed and applied further.

Numerical models are being used since the late 1960s to mathemat-
ically describe hydrological processes and sediment transport through
catchments (e.g. Clarke, 1973; Foster and Meyer, 1975; Freeze and
Harlan, 1969; Kirkby, 1971), either with the specific purpose to predict
sediment yields under various conditions (e.g. climate change; Li and
Fang, 2016) or to analyse processes and their interactions (e.g. Hartley
and Julien, 1992; Takken et al., 2005). Many physically-based erosion
and sediment transport models have been first developed in the
1990s (e.g. DE ROO et al., 1996a, 1996b; Nearing et al., 1990; Smith
et al., 1995), when the hydrograph and sediment yield at the outlet
was the main focus of the model and/or the sole possibility to calibrate
these models (Batista et al., 2019). However, because many models
were spatially explicit, predicting the spatial pattern and rates of erosion
and deposition became increasingly important (Batista et al., 2019;
Jetten et al., 2003; Takken et al., 1999). In linewith the value of the con-
nectivity concept, recent work has begun to stress that the connectivity
of water and sediment could be more important than catchment inter-
nal erosion rates (Boardman et al., 2019): highly connected systems
cause off-site impacts and societal or ecological nuisance such as
muddy floods, not necessarily directly related to high erosion rates on
field. Nunes et al. (2018) concluded that hydrologic and geomorphic
catchment models can be substantially improved by improving the
way in which models represent landscape connectivity.

The explicit simulation of connectivity processes in numerical
models is still relatively limited (Keesstra et al., 2018; Mahoney
et al., 2018). A brief summary of modelling approaches that capture
various aspects of connectivity is given in Keesstra et al. (2018).
Until now, mostly spatially-distributed erosion models are being ap-
plied and the expected connectivity patterns that emerge from the
simulations are then being analysed in terms of connectivity, with-
out parameterizing sub-grid processes (but see e.g. Mueller et al.,
2007). Essentially all spatially explicit models that produce maps of
overland flow and sediment redistribution can be used to infer con-
nectivity (e.g. Liu and Fu, 2016), whether they are process-based
erosion models, hydrological models (e.g. Appels et al., 2011; Yang
and Chu, 2013), or landscape evolution models (e.g. Baartman
et al., 2013; Coulthard and Van De Wiel, 2017; Lesschen et al.,
2009). To incorporate sub-grid scale connectivity, ‘effective’ param-
eters (i.e. model parameters which are different from the equivalent
measurement to account for a process which the model structure
does not represent; Nunes et al., 2018) that capture the effect of con-
nectivity at these small scales can be incorporated, e.g. for vegetation
or roughness (Antoine et al., 2011). A few studies compare or couple
numerical models and connectivity indices: López-Vicente et al.
(2015, 2013) coupled the Revised Morgan-Morgan-Finney (RMMF)
model (Morgan, 2001) and the Index of Connectivity (IC; Borselli
et al., 2008). They used the IC maps as a proxy of sediment trapping
effectiveness, which is then used in the RMMFmodel to calculate the
effective runoff. Their results show that the inclusion of the IC maps
was particularly useful for the linear features (drainage channels,
terrace walls), with high connectivity leading to improved runoff
prediction. Also, they found good agreement between the IC and
RMMFmodels. They concluded that the application of trap effective-
ness mask layers, based on connectivity, is of interest to improve
predictions of distributed runoff and erosion models (López-
Vicente et al., 2015). Poeppl et al. (2019) compare the GEOWEPP-C
model (Renschler, 2003) and the IC. The match between the model
prediction and field observations was partly confirmed and the
GeoWEPP-C was capable of simulating flowpaths towards channels
as well as sediment yields of contributing areas. Kalantari et al.
(2019) included a sediment connectivity index that considers soil
moisture in a flood probability model for road-stream intersections.
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They concluded that the sediment connectivity index was one of the
five main attributes important for flood probability quantification.
Nunes et al. (2009) used the topographic wetness index to map hy-
drological and sediment connectivity due to soil saturation.
Masselink et al. (2016) used existing data to assess governing factors
of connectivity (topological, biological and soil), which were used in
a linear model for discharge and suspended sediment yield. Their re-
sults show that the combination of biological and soil connectivity
components yields highest efficiency coefficients for both runoff
and sediment discharge, but they recommended to include spatial
arrangement of the different features within the catchment as well
as non-linear relations to improve the prediction for sediment trans-
port. Recently, Mahoney et al. (2018) developed a catchment erosion
model using probability theory for sediment connectivity, account-
ing for the spatial variability of sediment (dis)connectivity across
the landscape using high-resolution DEMs. This seems a promising
approach that potentially reduces computation time and includes
various sediment transport criteria. Cossart et al. (2018) reported
three case studies, combining graph theory, agent-based modelling
and differential equations with connectivity, and found how anthro-
pogenic structures affect structural connectivity. Their third case fo-
cused on process-based (or functional) connectivity and revealed a
self-organised response and catchment level. These examples high-
light the recent advances in the use of connectivity, in various
ways, in modelling studies.

From this review, we can gather that although advances are being
made to use connectivity in hydrology and soil erosion modelling,
they are still limited. However, quantification of connectivity is
being highlighted as a need given its relevance in geomorphic sys-
tem functioning (Heckmann et al., 2018; Keesstra et al., 2018).
Being intrigued by both models and the connectivity concept, as a
group of modellers we wondered what different models could tell
us about connectivity. Therefore, we set out to assess the response
of contrasted water and soil erosion models to landscape connectiv-
ity features and explain the differences based on model structure. To
achieve this objective, the effects of various combinations of rainfall
and landscape patterns on water and sediment transport and con-
nectivity were simulated by five spatially-distributed, event- and
process-based models that differ in terms of their representation of
processes and landscape features. We analysed connectivity of the
model output in various ways; the connected area in terms of runoff
and sediment and the total export of water and sediment were calcu-
lated for eachmodel run. In addition, the IC (Borselli et al., 2008) was
calculated for each scenario. In this paper, we first analyse each
model's response to the connectivity scenarios in relation to its
structure. In a second step, models are compared for specific scenar-
ios that resulted in contrasting model outputs.

2. Methods

2.1. Modelling exercise design

The modelling exercise was designed to compare and analyse how
differentmodels simulate hydrological and sedimentological connectiv-
ities in a typical arable landscape of Central Europe. As the purpose was
not to identify the best model, but rather to understand the effect of
model structure and process representation on the emerging connectiv-
ity, this study was performed in a “semi-virtual” catchment without
model validation and calibration but with realistic parameterization.
For the semi-virtual catchment land-use scenarios, with varying patch-
iness resulting from different field sizes and orientations, linear land-
scape features, etc., were developed, while the topography and typical
land management was taken from an existing catchment in the Belgian
Loess Belt. Surface runoff and sediment transport in this semi-virtual
catchmentwas analysed for block rain events of different recurrence in-
tervals for central Belgium (1, 10, and 50 yrs).
2.2. Description of the models

In this study five different surface runoff and erosion models were
used: EROSION3D, FullSWOF_2D, LandSoil, OpenLISEM, and Watersed
(Table 1). The prerequisite to be included in this study was, that the
models (i) were capable of dealing with changes in land use patterns
and structures and their effect on both hydrological and sedimentolog-
ical connectivities (except FullSWOF_2D), (ii) had been developed or at
least tested earlier under similar conditions as those represented by the
small semi-virtual agricultural catchment used in this analysis, and (iii)
were well documented in the scientific literature. The description of the
different models is focused on their main features, as well as the main
differences between the models in addressing changes in land-use pat-
terns, structures and management. An overview of the most important
processes taken into account is given in Table 1,where also themost im-
portant references documentingmodel structures andmodel validation
in similar catchments are given.

2.2.1. Representation of runoff generation and concentration
Surface runoff generation in the different models is either repre-

sented as Hortonian runoff or saturation runoff, whereas some models
(e.g. Watersed, OpenLISEM) are able to simulate both processes. Differ-
ences in runoff generation process may substantially affect model reac-
tions to changes in crop and field patterns. Runoff propagation is
modelled either with full Shallow-Water equations (FullSWOF_2D),
with the kinematic wave approximation (EROSION3D, OpenLISEM) or
more model-specific approaches. All models are able to deal with
runon infiltrationwhich is the prerequisite to account for amore patchy
land use, where some fields produce runoff while runon infiltration oc-
curs on others. Major differences can be found regarding flow direction
approaches (Table 1). Some models use multiple flow algorithms (e.g.
FullSWOF_2D) while others use single flow algorithms (e.g.
OpenLISEM). This should make a difference in terms of time to concen-
tration and especially runon infiltration. Moreover, EROSION3D and
LandSoil employ tillage direction to modify flow direction. Hence, the
runoff concentration should also be affected by field oriented roughness
in these two models.

2.2.2. Representation of soil erosion, sediment transport and deposition
Except for FullSWOF_2D all models are capable of representing soil

erosion and sediment delivery (Table 1). Some models account for
splash and interrill erosion, some only interrill erosion, while all models
account for rill erosion. Ephemeral gullying is taken into account in two
models only (LandSoil and Watersed; Table 1). Gullying especially
should have a strong effect on hydrological and sedimentological
connectivity. For most models, deposition is calculated depending on
surface conditions and transport capacity, while LandSoil applies a
pre-defined sediment concentration, based on vegetation cover, slope,
etc. (Table 1). For sedimentological connectivity also substantial differ-
ences can be expected between models with single and multiple flow
algorithms strongly affecting sediment settling. Different patterns of de-
position can also be expected if tillage direction and oriented roughness
is taken into account (EROSION 3D and LandSoil).

Another difference between the models is the time step (Table 1).
While FullSWOF_2D uses a variable time step, the other models have
fixed time steps ranging from 5 s (OpenLISEM) to an aggregated event
time step (Watersed and LandSoil). This will substantially affect the
ability of the differentmodels to account for a dynamic change in hydro-
logical and sedimentological connectivity during runoff events.

2.3. Study area, scenarios and input data

2.3.1. Description of the semi-virtual catchment
The catchment used in this study is a semi-virtual representation of a

124-ha catchment located in Chastre in the Belgian loess belt. The Bel-
gian loess belt is known for high rates of soil erosion by water and
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Table 1
Overview of model features relevant for this study.

Model Process representations

Surface runoff Flow direction Erosion/transport/deposition of soils/sediments

Name
(version)

Infiltration Type of
runoff

Runon
infiltration

Routing Single/multiple
flow

Affected
by
tillage
direction

Dynamic
during
modelling

Splash Interrill Rill Ephemeral
gullying

Sediment transport Grain
size
specific

Deposition

EROSION 3D Green-Ampt Hortonian Yes Kinematic wave Variable Yes Yes Yes Yes Yes Momentum-flux-approach Yes Surface conditions and
transport capacity

FullSWOF_2D
1.07.01,
(16/02/2017)

Green-Ampt Hortonian
and/or
saturation

Yes Full Shallow
water equations

Multiple flow No Yes No No No No No No No

LandSoil
3.7.1
(14/02/2011)

data driven based on
surface conditions
(expert rules)

Hortonian Yes Modified D8
with tillage
direction

Single flow yes No No Yes Yes yes Maximum sediment
concentration

No Maximum sediment
concentration depending on
land use, slope etc.

OpenLisem
(2.01)

Green-Ampt Hortonian
and/or
saturation

Yes Kinematic wave Single flow No No Yes Yes Yes No Splash delivery function
and stream power for
overland flow

No Surface conditions, transport
capacity, flow width and
settling velocity

Watersed
(V1.0)

data driven based on
surface conditions

Hortonian
and/or
saturation

Yes D8 or MFD
(depending on
local slope)

Variable No No Yes Yes Yes Yes Local sediment
concentration is
transported along with
runoff

No Surface conditions and
transport capacity

Model Representing time and space References

Spatial
resolution
[m]

Time step [s] Details of model features Testing and applicationName

Erosion3D 1 Variable Schmidt, 1996, 1991; von Werner, 1995 Schindewolf and Schmidt, 2012
FullSWOF_2D 1 Variable Delestre et al., 2017 Botticelli et al., 2018; Delestre et al., 2013; Hong et al., 2016; Wittmann et al., 2017
LandSoil 1 Event Cerdan et al., 2002b, 2002a; Govers et al., 1994; Souchere

et al., 1998; Souchere et al., 2003
Ciampalini et al., 2012; Evrard et al., 2009; Le Bissonnais et al., 2005, 1998

OpenLisem 1 Variable (user-choice), but fixed within
one event (here: 5 s)

Bout and Jetten, 2018; De Roo et al., 1996b, 1996a Baartman et al., 2012; De Roo and Jetten, 1999; Grum et al., 2017; Hessel et al., 2003; Kværnø and
Stolte, 2012; Starkloff et al., 2018; Takken et al., 1999

Watersed 1 Event Cerdan et al., 2002b, 2002a; Landemaine, 2016 Landemaine, 2016
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Elevation ranges between 128 and 161m and slope gradients range be-
tween 0 and 15%, with a mean of 4% (Fig. 1). Cropland occupies 95% of
the catchment, the remaining area consisting of green infrastructure,
mostly along the main thalweg. This catchment was described in detail
in Pineux et al. (2017) and Cantreul et al. (2018). The DEMwas derived
from 10-m resolution data (Service public de Wallonie, 2005), as
higher-resolution data included connectivity features such as roads
Fig. 1. Catchment DEM wi
and ditches that were not possible to remove without adding other ar-
tefacts. These data were interpolated to 1 × 1 m resolution using the
methodology of Hutchinson et al. (2011), designed to interpolate hy-
drologically correct DEMs by reconstructing ridges, streams and a con-
nected drainage structure from contour lines. The resulting data were
post-processed to remove flat areas and the Planchon-Darbouxmethod
(Planchon and Darboux, 2002) was used to fill any remaining hollows.
th flow accumulation.



Table 2
Overview of the scenarios of different fields and grass strips and grassed waterway (see Fig. 2). Note that the rainfall with a 1-yr return period was used only in the baseline scenario.

Scenarios Rainfall Abbreviations Different crop allocation patterns Number of simulations

Baseline 1 yr, 10 yr, 50 yr BA1, BA10, BA50 0 3
Small fields 10 yr, 50 yr SF10, SF50 5 10
Medium fields 10 yr, 50 yr MF10, MF50 5 10
Medium fields, conservation 10 yr, 50 yr MF-cons10, MF-cons50 5 10
Large fields 10 yr, 50 yr LF10, LF50 5 10
Medium fields with grass strips 10 yr, 50 yr MF-gras10, MF-gras50 5 10

Total: 53

6 J.E.M. Baartman et al. / Geomorphology 367 (2020) 107300
For the purpose of themodelling exercise, the catchment characteristics
were simplified in order to restrict the number of factors that could in-
teract with the connectivity features being studied.

2.3.2. Scenario description
A total of 53 scenarios were simulated with each model in which

field size and orientation was varied, and soil conservation measures
(grass strips, grassed waterway) were implemented. An overview of
the scenarios is given in Table 2. All models were first implemented
using a baseline scenario assuming a bare soil and no field borders
across the entire catchment. Three 1-hour block rainfall events of 1, 10
and 50 year return periods were simulated. Rainfall intensity was se-
lected based on intensity-duration-frequency curves for Chastre
(Belgium) for these return periods (Table 3). Constant rainfall was
Table 3
Rainfall duration and intensity as used by all models for the 1, 10 and 50-year return
periods.

Rainfall Unit

Return period year 1 10 50
Duration minute 60 60 60
Constant intensity mm·h−1 17.4 29.9 38.7
Kinetic energy MJ·mm−1·ha−1 0.203 0.243 0.260

Fig. 2. The various scenarios of field size and orientation with (a) large fields, (b) medium-s
(‘conservation’) and (e) medium sized fields with grass strips and grassed waterway (depicted
is referred to the online version of this chapter.)
assumed as it facilitates interpretation of the hydro- and sedigraphs.
As the 1-year return period event did not produce any runoff in the
baseline scenario, in subsequent scenarios only rainfall events with 10
and 50-year return periods were evaluated in subsequent scenarios.

The catchmentwas divided into fields of roughly equal size. The size
and orientation of the fields varied among scenarios. Three field sizes
were evaluated: large (average of 20.7 ha each), medium (10.3 ha)
and small (5.2 ha). In the standard scenarios (non-conservation), the
fields in the north-eastern half of the catchmentwere typically oriented
along the slope (Fig. 2a, b, c). The fields converge towards an axis that
runs from the catchment head to the catchment outlet and which coin-
cides or runs close to the main drainage axis of the catchment. This is
similar to the real catchment on which the semi-virtual catchment is
based. For the medium-sized fields, an additional scenario was consid-
ered, in which the fields in the north-eastern half of the catchment
were oriented perpendicular to the slope (Fig. 2d). This scenario is re-
ferred to as ‘conservation’. A fifth scenario was designed in which the
standard medium-size plots were combined with grass strips and a
grassed waterway (Fig. 2e). The grass strips and grassed waterway oc-
cupied 2% of the total area of the catchment. The grassed waterway
was located along the main drainage axis of the catchment, towards
its downstream end. The grass strips were located perpendicular to
the slope to reduce the length of the longest fields. Some strips were
also located to intercept the flow axis. Characteristics of the grass strips
and grassed waterway are provided in Table 5. Tillage was assumed to
ized fields, (c) small fields, (d) medium-sized fields oriented perpendicular to the slope
in green). (For interpretation of the references to colour in this figure legend, the reader
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occur parallel to themain slope for all scenarios except for the conserva-
tion scenario where it is perpendicular to the slope.

A total of five land use patterns were considered for each field size
and/or field orientation (Table 4). To facilitate model comparisons,
only two crops were considered: winter wheat and sugar beet. In the
Belgian loess belt, it is common to have rotations in which spring
crops and winter cereals alternate. The main winter cereal is winter
wheat. Sugar beet and potatoes are the two main spring crops. Because
potatoes are cultivated on ridgeswhich have a strong impact onwithin-
plot flow connectivity, sugar beet was selected.
2.3.3. Input data
Besides the DEM, the models need input data on soil, surface and

vegetation characteristics. A single homogeneous soil type was im-
posed, whose characteristics are typical of the dominant soils found in
the region (Table 4). The virtual silt loam soil is deep, free of stones
and vertically homogeneous.

Crop type has an impact on surface roughness, crusting, and soil
cover by vegetation, and these factors evolve over time. For the purpose
of this modelling exercise, the vegetation characteristics were defined
so as to correspond to the month of May (Table 5). This month is a crit-
ical period regarding erosion and muddy floods because of the still low
vegetation cover of spring crops, extensive surface sealing and the
Table 4
Soil parameters for all scenarios (adapted from Laloy (2010) and Laloy and Bielders
(2008)).

Soil property Unit Value

Vol. water content initial (field capacity) m3·m−3 0.38
Vol. water content wilting point m3·m−3 0.16
Vol. water content saturated m3·m−3 0.49
Particle density kg·m−3 2650
Bulk density kg·m−3 1350
Stoniness %mass 0
Depth m 2
Sand (50–2000 μm) % 14
Silt (2–50 μm) % 69
Clay (b2 μm) % 17
Soil organic carbon content g·kg−1 11
Matric head at wetting front (Green & Ampt) mm 250
Median diameter (d50) μm 35
Soil cohesion kPa 7
Aggregate stability according to drop test No. of drops 10

Table 5
Surface and vegetation characteristics specific for each land use type.

Parameters Unit Bare

Crusting stagea,b – F2 (sedim

Roughness indexa,b – R0
(0–1 cm)

Cover indexa,b – C1
(0–20%)

Final infiltration capacity – Saturated hydraulic conductivityc mm·h−1 10
Sediment concentration – interrillc g·l−1 3
Manning's nd SI units 0.010
Random roughness (RR)e mm 6
Depression storage mm =10*((0.3

*RR+(−0
Oriented roughness height mm 0
Vegetation covere % 0
Vegetation heighte cm 0
Residue cover % 0

a Based on the typology used in the STREAMmodel (Cerdan et al., 2002b).
b Based on Evrard et al. (2007).
c Based on Evrard et al. (2009).
d Based on Maugnard (2015).
e Based on GISER (2011).
frequent occurrence of high erosivity thunderstorms (Evrard et al.,
2007). For each field size and orientation scenario (Table 2), five differ-
ent crop allocation patternswere consideredwhilemaintaining thepro-
portion of sugar beet and winter wheat constant (about 50% each).
Details of the crop allocation patterns can be found in the supplemen-
tary material.

2.4. Analysis of model results

Model results were stored in twomaps per scenario, containing total
transfer of water (m3) and sediment (kg) through a cell, respectively, at
the end of each simulation. These maps were subsequently analysed
using an automated approach programmed in Python (version 3.5).

The following variables related to functional connectivity were
analysed and compared: (1) total export of water (m3) or sediment
(kg) per cell, (2) activewater or sediment area (m2; see below for expla-
nation), (3) area connected to the catchment outlet (m2) defined as the
area of water or sediment active cells for which there is a continuous
path of active cells until the outlet.

Models were not calibrated. However, as indicated earlier, a prereq-
uisite of inclusion for themodels was that they had already been evalu-
ated successfully against data in similar conditions as the semi-virtual
catchment used in the present study. Watersed and LandSoil are de-
rived from Stream, which was applied by Evrard et al., 2009 in Central
Belgium. OpenLISEM was originally developed in the Loess area of
South Limburg (NL; De Roo et al., 1996a, 1996b. FullSWOF_2D is a ge-
neric ShallowWater equations solver, previously used from agricultural
plots (Peñuela et al., 2016) to urban catchments (Hong et al., 2016). The
main reason not to calibrate the models was that it might erroneously
rank models according to accuracy, which would distract from the pur-
pose of the current study (i.e. to comparemodel output in terms of con-
nectivity). However, calibration was replaced by amodel assessment to
ensure that all provide results in a similar range for the baseline sce-
nario, such as producing runoff and sediment yield within credible
bounds. To allow a reasonable comparison between the models, all
model scenario resultswere also normalized against the baseline results
of each model. Water and sediment exports from all scenarios were
therefore expressed as exports relative to the baseline scenario for the
specific return period.

Determining whether a cell is active or not requires defining a
threshold value for water or sediment transfer below which the cell is
considered inactive. The normalization for the comparison of area con-
nected to the outlet was done based on defining the catchment to be
Wheat Sugar beet Grass strip

entary stage) F12
(local depositional crusts)

F12 F0
(fragmentary stage)

R1
(1–2 cm)

R1
(1–2 cm)

R1
(1-2 cm)

C3
(61–100%)

C1
(0–20%)

C3
(61–100%)

50 20 20
5 10 0
0.024 0.015 0.30
6 6 12

27–0.037*slope+0,0012*slope2)
.017 + 0.007*slope-0.0002*slope2)*RR2)

20 20 12
70 10 100
35 7.5 15
0 0 0
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75% active during the 10 year return period storm with baseline set-
tings. The thresholds for determining whether a cell is active or not
for each model was then determined by calculating the 75th percentile
in the export values for water.

Model resultswere compared on four different factors to explain the
simulation results in terms of relative exports and connected areas:
rainfall (10 and 50-yr return period), field size (small, medium, large),
crop allocation pattern (different spatial patterns of sugar beet andwin-
ter wheat; see supplemental material) and conservation measures
(field orientation and/or grass strips and grassed waterways for
medium-sized fields). In order to rank the relative importance of these
factors, the following calculation was performed: the relative export
and the connected area at the outlet were calculated for all the runs.
Then, for each of the four factors separately, these results were grouped
into classes (e.g. the 10 year return period results were separated from
the 50 year return period). The mean of each class was then calculated
and the absolute value of the difference between the highest and the
lowest mean was determined. This difference, hereafter referred to as
the Absolute Mean Difference (AMD), therefore reflects the range of
mean values across the different classes for a given factor, and thus
the extent to which the considered factor influences models results.
These calculations were repeated for each model separately.

Finally, models and scenarios were compared in terms of structural
connectivity. The structural connectivity of the various scenarios was
assessed using the Index of Connectivity (IC; Borselli et al., 2008;
Cavalli et al., 2013), calculated using the SedInConnect tool (Crema
and Cavalli, 2018). The USLE C-factor was used as weighing factor
with values of 0.44 for sugar beet, 0.36 for winter wheat and 0.003 for
grass strips. These C-factor values were calculated according to
Maugnard et al. (2013). The 99th percentile of each IC map was taken
as an indicator for spatial connectivity (de Walque et al., 2017) and
the scenarios were ranked in order of decreasing connectivity. Model
simulation resultswere compared in terms of connectivity in two differ-
ent ways: (1) how much the models agree or disagree regarding the
connected area of both runoff and sediment, averaged over all scenarios
and (2) the correlation between pairs of models on different scenarios,
indicating if models react similarly to different scenarios or not.

3. Results

3.1. General behaviour of models

The Absolute Mean Difference (AMD) calculations revealed impor-
tant patterns in the behaviour of the models (Table 6). For the different
scenarios, rainfall is themain factor affecting the relative exports aswell
as the connected area, for bothwater and sediment in all models except
for FullSWOF-2D which produced no runoff for any of the scenarios ex-
cept the baseline. The land use and conservation measures had smaller
Table 6
Ranking of theAbsoluteMeanDifference (AMD; values between brackets) inWater Relative Exp
Area Sediment (CAS) as affected by the factors rainfall, field size, crop allocation pattern and con
from dark to light colour.

Model
WRE SRE CAW C

Rainfall 1 (0.119) 1 (0.088) 1 (0.320) 1 (0
Field size 4 (0.034) 4 (0.036) 4 (0.041) 4 (0
Crop alloca�on 3 (0.046) 2 (0.086) 3 (0.047) 3 (0
Conserva�on 2 (0.087) 3 (0.040) 2 (0.053) 2 (0

Model
WRE SRE CAW C

Rainfall 1 (0.094) 2 (0.112) 1 (0.132) 1 (0
Field size 2 (0.044) 1 (0.149) 2 (0.063) 2 (0
Crop alloca�on 3 (0.017) 3 (0.053) 3 (0.055) 3 (0
Conserva�on 4 (0.006) 4 (0.032) 4 (0.039) 4 (0

Erosion D3

liosdnaL
and varying influence on the water and sediment exports and connec-
tivity. For OpenLISEM, crop allocation pattern ranks second in the
AMD, while for Erosion 3D conservation practices rank second. For
LandSoil and WaterSed, field size is the second most important factor.
Except for Erosion 3D, conservation practices had the smallest influence
on the simulated water and sediment exports and connected areas
(Table 6).

It is also interesting to note that the rankings ofwater relative export
and water connected area were closely related for all models, whatever
the considered factor (e.g. field size, crop allocation or conservation
measure). Consequently, the variations in relative water exports were
mostly induced by variations in the connected area. In other words,
water export decreased or increased when the land use variations im-
plied a disconnection or a connection of a part of the catchment. This sit-
uation can be explained by the relatively simple geometry and
configuration of the catchment, with a single main channel draining
the whole catchment area.

In case of sediment export and connected area, a similar ranking be-
tween both parameters was only found for OpenLISEM. It implies that
the spatial variations of the land use had important impacts on the sim-
ulated sediment transfer for most of the models.

3.2. Rainfall effects on simulated relative exports and connected area

The increase in rainfall depth when modelling 10-yr and 50-yr re-
turn periods had the most substantial effect on the relative water and
sediment export and the connected area in almost all scenarios
(Fig. 3). For almost all models, the connected area increases as the rain-
fall return period increases.

The different land-use scenarios had in general higher infiltration
rates (factor 2 to 5) and Manning's n values (factor 1.5 to 2.4) than
the baseline scenarios. The export of water and sediment are therefore
b50% of the baseline scenarios and the connected areas are b60% of
the baseline for all models, except FullSWOF_2Dwhich did not produce
surface runoff for any of the scenarios except the baseline (Fig. 3).

The rainfall return period affected the relative sediment exportmore
than the relative water export. The median relative water exports were
0% (FullSWOF_2D), 4% and 20% (Watersed), 7% and 21% (OpenLISEM),
9% and 20% (Erosion3d), and 18% and 27% (LandSoil), respectively for
the 10-year and 50-year return period. The respective median relative
sediment exports were 4% and 14% (Watersed), 4% and 13%
(OpenLISEM), 9% and 20% (Erosion3d), and 20% and 31% (LandSoil).
Thus, rainfall is an important factor controlling water and sediment rel-
ative exports, whatever the considered model structure.

The higher scatter in the connected area values for the different land
use scenarios for LandSoil and, to a lesser extent, for Erosion3D, implied
that the differences in connected area induced by the change in rainfall
return periodwas less important relative to land use variations for these
ort (WRE), Sediment Relative Export (SRE), ConnectedAreaWater (CAW), and Connected
servationmeasures. Ranks from 1 (highest) to 4 (lowest) also illustrated by colour coding

AS WRE SRE CAW CAS
.320) 1 (0.140) 1 (0.095) 1 (0.337) 1 (0.267)
.035) 3 (0.009) 4 (0.017) 3 (0.003) 4 (0.007)
.048) 2 (0.025) 2 (0.037) 2 (0.027) 2 (0.056)
.057) 4 (0.007) 3 (0.020) 4 (0.001) 3 (0.010)

AS WRE SRE CAW CAS
.131) 1 (0.160) 1 (0.110) 1 (0.290) 1 (0.290)
.064) 2 (0.017) 2 (0.010) 3 (0.003) 3 (0.003)
.054) 3 (0.010) 4 (0.004) 2 (0.008) 2 (0.008)
.042) 4 (0.005) 3 (0.007) 4 (0.001) 4 (0.002)

mesiLnepO

deSretaW



Fig. 3.Relationships between relative exports and connected area for the 53 scenarios and eachof thefivemodels. Red dots represent relative sediments exports (Sed in legend)while blue
dots represent relativewater exports (Q in legend). Lighter coloured dots represent the 10-year rainfall return period, darker coloured dots the 50-year return period. The four dots with a
value of 1.0 for relative export represent the simulated results for the reference baseline scenarios. (For interpretation of the references to colour in this figure legend, the reader is referred
to the online version of this chapter.)
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models. Indeed, the connected area of the two return periods over-
lapped, for instance for the relative water export with minimum and
maximum values of 0.16 and 0.35 for the 10-year return period, and
0.26 and 0.46 for the 50-year return period. Watersed and OpenLISEM
simulated relatively constant connected area. The connected area for
LandSoil is similar for the water and the sediment export, although
the relative sediment export is higher than the relative water export.
This result is likely to reflect the increased interrill sediment concentra-
tions in the different land-use scenarios relative to the baseline scenar-
ios, because of less pronounced crust development. Conversely,
Erosion3D and Watersed showed very similar behaviour between the
relative sediment and water export, indicating that the higher crop
cover compensated the increase in sediment interrill erosion. Indeed,
higher crop cover implied both higher Manning's n, smaller interrill
concentration and smaller probability of concentrated erosion.

3.3. Land use and conservation practices effects on simulated exports

Comparing model results for the different models and scenarios
first of all indicates that differences in relative water and sediment
export between different models are often larger than between dif-
ferent scenarios (Fig. 4). Beside the general difference in model out-
puts there is no overall agreement between models regarding the
effects of field sizes, some models simulating higher relative water
and sediment export on large fields (e.g. LandSoil, Watersed),
while others simulated higher relative water and sediment export
on small fields (e.g. OpenLISEM). However, all models simulated a
high variability between the different scenarios with mid-sized
fields (i.e. medium fields conventional vs. medium fields with con-
servation and medium fields with grass strips). In addition, more
variation was generally simulated for relative export of sediment as
compared to relative export of runoff, except for Watersed, where
the variation between crop allocations is small for both relative run-
off and sediment. Both LandSoil and OpenLISEM show relatively
lower relative sediment export for medium-sized fields with grass
strips, even though the relative runoff for this scenario was not
lower compared to the other scenarios. Erosion3D shows low runoff
and sediment export for the conservation scenario, while LandSoil
shows a wider range in relative sediment export for the conservation
scenario as compared to the other scenarios.

From the AMD results, it can be seen that the conservation practices
scenarios had limited influence on the models results (Table 6). The
conservation practices scenarios represented on average (over the dif-
ferent models) 97% of the median water relative export (Fig. 4). Conse-
quently, this factor ranked fourth for most of the models and variables.
The exception was Erosion3D (Table 6, Fig. 4), ranking conservation
practices second. Indeed, for this model, the conservation practices sce-
narios represented 15% to 12% (respectively for the 10-yr and 50-yr re-
turn period) of the median relative export of the non-conservation
scenario modelled with the same field layout. The grass strips had
lower infiltration capacity relative to that of the wheat crops, respec-
tively 20 mm h−1 and 50 mm h−1, nonetheless the effect of this de-
crease in infiltration capacity of the grass strip remains low in
comparison to the excess runoff water induced by the two rainfall
events. Indeed the rainfall amount difference affects the entire catch-
ment area, whereas the grass strip only impact a very limited area
(2%). Consequently, the models simulated slightly higher (mean across
all models: 108%) relative runoff in the scenario including grass strips
compared to the conventional medium-sized fields. However, the
high Manning's n (0.3) and random roughness (12 mm) of grass strips
resulted in lower simulated sediment export (mean across all
models: 80%).

Field size was an important factor for LandSoil and Watersed, but
ranked lowest for OpenLISEM and Erosion3D. This can be explained by
the important variations in the field characteristics induced by changes
in crop allocation (for instance, infiltration capacity dropped from 50
mmh−1 for wheat to 20mm h−1 for sugar beet, see Table 5 for details).
Runoff was therefore easily infiltrated/generated when flowing across



Fig. 4.Modelled relativewater (upper graphs) and sediment (lower graphs) export differentiated for thefivefield designs (see Fig. 2); boxplots summarise the scenarios and field designs
for each recurrence interval and model. Boxplots give median, 1st and 3rd quartile and 5% and 95% quantiles. Note: FullSWOF_2D is not included as it does not produce runoff for the
scenarios.
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the different crop allocations, with limited influence on the runoff
length.
3.4. Model comparison regarding structural connectivity

Boxplots of the IC value distributions are shown in Fig. 5, clearly
showing that the mean of the grass-strip scenarios is lower than
the other scenarios. The 99th percentile of the IC connectivity
index for all scenarios varied between −3.46 and −4.00. Ranking
this for the different scenarios from high to low connectivity
(Table 7), again clearly shows that the scenario with conservation
strips always results in lowest IC values. Other scenarios do not
rank in terms of connectivity in a clear order; for example, a scenario
with large fields does not necessarily always result in higher connec-
tivity. However, on average, scenarios with large fields result in
higher connectivity and medium fields with conservation orienta-
tion (i.e. perpendicular to the slope, see Fig. 2d) result in the lowest
average connectivity (except for the grass strips scenarios). The
land use pattern also affects the connectivity ranking, with an impor-
tant role of the field closest to the outlet: for the land use pattern 3, 1
and 4 for large fields the field closest to the outlet (field 1 – Fig. 2a) is
cultivatedwith sugar beet, which has a relatively low infiltration rate
compared to winter wheat (Table 5). This is also the case for the
small field configuration with land use patterns 3 and 2, the conven-
tional medium fields with land use pattern 1 and 4 and for the me-
dium conservation field with land use pattern 1 and 4. These
combinations of field size/orientation and crop allocation pattern re-
sult in the highest 99th percentile IC values (ranks 1–9).
We also tested howmuch the models agree (or disagree) regarding
the connected area of runoff and sediment (Fig. 6). Fig. 6 a and b show
the total area of agreement between pairs of models, averaged over all
scenarios, for runoff (Fig. 6a) and sediment (Fig. 6b). The upper right
part of the figure shows the results of the 10 yr return period event
while the lower left part of the figure shows the results for the 50 yr re-
turn period event. Fig. 6c and d show the agreement of the connected
area only, for runoff (Fig. 6c) and sediment (Fig. 6d). Thus, total area
of agreement sums up cells with the same outcome (connected or not
connected) for a pair of models. The matrix of agreement on connected
areas (Fig. 6c and d) only sums up cells of agreement on connected
areas. Hence, models that show very low connectivity have a high
total area of agreement (many cells in both models will be ‘not con-
nected’) but may have a small area of agreement on connected areas
(if the few cells that are ‘connected’ in each model, are not the same
cells). Area of agreement on connected runoff and sediment is much
lower than total area of agreement, and it is higher for the 50-yr return
period than for the 10 yr return period. Area of agreement on the con-
nected area is highest for the LandSoil- Erosion 3D combination for sed-
iment and for the combinations LandSoil-Erosion 3D, OpenLISEM-
Erosion3D andOpenLISEM-Watersed for runoff. Total area of agreement
is higher for the 10 yr as compared to the 50 yr return period event,
while the opposite trend can be seen for the agreement of the connected
area, indicating that for the 10 yr event many cells were unconnected,
due to limited runoff production in this event.

Fig. 6e and f show the correlation on total connected area between
model pairs on different scenarios. Hence, these values indicate if the
models react similarly on different scenarios or not. As FullSWOF_2D
did not produce runoff for the 10-yr recurrence rainfall, the correlation



Fig. 5. Boxplots of IC values for the 25 scenarios. 1–5 refers to the crop allocation pattern (see supplementary material).
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was not calculated for these scenarios. Correlation between models is
generally low, with highest correlation between the combination
Erosion3D - Watersed for the 10-yr event for both runoff and sediment
Table 7
99th percentile of IC values, ranked for all scenarios. Grey: large fields conventional, blue:
medium fields conventional, green: small fields conventional, yellow:medium fields con-
servation, orange: medium fields grass strips.

Rank

Scenario
99th percen�le
IC [ ]Field map

Crop alloca�on
pa�ern

1 Large fields 3 3.46
2 Medium fields; conserva�on 1 3.49
3 Medium fields; conserva�on 4 3.53
4 Small fields 3 3.55
5 Small fields 2 3.56
6 Medium fields 1 3.56
7 Large fields 1 3.58
8 Large fields 4 3.58
9 Medium fields 4 3.59
10 Large fields 5 3.62
11 Small fields 1 3.62
12 Small fields 5 3.62
13 Medium fields 3 3.63
14 Medium fields 2 3.64
15 Small fields 4 3.64
16 Large fields 2 3.66
17 Medium fields; conserva�on 5 3.66
18 Medium fields 5 3.67
19 Medium fields; conserva�on 3 3.67
20 Medium fields; conserva�on 2 3.75
21 Medium fields with grass strips 1 3.95
22 Medium fields with grass strips 2 3.97
23 Medium fields with grass strips 3 3.96
24 Medium fields with grass strips 4 3.93
25 Medium fields with grass strips 5 4
(but not for the 50 yr-return period), and between Erosion3D and
LandSoil for both runoff and sediment, and both 10-yr and 50-yr events.
There is also good correlation between Watersed and OpenLISEM for
the 50-yr return period for both runoff and sediment.

Fig. 6g and h show the average connected area of a model for all sce-
narios for runoff (Fig. 6g) and sediment (Fig. 6h). The average connected
area is, asmight be expected, higher for the 50-yr return period event as
compared to the 10-yr return period event. For the 10-yr return period
event, Erosion 3D and LandSoil show relatively high values for the con-
nected area for both runoff and sediment, while for the 50 yr return pe-
riod event, Erosion 3D shows higher values and LandSoil, OpenLISEM
and Watersed are in the same range.

4. Discussion

4.1. Model results and comparison

From the factors thatwere tested, difference in rainfall amount (here
29.9 mm h−1 versus 38.7 mm h−1, each event lasting 1 h; see Table 3)
plays the most important role in the simulated differences between
models, in terms of relative export and connected area of runoff water
and sediment (Table 6, Fig. 3). All models therefore indicated that
changes in the amount of rainfall influenced connectivity more than
landscape elements, at least in case of our pronounced differences in re-
currence intervals (10 yr and 50 yr). This finding, however, depends on
the scenario choices – if we had considered a narrower range of rainfall
events and a wider range of field sizes or conservation scenarios, the
findingsmight have been different. The present result implies that func-
tional aspects of connectivity weremore important than structural con-
nectivity itself (sensu Bracken et al., 2015, 2013). This result is
consistent with the observation that in case of very high intensity
storms large erosion and sediment delivery occur even under soil con-
servation measures (e.g. Fiener et al., 2019). On the other hand, several
studies report the importance of (changes in) landscape structure for



Fig. 6.Model agreement regarding the total area (connected and unconnected) for runoff (a) and sediment (b); model agreement for the connected area only for runoff (c) and sediment
(d). Colours indicate themean area of agreement averaged over all scenarios; (e) and (f) show the correlation on total connected area betweenmodel pairs on different scenarios for runoff
(e) and sediment (f). (g) and (h) show the connected area, averaged over all scenarios, for runoff (g) and sediment (h). E3: Erosion3D, LA: LandSoil, Li: OpenLISEM, Wa: Watersed, Fu:
FullSWOF_2D.
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connectivity and catchment sediment dynamics. For example, Reulier
et al. (2019) conclude that structural elements (hedgerows, water
ways and cultivated land use versus grassland) affect catchment con-
nectivity in a lowland agricultural catchment. Cossart and Fressard
(2017) also show the importance of landscape structure for sediment
dynamics in a mountainous catchment. Both studies did not include
functional connectivity though. Cossart et al. (2018) presented a case
study in which they study process-based (functional) connectivity
using differential modelling, revealing a self-organised catchment re-
sponse that was not always directly coupled to meteorological forcing.
However, their study catchment was more complex than the semi-
virtual catchment used in this study and the main cause for the lack of
relation between rainfall and catchment response was sediment ex-
haustion, which does not play a role in our study. Finally, David et al.
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(2014) analysed catchment hydrological and sediment response for
various scenarios of land use change and landscape design. They con-
cluded that land use choices are more important in sediment response
than landscape design (e.g. grass strips, waterways, roads etc.).

As for the role of structural landscape elements, therewas no overall
agreement between models regarding the effects of field sizes, crop al-
location pattern and conservation practices (Table 6, Fig. 4). Conserva-
tion measures influenced the relative export and connected area
mainly for Erosion3D, but much less for the other models. Crop alloca-
tion pattern was more important for OpenLISEM and LandSoil
(Table 6), which is in line with findings by David et al. (2014). As
shown in Fig. 4, the models did not agree on the impact of field size,
field orientation and grass strips. As an extreme example of this, both
models that include tillage direction (Erosion3D and LandSoil) agree
that the conservation field configuration has a large effect, but in one
case it increases erosion (LandSoil) and in the other sediment export
is decreased (Erosion3D). This example shows that the parameteriza-
tion and way in which tillage direction is implemented in themodel af-
fects model results. Similar disagreement between models can be
observed when comparing the connectivity index (IC) with model re-
sults for grass strip scenarios: while the calculated IC values are clearly
lowest for grass strips (Table 7), not all models simulate the lowest sed-
iment export in grass strip scenarios (Fig. 4).

Furthermore, inmost scenarios except grass strips, the crop assigned
to the outlet appears to be important for structural connectivity (as cal-
culated using the 99th percentile of IC). A similar finding was reported
by David et al. (2014) who related a higher sediment delivery to inap-
propriate land use types and spatial allocations (in their case orchard lo-
cated near the watershed outlet without linear landscape features
between the eroding orchard field and the stream network). However,
this result is somewhat biased by ranking the scenarios using the 99th
percentile of IC: the highest IC values appear at the outlet when the
crop is sugar beet, which has a higher C-factor than winter wheat.
When ranking the scenarios on e.g. median IC values, the ranking
changes and the importance of the crop at the outlet disappears.

There was also low agreement between models on the spatial pat-
terns of connectivity. Total area of agreement was high only for the
high rainfall scenario, but even in this case the agreement on the loca-
tion of the connected areas was low. One possible explanation would
be that differences in runoff and sediment simulation in individual
cells are compounded by differences in flow and sediment routing sim-
ulations, meaning that spatial errors accumulate. However, previous
erosion model comparisons with field data (Jetten et al., 2003; Nunes
et al., 2005) have shown that while models tend to agree with field-
averaged data, the simulation of small-scale patterns is usually not
good. The authors attribute this to the parameterization of soil and veg-
etation processes at the field scale rather than the individual cell scale.
For this exercise, this means that the small-scale differences between
models are unavoidable and probably also different from observed pat-
terns. However, recent developments in integrating satellite imagery
and spatially-distributed soil data (e.g. Tavares Wahren et al., 2016;
Van Eck et al., 2016) might help alleviate this problem in the future.

The overall disagreement between models was unexpected. Al-
though differences were expected, we did expect models to agree
more in general, for example by showing a general trend (for all
models) of decreasing sediment export going from larger to smaller
fields and from orientation along the slope to orientation perpendicular
to the slope. However, such trends were not observed for the used
models. Because we selected models in this study that include the rele-
vant processes in the study catchment, that have been shown to per-
form adequately under similar conditions, are spatially distributed and
that run on an event basis, themodels included in this study are similar.
However, there are still, obviously, differences between themodels (see
Section 2.2 and Table 1). The difference in ‘fine’ structure could be
solved by calibration (i.e. parameterization is important). However, un-
derlying individual equations (i.e. model structure) also play role in the
different outcomes, as shown for example by the findings that the ‘dy-
namic’ models (i.e. those with multiple timesteps within the event,
see Table 1) do not agree.

Unfortunately, there is a lack of studies comparingmodels across dif-
ferent field and crop configurations and erosion control measures to
compare with the results of our study. However, previous model com-
parison exercises, although smaller in scope, did provide some indica-
tions as to the sources of this disagreement which concur with our
results. When calibrated, erosion models tend to have similar perfor-
mance for sediment yield predictions (Jetten et al., 2003, 1999; Shen
et al., 2009). However, their simulation of connectivity is often different,
as shown by different and sometimes quite contrasting predictions of
hillslope erosion patterns despite similar parameterization and spatial
data (Abdelwahab et al., 2018; Karamesouti et al., 2016; Starkloff and
Stolte, 2014).

Nearing et al. (2005) compared the response of several erosion
models to changes in rainfall and cover in two catchments, finding dif-
ferent sensitivities to both parameters. They observed that the sensitiv-
ity of each model varied between study sites, implying that
parameterization of vegetation cover and soils in each site was behind
sensitivity. More recently, Tan et al. (2018) compared the performance
of lumped erosionmodels across 454 catchments with different charac-
teristics, finding that model performance after calibration varied with
land cover type andwith the ability of eachmodel to parameterize veg-
etation cover drivers for erosion. Vieira et al. (2018) and Wade et al.
(2012) found that different erosion models with different structures
had, after being calibrated, the same sensitivity to changes in erosion
control practices in roads and burnt areas, respectively. Conversely,
Karamesouti et al. (2016) found different responses for uncalibrated
spatially distributed models to changes in vegetation cover. The com-
mon result from these comparison exercises is that the most important
parameter behind model response was the parameterization of runoff
and erodibility of different land covers and structural elements, concur-
ring with the results of this exercise. However, uncertainty in both spa-
tially explicit input data as well as model evaluation data (e.g. spatial
erosion rates) is high and data are difficult to obtain (Batista et al.,
2019).

Our results also concur with those of Takken et al. (2005), who ap-
plied an earlier version of the OpenLISEM model to the loess belt with
different parameters for flow resistance, different equations for flow re-
sistance modelling, and different spatial routing approaches (topogra-
phy vs. tillage direction). This led to different predictions of both
erosion and sediment connectivity (both erosion patterns and sediment
yield). The choice offlow routingmethod and parameters, both external
to OpenLISEM, had the largest impacts on model results, while the
choice of model equations had the smallest impacts.

4.2. Impacts of the model comparison exercise settings

As indicated above, some results from the model comparison exer-
cise might have been determined by the exercise study case and
model application approach. First, the selection of the semi-virtual
catchment impacted the exercise on (1) the topography, which might
not havemuch impact given the limited effect of structural connectivity,
as discussed above; and (2) the scenarios, whichwere based on local is-
sues (field configuration, conservation measures) and crops (typical of
the Belgian loess belt). For example, Karamesouti et al. (2016) found
large differences in spatial predictions by changing the spatial distribu-
tion of vegetation after fire in two models. However, the connectivity
problems and solutions in the semi-virtual catchment are representa-
tive of larger issues at the scale of the Loess belt and similar agricultural
areas, making the results of this exercise – the lack of capacity for
models to simulate changes in structural connectivity elements – rele-
vant for soil conservation planning.

Second, the decision not to calibrate models with measured values
could have impacted the results, if the model representation of runoff
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generation and soil erosion in each crop is indeed more important than
structural landscape elements. However, this decision allowed each
modeler to select how best to represent loess belt crops without being
forced to calibrate the model with outlet measurements, which might
have led to good results for the wrong reasons (as happened to
Starkloff and Stolte, 2014). A recent, interesting discussion on model
calibration and evaluation can be found in Batista et al. (2019)who con-
clude that models are not currently thoroughly tested, that models do
not systematically exceed each other in their predictive accuracy and
that evaluating spatially distributed models (as applied in our study),
requires spatially distributed data. One possibility to improve model
comparability without inducing errors due to excessive focus on outlet
measurements might be to allow calibration on spatial runoff and ero-
sion patterns, to ensure that each model represents connectivity as
faithfully as possible by its model structure. However, not only is this
data difficult to obtain, but care must also be taken not to compare the
skill of eachmodeler in simulating these patterns instead of the capacity
of the underlyingmodel structure (since a comparison of models is also
a comparison of modellers, as argued by Jetten et al. (1999)). Other pos-
sibilities include the previous calibration of field-scale model results
using experimental plot data (Centeri et al., 2009; Kinnell, 2017), ensur-
ing similar crop parameterizations without calibrating for spatial struc-
ture or connectivity; or using artificial surfaces for the model
experiments, such as artificial plots (Favis-Mortlock et al., 2000;
Nunes et al., 2006) or even catchments (Gerwin et al., 2009).

Thirdly, a smaller issuemight be the resolution selected to represent
the virtual catchment, since cell size can have different impacts on the
simulations for different models (Cochrane and Flanagan, 2005;
Hessel, 2005; Starkloff and Stolte, 2014; Zhang et al., 2008); if cells be-
come too large or too small, different connectivity processes may
come into play which the models are not designed to address (Nunes
et al., 2018). Resolution and DEM pre-processing methods (as done in
this exercise for the underlying 10-m topography data) can also impact
mapped connectivity patterns (Cantreul et al., 2018). However, we be-
lieve that the 1-m resolution selected in this exercise is adequate for
the structure of the participating models, because the landscape ele-
ments included in the virtual catchment are well represented with
this resolution. Finally, this modelling exercise and its outcomes are
based on simulation of individual events with different recurrence
time. Simulation of a continuous series of events may yield different re-
sults, as connectivitymay develop over time (e.g. in the form of gullies).
However, it was beyond the scope of the present paper to include this.

4.3. Implications for modelling and representing connectivity

The large impact of rainfall characteristics on model outcomes im-
plies that, whatever the considered model, connectivity should not be
calculated based on landscape characteristics alone, but also, or perhaps
mainly, based on rainfall forcing. This is especially important for individ-
ual heavy rainfall events with high erosion potential. Fig. 6 suggests that
models have similar patterns of connectivitywhen there ismore rainfall
and hence more runoff/erosion (even though the agreement is still
low). For lower rainfall, the agreement is very low. Given (as described
above) that the large-intensity rainfall events represent most sediment
yield, it can be argued that themodel agreement on connectivity ismore
important for the most erosive events, and conversely that the lower
agreement for smaller rainfall events is not so important. Perhaps this
could also be linked to the fact that erosion model performance in-
creases with event magnitude, as demonstrated by Nearing (2000,
1998). However, smaller events may be important for the transport of
fine substances such as ash deposited after wildfires (Bodí et al., 2014)
or transport of substances absorbed onto fine soil particles, e.g. soil car-
bon (Wilken et al., 2017) and pollutants (Bento et al., 2018). In this case,
the lower agreement between models for less intense rainfall events
might indicate their worse performance to simulate this transport of
light and fine substances.
The higher agreement for larger rainfall events indicates that the
models are better at simulating connectivitywhen large rainfall forcings
are present, i.e. when functional connectivity dominates over the struc-
tural elements of connectivity. Nunes et al. (2018) describe how distrib-
uted hydrological and erosion models such as the ones used in this
exercise might miss connectivity processes occurring at a resolution
below the grid cell, such as microtopography; these are likely to be
more important for smaller storms, and hence the authors' suggestion
of integrating functions to simulate these processes may improve the
simulation of connectivity for low rainfall events.

Themodel outcomes also have strong implications for all connectiv-
ity indices based solely on morphological parameters such as the IC
index, which may not be well suited for connectivity assessments. In
this case, other indices incorporating functional connectivity might be
better suited, although catchment-scale indices of this type are less
common than structural connectivity indices and more complex to cal-
culate (Heckmann et al., 2018). In fact, there was no direct relation be-
tween the calculated IC for a particular scenario and its simulated
sediment export by the models used in this exercise. However, the IC
has been reported to not represent the connectivity in a satisfactory
way in lowland areas with gentle slopes (Gay et al., 2016; Poeppl
et al., 2019). Therefore, this conclusion might not be valid for catch-
ments where structural connectivity may play a larger role, such as
the Alpine catchments studied by Cavalli et al. (2013); or in catchments
experiencing much larger vegetation cover and soil changes than the
crop shifts used in the present exercise, such as the burnt and logged
catchments described by Martínez-Murillo and López-Vicente (2018).
5. Conclusions and outlook

In this study, we evaluated the response in terms of connectivity of
five models to landscape connectivity features and explained the differ-
ences based on differences in model structure. A total of 53 scenarios in
which field size and orientation was varied and soil conservation mea-
sures were implemented, and with varying rainfall intensities, were
simulated with each model. All models were event- and process-
based, spatially explicit water and soil erosion models: EROSION3D,
FullSWOF_2D, LandSoil, OpenLISEM and Watersed.

The results of this exercise suggest that both differences in model
equations as well as parameterization of these processes (i.e. runoff
and sediment production and routing patterns) may explain the ob-
served differences between models. While parameterization can be
achieved with traditional erosion monitoring experiments, the differ-
ences in model structure may be resolved incorporating connectivity
functions based on routing. Past examples include soil moisture and sat-
uration (Kalantari et al., 2019; Nunes et al., 2009) or tillage direction
(Takken et al., 2005); the results of our study suggest that these ap-
proaches should be generalized to other models.

Our results also suggest that structural connectivity indices may not
suffice to represent connectivity in this type of catchments (relatively
simple and monotonous land cover), and functional connectivity indi-
ces should be applied. Heckmann et al. (2018) propose several such in-
dices, some of which include some sort of dynamicmodelling. The same
considerations on the appropriate parameterization of vegetation,
structural elements and routing apply for models and indices.

Finally, the results suggest several ways to build on this modelling
exercise in the future. First, more care should be taken to ensure that
the models have similar parameterizations for each land-use, although
sediment yield calibration should be avoided to prevent constraints to
the simulation of connectivity patterns. Secondly, continuousmodelling
over time is an interesting option to see how connectivity develops over
medium- to long time scales. Thirdly, further study areas should be se-
lected for a comparison, especially those with more important struc-
tural connectivity features such as mountain landscapes or with more
important land-use changes. And finally, gathering and sharing within
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the scientific community of more spatially distributed runoff/runon and
sediment transport data is recommended.
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