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1. Introduction

Soil water erosion is defined as the detachment of soil particles and their transport by water to a deposition
site (sedimentation). In north-western Europe, this process primarily affects agricultural soils due to the
prevalent cultivation techniques and land management practices, such as intensive soil tillage and short
crop rotations, which often result in low vegetation cover (Cerda et al., 2009; Zema et al., 2012; Panagos et
al., 2015). Since the mid-20th century, the transformation of rural areas through intensification and
mechanization of agriculture has led to increased hillslopes erosion, further compounded by soil compaction
and land consolidation (Dotterweich, 2008). In Belgium, the change of the agricultural landscape began with
the Land Consolidation Act of 1957 which aims at reorganizing fragmented land into larger, more efficient
parcels to improve farming practices and potentially increased yields. This consolidation affected 600,000
ha representing one third of agricultural lands (Lambert, 1963). Today, water erosion is particularly significant
in the loess belt of north-western Europe, where the silty loam soils are intensively cultivated, making them

highly susceptible to erosion (Verstraeten and Poesen, 1999; Bielders et al., 2003; Evrard et al., 2007).

This process of soil erosion in fields results in negative impacts both at the field level ("on-site" or “in-field”
impacts) and downstream ("off-site" impacts). On-site impacts include direct short-term damages to crops
leading to reduced agricultural yields, as well as long-term degradation of soil health (Lal, 1998). Off-site
impacts manifest as damages caused by mudflows to infrastructure and agricultural parcels downstream
(Boardman, 1988; Bielders et al., 2003; Evrard et al., 2007), along with a deterioration in the quality of
surface water bodies (Sharpley et al., 1994). In recent decades, these impacts have increased and are
expected to continue growing in the future due to anthropogenic activities, such as an increase in the
proportion of spring row crops, larger field sizes, intensified soil tillage, and climate change (Nearing et al.,
2004; Boardman and Vandaele, 2010). Specifically, climate change leads to rising temperatures, which are
expected to disrupt the hydrological cycle, resulting in more frequent high-intensity rainfall events,
contributing to increased rainfall erosivity (Nearing et al., 2004; Panagos et al., 2017). Protecting soils is
therefore crucial because they are a non-renewable resource on a human timescale, soil formation

processes (pedogenesis) occurring on much longer timescales than soil degradation processes (Verheijen
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et al., 2009). Recognizing these challenges, there is a growing movement toward sustainable agriculture

(Powlson et al., 2011; Boardman and Vandaele, 2023; Strauss et al., 2023).

In north-western Europe, off-site impacts far exceed on-site impacts (Ulén et al., 2012; Boardman et al.,
2019). The extent of off-site impacts is contingent upon the hydrological and sediment connectivity among
various landscape elements. As suggested by Heckmann et al. (2018), in the context of soil erosion and its
off-site consequences, connectivity can be defined as the degree to which a system facilitates the transfer
of sediment and water in a catchment at a given moment. It highlights the role of landscape features and
layout that either promote or hinder sediment detachment and transport, by connecting or disconnecting
sediment transfer processes during hydrological events. Sediment connectivity refers to both the potential
for sediment transfer and the mechanisms through which it occurs, encompassing all sediment sources and
potential sinks within a catchment. While structural sediment connectivity focuses on physical linkages
within the landscape, functional sediment connectivity refers to sediment transport processes operating
across different landscape elements (Bracken et al., 2015). Over the last decades, sediment connectivity
has emerged as a crucial characteristic of geomorphic systems, playing a pivotal role in advancing our
understanding of hydrology and sediment dynamics (Bracken et al., 2015; Keesstra et al., 2018; Wohl et
al., 2019; Najafi et al., 2021). As highlighted by Baartman et al. (2013), Mekonnen et al. (2015) and Keesstra
et al. (2009, 2018), it is essential to focus on understanding sediments and flows dynamics throughout the
entire catchment to decelerate and reduce sediment movements along transfer pathways. When integrated
measures are strategically implemented in areas that facilitate the disconnection of landscape elements,
they effectively reduce runoff velocity, runoff volume, and sediment transport, thereby efficiently addressing

downstream issues related to flooding and sediment deposition (Mekonnen et al., 2015).

In agricultural landscapes, sediment connectivity is strongly influenced by the landscape layout, especially
the land use configuration and fragmentation, reinforced by the presence of linear structures such as
hedges, grass and wood strips, roads, and field boundaries. These features play a critical role in landscape
fragmentation and in controlling sediment deposition (Van Oost et al., 2000; Evans, 2006; Follain et al.,

2006; Szilassi et al., 2006; Bakker et al., 2008; Fiener et al., 2011; Chartin et al., 2013; Lopez-Vicente et al.,
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2021; Batista et al., 2022; Mufioz et al., 2024; Zhao et al., 2024). In regions fragmented by numerous small
fields, delineated by linear structures, the regulation of sediment transfer is strongly influenced by the
landscape fragmentation due to the inherent complexity of the resulting hydrological system. In the loess
belt of north-western Europe, it has been demonstrated that field structures influence sediment loads
primarily due to the effects of field boundaries, as they represent potential deposition sites (Takken et al.,
1999; Beuselinck et al., 2000; van Dijk et al., 2005; Chartin et al., 2013; Boardman and Vandaele, 2016).
Field boundaries, therefore, influence sediment transport, directly affecting sediment connectivity. At the
catchment scale, it is furthermore essential to consider that land is not uniformly cultivated, and various
crops cover the area with similar but staggered seasonal patterns (Fig. 1A). This results in a complex
coexistence of surface conditions, such as soil cover or surface roughness, at any given time. When a field
with low vegetative cover is located upstream of a densely vegetated field (Fig. 1B), the downstream crop
can impede sediment movement due to the sudden increase in hydraulic roughness (Takken et al., 1999;
Beuselinck et al., 2000; van Dijk et al., 2005). In catchments of silty loam agricultural regions, studies have
reported sediment deposits at field boundaries following intense late spring storms. In these catchments,
the downstream winter wheat acted as a vegetative barrier due to its more developed state compared to
the upstream crop at that time (Boardman & Vandaele, 2010, 2016). As a result, upstream of a field
boundary, sedimentation occurs on much steeper slopes than in the absence of a vegetative barrier at this
boundary (Boardman and Vandaele, 2010). Landscape fragmentation plays a crucial role in shaping the
formation and intensity of various types of water erosion, including sheet erosion, ephemeral gullies, and
permanent gullies. It achieves this by shortening runoff pathways and promoting sedimentation (Boardman
and Vandaele, 2010; Maugnard, 2015; Golosov et al., 2024). In Belgium, Beuselinck et al. (2000) observed
that up to 28% of ephemeral gully deposits in the Belgian Loam Belt originated at field boundaries, driven
by variations in vegetation roughness. It has also been shown that vegetation downstream of the boundaries
can also prevent ephemeral gully formation on slopes up to 8% in loamy regions and up to 15% on the silty
loam soils of the Condroz (Maugnard, 2015). Field boundaries are not always effective as sediment traps,
as their performance can be compromised by their sensitivity to runoff generation and the formation of
ephemeral gullies (Beuselinck et al., 2000). Additionally, the influence of field boundaries on sediment export

is highly dependent on local topographic conditions.Other research has suggested that linear structures,
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such as field boundaries, can also promote runoff and increase connectivity in a catchment, especially when

the boundaries are (near)parallel to the flow direction (Fiener et al., 2011; Cantreul et al., 2020).
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Fig. 1. (A) Typical soil cover development for different crops under Mid-European conditions (based on data
from Fierner et al., 2011). (B) Sketch of the deposition pattern at the boundary between fields with a low and

high vegetation cover in May (adapted from Takken et al., 1999).

The concept of patchiness remains insufficiently established and tested in the field of hydro-sedimentology.
For example, studies exploring the effects of patchiness on the connectivity of agricultural landscapes are
relatively scarce (e.g. Fiener et al., 2011; Baartman et al., 2020; Batista et al., 2022). However, evidence
from some research suggests that the reduction of the field size and, consequently, the increase in
patchiness have a reducing effect on surface runoff (Fohrer et al., 2005; Bormann et al., 2007; Ziegler et
al., 2007). Experience from land reconsolidation projects indicates that a reduction in patchiness resulting
from field enlargement increases runoff volume and peak discharge (Luft et al., 1981; Bucher and Demuth,
1985), although the diversity of changes associated with reconsolidation introduces some uncertainty
regarding the specific contribution of each measure to the overall effect (Bronstert et al., 1995). In general,

prevalent experimental studies on erosion, focusing either on small eroded parcels or on sediment yields
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from larger catchment areas, often tend to overlook the complexity of interactions between landscape

patchiness, linear structures, and sediment connectivity (Fiener et al., 2019).

Various strategies for identifying and quantifying landscape connectivity have been employed,
encompassing both mapping and modelling techniques. Among these approaches, sediment connectivity
indices stand out for their simplicity and ease of use, as they provide a quantitative assessment of the
potential sediment transfer between different compartments within a catchment. The sediment connectivity
index (IC) proposed by Borselli et al. (2008) and improved by Cavalli et al. (2013), widely used to represent
structural connectivity, quantifies the potential linkage between different compartments of a catchment and
indicates the probability of a particle at a certain location to reach a sink or a predefined target area. Due to
its relative simplicity and ability to account for the topological sequence of landscape properties, the IC
metric can help account for vegetation barriers on sediment trapping at the catchment scale (Cassi, 2010),
filling a current gap in modelling (Gumiere et al., 2011). It is also suitable for taking into account
anthropogenic structures (e.g. Borselli et al., 2008; Calsamiglia et al., 2017, 2018; Zhao et al., 2024). The
IC measure incorporates the same factors as those used in travel time and sediment transport capacity
calculations but takes the runoff potential of slopes and the organisation of the landscape more into account.
This is particularly important when accounting for the effects of vegetation and the topological sequence of
vegetation (Vigiak et al., 2012). These properties make /C a sensible option for studying patchiness in

agricultural catchments.

The assessment of connectivity involves the concept of flow resistance, also known as impedance, which
is evaluated through various methodologies incorporating land use and topographic features. The original
sediment connectivity index incorporates the USLE/RUSLE C factor (Wischmeier and Smith, 1978; Renard,
1997) to derive the weighting factor (W), serving as an indicator of resistance to runoff and sediment
transport (Borselli et al., 2008). Numerous studies have adapted this impedance factor to suit different
contexts. For instance, Cavalli et al. (2013) modified this index by implementing a weighting factor based
on residual topography, which is more suitable for mountainous regions. Zanandrea et al. (2020) developed

a method using Manning's coefficient, which has the potential to represent impedance in forested
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catchments. However, none of the existing W adequately account for the disconnection effects induced by

landscape patchiness, particularly the orientation and position of field boundaries.

The present research investigates the impact of spatial patterns of land use and management, specifically
focusing on their effects on sediment connectivity at the catchment scale, with a particular emphasis on
three catchments facing soil erosion issues. The central question guiding this research is: How does the
patchiness of agricultural landscapes influence sediment connectivity and, consequently, sediment transfer
at the scale of small catchments? The study hypothesizes that an increased patchiness in agricultural
landscapes, characterized by smaller field sizes and more diverse land use, arranged with hydrological
performance in mind, reduces sediment connectivity, and thus mitigates soil erosion. Conversely, larger field
sizes and homogenous land use might enhance connectivity, exacerbating erosion risks. Hence, the specific
objectives of this study are as follows:

(i) Analyse at a catchment scale the impact on hydrological barriers of the current spatial
distribution of crops, considering the structure of the parcel’s fragmentation.

(ii) Propose an enhanced version of the Borselli et al. (2008) sediment connectivity index that
integrates agricultural landscape fragmentation through parcel connectivity. This Revised index
will be used to analyse how landscape patchiness, particularly fragmentation patterns and the
spatial positioning of fragmenting elements, influences flow modulation across the catchment.

(iii) Promote a landscape arrangement aligned with the natural characteristics of the terrain by
organising agricultural practices in harmony with the topography, thereby reducing sediment
connectivity while also considering agronomic factors for optimal land management.

These investigations aim to enhance our understanding of the effects of the patchiness on connectivity and

strengthen our ability to develop appropriate measures to mitigate off-site erosion impacts.
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2. Study areas

The catchment has been identified as the most suitable spatial scale for studying hydrological processes
(Brocca et al., 2012). Land management strategies are often designed at the field scale (e.g. Maugnard et
al., 2013; Prasuhn et al., 2013) or at the scale of large catchments (e.g. Borrelli et al., 2021), while the
intermediate scale of the small catchment is sometimes overlooked. Hence, an examination of landscape
patchiness will be undertaken across multiple small catchments, each featuring distinct agricultural contexts
to explore the regional variations in land use, agricultural practices, and the configuration of agricultural

parcels.

The three study catchments (Fig. 2) are sub-catchments of the Scheldt (50°41'43.66" N, 3°26'7.67" E), the
Dyle (50°37'47.56" N, 4°36'59.37" E) and the Houyou (50°26'28.88" N, 5°12'51.93" E) located in Wallonia
(Belgium) in different land use contexts (Table 1). The study sites are located on the silt loam (Scheldt and
Dyle) and Condroz (Houyou) agro-pedological regions, which are highly vulnerable to surface sealing and
water erosion (Verstraeten and Poesen, 1999; Verstraeten et al., 2006; Maugnard et al., 2013, 2014) as
well as to muddy floods (Bielders et al., 2003; Evrard et al., 2007). The three sub-watersheds lack permanent
watercourses. The mean annual temperature across the three watersheds ranges from 9 to 10°C, while
mean annual precipitation ranges from 700 to 900 mm (Evrard et al., 2008). In the Belgian loess belt, the

rate of erosion can vary from a few tons ha-1 yr-1 to more than 100 t ha-1 yr-1 (Ryken et al., 2018).

The Scheldt sub-catchment covers 1,645 ha within the Belgian loess belt and is predominantly situated in
Celles, Hainaut province. The dominant soil types are Luvisols, featuring a sandy loam and silt loam texture
with good natural drainage. This catchment is primarily used for agriculture, comprising 89% of the land,
including 19% for grassland and forage. It also encompasses small areas designated for built-up (5%) and
forested regions (6%). Winter wheat (Triticum aestivum; 24%), sugar beet (Beta vulgaris; 11%), and
potatoes (Solanum tuberosum; 10%) are the most cultivated crops. Altitude varies from 21 to 147 meters,
with the terrain displaying flatter characteristics in the north and becoming more undulating in the south, and

the average slope gradient across the area is 4.5%.
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Fig. 2. Presentation of the study areas [location, digital elevation model (DEM), hydrographic network and

outlet].

The Dyle sub-catchment encompasses 2,614 ha within the Belgian loess belt, primarily located in Chastre
in the Walloon Brabant province. The prevalent soils in this area are Cambisols and Luvisols, both derived
from Quaternary loess. Approximately 85% of the land is dedicated to arable farming, including 11% for
grassland and forage, with smaller portions allocated to built-up areas (4%) and forests (9%). The principal
crops grown here consist of winter wheat (30%), sugar beet (13%), and potatoes (10%). The altitude ranges
from 86 to 172 meters, and the terrain is characterized by gentle slopes, with an average slope gradient of

5%.

The Houyou sub-catchment spans 2,093 ha and covers the town of Ohey in the Namur province. The
challenges of erosion in this mid-plateau area are greater due to shallower soils. The dominant soil types
are "Luvisols" characterized by silt loam and stony silt loam textures. Most of this catchment, approximately
85%, is dedicated to arable farming, with 29% allocated for grassland and forage. Additionally, there are

minor areas occupied by forest (10%) and built-up regions (4%). The primary crops cultivated here include

9
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winter wheat (24%), maize (Zea mays; 12%), and sugar beet (7%). Altitude varies from 212 to 291 meters,
and the topography exhibits a marked NE-SW orientation. In this undulating landscape, the average slope

gradient is 6%.

Table 1. Characteristics (mean and standard deviation, stdev) of land use over the period 2018 and 2022
in the three sub-catchments. The data are averages over the five-year period. Q50 and Q95 correspond to

the 501 (=median) and 95" percentile, respectively.

Landscape Scheldt Dyle Houyou
Units
characteristics Mean Stdev Mean Stdev Mean Stdev
Land use
Catchment area ha 1,645 - 2,614 - 2,093 -
Wooded area % 6 0.08 9 0.17 10 0.13
Built surface % 5 0.15 4 0.11 4 0.15
Agricultural area % 89 0.15 85 0.16 85 0.15
Spring row crops % 37 2.3 35 21 26 0.6
Winter crops % 33 2.3 39 21 30 0.8
Grasslands % 19 0.6 1 0.5 29 1.1

10
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Fig. 3. Maps of land use and agricultural parcels in the three sub-catchments for the year 2018 at a scale

of 1:60,000.

3. Methodology

3.1. Data sources

The dataset used for this study comprises a 2013-2014 Digital Terrain Model (DTM) with a 1 m resolution
and an altimetric accuracy of around 0.12 m in absolute terms, covering the entire region of Wallonia. It
also comprises a map of the hydrographic network and the 2018-2022 Land Parcel Identification System
(LPIS), which catalogues annually declared agricultural parcels. These parcels encompass both arable
lands used for crops and non-productive areas such as grasslands, fallow land and vegetated strips. All

data were sourced from the Walloon geoportal WalOnMap (available at https://geoportail.wallonie.be).

Additionally, land use maps at 2 m spatial resolution from the 2018-2022 LifeWatch dataset for Wallonia are

utilised (Radoux et al., 2022).
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3.2. Current state of the patchiness effect in the Walloon agricultural landscape

To analyse the influence of landscape patchiness in the three sub-catchments, we compiled a dataset
covering potential vegetation barriers for the years 2018 and 2021. These years were selected as they offer
a representative snapshot of the typical land use patterns across the parcels during the five-year study
period (2018-2022). A potential vegetation barrier is defined as the intersection between a concentrated flow
path and the boundary between two fields (Fig. 4). The term "potential” is used because the barrier effect is
time dependent. These vegetation barriers are further characterized by the crop type upstream of the
potential barrier, that may be underdeveloped and prone to runoff, and crop type downstream of the potential
barrier that may act as a hydraulic brake depending on the cropping season. For each potential vegetation
barrier, a reclassification is conducted based on crop category groups: winter crops, spring row crops, and
grassland. Each potential vegetation barrier is associated with an upstream contributing area. Three
categories of contributing areas are used, classified in ascending order of surface area: small (0.1 ha),
medium (=1 ha), and large (210 ha). Concentrated runoff is considered downstream of a contributing surface

area of 1 ha.

The potential vegetation barriers dataset has also been categorized based on the angle formed between
the field boundary and the upstream flow path (Fig. 4). Three distinct classes were derived based on
observations across the three catchment areas, though their applicability has not been tested in other
catchments. The data reveal that in over 90% of cases, when the angle is 45° or greater, the flow path
crosses the field boundary. Conversely, when the angle is below 30°, the flow path runs parallel to the
boundary, also observed in over 90% of cases. Any anomalies or exceptions are addressed through manual
reclassification. The final classification consists of the following three categories:
e 245° it is considered that in this case the stream crosses the potential vegetation barriers.

e <30°: it is considered that in this case the stream flows along the field boundary

12
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o 30°< & <45°: the flow may or may not cross the boundary. These uncertain potential vegetation
barriers, in the minority (£11%), were not considered in this study.
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Fig. 4. Diagram illustrating the potential vegetation barrier from an upstream field (A) to a downstream field
(B). The angle is measured between the concentrated flow path and the boundary between the adjacent
parcels, with the intersection point, defined as the potential vegetation barrier, serving as the vertex. The

angle ranges from 0 to 90 degrees.

In our examination of the flow disconnection effects induced by the agricultural landscape patchiness, our
focus is on potential vegetation barriers that counter the runoff flow (=45°). When the angles are less than
or equal to 30°, no potential vegetation barrier is present. As specified by Fiener et al. (2011) and Cantreul
et al. (2020), field boundaries that run parallel to flow paths do not reduce runoff within the landscape. The
density (number per unit area) of these potential vegetation barriers within a catchment serves as an

indicator of the arrangement and dimensions of land parcels.

The data will be standardised according to the agricultural area of the different catchment areas to ensure

a fair and relevant comparison between the catchments studied.
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3.3. Sediment connectivity index

3.3.1.Computation of the index of connectivity
The sediment connectivity index (IC), defined by Borselli et al. (2008), is a pixel based dimensionless
indicator that assesses the potential for sediment delivery from production areas (e.g. agricultural slopes)
to sinks (e.g. river network) (Eg. 1). This index is mainly derived from a DEM and the surface runoff
impedance associated with different land uses and, therefore, aims to assess the topographical and land

cover control on sediment transfer processes:

Dyp
IC = logy (E) (Eq. 1)
n

Where D, and Dg, represent the upslope and downslope components of connectivity (Fig. 5), respectively.
IC is defined within the interval [-e, +], with higher IC values indicating increased connectivity. The upslope
component, Dy, signifies the potential sediment transport downstream from the upstream area and is

estimated as follows (Eq. 2):

D,, = WSVA (Eq. 2)

Where W is the average upstream area weighting factor (dimensionless), S is the average slope of the
upstream area (m/m), and A is the upstream surface area (m?). The downslope component, Dgn, considers
the slope-weighted distance and the weighting factor of each pixel that the particle must travel to reach the

nearest target or sink. Therefore, Da, can be expressed as follows (Eq. 3):

Dan = Z w/dl
an - iSi
i

(Eq. 3)

Where d; is the length of the flow path along the i-th cell in the steepest downhill direction (m), and W; and

S are the weighting factor and slope gradient of the i-th cell, respectively.

The calculation of /C was carried out with the 'Connectivity-Index-ArcGIS-toolbox' (Cavalli et al., 2014). IC
was computed in reference to the catchment's hydrographic network, using a DTM from 2013-2014 with a

resolution of 1 m as suggested by Cantreul et al. (2018). This pixel size enabled these authors to locate all

14
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“key areas” in terms of erosion as well as to better account for the impact of linear features in the catchment
(e.g. grass strips and roads). To enhance the hydrological analysis of water flow pathways, the DTM must
undergo a pre-processing stage in order to be hydrologically correct (O’Callaghan and Mark, 1984; Jenson
and Domingue, 1988). Lidberg et al. (2017) caution that the fill method, suggested by Cavalli et al. (2014),
may falter with DTMs of higher resolution. The fill process can inadvertently generate linear, artificial
streams, diverging from the natural watercourse patterns. To counteract this, the optimized pit removal
(OPR) technique is employed, which combines breaching and filling approaches to preserve the intricate
topographical nuances of the landscape (Soille, 2004). This advanced method was employed in the pre-
processing phase for DTMs, ensuring a more accurate representation of the water flow pathways. /C and

OPR were both computed in ArcGIS 10.8.1.

Field boundaries
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Fig. 5. Definition of the upslope and downslope components in the landscape for index of connectivity, and
adjustment of the weighting factor to account for agricultural fragmentation (adapted from Borselli et al.,

2008).

3.3.2. Adjusting the weighting factor
Modifications to the original Borselli et al. (2008) model, revised by Cavalli et al. (2013), were designed to

incorporate the effect of landscape patchiness, and specifically connectivity between parcels, into the model

15
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(Fig. 5). To account for sediment retention effects at the boundaries between two fields, the weighting factor
(W) has been enhanced. W, featured in both the upslope and downslope components of /C within equations
(2) and (3), was initially proposed by Borselli et al. (2008) to simulate the impedance to runoff and sediment
flows attributed to the characteristics of local land use and the physical properties of the land surface.
Borselli et al. (2008) recommend using the C factor from the USLE-RUSLE models (Wischmeier and Smith,
1978; Renard, 1997) as a weighting factor (Table 2) for regions where vegetation cover and land use
management significantly influence sediment fluxes, such as in our study area. The C factor represents the
effect of surface cover and roughness on soil loss. However, this weighting factor only considers the effect

of land cover and not the effect of linear features associated to parcel configuration on soil loss.

Table 2. C factor (0: no erosion possible and 1: maximum erosion with bared soil).

Agricultural land uses C factor Land uses C factor
Crop groups* Artificial surfaces**

Perennial grassland 0.01 Artificial covering (on the ground)  0.0012
Perennial fruit crops (apples, pears, ...) 0.05 Artificial covering (above-ground) 0
Temporary grassland 0.10

Winter cereals 0.25 Others**

Winter rape, summer cereals, flax, peas 0.30 Forest area 0.001
Potatoes (early), beetroot, turnips, spinach, ...  0.35 Water bodies 0

Potatoes (late), chicory, celeriac, leeks, beans,

0.40 Bare ground 1
Maize, cabbage, ... 0.45
Asparagus, strawberries, carrots, ... 0.50
Ornamental plants, courgettes, pumpkins, ... 0.60
Arboriculture 0.70
Onions, chives 0.80

* Swerts et al. (2020) ** Wischmeier & Smith (1978) 2 A non-zero value is assigned to this category to ensure

continuity on both sides of the road network.
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A new parameter, the parcel connectivity (P), is introduced to account for the sediment connectivity between
parcels. P is a dimensionless parameter ranging from 0 to 1. This enhanced approach better captures the
hydrological nuances specific to field boundaries, thereby contributing to a more accurate assessment of
the impact of landscape patchiness on sediment retention. It is integrated into the W parameter of the
upslope component, where the calculation of the upstream area for the i-th cell, always weighted by the C
factor, will now also consider this connectivity factor. The connectivity factor is applied to boundary pixels
only when the flow crosses the boundary and is omitted when the flow runs parallel to it. Specifically, a
connectivity of 30% (P = 0.3) is applied at these boundaries to capture the hydraulic braking effect induced
by the vegetation barriers (Gumiere et al., 2011; Mufioz et al., 2024). That means, a flow crossing a field
boundary will be reduced by 70%, allowing 30% of the flow to pass through. This parcel connectivity of 30%
is the value used in Belgium following numerous field observations (Oorts et al., 2020; Swerts et al., 2020).
In this study, P is applied independently of the land cover on either side of the field boundary. Thus, the
presence of a boundary will be reflected in the /C through the new weighting of the upstream area in the
upslope component. In comparison, the Borselli index represents connectivity in the absence of landscape

fragmentation.

3.4. Scenarios testing various land use configurations and parcel layouts

The connectivity index of Borselli et al. (2008) will be used to compare various scenarios of land use and
parcel configuration (Fig. 6). For the scenarios tested, only the agricultural areas, including grassland and
cropland, will be reorganised to assess the impact of the agricultural parcel patchiness on sediment

connectivity.

17



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

Legend

Parcel
configuration

Agricultural
area

c D C-factor
e High - 1
,'g?’ / .1 ] "‘\ I.E:;““ TPAHH P B ow: 0
4 ey mayr 2EFE
f"’é',is}-i t.‘fIs A

.
rdEtaicsa)
i
7
4
:
s

km

T
:? 0 05 1 2

Fig. 6. Parcel configuration and crop rotation scenarios studied in the Scheldt sub-catchment: A) a unified
structure for land use analysis, B) the 2018 parcel setup, C) fragmentation along 5 m isolines, and D) 1 ha

grid divisions.

This study focuses on two key factors: land use and the spatial configuration of agricultural parcels, including
both their size and geometry, within the catchment areas. A differentiation is established between existing
parcel configurations and theoretical scenarios (Table 3). In the case of existing configurations, /C will be
calculated for the year 2018, which will serve as a reference for existing scenarios (Fig. 6b). First, land use
will be evaluated without considering crop patchiness by aggregating the entire agricultural area and
designating a single land use type (Fig. 6a). Five land-use types will be analysed, ranked in ascending order
of soil protection by plant cover with their respective C factor of crops in Wallonia (Table 2; Swerts et al.,
2020): bare soil (C factor = 1), spring crops (C factor = 0.4), winter cereals (C factor = 0.25), temporary
grassland (C factor = 0.1), and permanent grassland (C factor = 0.01). Second, the structural characteristics
of the agricultural landscape will be assessed through various scenarios that modify the fragmentation of
the agricultural area (Table 3). Three configurations will be examined: the 2018 parcel configuration (Fig.

6b), a 1-hectare square grid to assess the impact of small parcel size on connectivity (Fig. 6d), and a
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configuration designed to cultivate across slopes following isolines, akin to contour farming practices (e.g.

Farahani et al., 2016), with a subdivision of parcels based on 5 m isolines (Fig. 6¢). To assess the effect of

spatial pattern on connectivity, we will maintain the same land use as in 2018 for the parcel configuration

scenarios, ensuring that only the structure varies. Additionally, for each configuration, parcels smaller than

100 m? were aggregated, as they are considered artifacts of the redrawing process and not representative

of agricultural parcels.

Table 3. Summary of land use and parcel arrangement scenarios in the three sub-catchments for which

connectivity will be assessed. A (ha) represents the average parcel area, C (-) is the average C factor in the

catchment, and Crops (-) is the number of different crop groups characterised by an identical C factor value

(Table 2). Standard deviation values are shown in brackets. The parcel configuration scenarios utilize the

same land use patterns as those observed in 2018.

Scheldt Dyle Houyou
Scenarios
A c Crops A 4 Crops A 4 Crops
Land use
0.861 16.9 0.822 20.7 0.872
Bare soil 14.6 (26) 0 0 0
(0.346) (29.8) (0.381) (46.9) (0.335)
0.345 16.9 0.330 20.7 0.349
Spring crops 14.6 (26) 1 1 1
(0.138) (29.8) (0.154) (46.9) (0.136)
0.217 16.9 0.208 20.7 0.220
Winter cereals 14.6 (26) 1 1 1
(0.088) (29.8) (0.099) (46.9) (0.089)
0.085 16.9 0.082 20.7 0.087
Temporary grassland 14.6 (26) 1 1 1
(0.039) (29.8) (0.048) (46.9) (0.047)
0.008 16.9 0.010 20.7 0.008
Permanent grassland 14.6 (26) 1 1 1
(0.022) (29.8) (0.034) (46.9) (0.037)
Parcel layout
0.230 0.234 0.176
2018 land use 2.0 (2.3) 8 3.2 (4.1) 7 2.8 (3.6) 7
(0.169) (0.157) (0.162)
0.230 0.234 0.176
1 ha grid 0.8 (0.3) 8 0.8 (0.3) 7 0.8 (0.3) 7
(0.169) (0.157) (0.162)
0.230 0.234 0.176
Isoline 5m 3.4 (7.1) 8 3.1(6.1) 7 3.6 (5.9) 7
(0.169) (0.157) (0.162)
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3.5. Validation of connectivity

The validation of sediment connectivity indices is widely acknowledged as a critical yet complex aspect of
sediment dynamics research, as emphasized by Hooke and Souza (2021). Although direct field
measurements remain the most reliable approach, they require extensive data and controlled conditions,
which are not always feasible. As an alternative, numerous studies (e.g., Borselli et al., 2008; Cavalli et al.,
2013; Cantreul et al., 2018) have successfully employed remote sensing data and aerial photographs,

particularly following significant rainfall events, to validate IC outputs.

Cantreul et al. (2018) investigated sediment connectivity within a gauged experimental catchment located
in the Dyle sub-catchment. Using an orthophotoplan dated March 13, 2017, following a rainfall event of 31.7
mm, and supplemented by field observations, they demonstrated that IC predicted most areas of high,
medium, and low connectivity. In addition, we leveraged an aerial image from July 21, 2021, captured after
multiple extreme rainfall events, which cumulatively amounted to 241.4 mm over the preceding month and
58.9 mm in the prior week. This provided an ideal opportunity to assess the functional connectivity under
extreme hydrological conditions. The aerial image and field observations (e.g. photographs of deposits) are

used as ground true information in order to validate and assess the quality of the index outputs.
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4. Results and discussion

In this section, we start by analysing the current state of the patchiness effect in the Walloon agricultural
landscape by assessing how parcel organization, particularly the role of natural vegetative barriers created
by field boundaries, affects sediment dynamics. Subsequently, we evaluate the effectiveness of both the
Borselli and Revised sediment connectivity indices, comparing their capacity to capture the impacts of
varying parcel configurations. Next, we validated the connectivity patterns by analysing functional
connectivity, focusing on how well the indices reflect sediment flow dynamics under real-world conditions.
Finally, we discuss strategic approaches to align agricultural land use with natural topography, aimed at

optimizing landscape connectivity and mitigating erosion.

4.1. Current state of the patchiness effect in the Walloon agricultural landscape

In terms of land use, the allocation of land to spring crops, winter crops, and grassland remained relatively
stable (Table 1). Grassland, which provides continuous year-round soil cover, accounted for an intermediate
proportion in the Scheldt sub-catchment (19%), a lower proportion in the Dyle (11%), and a higher proportion
in the Houyou (29%). In contrast, spring row crops, which offer less soil cover, were more prevalent in the

Scheldt (37%) and Dyle (35%) sub-catchments and less so in the Houyou (26%).

Among the three sub-catchments, the Scheldt stood out as the most fragmented, with an average parcel
size of 1.9 ha and a parcel density of 0.51 ha-1 (Table 4; Fig. 3). This contrasts with the Dyle and Houyou
sub-catchments, which were less fragmented and characterized by larger but fewer parcels, with average
cropland parcel sizes of 3.8 ha and parcel densities of 0.31 and 0.36 ha-1, respectively. The largest parcels
(Q95) in the Scheldt were smaller, averaging 6 ha, compared to 10.4 ha and 11.1 ha in the Dyle and Houyou
sub-catchments, respectively. The number of parcels has increased in all three catchments. Between 2018
and 2022, the Scheldt sub-catchment had a growth rate of 8.6%, while the Dyle and Houyou sub-catchments
showed a smaller rise of 4% and 2.3%, respectively. This results mainly from the introduction of new
vegetative strips. These characteristics highlight that the Dyle sub-catchment is the least fragmented, with
relatively poorer ground cover. This results in reduced landscape heterogeneity, which in turn diminishes

the effectiveness of the landscape in disconnecting surface flows.
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Table 4. Characteristics (mean and standard deviation, stdev) of parcel layout over the period 2018 and
2022 in the three sub-catchments. The data are averages over the five-year period. Q50 and Q95

correspond to the 50t (=median) and 95™ percentile, respectively.

Scheldt Dyle Houyou
Parcel layout Units
Mean Stdev Mean Stdev Mean Stdev
Average parcel size ha 1.9 0.07 3.1 0.05 2.8 0.04
Average parcel size
ha 24 0.06 3.8 0.08 3.8 0.10
(excluding grassland)
Q50 parcel size ha 1.21 0.10 1.65 0.06 1.38 0.06
Q95 parcel size ha 6.0 0.09 111 0.43 104 0.51
Number of parcels - 738 271 691 10.8 650 9.6
Parcel density ha-1 0.51 0.012 0.31 0.005 0.36 0.005

The density of potential vegetation barriers is influenced by catchment morphology and agricultural parcel
fragmentation (Table 5). Across the three catchments studied, the number of potential runoff barriers
remains relatively low (<0.3 ha-1). The Scheldt sub-catchment shows an intermediate barrier density of 0.24
ha-1, compared to 0.16 ha-1 in the Dyle (the lowest), and 0.27 ha-1 in the Houyou (the highest). These
figures align with the densities of field boundaries and concentrated flow paths, with values of 71.7 and 74.8
m ha-1 for the Scheldt, 69.8 and 62.9 m ha-1 for the Dyle, and 86.6 and 81.4 m ha-1 for the Houyou,
respectively. Despite these differences, no statistically significant correlation (p > 0.05) was found between
vegetation barrier density and parcel or catchment characteristics. The Dyle and Houyou sub-catchments,
though more elongated than the compact Scheldt, show no strong spatial resemblance. These variations in
morphology, particularly in shape and size, influence the average contributing area of the vegetation

barriers.

Table 5. Comparison of the dataset on potential vegetation barriers in the sub-catchments [agricultural area
(A), number of potential barriers with a contributing area of 21 ha (ny), and the density of potential vegetation
barriers (ns/A)] with the morphological characteristics of the catchment [Gravelius compactness index (KG)

and density of concentrated flow paths with a contributing area of 21 ha (L./A)] and the agricultural parcel
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patchiness [density of field boundaries which form obstacles to the flow paths (L,/A), number of parcels (np),

and parcels density (np/A)]. The data are the average of values from 2018 and 2021.

Catchment
Vegetation barriers Parcel characteristics
characteristics
Sub-catchment

Average contributing

ny/A (ha-1) KG LA (m ha-1) Ly/A (m ha-1) ny/A (ha-1)
area (ha)
Scheldt 0.24 8.6 1.23 74.8 7.7 0.51
Dyle 0.16 10.8 1.37 62.9 69.8 0.29
Houyou 0.27 131 1.54 81.4 86.6 0.36

The orientation of field boundaries relative to concentrated flow paths is also a key factor in assessing the
disconnection potential of an agricultural landscape. For example, the 2018 parcel configurations (Fig. 6b)
had a considerable proportion in terms of length of field boundaries (16.5% of the length for the Scheldt
sub-catchment and 5% for the Dyle and Houyou sub-catchments) which were located along the flow
concentration pathways and were therefore not considered to be obstacles. This high proportion of field
boundaries in the Scheldt sub-catchment explains why the Houyou sub-catchment has the highest field

boundary density at 86.6 m ha-1, despite not being the most fragmented landscape.

The Scheldt sub-catchment, characterized by the most fragmented agricultural landscape, with smaller
average parcel sizes (1.9 ha) and a higher parcel density (0.51 ha-1), shows an intermediate density of
potential vegetation barriers. As expected, the Dyle sub-catchment, which has the least fragmented
landscape, exhibits the lowest density of potential vegetation barriers. This can partly be attributed to its
larger average parcel size (3.1 ha), resulting in a lower parcel density (0.29 ha-1), combined with the least
dense network of concentrated flow paths, at 62.9 m ha-1. In contrast, the Houyou sub-catchment has the
highest density of vegetation barriers, despite not having the most fragmented landscape. With an average
parcel size of 2.8 ha and an intermediate parcel density of 0.36 ha-1, the higher vegetation barrier density
is largely influenced by the high density of concentrated flow paths (81.4 m ha-1), its linear hydrological
network, and its elongated shape. The dominant surface water flow direction runs from southwest to

northeast, and the concentrated flow paths, which run perpendicular to the main direction, interact with the
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orientation of agricultural parcels. Many parcels are aligned across the slope gradient, which increases the
density of potential vegetation barriers, enhancing their presence in the landscape. Therefore, the difference
between the Scheldt and Houyou sub-catchments can be attributed to the orientation of field boundaries
within the landscape, which directly affects the potential vegetation barrier density. This density thus serves
as an indicator of landscape patchiness, accounting for both parcel fragmentation and the position of field

boundaries.

The analysis reveals that, on average, more than 40% of potential vegetation barriers in each catchment
consist of adjacent fields with the same crop category (Fig. 7). This finding suggests potential for optimizing
land use within the parcels to enhance flow disconnection. In 2018 and 2021, the percentage of potential
vegetative barriers with a contributing area between 0.1 and 10 ha, located between two spring crops —
which are more vulnerable to erosion during heavy rainfall events— was 16.9 £ 1.25% in the Scheldt sub-
catchment, 18.8 + 1.37% in the Dyle sub-catchment, and 7.5 £+ 0.72% in the Houyou sub-catchment.
Regarding potential vegetation barriers situated along the most concentrated flow paths (>10 ha), a
reduction to 9.6% is observed for the Scheldt sub-catchment, while an increase is seen for the Dyle and
Houyou sub-catchments, reaching 21.6% and 8.8%, respectively. This percentage shows significant
variation between the catchments, primarily due to differences in crop rotation practices. For instance, the
Houyou catchment has a 10% lower proportion of land dedicated to spring crops compared to the other
catchments, resulting in a lower frequency of potential vegetation barriers between two spring crops. Evans
(2006) and Maugnard (2015) have highlighted that boundaries between fields of the same crop type
minimally impact flow disconnection and sedimentation. Additionally, research by Van Oost et al. (2000) and
Maugnard (2015) demonstrated that deposits are more likely to occur along boundaries between fields with
different crops. These findings highlight the need for coordinated crop rotation plans, particularly on critical

sections of the flow paths.
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Fig. 7. Density of potential vegetation barriers (classified by contributing area) in the three sub-catchments
for 2018 and 2021. Triangles correspond to the percentage of potential vegetation barriers with the same

group of crop categories.

Despite changes in parcel structures, such as splitting, merging, or the disappearance of certain agricultural
parcels, and variations in crop distribution due to rotations, the density of potential vegetation barriers
remained relatively stable between 2018 and 2021 (Fig. 7). The parcel configurations for 2018 and 2021
reflect the influence of political and economic decision-making processes, which aim to balance agricultural
practices with land management policies (Devaty et al., 2019). This stability highlights persistent landscape
patterns that could benefit from targeted interventions designed to reduce connectivity and mitigate

sediment transport.
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4.2. Connectivity from the Revised index and comparison with Borselli connectivity index
In the standard /C calculation method, sediment flow resistance is incorporated into the weighting factor (W)
by adjusting the contributing area. Figure 8 compares the effects of different weighting methods for the

contributing area in the Dyle sub-catchment.

Without any weighting (Fig. 8A), the contributing area at the outlet is 36.4 ha. By comparison, the Borselli
Index (Fig. 8B) weights the contributing area according to the C factor, where a pixel with a C value of 1
transmits the full flow downstream. Conversely, if a pixel is covered by vegetation, flow passing through it is
weighted by its C value. This weighting method results in a contributing area of 10.3 ha at the outlet.
Weighting for 30% connectivity at field boundaries (Fig. 8C), for a hypothetical configuration fragmented into
1 ha parcels (Fig. 8D), reduces the outlet’s contributing area to 0.61 ha. The Revised Index calculation
(Fig. 8D), combining weightings from methods B and C, reduces the outlet’s contributing area to 0.18 ha. In
this example, the weighting method based on landscape fragmentation (Fig. 8C) has a much greater impact
on the outlet’s drained area than the land-use-based weighting method (Fig. 8B), resulting in a 60-fold
reduction in the outlet’s contributing area compared to a 3.5-fold reduction using the Borselli index. The
marked reduction in contributing area at the outlet under the Revised Index method can be attributed to the
combined effects of extensive fragmentation due to theoretical parcel divisions and land-use patterns in

2018.
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Fig. 8. Comparison of weighting methods for the contributing area included in the weighting factor (W) for
the upstream component of /C across a 45 ha area in the Dyle sub-catchment, based on 2018 land use and
calculated under four scenarios: A) unweighted, B) with the C factor weighting (Borselli index), C)
incorporating 30% connectivity at field boundaries for a hypothetical configuration fragmented into 1 ha
parcels, and D) combining both weightings (Revised index). The contributing area at the outlet is indicated

in the top right-hand corner. Longitude and latitude are in the Belgian Lambert 1972 projection system.

The comparison between the Borselli index (Fig. 9A) and the Revised index (Fig. 9B) for the same land use
highlights important patterns of sediment connectivity. For both indices, higher values are associated with
steep hillslope areas and along concentrated flow paths, particularly near the catchment outlet. These
findings align with previous studies that emphasise the role of topography in sediment dynamics (e.g.,
Calsamiglia et al., 2017, 2018). Notably, the mean and median IC values are higher for the Borselli index (-
7.04 and -6.69, respectively) compared to the Revised index (-7.36 and -7.18), reflecting the disconnection
effects induced by landscape fragmentation, specifically at field boundaries. As expected, fragmentation

reduces sediment connectivity along concentrated flow paths by interrupting sediment transfer and reducing
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the effective slope length of runoff pathways. For example, studies such as Boardman and Vandaele (2010)
and Golosov et al. (2024) have demonstrated how field boundaries and other linear structures can act as
sediment traps, increasing deposition and mitigating sediment export. However, beyond these concentrated
flow paths, the impact of fragmentation on connectivity appears more limited due to the uniformity of land
uses across the catchment, which stabilises overall sediment dynamics. Consequently, the analysis will
focus on two scales: along concentrated flow paths with a contributing area of at least 1 ha and over the

whole catchment.

A - Borselli IC B - Revised IC
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Fig. 9. Comparison of the Borselli connectivity index (A) and the Revised connectivity index applied to a
hypothetical configuration fragmented into 1 ha parcels (B) for the 2018 land use in the Dyle sub-catchment.
Coordinates are in the Belgian Lambert 1972 projection system.

The Revised connectivity index enables an in-depth analysis of the landscape patchiness by incorporating
the effects of spatial land-use distribution and fragmentation.

Furthermore, this index revision can include additional vegetation barriers, such as hedgerows, expanding
its application as demonstrated by studies like Gumiere et al. (2011) and Mufioz et al. (2024), which

highlighted the impact of vegetation barriers on sediment trapping.

4.3. Validation results of connectivity
Data derived from aerial images and field observations were used to validate the results of IC in the Dyle
sub-catchment (Fig. 10). Sediment deposits were identified upstream of linear landscape features (Fig. 10a),

revealing several factors influencing deposition. Topography-controlled deposits were observed in flat areas,

28



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

along thalwegs, or at the bottom of slopes. Additionally, wooded strips acted as retention areas for sediment
flows, as evidenced by multiple deposits located in these areas (Fig. 10c6). Deposition was also noted
upstream of field boundaries (Fig. 10c3,4). These boundaries often featured downstream vegetation, such
as crops, functioning as sediment barriers, as highlighted in studies by Beuselinck et al. (2000) and van Dijk
et al. (2005). In such cases, connectivity was reduced. As highlighted by Beuselinck et al. (2000), deposition
results from multiple factors. This is illustrated in photograph 1 (Fig. 10c), where the deposit is located within
the thalweg upstream of a more developed maize crop, indicating that both topography and vegetation play

a controlling role.

Conversely, gullies were observed along concentrated flow paths (Fig. 10c2,5). Landscape fragmentation
appears to have an influence on gully control despite the intensity of the hydrological event. In line with

studies by Beuselinck et al (2000) and Maugnard (2015), gullies end at field boundaries.

A comparison of the two indices in two deposition-prone zones underscores the differences in their
connectivity patterns (Fig. 10b). In zone I, the Revised IC indicates a disconnection of sediment flows
downstream of a field boundary along concentrated flow paths. This corresponds to the observed deposits
upstream of the boundary, resulting from the vegetation barrier effect of the downstream crop. In zone Il,
deposits controlled by the wooded strip show reduced connectivity due to a combination of low C factor
values and attenuation along concentrated flow paths. In contrast, the topography-controlled deposits in this
zone were situated along a boundary between two fields with identical land use. Here, the reduced
connectivity was primarily attributed to the flat terrain and a potential edge effect at the boundary, rather

than the vegetation barrier effect assumed by the revised index at field boundaries.

In conclusion, the Revised IC produces generally more realistic connectivity maps in agricultural
catchments. However, connectivity at field boundaries remains complex and challenging to evaluate, as not
all boundaries act as effective sediment barriers. The analysis of functional connectivity following an extreme

rainfall event suggests that parcel connectivity should be integrated into the revised index when field
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577  Alternatively, field-based data should be utilized if available to ensure accuracy.
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578  Fig. 10. (a) Satellite image from July 2021 displaying polygons that delineate sediment deposits located

579 upstream of linear landscape features. (b) Changes in the spatial distribution of connectivity between
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Borselli and Revised IC. (c) Photographs of deposits and gullies taken in July 2021.Comparative analysis

of connectivity across diverse catchments.

The IC values range between -14.53 and 6.35 for the Scheldt sub-catchment, -14.89 and 6.79 for the Dyle
sub-catchment, and between -15.17 and 6.79 for the Houyou sub-catchment (Table 6). The spatial
distribution of /C is strongly influenced by slope gradient, general catchment morphology, the configuration
of the natural drainage network, and surface characteristics such as surface roughness and land use
(Calsamiglia et al., 2018). This explains why the Dyle sub-catchment (KG = 1.54) and Houyou sub-
catchment (KG = 1.37), with their larger areas and elongated hydrographic networks, exhibit higher /C
ranges compared to the smaller and more compact Scheldt sub-catchment (KG = 1.23). Additionally, the
average gradients are steeper for the Houyou sub-catchment (6%), followed by the Dyle sub-catchment
(5.5%), and finally the Scheldt sub-catchment (4.5%), further highlighting the differences between the

Scheldt sub-catchment and the other two sub-catchments.

According to the main statistics (Table 6), /IC values decrease as vegetation cover increases, reflecting a
reduction in the C factor. As expected, in all three catchments, the ranking of land use scenarios from most
connected to least connected is as follows: bare soil < spring crops < winter cereals < temporary grassland
< permanent grassland. At the catchment scale, the IC distributions for the bare soil and permanent
grassland scenarios represent the two extremes of connectivity, ranging from the most connected to the

least connected scenarios in agricultural environments within these catchments (Table 6).

Table 6. Main statistics of /C across three sub-catchments for a range of land use (Borselli /C) and parcel
arrangement scenarios for 2018 land use (Revised IC). The statistics encompass the range, the median

(Q50), and standard deviation (stdev).

Scheldt Dyle Houyou
Scenarios

Range Q50 Stdev Range Q50 Stdev Range Q50 Stdev
Land use - Borselli IC
100% Bare soil -14.36 -6.35  -7.92 1.41° -14.89-6.79 -8.01 1.28¢ -14.96 - 6.79  -7.92 1452
100% Spring row crops -1450-5.89 -8.40 141" -14.89-6.31 -8.60 1.26° -14.96 - 6.34  -8.41 1.45°
100% Winter cereals -1450-5.69 -8.61 1.33°¢ -14.89-6.11  -8.81 1.20°¢ -14.96 - 6.14  -8.63 1.38¢
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100% Temporary grassland ~ -14.50-529 -9.02  1.19¢ -1489-571 922 1.0¢ -1498-575 -9.06  1.23¢
100% Permanent grassland ~ -14.53-4.34 -10.22 0.89° -1489-478 -1040 0.85° -15.17-4.81 -10.36 0.93°

2018 land use -1453-520 -8.86  1.32f -1489-6.16 -8.83  1.18f -15.04-6.06 -924  1.38f

Parcel fragmentation — Revised IC

2018 parcel configuration -14.53 -4.40 -8.86 13119 -14.89-482 -8.84 1.479 -15.04 -4.54 -9.25 1.377

5 misolines -14.53-4.82 -8.86 1.317 -14.89-452 -8.84 1.16 9 -15.04 -4.69 -9.25 1.369

1 ha grid -1453-3.35 -8.87 1.309 -14.89-4.00 -8.84 1,150 -15.04 -3.42 -9.25 1.359
ab,cdefgh

Two-sample Kolmogorov-Smirnov test for significant difference between two cumulative distributions.

Compared to the Borselli index (Fig. 11A), the Revised index is applied to three distinct fragmentation
configurations while maintaining the same land use: the 2018 parcel configuration (Fig. 11B), a
fragmentation layout based on boundaries aligned with 5 m isolines (Fig. 11C), and a regular 1 ha parcel
grid (Fig. 11D). The primary statistics reveal that landscape fragmentation has only a minimal effect on
median connectivity across the catchment, with /C variations of <0.01 between the unfragmented (Borselli
IC) and most fragmented landscapes in all three catchments (Table 6). However, under the Revised index,
maximum connectivity values, representing the most connected areas within the catchment, diminish as

landscape fragmentation increases.
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Fig.11. Spatial patterns of /C in the Scheldt sub-catchment with 2018 land use. The Borselli index (A) is
compared with the Revised index applied to three different landscape fragmentation configurations: (B)
fragmentation according to the 2018 parcel configuration, (C) fragmentation based on 5 m isolines, and (D)
fragmentation into 1 ha parcels. The central parcel, depicted in figure B and occupying an area of 23 ha, is

dedicated to the cultivation of potatoes.

In Figure 12, the analysis of the cumulative /C distribution provides an overview of the impacts of the different
configurations on connectivity at the scale of the catchment and concentrated flow paths. A distribution that
tends towards negative values indicates a preference for disconnection of flows across the landscape, while

an inverse trend suggests an increase in connectivity.
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Fig.12. Cumulative distribution of IC values for different parcel and land use arrangement scenarios in the Scheldt, Dyle and Houyou sub-catchments.

The scenarios examined include different land uses (Borselli index — bare soil, spring crops, winter cereals, temporary grassland, permanent
grassland, and 2018 land use) and parcel arrangements for 2018 land use (Revised index — 2018 parcel configuration, 1 ha grid, and 5 m isolines).
The land use for the different parcel arrangements corresponds to that of 2018. In each catchment, IC is presented at two distinct levels: at the overall
scale of the catchment and at a finer level for concentrated flow paths with a contributing area of 1 ha or more. The area corresponding to the scale

is framed in the top left-hand corner of each graph.
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Impact of fragmentation at catchment scale

At the catchment scale (Fig. 12A, C, and E), the cumulative distribution of /IC appears to be significantly
shaped by land use, primarily because it affects a large surface area. The two-sample Kolmogorov—Smirnov
(KS) test, which is sensitive to differences in both location and shape of the empirical cumulative distribution
functions of the two samples, is employed to compare the IC cumulative distribution (Table 6). The KS test
indicated significant differences between land use scenarios (p < 0.05). Consequently, land uses with more
vegetation cover tend to better disconnect sediment flows within the landscape. Thus, the connectivity index
distribution for the 2018 parcel configuration is heavily influenced by the land use of agricultural areas in
2018 across the three catchments. Significant differences in the 2018 land use among the three catchments
result from a greater presence of forest in the Houyou sub-catchment, followed by the Dyle sub-catchment
(Table 1); a higher percentage of spring crops, 11% and 9% more, respectively, in the Scheldt and the Dyle
sub-catchments compared to the Houyou sub-catchment; and a lower percentage of grasslands in the Dyle
sub-catchment. These differences account for the shifts observed in the connectivity distribution curve
position for the 2018 land-use scenario across the three catchments (Fig. 12). We can quantify the
disconnection between the 2018 land use and the temporary grassland scenario, whose C factor is on
average at least two times lower in the three catchments (Table 3), by identifying the quantile at which the
2018 land use becomes less connected than temporary grassland. This corresponds to Q23 for the Scheldt
sub-catchment, Q15 for the Dyle sub-catchment, and Q85 for the Houyou sub-catchment. In other words,
the 2018 parcel configuration is 85% less connected than a configuration entirely covered by temporary
grasslands in the Houyou sub-catchment. In terms of land use, the Dyle sub-catchment is the most at risk
due to increased connectivity arising from lower soil vegetation cover, in contrast to the Houyou sub-
catchment. These results show that the 2018 arrangement of agricultural land, with permanent grasslands
strategically placed near waterways and on steep slopes, effectively disconnects landscape elements more
than a scenario with uniform temporary grasslands, despite the latter covering a larger area on average. In
line with our results, the studies by Lépez-Vicente et al. (2013), Foerster et al. (2014), Gay et al. (2015),
Najafi et al. (2021), and Wang and Zhang (2022) highlight that the spatial distribution and type of vegetation

across the landscape is one of the most important factor in explaining changes in connectivity.
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Visually, for the 2018 land-use data across the three catchments, the distributions of the Borselli IC and the
Revised IC are similar. The KS test results showed no significant difference (p > 0.05) in most cases between
the 2018 land use scenario (Borselli /C) and the fragmented parcel scenarios (Revised /C), suggesting only
minimal variation between the two indices. This finding is further supported by the close alignment of their
median values, as detailed in Table 6. This suggests that land use, which impacts all pixels across the
catchment, has a stronger overall influence on /C than landscape fragmentation. The latter, acting more

locally along field boundaries, primarily affects /C along concentrated flow paths (Fig. 12B, D, and F).

At the catchment scale, the cumulative distribution of the Borselli index in the Scheldt sub-catchment (i.e.,
without fragmentation) shows that the 5% least connected areas (Q5) have values below -11.04, while the
5% most connected areas (Q95) have values above -6.62 (Fig. 11A). For a higher threshold, the 10% least
connected areas (Q10) are below -10.57, and the 10% most connected areas (Q90) exceed -7.13. Using
these values as a reference to assess the impact of parcel fragmentation (Supplementary data — Fig. A1),
Q5 remain consistent across fragmented and non-fragmented configurations, while for Q10, the fragmented
configurations show slight increases in total surface area. Specifically, there is an increase of 0.016% for
the 1 ha parcel configuration, 0.007% for the 5 m isolines-based configuration, and 0.001% for the 2018
parcel configuration. For the most connected areas (Q90 and Q95), a reduction in surface area occurs
across all scenarios. For the 1 ha configuration, Q90 and Q95 decrease by 0.77% and 0.48%, respectively;
for the 5 m isolines-based configuration, they decrease by 0.35% and 0.20%; and for the 2018 parcel

configuration, by 0.29% and 0.20%.

The Dyle and Houyou sub-catchments follow a similar pattern, with disconnection effects being most
pronounced in the highly connected areas (Q90 and Q95). In these sub-catchments, the 1 ha parcel
configuration shows the highest disconnection, with Q90 decreasing by 1.13% and 0.80%, respectively.
Consistently, across all three catchments, the 1 ha parcel configuration exhibits the highest percentages of

disconnected areas for both the most and least connected areas. This can be attributed to the higher
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fragmentation of this configuration, characterized by a greater density of field and parcel boundaries

(Table 7) and smaller average parcel sizes (Table 3).

Table 7. Parcel configurations characteristics in the sub-catchments [agricultural area (A), density of field

boundaries (L»/A), number of parcels (np), and parcels density (ny/A)].

5 misolines 1 ha grid
Sub-catchment
Ly/A (m ha-1) ny/A (ha-1) Ly/A (m ha-1) nylA (ha-1)
Scheldt 53.3 0.19 192.6 0.81
Dyle 84.6 0.32 193.4 1.21
Houyou 96.3 0.28 201.0 1.21

The three catchments reveal that isoline-based fragmentation is generally more effective in disrupting
sediment flow connectivity than the 2018 parcel configuration. However, the configuration of parcels in 2018
is more fragmented in the Scheldt and Houyou sub-catchments and shows a comparable level of
fragmentation in the Dyle sub-catchment (Tables 5 and 7). This finding holds for both the least connected
areas (Q10) and the most connected areas (Q90 and Q95). Although this difference in disconnection is
minor, it underscores the superior orientation and positioning of boundaries in the isoline-based
fragmentation. Specifically, the field boundaries are perpendicular to the flow along their entire length,
optimizing their effectiveness. Additionally, when the terrain is steep, the slope length of parcels is reduced
due to the decreased spacing between isolines. This aligns with the findings of Lépez-Vicente et al. (2021)
and Rosier et al. (2024), who demonstrated that priority locations for vegetated features are associated with

high upslope areas, thereby further enhancing the effectiveness of these configurations in runoff retention.

Impact of fragmentation on concentrated flow paths

The effects of patchiness, the spatial organisation of patches with different soil hydrological properties in the
landscape, influences connectivity by acting primarily at two levels: the spatial heterogeneity of crops,
characterized by distinct hydraulic properties, and landscape fragmentation resulting from the agricultural
parcel structure. Our study focuses primarily on the second aspect. The main statistics reveal that scenarios

incorporating parcel fragmentation yield lower maximum /C values than those based on land use alone
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(Table 6). At the scale of concentrated flow paths, all three catchments exhibit a shift towards lower /C values
as fragmentation intensifies (Fig. 12B, D and F). At this scale, the KS test indicated statistically significant
differences in cumulative IC distributions across scenario pairs within each of the three sub-catchments.
However, the Houyou sub-catchment was an exception: here, no significant difference was observed
between the isoline-based fragmentation and the 2018 parcel configurations (p = 0.105). Fiener et al. (2011)
also concluded that increased landscape patchiness and its associated structures significantly impact,
primarily reducing, the potential for surface runoff generation in agricultural catchments, which is closely

linked to sediment transfer.

Artifacts appear in urban areas due to the presence of buildings, which are excluded in the connectivity
calculations. These artifacts introduce approximately 0.5% interference within the Scheldt sub-catchment,
partly explaining why the 2018 land use scenario shows greater disconnection compared to the permanent
grassland scenario (Fig. 12B). Sensitivity is heightened along concentrated flow paths, given that the

number of pixels involved is far smaller (at least 100 times fewer) compared to the full catchment scale.

The effect of fragmentation is most pronounced on the least connected flow paths, peaking at a
disconnection rate of 36.5% for Q30 in the Scheldt sub-catchment, 49.1% for Q20 in the Dyle sub-
catchment, and 44.8% for Q20 in the Houyou sub-catchment (Fig. 13). In contrast, the effect is less
pronounced on the most connected flow paths. This discrepancy arises because the key concentrated flow
paths are not located within agricultural areas. Instead, these flow paths are typically found downstream of
agricultural areas, in valleys, along roads, or at the interfaces between agricultural and non-agricultural land,
making them less likely to intersect with field boundaries. Conversely, the less connected flow paths are
often situated on arable land, where the influence of fragmentation is more marked. Additionally, the most
connected flow paths mitigate the disconnection effects of fragmentation due to their large contributing
areas, as a significant proportion of the contributing pixels are not subject to flow reduction caused by field

boundaries.
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Fig.13. Percentage of disconnection in the length of concentrated flow paths induced by parcel
fragmentation (Revised /C) compared to an unfragmented landscape (Borselli /C) across the three studied

catchments, based on 2018 land use.

The most fragmented parcel configurations show better percentages of disconnection for both the most
connected and least connected areas (Fig. 13). The Dyle and Houyou sub-catchments show a better rate
of disconnection from fragmentation compared to the Scheldt. To compare disconnection efficiency, defined
as the ratio of the length of concentrated flow paths disconnected by fragmentation to the total length of field
boundaries (km km-1), we focus on the highest disconnection percentages (Q25) for the different
fragmentation scenarios. The disconnection efficiency ratios for the Scheldt, Dyle, and Houyou sub-
catchments are 0.171, 0.196, and 0.192 for the 1 ha grid fragmentation; 0.197, 0.216, and 0.248 for the
2018 parcel configuration; and 0.207, 0.273, and 0.275 for the isoline-based fragmentation, respectively.
This analysis reveals that the most fragmented configuration is not necessarily the most efficient. On
average, for the same length of field boundary, it disconnects a smaller proportion of concentrated flow
paths than other configurations. Notably, the isoline-based parcel fragmentation achieves the highest

disconnection efficiency across all three catchments. Additionally, when considering parcel size, the isoline-
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based fragmentation proves advantageous: it features larger average parcel sizes compared to other
scenarios, except in steep areas, while maintaining similar or superior disconnection efficiency ratios. This
highlights that a landscape designed with larger parcels, strategically aligned with the topography, can

achieve effective disconnection performance.

In addition to the sediment flow disconnection induced by fragmentation observed in our study, which is
supported by the literature —such as Van Oost et al. (2000), who found that larger field sizes reduced field
boundaries, increasing water erosion risk by 48%, and Li et al. (2020), who demonstrated that the
enlargement of farm sizes significantly accelerates soil erosion— agronomic considerations must also be
taken into account when organising an agricultural landscape. Increasing parcel size can maximise both
production value and labour efficiency (e.g. Timan et al., 2002), which explains why this strategy of
expanding farm sizes has been widely adopted, particularly in Europe (Lowder et al., 2016). In this context,
the isoline-based fragmentation offers the advantage of larger average parcel sizes, like or even larger than
those in the 2018 configurations, with better disconnection performance at the catchment scale and along
concentrated flow paths across all three catchments. Practical considerations of agricultural mechanization

must also be addressed, particularly with contour farming.

In parallel with the analysis of potential vegetation barriers (Section 4.1), the Houyou sub-catchment exhibits
the highest disconnection efficiency ratio for flow path length (0.248), which aligns with the highest density
of potential vegetation barriers. Interestingly, despite the Scheldt sub-catchment having a seemingly more
fragmented parcel configuration and a higher density of vegetation barriers compared to the Dyle sub-
catchment, it shows the lowest disconnection efficiency ratio for the 2018 parcel configuration (0.197). The
variation across different agricultural contexts and geomorphological settings, particularly the density of
concentrated flow paths, adds complexity to cross-catchment comparisons, complicating the ability to draw
generalized conclusions. When assessing the improvement in disconnection efficiency from the 2018 parcel
configuration to the isoline-based fragmentation, the results reveal an efficiency increase of 5.5%, 26.3%,
and 10.9% for the Scheldt, Dyle, and Houyou sub-catchments, respectively. This indicates that sub-

catchments with more fragmented 2018 parcel configurations, such as the Scheldt sub-catchment,
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experience smaller gains in disconnection efficiency when shifting to isoline-based fragmentation.
Conversely, sub-catchments with less fragmented 2018 configurations, like the Dyle sub-catchment, show
a more substantial increase in disconnection efficiency. This pattern suggests that initial landscape structure
significantly influences the effectiveness of interventions aimed at enhancing hydrological disconnection.

The conclusions of this study are based on observations made in three catchments located in Belgium,
characterised by relatively homogeneous lithological and climatic conditions, with silty soils and a temperate
oceanic climate. IC is a measure of structural connectivity, independent of climatic and lithological factors,
which are instead incorporated into functional connectivity. The methodology employed in this study is
inherently structural and thus independent of climatic and lithological conditions, ensuring partial applicability
to different contexts. The study must be coupled with functional connectivity to gain a better insight into
actual sediment dynamics. Michalek et al. (2023) and Liu et al. (2024) emphasised that climatic factors —
particularly changes in precipitation and temperature— will significantly affect sediment connectivity.
Similarly, soil properties, such as texture, structure, and erodibility, play a pivotal role in sediment production
and connectivity. For instance, erodible soils like silty loams prone to sealing amplify sediment transport,

whereas soils with higher infiltration capacity reduce connectivity.

In the current methodology, the parcel connectivity factor is set at 30%, a value reflecting the regional
climatic and lithological characteristics of the study areas. However, as demonstrated by Gumiere et al.
(2011) and Mufoz et al. (2024), the efficiency of sediment trapping by plant barriers can vary considerably
with climate. Mufioz et al. (2024) observed that plant barriers in semi-arid and arid climates have a higher
sediment trapping efficiency (77.6%) compared to wet regions (55.1%), mainly due to differences in rainfall
patterns. In humid regions, rainfall tends to be evenly distributed, increasing soil saturation, runoff, and
sediment transport. Conversely, in semi-arid and arid climates, isolated storms and low soil saturation favour
infiltration and reduce sediment detachment and transport. Adapting this parameter, P, to account for local
conditions —such as rainfall intensity, soil properties, and vegetation dynamics— would enhance the
robustness and applicability of the sediment connectivity framework to various regional contexts.

This study focused on theoretical parcel configurations that, while useful for understanding hypothetical land

use scenarios, do not fully capture the complexities of real-world conditions. Future research should expand
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this analysis to actual, existing parcel layouts to better grasp the practical implications and test the
relationships between connectivity indices and erosion measurements in gauged catchments. Additionally,
our modelling approach includes necessary simplifications, such as applying a uniform connectivity value
of 30% across parcels regardless of vegetation cover on either side of field boundaries. These assumptions,
while facilitating the modelling process, may overlook crucial nuances that impact sediment and water
dynamics. This highlights the need for more sophisticated models that can account for the spatio-temporal
variability of landscape connectivity. Future work should also investigate how optimising field boundaries

can enhance flow disconnection across agricultural landscapes.

5. Conclusion

This study investigated the role of agricultural landscape features in shaping sediment connectivity across
three agricultural catchments. Our findings indicate that the density of potential vegetation barriers in the
landscape emerges as an indicator characterising agricultural landscape fragmentation. This density is
influenced by the interaction between catchment morphology, the fragmentation of agricultural parcels, and
the orientation of field boundaries relative to concentrated flow paths. Notably, more than one-third of these
potential vegetation barriers consist of adjacent fields cultivated with the same crop type, including spring
row crops, across all three catchments. This underscores the importance of implementing coordinated crop

rotation strategies, particularly in critical areas along the flow paths.

In proposing a Revised connectivity index that incorporates both landscape fragmentation and vegetation
cover, we underscore the significant impact of landscape fragmentation on sediment connectivity in
agricultural catchments. Our findings demonstrate that this revised index enhances the mapping of
connectivity by better capturing the influence of field boundaries and vegetation barriers. The Revised index
demonstrates a trend towards lower /C values in fragmented configurations, indicating improved
disconnection compared to the Borselli index. This disconnection is more evident along concentrated flow
paths than at the catchment scale. At the catchment scale, although the differences in disconnection
between various parcel fragmentation configurations are minor, the superior orientation and positioning of
field boundaries in the isoline-based fragmentation are evident. For concentrated flow paths, the analysis
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shows that the most fragmented configuration is not necessarily the most efficient. Across the three
catchments, isoline-based fragmentation proves to be the most effective at disrupting sediment flow
connectivity. On average, for an equivalent field boundary length, it disconnects a greater length of
concentrated flow paths compared to other configurations. The isoline-based fragmentation offers a balance
between larger average parcel sizes and effective disconnection, highlighting the importance of strategic
landscape management in mitigating the trade-offs between agricultural productivity and environmental

sustainability.
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Fig. A1. Cumulative distribution of /C values in the Scheldt sub-catchment on 2018 land use for three parcel

configurations: the Revised index for 1 ha parcels, the Revised index for the 2018 parcel configuration, and

the Revised index for fragmented parcels based on 5 m isolines, alongside the Borselli index without

fragmentation. The thresholds established, corresponding to 5% and 10% of the zones with lower (i.e. Q5

and Q10) and higher (Q90 and Q95) values for the Borselli index, make it possible to observe the differences

between the most disconnected zones (in blue colours) and the most connected zones (in red colours)

between two configurations. IC values are presented at two scales: the overall catchment scale and a finer

scale for concentrated flow paths with an upstream area of 1 hectare or more. The area covered by each

scale is highlighted in the top left-hand corner of each graph.
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