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The effects of land use and topographic changes on sediment connectivity

in mountain catchments
Llena, M. (1), Vericat, D. (1,2), Cavalli, M. (3), Crema, S. (3), Smith, M.W. (4)

(1) Fluvial Dynamics Research Group, Department of Environment and Soil Sciences, University of Lleida,
Lleida, Spain, (2) Forest Science and Technology Centre of Catalonia, Solsona, Spain, (3) Research Institute

for Geo-Hydrological Protection, Padova, Italy, (4) School of Geography, University of Leeds, Leeds, UK.

ABSTRACT

Understanding the evolution of sediment connectivity associated with different land use and
topographic changes is a prerequisite for a better understanding of sediment budgets and
sediment transport processes. We used the Index of Sediment Connectivity (IC) developed by
Cavalli et al. (2013) based on the original approach by Borselli et al. (2008) to study the effects
of decadal-scale land use and topographic changes on sediment connectivity in mountain
catchments. The input variables of the IC (i.e. land cover and topography) were derived from
historical aerial photos using Structure from Motion-Multi View Stereo algorithms (SfM-MVS).
The method was applied in different sub-catchments of the Upper River Cinca Catchment
(Central Pyrenees), representative of three scenarios: (a) Land cover changes; (b) Topographic
changes in agricultural fields (terracing); and (c) Topographic changes associated with
infrastructure (road construction). In terms of land cover changes, results show that although
connectivity is increased in some areas due to the establishment of new field crops, for most of
the study area connectivity decreased due to afforestation caused by rural abandonment.
Topographic changes due to the establishment of agricultural terraces affected connectivity to
a larger degree than land cover changes. Terracing generally reduced connectivity due to the
formation of flat areas in step-slopes, but in certain points, an increase in connectivity caused

by the topographic convergence produced by terraces was observed. Finally, topographic
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changes associated with road construction greatly modified surface flow directions and the
drainage network, resulting in changes in connectivity that may affect erosional processes
nearby. The methodology used in this paper allows to study the effects of real decadal-scale
land use and topographic changes on sediment connectivity and also evaluating and
disentangling those changes. Furthermore, this approach can be a useful tool to identify
potential risks associated with morphological and land use changes, involving road

infrastructures.

Keywords: Sediment connectivity, Index of sediment connectivity, land use and topographic

changes, Mountain catchments, afforestation, terracing



1. INTRODUCTION

Connectivity is an emergent property of a geomorphic system (Wohl et al., 2018) and can be
defined as the degree to which a system facilitates the transfer of water and sediment through
coupling relationships among its components (Heckmann et al., 2018). Sediment connectivity
represents the potential for a specific particle to move through the compartments of a system
at different temporal scales (Hooke, 2003; Bracken and Croke, 2007; Fryirs, 2013). In the
particular case of the fluvial system, this term refers to the transfer of sediments from the
hillslopes to the channels (lateral connectivity sensu Fryirs et al., 2007), and along the channels
(longitudinal connectivity sensu Fryirs et al., 2007). Sediment connectivity depends on the
structural characteristics of the surfaces (e.g. topography, roughness) and the processes driven
by the fluxes of water and sediments (e.g. erosion and sedimentation). The interaction of these
two components will determine the sediment balance at multiple temporal scales and,
consequently, the evolution of landforms and the changes in landscape properties (Bracken et
al.,, 2015). Therefore, connectivity is not static and varies over time and space due to the
interaction between the external forcing (mainly precipitation and temperature), landscape
properties (i.e. structural connectivity), and the magnitude of the water and sediment fluxes (i.e.
functional connectivity), that will ultimately determine the frequency, distribution and
magnitude of erosional and sedimentation processes. Additionally, connectivity can be modified
by anthropogenic changes that affect these processes and interactions. The significance of these
impacts on connectivity will be determined by the geomorphic sensitivity of the landscape: the
response of the system to an environmental change or disturbance and its recovery (Brunsden

and Thornes, 1979; Harvey 2001; Wohl, 2017).

The assessment of sediment connectivity is particularly relevant in mountain environments
because they are characterized by a complex and rugged morphology (Cavalli et al., 2013) and

are very sensitive to disturbances by human activities. Population increased in Mountain areas



of the Mediterranean region since the end of the 15™ century, reaching a peak in the middle of
the 19" century. In the case of the Pyrenees, in both the mountain areas and the valley bottoms,
population growth was responsible for the progressive expansion of the cultivated area at the
expense of forest cover (Garcia-Ruiz and Lopez-Bermudez, 2009). In addition, steep slope areas
in this region were gradually transformed into terraced arable lands (Larsen et al., 2016).
Agricultural terraces have significant impacts on hydrological and geomorphological processes
as they alter the distribution of local slopes and soil properties, and frequently modify the
natural drainage patterns of the landscape (Arndez et al., 2015; Lizaga et al., 2016; Calsamiglia
et al.,, 2017). Terrace construction significantly reduces water and sediment connectivity
between the hillslopes and the channels; ultimately, terraces interrupt or delay overland flow

and consequently soil erosion and sediment transport (Van Dijk et al., 2005; Bellin et al., 2009).

During the second half of the 20th century, however, the majority of the mountain areas in the
Mediterranean region suffered significant land use changes driven by agricultural abandonment
as a consequence of the strong depopulation (Garcia-Ruiz and Lana-Renault, 2011; Lopez-
Moreno et al., 2011). This abandonment induced an increase in the vegetation cover, both by
planting by public administrations (Gracia-Ruiz and Lopez-Bermudez, 2009) and by natural
recolonization (Keesstra et al., 2009). The impacts of these land use changes on catchment-scale
sediment and water supply, have been intensified by the effects of climate change (Macklin et
al., 2012; Buendia et al., 2016; Coulthard and Van de Wiel, 2017). Several studies have pointed
to a decrease of the hydrological and geomorphic activity due to climate change (Gallart and
Llorens, 2003; Liébault et al., 2005; Begueria et al., 2006; Lopez-Moreno et al., 2009; Garcia-Ruiz,
2010). For instance, Begueria et al., (2006) reported a runoff reduction of around 30% for the
past 50 years in the Pre-Pyrenean region, while Buendia et al. (2015) concluded that climate
change and afforestation reduced sediment yield by around 8% in a 65 km? basin. More recently,
Lizaga et al. (2019) analysed the impact of land use changes in soil properties in a catchment of

the Pyrenees during the second half of the 20™ century, reporting an increase of the soil



properties, in terms of soil organic carbon and total nitrogen, related to the afforestation
process. In addition to these environmental changes, it is worth considering all direct impacts
on hydro-sedimentary processes caused by urbanization and associated constructions (Ferreira
et al., 2017). Although the impacts of disturbances due to road construction are very localized
(i.e. space and time), they heavily modify the topography and, consequently, connectivity,
affecting the fluxes of water and sediment, and, potentially triggering a series of hydrological
and geomorphological adjustments well beyond the disturbed zone (Jones et al., 2000, Tague

and Band 2001; Bordoni et al., 2018).

The potential of a landscape to be connected has been widely analysed through the application
of Sediment Connectivity Indices (e.g. Borselli et al., 2008; Cavalli et al., 2013; Quifionero et al.,
2013; Gay et al., 2015; Heckmann et al., 2018). Raster-based indices provide an opportunity to
quantitatively assess the spatial distribution of sediment connectivity. The Index of Sediment
Connectivity (hereafter IC) developed first by Borselli et al. (2008), and further modified by
Cavalli et al. (2013), has been used in many applications (e.g. Goldin et al., 2016; Lopez-Vicente
et al., 2013; Lopez-Vicente et al., 2016; Ortiz-Rodriguez et al., 2017; Persichillo et al., 2018). In
mountain environments, Goldin et al. (2016) applied the IC to infer the changes in sediment
dynamics as a result of glacier retreat. In terms of land use changes, Lopez-Vicente et al. (2013)
and Lopez-Vicente et al. (2016) applied the first version of the IC to analyse changes in
connectivity under different scenarios of land uses and land abandonment in two Mediterranean
mountain catchments. Results show that erosion rates decrease inversely with the increase of
vegetation cover and with the preservation of the agricultural terraces. Quifionero et al. (2013)
developed and applied the Catchment Connectivity Index (hereafter CCl) in a Mediterranean
catchment with different land uses and check dam scenarios. Results indicate that the CCl allows
identification of landscape properties that have a larger impact on sediment (dis)connectivity at
the catchment scale. Persichillo et al. (2018) applied ICin two small catchments in the Apennines

(Italy) to investigate three different scenarios of changes induced by human activities related to



drainage system, road network, and land use. Results highlighted the changes in the distribution
of connectivity as a function of human-induced variations. Finally, in active volcanic areas, Ortiz-
Rodriguez et al. (2017) used a modified version of the IC to assess the lateral flow contribution

of pyroclastic sediments on the main channels.

This paper analyses the effects of land use changes on sediment connectivity using the IC
developed by Cavalli et al. (2013). It is worth noting that IC is primarily a structural sediment
connectivity index: it aims to express the control of topography on the potential of the different
compartments of a system to be connected. The novelty of the approach used here lies in the
dual consideration of both land cover and topographic variations on the assessment of sediment
connectivity through time. The previous studies that applied the IC to investigate the effects of
land use changes on connectivity (e.g. Lopez-Vicente et al., 2016; Lizaga et al., 2016; Persichillo
et al., 2018), simply modified a land-cover based weighting factor that represents the
impedance to sediment flux (e.g. C-factor or Manning’s n) implemented in the IC, and
topography, another input variable for the computation of the IC, often is assumed to remain
unchanged (i.e. a single digital terrain model is used). Therefore, there is a knowledge gap related
to studies which analyse changes in the IC through taking into account not just the land cover
properties but also the topography (i.e. using the ‘real’ terrain model in each IC assessment). We
argue herein that the use of static topography may not adequately capture the changes in
connectivity and, consequently, we have attempted to consider the topography associated to
each period under investigation. From the methodological point of view, the novelty of our study
lies in the application of Structure from Motion (SfM) photogrammetry using historical aerial
photos to obtain historical orthomosaics and topography for quantitative landscape analyses as

the bases of the assessment of multi-temporal changes on sediment connectivity.

Specifically, IC maps were produced before and after the landscape disturbances. Three different

scenarios of land use change were analysed in a representative Pyrenean Mountain catchment



(the Upper Cinca). Changes associated with (i) land cover; (ii) terracing; and (iii) road construction
were quantified. These three scenarios provide an ideal data set to analyse the sensitivity of the
different changes on the potential of the sediment to be transferred through the different
compartments of the catchment (i.e. structural connectivity) and, ultimately, to be supplied to

the mainstream.

2. STUDY AREA

The Upper Cinca catchment is located in the headwaters of the river Cinca catchment (8300
km?), in the centre of the south face of the Pyrenees (NE Iberian Peninsula; Figure 1). The upper
catchment, above the Mediano Reservoir (435 hm?), covers a total area of 1565 km? and is
composed by two sub-catchments: the Ara (715 km?) and the Cinca (850 km?). The Upper Cinca
catchment is characterized by a complex morphology. The elevation ranges from 522 m.a.s.l. at
the outlet to 3375 m.a.s.l. on the Posets Peak at the headwaters (Figure 1A). The climate is
typical of Mediterranean mountainous areas with a mean annual precipitation of around 1100
mm, ranging from 800 mm in the lowlands to 1600 mm at high elevations (Lopez-Martin et al.,
2007). Strong inter-annual and seasonal variability of precipitation and temperature, and local
conditions (e.g. due to relief, lithology and land use) create a highly heterogeneous landscape.
Higher parts of the catchment are dominated by bare soil/rock, meadow and scrublands, valley
bottoms are mainly used for agriculture, and intermediate elevations covered by woodlands and

scrublands comprise the majority of the catchment.

Four small sub-catchments (around 10 km?) of the Upper Cinca catchment were selected to
represent three different scenarios of land use changes: Aran and Soto (Scenario 1: Changes
associated with land cover); Pocinos (Scenario2: Changes by terracing); and Fiscal sub-

catchments (Scenario 3: Changes by road construction; see the location in Figure 1). In the



following sections the main characteristics of the sub-catchments are presented along with the

reasons for including each study area in a specific scenario.

Aran sub-catchment

The Aran sub-catchment (9.2 km?) is located in the upper part of the Ara River. Between 1957
and 2010, forest cover in this basin almost doubled from 43% to 81% of the total surface of the
catchment (Figure 3). This increase resulted in a decrease in meadow and pasture areas, mainly
located above the timberline, and also a decrease in bare soil areas, such as land crops in the
lower parts of the valley, and sediment active areas located in the upper parts of the catchment
(i.e. erosional features) and in the valley bottom (i.e. active channels; Figure 3). The increase in
forest cover during the second half of 20" century is representative of many Pyrenean mountain
catchments and mainly driven by both land crop abandonment and decreasing grazing due to
depopulation (e.g. Garcia-Ruiz et al., 1996; Gallart and Llorens, 2003; Garcia-Ruiz and Lana-
Renault, 2011; Lopez-Moreno et al., 2011) and climate change (e.g. Lopez-Moreno et al., 2011;

Macklin et al., 2012; Buendia et al., 2016; Coulthard and Van de Wiel, 2017).

Soto sub-catchment

The Soto sub-catchment (10.1 km?) is located in the lower part of the Upper Cinca near the outlet
and is characterized by a large bare surface area composed mainly of field crops and badlands.
This basin is virtually the only sub-catchment in the Upper Cinca that has not suffered
agricultural abandonment during the study period (1957-2010); contrarily, an increase of the
area of crop fields has been observed. There was a small decrease in forested areas (from 57 to
51%) and a corresponding increase in bare soil area (from 14 to 20%; Figures 4A and 4B). In 1957
there was a heterogeneous or patchy spatial distribution of the different land uses, sparse forest
in the highest parts of the sub-catchment and a few patches of forest cover in the lower parts
of the sub-catchment (Figure 4A and 4B). Bare areas composed of small land crops, agricultural

terraces, and badlands. However, in 2010 the tree density in the forested areas increased,



especially the upper parts. This is mainly due to the decrease of the extensive activities caused
by rural abandonment and changes of the main economic activities in mountain areas (Garcia-
Ruiz and Valero-Garcés, 1998; Lasanta-Martinez et al., 2005). Badland surface area remained
stable throughout the study period. Additionally, the maps indicate that the small crop fields
located in the upper parts of the sub-catchment were abandoned and the crop fields in the
flatter areas remained, even increasing their surface due to the unification of existing plots or
the creation of new ones by means of ploughing and forest harvesting (Tague and Band, 2000;
Figure 4A). The abandonment of upland small plots was also driven by the mechanization of the
agriculture; except for rare occasions, only the farmlands where (i) machinery can enter, (ii) an
access road is available, (iii) a certain slope threshold is not exceeded, and (iv) a size threshold

is exceeded, are cultivated (Garcia-Ruiz and Lopez-Bermudez, 2009).

Pocinos sub-catchment

The Pocinos sub-catchment (7.4 km?), located in the middle part of the Upper Cinca. Most of the
surface is covered by agricultural terraces, which due to rural abandonment, have been fully
covered by vegetation. The forest surface doubled (from 31% in 1957, to 64% in 2010), while
the meadow (from 44% to 18%, respectively) and bare soil (from 25% to 18%) tend to decrease.
The main part of the sub-catchment (i.e. 58%) did not undergo significant changes. The rest of
the sub-catchment experienced afforestation (i.e. 37%), especially the areas with abandoned
terraced fields. Finally, only 5% of the surface suffered deforestation during the study period.
These changes are driven by the construction of new roads or the creation of firewalls in the
middle part of the sub-catchment and also a little area near to the outlet which was affected by

a forest fire in 1991 (Figure 5A).

Fiscal sub-catchment



The Fiscal sub-catchment (15.6 km?) is located in the middle part of the River Ara catchment.
This sub-catchment has also experienced a significant increase in forest cover (i.e. from 50% of
the total surface in 1977 to 72% in 2010) and a reduction in meadow and bare surfaces during
the study period (Figure 7A and 7B). Furthermore, during the beginning of the 21° century, a
road with a length of 5 km and an average width of 20 m was constructed in this sub-catchment.
Regarding the impacts of the road construction, Llena et al. (2018) recently analysed the
magnitude of the topographic changes along the road, which resulted in a net sediment
mobilization of about 900,000 m? of material, mainly due to the excavation of material in the
slopes (i.e. extraction) and to the infilling in depressions or deep channels (i.e. deposition).
Roads influence the overall sediment transfer in two ways, by inducing erosion downslope of
the road, and by capturing sediment coming from above the road and delivering them
downstream (Wemple et al., 2001). Due to the induced effects on flow paths and consequently

on runoff, topographic changes due to roads may have a localised effect on connectivity.

3. METHODS

3.1 Data preparation

Sediment connectivity for the different scenarios was mapped using the Index of Connectivity
(IC) developed by Cavalli et al. (2013), which is based upon the original approach by Borselli et
al. (2008). This index aims at evaluating, at the pixel scale, potential connectivity between
hillslopes and features which act as targets or storage areas (e.g. catchment outlet, channel
network). Specific information on the computation of the IC is provided in section 3.3.1. In
summary, the inputs needed by the IC are: (i) a Digital Elevation Model (DEM), and (ii) land use
maps used to calculate the Weighting factor (obtained from orthophotos, see section 3.3.2 for
more information). Input variables to compute the IC are obtained differently for historical and

contemporary study periods. In the case of the historical study period, black and white aerial
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photographs from 1957 and 1977 were used. Structure from Motion and Multi-View Stereo
Photogrammetry (SfM-MVS) were applied to produce both orthomosaics and point clouds. The
complete SfM-MVS workflow is presented in Llena et al. (2018). The 1957 photographs were
obtained from Cartographic and Photographic Centre of the Spanish Army (CECAF), and the 1977
photographs from the National Geographic Spanish Institute (IGN). The use of historical aerial
photographs to obtain spatial data through SfM-MVS is influenced by the quality and overlap of
photograms and the ground control network (see Micheletti et al., 2015; Bakker and Lane 2017
for additional details). In the particular case of this study, we obtained point clouds with an
average spatial resolution of 1 pts/m? and an average Standard Deviation Error (SDE) of the
elevation of 2 m. Additionally, orthomosaics with a resolution of 1 m and an average Root Mean

Square Error (RMSE) less than 1 m were also obtained.

In terms of the contemporary period, information from 2010 was used. For this year, a LiDAR
dataset (i.e. point clouds) with a resolution of 0.5 pts/m? and an elevation accuracy of less than
0.2 m, and an orthomosaic of 0.5 m resolution were both available from the National Geographic

Spanish Institute (IGN).

3.1.1 Image classification: land use maps

A supervised image classification of the multi-temporal orthomosaics for each of the study areas
was carried out in order to obtain land use maps to derive the different weighting factors
required to compute the IC (see more details in 3.3.2.). Three different classes were identified
in terms of land cover: bare, meadow and forest. The identification of these classes was limited
by the scale, properties (e.g. black and white) and the quality of the aerial photographs. Forest
polygons were also used to filter the point clouds in order to create the DEMs as explained

below.
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3.1.2 Post-processing point clouds: Digital Elevation Models

Each point cloud (SfM-MVS or LiDAR-based) was regularized to the desired resolution using the
ToPCAT algorithm (Brasington et al., 2012), as implemented in ArcGIS through the open source
Geomorphic Change Detection extension (GCD, available at http://gcd.joewheaton.org/;
Wheaton et al., 2010). This algorithm allowed first defining a regular grid of analysis, second
sorting all points in each cell, and finally, calculating a series of elevation statistics for each cell.
The mean elevation value in each cell was used as an estimate of the mean ground elevation.
The grid resolutions were based on the typology and magnitude of the topographic change in
each scenario and in relation to the errors reported below (See section 3.3.2 for more details).
Finally, the regularised data representing the mean elevation value per grid cell were
interpolated to create the DEMSs. For this purpose, we used the Natural Neighbours
interpolation method implemented in ArcGIS 10.3. It is worth to mention that, for the 1977
series, we used the polygons associated with forest cover to filter the point cloud before to run
ToPCAT. We considered the ground elevation in forested areas not well represented when the
point cloud is extracted using SfM-MVS applied to aerial photos. This is a common limitation of
this method, not present in the LiDAR data sets where the vegetation is already filtered.
Therefore, the SfM-MVS-based topographic observations within those areas were erased before

running ToPCAT and creating the DEMs.

3.2 Scenarios of change

The three different scenarios were considered representative of changes in Mediterranean

mountain catchments. Figure 2 illustrates each of the scenarios including the data set used.

Scenario 1: Changes in land cover. Land cover changes were analysed in two different sub-
catchments (Soto and Aran, Figure 1) during two study periods (1957 and 2010). The Aran sub-

catchment, as detailed introduced above, is representative of those where forest cover

12



increased (afforestation) by reducing the area of bare soil, meadows and former cultivate areas.
On the other hand, the Soto sub-catchment is considered representative of areas that have not
experienced changes in land use during the last 50 years. Only a small increase in crop field areas

is observed in this sub-catchment (tillage).

Scenario 2: Terracing: topographic changes in agricultural fields. The effect of terraces on
sediment connectivity was analysed in a terraced sub-catchment with an important increase of
vegetated area due to the land abandonment during the period 1957-2010. In this scenario, the
objective was to compare both the effects of afforestation and of the construction of terraces
on sediment connectivity, and evaluate which of them have a more significant role on sediment
connectivity (i.e. sensitivity of the IC changes). The effect of terracing (alone) was studied for the
Pocinos sub-catchment by analysing the surface with the presence and absence of terraces. The
situation of ‘terrace presence’ was analysed using the contemporary (2010) LiDAR-based DEM.
In the case of the situation with the ‘absence of terraces’, these were filtered out (removed)
from the 2010 DEM. The terraces observed in 1957 are actually the same as those observed
currently, although almost all the field crops have been abandoned and afforestation took place.
Terraces were removed by smoothing the 2010 DEM (see section 3.3.2 for more details). In this
case, the same land use map (the one obtained for the year 1957) was used to compute the IC
for both conditions: terraces and no-terraces. Therefore, considering that the land uses in 1957
were representative of those before terraces were built, we are able to analyse the effects of
these structures on sediment connectivity. Additionally, the effect of just land use changes was
assessed with a unique topography (i.e. 2010 DEM containing terraces) but using different land
use maps (i.e. 1957 and 2010 respectively) to compute the IC. All these combinations permit
analysis of which impacts (terracing vs land use changes in a terraced landscape) have a greater

effect on sediment connectivity.
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Scenario 3: Road construction: topographic changes associated with infrastructure. This
scenario is focused in the Fiscal sub-catchment, where a road was built during the period 2006-
2010. We compared the IC maps extracted from the contemporary DEM (i.e. 2010 LIDAR
dataset) with the 1977 DEM (i.e. SfM-MVS based dataset). The results for both years could not
be statistically compared due to the different accuracy associated to each DEM. However, results
permit analysis of the impact of the road on connectivity patterns and identification of areas

where changes in connectivity may prompt additional impacts (i.e. potential erosion hot spots).
3.3 Assessment of changes in Sediment Connectivity associated with selected scenarios

3.3.1. Index of Sediment Connectivity (IC)
The Index of Sediment Connectivity (IC) was computed using the software SedIinConnect 2.3

(Crema and Cavalli, 2018). The IC is defined as:

u

IC = l0g10 (D_dp)
n

where D, is the upslope component and D, is the downslope component. The upslope
component (D,,) describes the potential for downward routing of the sediment produced

upslope, and is estimated as follows:
Dy =W S+A

where W is the weighting factor (i.e. a proxy of impedance to the sediment flux; dimensionless),
Sis the slope (%) and A is the upslope contributing area (m?). The downslope component (Dgy)
takes into account the flow path length that a particle has to travel to reach the nearest target

or sink. It is expressed as:

Dan = szi
mT WS,
L
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Where d; is the length of the flow path along the /" cell, W; and S; are the weighting factor and

the slope gradient of the it cell, respectively.

The computation of the IC is mainly based on topography but information on land use cover can
be integrated into the analysis by using the weighting factor (e.g. based on C-factor as in Borselli
et al. 2008 or Manning’s n as in Brardinoni et al. (2015) and Pesrsichillo et al. (2018). More details
on IC can be found in Cavalli et al. (2013) and complemented by the original work by Borselli et

al. (2008).

3.3.2. Computing the IC for the different scenarios

In this section we describe the specific methods adopted in each scenario and catchment for the
computation of the two main data sets needed for IC computation: (a) Terrain Data (i.e.
topography expressed by the DEMs), and (b) Weighting Factor (i.e. land use expressed by the

Manning’s n roughness coefficient).

Terrain Data

Topography determinates the slope and the drainage network characteristics, and both
parameters are taken into account in the calculation of the upslope and downslope components
of the IC. In the present paper, as explained above (see Figure 2), different DEMs were used

based on the objective of each scenario:

Scenario 1: Changes in land cover. A DEM of 5 m resolution was extracted from the 2010 LIDAR

dataset with a density of 0.5 pts/m?2. This resolution was considered sufficient to represent the
macro-topography at the catchment scale. From the interpretation of the aerial photos we
assume that the topographic changes during the study period (1957-2010) would have a
minimum effect on the computation of the IC at the targeted scale, therefore the IC was

assessed just changing the W factor and using the same terrain data.
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Scenario 2: Terracing. First, a DEM of 1 m resolution obtained from the 2010 LIDAR dataset was

used. Taking into account that the typical length and width of the terraces in the study area is
>2 m, the use of 1 m DEM resolution is considered appropriate to represent the alteration that
the terraces caused on the topography. Then, in order to eliminate possible point cloud noise
(i.e. interpolation artifacts) a smoothing filter (low pass) was applied to the original 1 m DEM.
Finally, to recreate the landscape without terraces the DEM was smoothed in order to eliminate
the micro-topography maintaining the macro-topography. To this end, a DEM resampling from
1 m to 5 m (using the Resample ArcGIS 10.3 tool), and a subsequent resampling again to the
original resolution of 1 m was performed. The later resampling was performed because
maintaining the resolution of the DEM has been considered very important since coarsening
implies an increase in the estimated IC value (Goldin, 2015; Brardinoni et al., 2015; Cantreul et
al., 2018; Lépez-Vicente and Alvarez, 2018). Therefore, this scenario is evaluated using two
DEMs, one representing the landscape without terraces and a second one representing the

actual situation, i.e. the landscape with terraces (both at 1 m resolution).

Scenario 3: Road Construction. In the case of the contemporary topography (i.e. after road

construction), a DEM of a 10 m resolution derived from the LIDAR 2010 dataset was used. To
represent the historical topography (i.e. before the construction of the road) a DEM with 10 m
resolution extracted from a 1977 point cloud obtained by means of SfM-MVS applied to aerial
historical photos was used. A 10 m resolution was selected to minimize the irregularities
observed in the historical point cloud (e.g. bumping surface; Bakker and Lane 2017; Llena et al.,
2018). Additionally, this resolution is considered enough to represent the topographic changes
associated to the construction of the road, which in some parts were greater than 30 m. Again,
this scenario is analysed by means of two DEMs: one representing the landscape before the road

was constructed and a contemporary model that contains the road (both at 10 m resolution).

Weighting factor
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In the original IC of Borselli et al. (2008), the C-factor based on USLE-RUSLE models was used to
parameterize the weighting factor (W). In studies like this, where the evaluation of the role of
different vegetation cover and land use changes on sediment connectivity is one of the main
objectives, an alternative approach to the C-factor using a parameter related to hydraulic
roughness. In particular, roughness is needed for a better representation of the impedance to
the water and sediment fluxes since the C-factor only refers to cover and management related
to erosion. An option is to use the Manning’s n roughness coefficient (n), which represents the
resistance to flow, with values varying according to different surface characteristics affecting
roughness (Goldin, 2015; Brardinoni et al., 2015; Pesrsichillo et al., 2018). For this study, an
image classification of all orthomosaics orthophoto mosaics was performed in order to obtain
land use maps. A different Manning’s n value was assigned to each of land use classes taking into
account the n-values described in Goldin (2015). Although the study area in Goldin (2015) is
located in a different geographical context than the areas studied in this work (i.e. the Italian
Alps), the use of n-values extracted from this study is justified due to the similarity of the
characteristics of the land uses. In spite of this, it is necessary to take into account the
simplification that implies the use of the same n-value value for each land use class. Evidently,
the variability of the n-value within each use can be notable although we have considered that
this intra-variability has a minor effect on the computation of the IC at the catchments scale. It
is important to highlight that the number of land use classes was determined based on the
quality (e.g. blurred), characteristics (e.g. number of bands) and resolution (i.e. pixel size) of the
aerial images; the images with most limiting conditions (i.e. usually historical images)
determined the number of final classes. In this case, we defined three different classes: forest,
meadow, and bare (with respective Manning’s n values of 0.4, 0.1 and 0.05). Finally, the
weighting factor W is computed as W = 1 — n (following Goldin et al., 2015; Persichillo et al.,
2018). The three land uses classes are representative of the land cover of the study sub-

catchments and also of many mountain catchments in the Mediterranean.
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IC computation and comparison

Once the IC maps were calculated for each scenario, IC values, as also suggested by Crema and
Cavalli (2018), were reclassified into four classes for a better interpretation of the results: Low,
Medium-Low, Medium-High and High Connectivity. The mean IC value was used as a limit
between the Medium-Low and Medium-High classes, while the mean value plus two times the
standard deviation of the IC values was used to define the threshold between the Medium-High
and High classes. Finally, the mean value minus two times the standard deviation was the
criterion used to establish the limit between the Medium-Low and Low classes. The same criteria

were used for the representation of the difference of the IC between the analysed periods.

4. RESULTS AND DISCUSSION

4.1 Changes in sediment connectivity driven by land cover changes (Scenario 1)

In this section, we present two conditions in which land uses can affect sediment connectivity:
afforestation and tillage, the latter of which is highly representative of most of the surface of
Pyrenean catchments (e.g. Garcia-Ruiz et al., 1996; Lasanta-Martinez et al., 2005), and many
mountain catchments in Europe in general (e.g. MacDonald et al., 2000; Liébault et al., 2005)
which have undergone afforestation in the last century. In the particular case of the Upper Cinca
catchment, afforestation is the main observed change; the areas in which the agricultural
activity has been maintained are limited to flat areas located in old terraces or valley bottoms in

the vicinity of villages and towns (i.e. <5% of the total surface).

Afforestation: the case of the Aran sub-catchment

Figure 3 presents the land cover (Figure 3A) and IC maps for each year (Figure 3B) and also the

comparison of the IC (Figure 3D) and land cover maps (Figure 3C). The old IC map (1957) was
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subtracted from the more recent (2010) map (hereafter IC Differences map), so that a positive
value indicates an increase of connectivity and a negative value a decrease of sediment
connectivity. Additionally, by comparing the land cover maps three main processes were
determined: afforestation, deforestation and no change. The comparison between the 1957 and
2010 IC maps highlights the general decrease of connectivity in almost all the study sub-
catchments (i.e. -0.18 median) that is mainly due to the increase of vegetation occurred during
this period (Figure 3A and 3C). These results are in line with the findings of several studies in
mountain Mediterranean regions that also show a reduction in sediment connectivity caused by
an increase of vegetation cover during the second half of 20" century (e.g. Foerster et al., 2014;
Lopez-Vicente et al., 2016; Lizaga et al., 2016; Persichillo et al., 2018). As pointed out by Foertser
et al (2014) in the case of the nearby Isdbena catchment (Southern Pyrenees), the resulting
connectivity map depends not only on the land cover fractions but also on the spatial
distribution of vegetation abundances and its proximity to the catchment outlet (i.e. target). In
the case of Aran sub-catchment, the majority of the land surface was subject to afforestation
(i.e. from bare soil or meadow surface to forest), but the highest decrease in sediment
connectivity occurs in the areas where the increase of vegetation is more spatially concentrated

and in areas located closer to the outlet (Figures 3C and 3D).

Tillage: the case of the Soto sub-catchment

For almost all the sub-catchment (i.e. 74%) there was a small increase in sediment connectivity
(around 1% on average). Only for isolated patches located in the upper part of the catchment
did connectivity decrease (i.e. 21% of total surface). These were areas that became forested
during the analysed period. Results also indicate that connectivity increased in areas (i.e. 5% of
the total surface) characterised by the establishment of farmlands in previously forested areas

(Figures 4B and 4D). Although the surface occupied by badlands did not change significantly, it
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is very important to pay particular attention to these areas because they have because they have
the highest values of connectivity. The high dynamism in these landscapes is also clear in the
topographic changes observed by Smith and Vericat (2015) for some Badlands of the Soto, and
in nearby badlands located in the River Isdbena by Vericat et al. (2014). Overall, the median

increment of the IC changes during the period 1957-2010 can be considered marginal (i.e. 0.05).

4.2 Changes in sediment connectivity by terracing (Scenario 2)

Two landscape conditions are analysed in this scenario to study the effects of: (a) land cover
changes in a terraced landscape on connectivity; and (b) terracing on connectivity. In the former,
the landscape is kept the same (i.e. terraced) and land uses are changed while in the later the
land uses are kept the same and the landscape is changed (i.e. no terraces versus terraced).
These results differ from the results obtained for scenario 1 in the way that they allow inferring
the change (land cover or terracing) that affects sediment connectivity most. Areas
characterised by a high increase in forest cover have experienced a high decrease in sediment
connectivity (e.g. northeast of the sub-catchment, Figure 6). In contrast, in areas where roads
and firewalls were built, connectivity increased, while the area affected by a wild fire near to
the outlet is the only section that exhibits a high increase of sediment connectivity due to the
deforestation associated to the fire (Figures 5A and 6B). The fast increase of forest cover in
abandoned terraced landscapes can be explained by the stability of these areas and the
favourable soil properties. Terrace abandonment followed by strong scrub or meadow
regeneration in humid areas improves soil quality and creates effective protection against soil
erosion, ultimately favouring afforestation (Llorens, 1991; Lana-Renault et al., 2014; Lizaga et

al., 2016).

In terms of the effect of terracing on connectivity, the comparison of both DEMs shows that the

topographic variations caused by the terraces have an amplitude of around 5 m (see longitudinal
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profiles in Figures 5B and 5C), while terraces increase the local slope (from 52 to 459). These

changes have a direct effect on the estimates of the IC.

The maps of IC show a general large decrease of sediment connectivity in all the areas with the
presence of terraces (Figure 6B). Topographic conditions in terraced landscapes have a direct
influence on infiltration and surface runoff; infiltration tends to increase while surface runoffis
typically delayed, resulting in reduced peak flows and a subsequent decrease of connectivity
(Garcia-Ruiz, 2010; Preti et al., 2018). Lesschen et al. (2009) also found that the presence of
(maintained) terraces largely determines hydrological connectivity at the catchment scale.
Inside the terraced landscape areas, connectivity increased locally, mainly due to the
convergence caused by artificial structures (e.g. walls, forest roads; Figure 6B). This increase is
typically explained by the abandonment of terraced areas triggering localized landslides and wall
failures, resulting in a localized increase in connectivity even in areas with dense vegetation (e.g.
Garcia-Ruiz and Lana-Renault, 2010; Lopez-Vicente, 2013; Tarolli et al., 2014; Tarolli and Sofia,
2016). In particular, Calsamiglia et al. (2017) observed a high correlation between the failure of
terrace walls and the increase in erosion and sediment connectivity (structural and functional)
in a small Mediterranean catchment. Note that in our case the non-terraced landscape was
reconstructed by smoothing the 2010 DEM (see methods). This was mainly due to the limitations
provided by the quality of the 1957 topography data (i.e. errors around 2 m). Therefore, no
further details on the effects of wall failures on connectivity were able to be performed. Our
results, however, allow studying the combined effect of terracing and land use changes and the
effect of the different topography related just to the presence\absence of terraces. In summary,
after isolating the effect of land cover changes on a terraced landscape, and those driven by
topographical changes due to terracing, the presence of terraces has a greater effect on
sediment connectivity in the whole sub-catchment. Specifically, the IC median reduction due to
terracing is more than twice the reduction computed when different land cover conditions are

analysed (i.e. IC median reduction of 5 and 2% of respectively).
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Although the (re)creation of a DEM without terraces can be considered a landscape simulation,
this can be a useful approach to estimate the effect on sediment connectivity before the
construction and after the failure of terraces in Mediterranean mountain catchments. In
addition, if IC maps are computed based on these terrain models, they can help to better
estimate and understand historical sedimentary dynamic providing important indication for its

future evolution.

4.3 Changes in sediment connectivity driven by road construction (Scenario 3)

The IC maps of the Fiscal sub-catchment show low values of connectivity in the areas with a high
increase of the forest cover. A large part of these areas corresponds to the zones covered by
steep slope field crops in 1977. These crops were abandoned and, consequently, covered by
scrubs and forest (north part of the sub-catchment; Figure 7A and 7B). The south part of the
sub-catchment also shows a decrease of sediment connectivity related to the increase of forest
cover. In this case, the increment is due to an increase of tree density due to the decrease of
extensive forest exploitation activities caused mainly by depopulation and also climate change

(see IC maps in Figure 7A and 7B).

In terms of stream-road intersections (e.g. Figure 7B and 7D), the road artificially cut the drainage
network producing a localized increase in connectivity in the upslope area and a decrease in the
potential connectivity downslope. As a consequence, the morphological variation due to road
construction led to an increase of erosional activities uphill, triggering in some cases localised
landslides (Figure 7D). The IC map also suggests that the sediment involved in the landslide now
has a lower probability of reaching the target (i.e. outlet of the catchment) because of the effect

of the road in trapping the material produced upslope.
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Tarolli and Sofia (2016) analysed how roads could trigger landslides in two different case studies
in @ mountain watershed in the United States of America. Their results described whether or not
the sediment produced by the slides can contribute to the total sediment of the watershed at
the outlet. In one of their study cases, when the slide was produced above the road, the road
disconnected the source area from the channel network, but move the flows downstream, thus
increasing the probability of delivering the sediment to the watershed outlet by changing the
path. Other studies analysed the interactions between roads and sediment (dis)connectivity. For
instance, Kalantari et al (2017) recently used the IC, among other indicators, to try to quantify
the flood probability in road-stream intersections, demonstrating that the use of the IC as input
variable improved the accuracy of a data-driven spatial-statistical model for road flood
probability. In a different geographical context, Persichillo et al (2018) observed a high
correlation between the occurrences of shallow landslides with areas with high connectivity
caused by the presence of roads in a Mediterranean catchment of the north of Italy. All these
studies, both the study case, are good examples of the use of IC as a useful tool to assess
potential risks associated with such infrastructure (e.g. identifying hot spots) and to inform also,

at a broad spatial scale, those responsible for watershed and road infrastructure management.

General Trends and Limitations

The analyses of land use changes and topographical changes in different scenarios allow us to
quantify the effect of these changes on Sediment Connectivity and to estimate what types of
change have the greatest effect. Figure 8 summarises the changes associated with each of the
scenarios analysed in this study. The increase or decrease of the vegetation cover had a clear
effect on the IC (Figure 8) by increasing or decreasing connectivity respectively. If topographic
changes, such as the associated with terrace construction, are also taken into account, the

impact of these on connectivity can be even higher than the driven by land use changes. This is
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clearly observed in the results obtained for the Pocinos catchment. In this case, the percentage
of the area in which connectivity highly decreased is 22% when the land use changes are
analysed, and 35% when the topographic changes are considered. Moreover, in this latter case,
the degree of IC increase is magnified (2.2% of the landscape suffered a high increase in

connectivity while only the 0.1% in the case of the analysis just isolating the land use changes).

It is also interesting to note the patterns obtained in catchments where, although no significant
general changes are observed (a mean change of the IC around 1% is obtained in the Soto sub-
catchment), locally, (i) the unification of existing field crops or the creation of new ones by means
of ploughing and forest harvesting, and (ii) patchy afforestation may increase or decrease
connectivity. In this case, two main processes can be observed. First, connectivity may change
on bare surfaces attributed to topographic changes. These changes, although may be relevant to
study changes on connectivity at smaller (detailed) scales, cannot be depicted at the scale
analysed in this paper (they are out of the scope of this study). Secondly, land use changes may
decrease connectivity locally in those areas where field crops are abandoned or bare surfaces
are vegetated (7% of the catchment area of the Soto experimented this change), or may increase
in those areas where new field crops are developed or by the unification of existing ones (6% of
the Soto). Finally, topographic changes associated with road construction can modify, not only
the general IC values but also the patterns and distribution of these (Figure 8), in much more

detail than the ones associated with land use changes.

As stated in the methods section, the limits between the different IC classes (including the IC
changes) were calculated based on the mean values and the standard deviation of these. In this
way, the significance of changes is a relative expression that depends on the distribution of the
data of each of the scenarios. In the same way, the values of IC were directly conditioned by the
main inputs to calculate the IC: the weighting factor and the topography. On one hand, the

selection of the roughness or n-values as a weighting factor parameter was based on values
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presented in the literature (Goldin, 2016). It is very important to take into account the criteria
when assigning the different values of n, since the variation of these values could lead to
completely different IC maps. On the other hand, the resolution of the topography has an inverse
effect on the total values of IC (e.g. Cantreul et al., 2018; Lépez-Vicente and Alvarez, 2018),
mainly driven by the smoothing of the landscape as the resolution decreases. In this study, the
different resolutions were based on the typology and magnitude of the topographic change

analysed in each scenario in relation to the errors.

5. CONCLUSIONS

Sediment Connectivity Indices are very valuable to analyse the potential of a landscape to
transfer sediments through its main compartments; that is to assess structural sediment
connectivity through time. The role of land use and topographic changes on sediment
connectivity in representative mountain catchments has been analysed for three different
scenarios, representative of the main changes observed in many mountain areas. The main

findings of the study can be summarized as follows:

Land cover changes have a direct effect on the impedance to water and sediment fluxes. We
identified areas with a slight increase in sediment connectivity due to the establishment of
new field crops; however, most of the study area has undergone afforestation which resulted
in a decrease of sediment connectivity and potential reduction of sediment supply to the main
channel network.

- Terraces affect connectivity to a much greater extent than changes in land cover. The
establishment of terraces has a double effect: (a) generally reducing connectivity due to the
establishment of flat areas between slopes, and (b) increasing connectivity locally due to the
convergence produced by the different human-made structures such as walls or the collapse

of terraces due to abandonment. Results indicate that the use of the IC may detect areas of
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terraced landscapes where further monitoring is required for a better management of such
structures, as for instance in vineyards areas where terraces are key for their stability and
productivity.

Topographic changes associated with road construction modify slope, surface flow directions
and, consequently, the drainage network. Altogether, this leads to changes in connectivity
that could affect erosional processes in the neighbouring areas with a direct impact on the
stability of the road and on the transfer of sediments downstream. In this context, the ICis a
useful tool to map hot spots, i.e. critical areas where further attention or monitoring would

be required for a better maintenance of such infrastructures.

Finally, we argue that the study of historical changes in sediment connectivity due to land use
variations, especially if addressed considering also topographic changes, may provide valuable
information to understand sediment supply dynamics. This information coupled with
hydrological and sediment transport numerical modelling can help understanding of how this
has or is affecting the channel adjustments that are observed in many mountain rivers that have
experienced land use changes in their headwaters during the 20" century. The novelty of our
work lies in the development of an approach to assess multi-temporal changes in sediment
connectivity by considering both changes in topography and land use. The methodology we used
in this paper allows not just studying the effects of real decadal-scale land use and topographic
changes on sediment connectivity, but also evaluating and disentangling those changes.
Furthermore, the assessment of connectivity at multiple temporal scales can be also a useful tool
to identify potential risks associated with morphological and land use changes, involving road

infrastructure.
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FIGURE CAPTIONS

Figure 1.Upper Cinca river catchment and study sub-catchments

Figure 2. (A) Representation of the three scenarios of change analysed in the Upper Cinca catchment: (a)
Changes in land cover; (b) Topographic changes on agricultural fields (i.e. terracing) and (c) Topographic
changes associated with infrastructures (i.e. road construction). (B) Maps and DEM’s used for each of the

scenarios.

Figure 3. Changes on sediment connectivity associated land cover changes (afforestation): (A) Land use
maps for the two study periods (1957-2010). (B) Map of the Connectivity Index (IC) for the two study
periods. (C) Maps of land cover changes between the two study periods where 3 main processes can be
observed (afforestation, deforestation and no change). (D) Maps of the difference of the ICs between the
two study periods. (E) Example of an area in which there has been a decrease in connectivity due to the

increase in forest.

Figure 4. Changes on sediment connectivity associated with land cover changes (tillage): (A) Land use
maps of the Soto sub-catchment for the two study periods (1957-2010). (B) Map of land cover changes
between the two study periods (afforestation, deforestation and no change). (C) Connectivity Index (IC)
maps for the two study periods. (D) Maps of the difference of the ICs between the two study periods. (E)
Photograph showing an example of an area in which there has been a large increase of sediment

connectivity due to the creation of new cropland.

Figure 5. Changes in sediment connectivity associated with terracing: (A) Land cover maps for both study
periods (i.e. 1957 and 2010) and map of land cover changes between the two study periods (afforestation,
deforestation and no change) in a terraced landscape. (B) Hillshade model of the DEMs with no terraces
(left) and with the presence of terraces (right). (C) Two profiles (i.e. a-b, c-d) showing the variation of

elevation and slope for no terraced (red lines) and terraced (black lines) DEMs.

Figure 6. Changes in sediment connectivity associated with terracing: (A) IC maps for different catchment
conditions: (i) IC map assessed from the DEM without terraces and a weighting factor (W) extracted from
the 1957 land use map; (ii) IC map obtained from the DEM with terraces (2010) and a W extracted from

the 1957 land use map; and (iii) IC map assessed from the DEM with terraces (2010) and a W extracted
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from 2010 land cover map. (B) Difference of the IC maps comparing the effect of terracing on connectivity

(i.e. terraces; left); and the effect of land cover changes on connectivity in a terraced landscape (right).

Figure 7. Changes on sediment connectivity associated to road construction: (A) IC maps obtained using
the 1977 DEM and land cover map (before road construction) and by the 2010 DEM and land cover map
(after road construction). (B) IC maps for both study periods showing the spatial distribution of the IC
values and the changes caused by the construction of the road. (C) Map of land cover changes between
the two study periods (afforestation, deforestation and no change). (D) Zoom on a hot spot where the
morphological variation due to road construction led to an increase of erosional activities on the upslope
side of the road (i.e. a landslide); this is also observed by looking at the changes on the IC (indicated with

a black rectangle).

Figure 8. Changes in Sediment Connectivity (IC) for each one of the scenarios analysed in this study:

Afforestation; Tillage; Terracing; Afforestation in a terraced landscape and Road Construction.
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TABLES AND TABLE CAPTIONS

Table 1. Main characteristics of the four study sub-catchments

Catchment Minimum and
. . Mean slope Percentage of
Catchment Area maximum elevation
2 (2) forested cover (%)
(km?) (masl)
Fiscal 15.6 750 - 1925 29 72
Aran 9.2 1045 - 2025 17 81
Pocinos 7.4 758 - 2013 28 52
Soto 10.1 540 - 1046 30 51
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HIGHLIGHTS

Land cover changes have a direct effect on sediment connectivity.

Changes caused by terraces are inferred from the recreation of the terrain without these
structures.

Terraces had a larger impact on sediment connectivity than land use change

The Index of Connectivity is a useful tool to map hot spots in areas where roads are constructed.
Changes on historical sediment connectivity may help understanding catchment-scale sediment

supply dynamics
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