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b National Council of Research, Research Institute for Geo-Hydrological Protection, Padova, Italy   

A R T I C L E  I N F O   

Keywords: 
Valley-bottom gully 
Sediment load 
Control measures 
Sediment connectivity 
Multi-temporal DEMs 

A B S T R A C T   

Gully rehabilitation is often applied as part of catchment management strategies aimed at reducing downstream 
sediment yields. However, the influences of gully control measures on the runoff and sediment transport pro-
cesses in agroforestry systems have been seldom studied. In this paper, a thorough analysis of these processes was 
carried out in a valley-bottom gully located in a dehesa from SW Spain. The gully was monitored before and after 
implementation of different runoff and sediment control measures that included: gabion check-dams, brushwood 
check-dams and livestock exclusion through fencing. The aims of this work are: (1) to analyze the effect of the 
gully control measures on the hydrological dynamics and sediment load, and (2) to evaluate their effect on 
sediment connectivity at the catchment and channel scales. Changes in topography and connectivity were 
estimated using sequential Digital Elevation Models (DEMs) with a resolution of 0.02 m generated by Structure – 
from – Motion photogrammetry from aerial images acquired by an Unmanned Aerial Vehicle. Discharge and 
suspended sediment were monitored at the outlet. Results indicate that flood discharge was not influenced by the 
control measures, but suspended sediment concentration was reduced by 65%. The integration of the difference 
of connectivity index with topographic change maps highlighted the impact of the gully control measures on 
changes in sediment connectivity. A strong relationship between geomorphic dynamics and the spatial pattern of 
hydrological and sediment pathways were observed in the gully. The connectivity index (IC) increased in eroded 
areas, while deposition sites showed a decrease in the IC. Connectivity also decreased in the bank headcuts 
located within an area isolated from livestock. The implementation of runoff and sediment control measures in 
the channel was successful in stabilizing the expansion of the channel network and had beneficial effects in the 
short-term but further monitoring would be necessary to understand long-term effects.   

1. Introduction 

Soil erosion is one of the main factors leading to land degradation 
worldwide, being water erosion the dominant process (Bakker et al., 
2004; Boardman et al., 2003; Zhao et al., 2019). The Mediterranean 
region is prone to soil erosion by water due to intense rainfall events and 
long-lasting droughts, steep slopes combined with complex and rough 
terrain and human activity reflected in the recurrent use of fire, farming 
and overgrazing (García-Ruiz et al., 2013). In the southwestern part of 
the Iberian Peninsula, a wooded rangeland with an agro-silvopastoral 
land use system, named dehesa, covers >4 million ha (Fig. S1). 
Although the largest extension is found in the southwestern part of the 
Iberian Peninsula, there are similar agroforestry systems in the whole 

Mediterranean region (e.g. In Portugal: Pinto-Correia et al., 2011; in 
Greece: Kizos and Plieninger, 2008). It is formed by cleared oak wood-
lands with an annual grassland understory that is grazed by cows, sheep, 
pigs and horses (Eichhorn et al., 2006). The sustainability of the dehesa 
ecosystem is threatened by deforestation, overgrazing and land use 
changes (Herguido Sevillano et al., 2017; Pulido et al., 2018) which 
contribute to the generation of runoff and sediment yield. Soil erosion by 
water promotes a decrease in the amount of water and soil and impacts 
on water reservoirs causing a loss of productivity (Schnabel et al., 2010). 
Soils in dehesas are commonly shallow, except for the valley bottoms 
where they are deeper. Infiltration capacity of the soils on hillslopes is 
low, provoking rapid runoff generation in the channel (Cerdà et al., 
1998; Ceballos and Schnabel, 1998). 
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In dehesas, soil erosion by water was studied in two small experi-
mental catchments with similar topographical and environmental con-
ditions: Guadalperalón (Schnabel et al., 2010) and Parapuños (Alfonso- 
Torreño et al., 2021; Gutiérrez et al., 2009; Schnabel et al., 2013), being 
the latter the study area of the present research. The Parapuños exper-
imental catchment can be considered a model of the dehesa exploitation 
system for its representativeness in terms of land use and management. 
At the same time, the existence of previous research sets the basis for a 
medium-term analysis of the hydrological and sedimentological 
behavior of the catchment and for the investigation of hillslope-to- 
channel runoff and sediment connectivity. Channel flow in these small 
catchments is highly variable in time and depends largely on the rain-
storm intensity-duration characteristics, the antecedent moisture con-
ditions and especially on the water content of soils in the valley bottoms 
(Ceballos and Schnabel, 1997; Schnabel and Gómez-Gutiérrez, 2013). 
Hortonian type overland flow dominates under dry soil conditions and is 
produced by high intensity rainfall, whereas saturation excess flow and 
preferential subsurface flow processes occur with humid antecedent 
conditions and are responsible of most of the runoff generated (Schnabel 
and Gómez-Gutiérrez, 2013; Schnabel et al., 2018). Sheetwash, the 
dominant erosion process at hillslopes was estimated to be 0.63 t ha− 1 

y− 1 in a similar catchment using open plots, but with smaller stocking 
rates (Schnabel, 1997; Schnabel et al., 2010). Gully erosion is observed 
in the valley-bottoms and produced an average loss that varied from 
0.07 t ha− 1 y− 1 (Gómez-Gutiérrez et al., 2012) to 1.55 t ha− 1 y− 1 

(Schnabel et al., 2010). More recent studies in dehesas estimated soil 
erosion rates in the order of 18.5 t ha− 1 y− 1 from 1881 to 2014 (Rubio- 
Delgado et al., 2017; Rubio-Delgado et al., 2018), using exposed tree 
roots and 137Cs. However, there is a lack of information regarding the 
relationship between gully erosion and catchment hydrology, mainly 
due to the difficulties to carry out a continuous and long term moni-
toring of topographic channel changes, rainfall and discharge (Gómez- 
Gutiérrez et al., 2012). Summarizing, previous studies quantified soil 
erosion rates, studied the causes and factors that encouraged soil erosion 
and highlighted the problem of soil degradation by water erosion in 
dehesas. Gully erosion drives the overland flow and causes a significant 
loss of runoff, decreasing soil moisture and consequently reducing 
grassland availability for livestock. 

In order to restore degraded areas affected by gullying, different 
strategies have been applied (Frankl et al., 2021; Heede, 1978; Pathak 
et al., 2005). According to Frankl et al. (2021), runoff and sediment 
control measures may be conducted at different spatial scales, and can 
be grouped as follows: (1) treating the catchment with measures 
including livestock control, soil bunds (i.e., embankment), infiltration 
ditches and revegetation or water-retention measures such as ponds; (2) 
installing devices in the gully such as sediment traps, check dams, 
rockfills or breakwaters; (3) implementing actions taken adjacent to the 
gully such as livestock exclosure by fencing to avoid the mechanical 
effect of animal movement; and (4) applying a combination of all three 
approaches (Bartley et al., 2020). In Mediterranean areas, check dams 
are often used, sometimes in combination with other measures to retain 
sediments (Alfonso-Torreño et al., 2019; Castillo et al., 2007), to 
decrease catchment sediment yield (Quiñonero-Rubio et al., 2016) and 
to control sediment transport after wildfires (González-Romero et al., 
2021). Nevertheless, only a few soil engineering and bioengineering 
structural measures have been implemented in the dehesa ecosystem 
and evaluation of the effectiveness of those measures is nearly absent. A 
recent exception is the work by Alfonso-Torreño et al. (2019) who 
calculated the sediment volume deposited behind 160 check dams in a 
dehesa in SW Spain. Results showed a high spatial variability in sedi-
ment deposition, with largest volumes of material accumulated in the 
lower areas of the catchment whereas the upper parts featuring a lower 
degree of sediment connectivity showed lower deposition volumes. In a 
recent study, Alfonso-Torreño et al. (2021) found that the gully control 
measures implemented in the Parapuños channel favored stabilization 
of the gully, favoring sediment deposition and reducing the slope of the 

channel bed. On the one hand, there is growing attention in the litera-
ture about the role of channel control measures on changes in sediment 
connectivity (e.g., Cucchiaro et al., 2019; Marchi et al., 2019), on the 
other hand, there are some important gaps of knowledge about the effect 
of the check dams on the discharge and the suspended sediment in 
semiarid silvopastoral systems. This research subject has already been 
studied in other ecosystems. For instance, check dams probed to be 
suitable to trap sediments (Belmonte et al., 2005; Conesa García, 2004), 
avoiding transfer of sediments downstream of the check dam (Conesa 
García, 2004; Martín-Rosales et al., 2003) and reducing sediment yields 
(Castillo et al., 2007; Heede, 1978; Polyakov et al., 2014). It is well 
documented that check dams typically have a limited life span and their 
effectiveness generally decreases over time as these hydraulic structures 
fill with sediment (Gifford et al., 1977; Taye et al., 2015). However, 
Tang et al. (2020) demonstrated in a small catchment (4.26 km2) in the 
Loess Plateau that filled check dams were still able to reduce flood peaks 
by 31% to 93%. 

In the last decades, improvements in remote sensing techniques (e.g., 
LiDAR and SfM-MVS) and platforms (e.g., UAVs) have greatly improved 
our capacity to understand factors and processes driving gully erosion 
(Koci et al., 2020; Sidle et al., 2019). These advances have also opened 
up hopeful opportunities for the study of geomorphological processes 
focused on hydrological and sediment connectivity (e.g., Cavalli et al., 
2019; Heckmann et al., 2018). The concurrent use of UAV platforms and 
SfM-MVS has meant a breakthrough in acquiring very high resolution 
(centimeter) topographic data and in 3D model generation. Repeated 
high-resolution digital elevation models are key to identify overland 
flow and sediment pathways (Heckmann and Vericat, 2018), to detect 
geomorphic changes (Alfonso-Torreño et al., 2021; Cavalli et al., 2017; 
Turner et al., 2015; Woodget et al., 2015) and to analyze structural and 
functional connectivity changes (Cucchiaro et al., 2019). 

The concept of sediment and hydrological ‘connectivity’ supplies a 
valuable tool for the analysis of the linkage between pathways and 
overland flow in hillslopes and the dynamics of erosion and deposition 
in valley-bottom gullies. In general terms, hydrological and sediment 
connectivity describes the degree to which a system facilitates water and 
sediment transfer through coupling relationships among its different 
components (Bracken and Croke, 2007; Heckmann and Vericat, 2018; 
Koci et al., 2020; Sidle et al., 2017). Connectivity can be expressed in 
terms of lateral (i.e. hillslope-to-channel) and longitudinal (i.e. along the 
channel network) coupling (Brierley et al., 2006; Fryirs et al., 2007). 
According to Lehotský et al. (2018), there is a large gap between studies 
undertaken on hillslope processes and those in channel environments. 
Gullies are influenced by hillslope and channel processes, which provide 
an outstanding chance to link and study both topographic positions. 

Erosion and deposition dynamics in a channel reflect, to a certain 
extent, the capacity of that channel (or reach) to retain or export sedi-
ment (i.e., sediment connectivity) (Wohl et al., 2017). Studies focused 
on this subject point out that connectivity can fluctuate in a system 
(Heckmann and Vericat, 2018). This variability may be related to the 
spatial pattern of hydrological and sediment pathways and shows the 
capacity of the different landscape features to be linked (i.e., structural 
connectivity) (Cavalli et al., 2013). The concept of ‘connectivity’ may 
also be related to the actual sediment transfer between the components 
of a geomorphological system at a specific location and time (i.e., 
functional connectivity) (Bracken et al., 2015). In this context, the vol-
ume of sediments entrained along a channel or retained behind a check- 
dam can be considered a measure of functional sediment connectivity 
and, at the same time, plays an important role in disconnectivity acting 
as a barrier (Bracken et al., 2015; Fryirs et al., 2007). The potential of a 
landscape to be connected has been widely analyzed applying sediment 
connectivity indices (Borselli et al., 2008; Cavalli et al., 2013; Heckmann 
and Vericat, 2018; Quiñonero-Rubio et al., 2013). The topographically 
based index of sediment connectivity (IC), aimed at characterizing 
connectivity patterns at the catchment scale providing an estimation of 
the potential connection of sediment sources and a definition of 
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sediment transfer paths (Cavalli et al., 2020), was originally proposed by 
Borselli et al. (2008) for application in cropland catchments. IC was later 
modified by Cavalli et al. (2013) for better exploiting high-resolution 
DEMs. The IC has been widely used, for example by López-Vicente 
et al. (2013) and López-Vicente et al. (2017) who analyzed the effects of 
land uses and land abandonment on sediment connectivity changes in 
Mediterranean mountain catchments. Quiñonero-Rubio et al. (2013) 
identified where check dams had a huge impact on sediment (dis)con-
nectivity in a Mediterranean catchment applying the Catchment Con-
nectivity Index (CCI). Although the IC by Cavalli et al. (2013) was 
developed in mountainous environments, it could potentially be used to 
analyze the spatial connectivity patterns in lower slope gradient catch-
ments and thus determine the degree of connection between different 
locations in a watershed to receive and export flow and sediments. In 
addition, the connectivity between hillslopes and valley-bottoms allows 
the identification of intersection points between runoff and sediment 
flow pathways and the filled areas in a gully. 

The present work aims to analyze the effect of runoff and sediment 
control measures in a small semiarid rangeland catchment. The runoff 
and sediment control measures implemented in the valley bottom gully 
were gabion check dams, brushwood check dams and livestock fencing. 
Furthermore, the following secondary objectives are included: (1) to 
analyze the effect of the gully control measures on the hydrological 
dynamics and suspended sediment yield, and (2) to evaluate their effect 
on storage and sediment connectivity at the catchment and channel 
scales. 

2. Study area 

The present work was carried out in Parapuños, an experimental 
catchment (99.5 ha) located in SW Spain (Fig. 1a). Parapuños is a typical 
Mediterranean rangeland with a dehesa land use system, characterized 

by a disperse tree cover of Holm oak (Quercus ilex va. rotundifolia), with 
an average tree density of 22.5 trees ha− 1, and herbaceous plants in the 
understory (Fig. 2). At steeper slopes shrubs are frequent, mainly 
composed of Retama sphaerocarpa, Cytisus multiflorus and Genista hirsuta. 
The farm is grazed by approximately 1,000 sheep, 55 cows and 40 pigs. 
Historically, dehesas have experienced important land use and vegeta-
tion cover changes, specifically, in the study area these changes have 
been related to soil erosion processes (Gutiérrez et al., 2009; Rubio- 
Delgado et al., 2018). 

The study basin has an average elevation of 396 m above sea-level, 
ranging from 362 to 434 m and an average slope of 8%. SSW is the 
dominant aspect within the catchment. There are two types of bedrock 
in the catchment: Ediacarian slates and unconsolidated conglomerates 
(Miocene), forming part of remnants of a pediment that occupy 32% of 
the catchment. This pediment is composed of quartzite cobbles, gravelly 
sand and a clay-rich layer at approximately 0.5 m depth. The major 
portion of the pediment is located in the northern part of the basin and a 
small remnant is found in the SE, forming a hill. The main pediment can 
be divided into a flat upper surface and a slope with gradients close to 
25% (Fig. 1). The valley-bottom (i.e., the alluvial sediment fill) is an 
undulating area with a slope <5%. 

The soils within the catchment are commonly shallow and classified 
as Leptosols and Cambisols at hillslopes and Regosols at valley bottoms. 
The alluvial sediment fill, where the gully is located, are Regosols and 
are acid, with a pH ranging between 4.7 and 6.4, a low organic matter 
content (1.4%) and a low cationic exchange capacity (<6 meq 100 g− 1). 
The pediment area shows a high content of rock fragments (32%), 
whereas silt and sand were the dominant fractions of soils on the lower 
slopes developed on slates (44% and 39%, respectively). Soils in valley 
bottom are also formed on slates with 53 and 11% of silt and clay, 
respectively, and the lowest proportion of sand. In contrast to the valley 
bottoms, the channel banks have a higher content of sand and coarse 

Fig. 1. (a) Spatial distribution of dehesa landscapes in the SW of the Iberian Peninsula, (b) regional setting of the studied catchment, (c) Parapuños catchment 
including slope gradient, the equipment, and the channel reaches and (d) a gauging station at the catchment outlet. 
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elements (32% and 24%, respectively). 
Climate is Mediterranean with an average annual temperature of 

16 ◦C and a mean annual rainfall of 513 mm with high seasonality and 
absence of snowfall. The rainy season ranges from October until April, 
being October the rainiest month with 83.0 mm on average. The sum-
mers are hot and dry, with July and August registering very low amounts 
of rainfall. Interannual rainfall variability is high with annual totals that 
ranged from 292 to 802 mm for the period 2000 to 2018. Rainfall and 
discharge data are calculated for hydrological years from September to 
October. Maximum flood discharge totals were registered in February 
and March and minimum values from June to September. Temporal 
variability of discharge is even more pronounced than that of rainfall, 
being the coefficients of variation 109% and 30%, respectively. 

The gully has been previously defined as a valley bottom gully 
(Gutiérrez et al., 2009) and constitutes a discontinuous second-order 
stream composed of the main channel and a tributary, with a length of 
832 m and 163 m, respectively (Fig. 1c). The channel is situated in the 
lower part of the watershed and is incised into the alluvial sediment fill 
with an approximate depth of 1.5 m, reaching even the underlying schist 
at some sites. The gully may be divided into three different reaches: (1) 
lower reach, (2) tributary reach and (3) upper reach where the soil en-
gineering and bioengineering structural measures were carried out in 
February 2017 (Fig. 1c). The lower reach connects the junction between 
the tributary and the upper reach with the outlet of the catchment. 

Eight gabion check dams (GCDs) with metal mesh and 25 brushwood 
check dams (BCDs) were built in the channel in February 2017 (Fig. 2a) 
with the aim of trapping sediments and reducing lateral bank erosion. 
The GCDs have a width of 0.5 m with lengths between 1 and 3 m and 
most of them a height of 1.5 m. They have a central spillway (Fig. 2b) 
and are located with an average separation of 27 m. The mesh was 
manually filled with quartzite cobbles collected in the area. BCDs were 
made with brooms growing in the area, anchored to the surface with 
acacia posts, a rot-proof wood, and tied with hemp material (Fig. 2d). 

The BCDs have a length of 2 m and a mean separation of 12 m. BCDs 
were also installed at three bank headcuts (Fig. 2c). Finally, a wire fence 
was set up adjacent to the gully as a livestock exclusion measure 
implemented in a particularly degraded area that showed several active 
bank headcuts. The wire fence has a perimeter of 117 m and isolates 416 
m2 (Fig. 2e). 

3. Material and methods 

3.1. Rainfall, discharge and suspended sediment measurements and 
sediment deposit sampling 

The catchment is equipped with three tipping bucket rain gauges 
(model RG3, Onset Hobo) that record with a resolution of 0.2 mm and 
collect in a 5 min interval. Discharge and suspended sediment were 
measured at the outlet of the catchment in a weir formed by a V-notched 
section and a trapezoidal approximation reach (Fig. 1d). A capacitive 
sensor (Unidata 6521 l) was used to obtain water depth data with a 
range of discharge of 1–4000 l s− 1 (Schnabel et al., 2013). Suspended 
sediment concentration was determined using a turbidity meter (OBS- 
3A). The water depth probe and the turbidimeter were connected to a 
datalogger (Datataker DT50) registering in 5-minute intervals. 
Furthermore, suspended sediment concentration was also obtained from 
water samples taken with an automatic pump sampler (model Isco 
3700C) with 24 bottles of 0.5 l volume, installed in the gauging station 
and controlled by the datalogger. Water sampling takes place when 
water level exceeds 0.15 m, corresponding to a discharge of 10.4 l s− 1. 
The turbidity sensor was previously calibrated with a range of concen-
trations and is, as well, controlled by concentrations obtained from the 
ISCO samples (Fig. S2). 

Grain size distribution of sediments deposited behind GCDs was 
determined. For this, sediment behind GCDs was sampled in 6 locations 
with an auger (Eijkelkamp). Samples were air dried and disaggregated. 

Fig. 2. (a) Location of the gully control measures (i.e., gabion check dams (GCD), brushwood check dams (BCD) and a wire fence) and (b-e) examples of soil en-
gineering and bioengineering structural measures implemented in the upper reach: (b) a GCD, (c) a BCD in a bank headcut, (d) a BCD in the channel, and (e) the 
isolated area by a fence in the left bank of the gully. 
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The coarse fraction was determined by sieving and the grain size dis-
tribution of the fine fraction was carried out using a laser particle ana-
lyser (Beckman coulter) applying the USDA classification (USDA, 2004). 

3.2. Hydrological data processing and analysis 

Three different temporal scales were used for analyses: rainfall event, 
month and hydrological year. A database composed of events that pro-
duced runoff from September 2013 to 2019 was created. The database 
was grouped before (i.e. from September 2013 to February 2017) and 
after (i.e., from February 2017 to January 2019) implementation. The 
events were differentiated in time using a minimum interval between 
two consecutive events of one hour without precipitation. The same 
interval was also used by Lana-Renault et al. (2008) for another small 
Mediterranean catchment. In order to separate base flow from direct 
runoff (flood discharge) two methods were applied and compared: the 
straight line method with inclination (Chow et al., 1988) and the 
straight line method with a fixed gradient (Chow et al., 1988). Best re-
sults were obtained with the straight line method with inclination 
because this method produced a better adjustment for the flood hydro-
graphs. The criteria used for defining the start of flood discharge was 1.5 
times the amount of base flow (Lana-Renault et al., 2008). The technique 
of the normal depletion curve was applied for identifying the point that 
establishes the end of direct runoff in a hydrograph (Horton, 1933). 

A total of 18 variables were derived from rainfall, discharge and 
sediment records at the event scale for carrying out the statistical 
analysis and defining relevant relationships amongst them (Table 1). 

The values of runoff and sediment variables did not follow a normal 
frequency distribution and generally are positively skewed. The 
nonparametric Kolmogorov–Smirnov and Mann–Whitney test were used 
to test the significance of differences of rainfall, discharge and sediment 
variables grouped according to period, i.e., before (BEF) and after (AFT) 
gully control measure construction. Furthermore, Spearman’s rho test 
was used to detect correlations between the variables”. Spearman’s 
correlation coefficients are used instead of Pearson’s because most of the 
data are not normally distributed. All the tests were two-tailed, applying 
significance p-levels of 0.05 and 0.10. Regression analysis was con-
ducted in order to describe the rainfall-flood relationships by grouping 
the rainfall events depending on antecedent catchment soil moisture 
conditions. Nonlinear regression models were used to establish corre-
lations and the Levenberg-Marquardt algorithm was applied for esti-
mating the parameters. Statistical analysis were conducted using 
STATISTICA© software. 

3.3. 3D models acquisition, DoD elaboration and computation of 
hydrological connectivity 

The DEM database used to describe geomorphic changes and to es-
timate the connectivity indices was elaborated for the previous work by 
Alfonso-Torreño et al. (2021) and hence only a brief description of the its 
elaboration is presented in the following. These authors estimated the 
geomorphic changes in the valley-bottom gully in the 2016 to 2019 time 
window, by using high-resolution DEMs produced through aerial images 
and SfM-MVS photogrammetric techniques. The dataset was taken in 
five different surveys using a fixed-wing UAV (Ebee classic by Sensefly) 
carrying a Sony WX220 sensor on board (18 Mpx). The images were 
acquired at an approximate altitude of 60 m above ground resulting in a 
Ground Sampling Distance of 2 cm. An average number of 190 images 
were captured per survey. The models were scaled and georeferenced 
using twenty Ground Control Points (GCPs) which were registered 
across the area and surveyed with the help of a Global Navigation Sat-
ellite system working in Real Time kinematic mode. The Pix4Dmapper 
Pro software (v. 3.1.18) was fed with the images and the GCPs in order 
used for the photogrammetric processing to produce 2.5D (Digital Sur-
face Model or DSM, Digital Elevation Model or DEM and orthophoto-
graphs) and 3D cartographic products (point cloud). During the 

processing, a mean Root Mean Square Error of 0.03 m was estimated. 
Topographic changes were estimated comparing the DEMs produced 

for each UAV survey and using the classical DoD (Wheaton et al., 2010). 
To do this, the Geomorphic Change Detection v7.1 add-in (Riverscapes- 
Consortium, 2018) freely available from https://gcd.joewheaton.org/ 
downloads, within the ArcGIS Desktop software v10.6 was used. We 
considered a spatially variable error estimated using rules implemented 
through a fuzzy inference system (FIS) in addition to the georeferencing 
error calculated for every individual DEM during the photogrammetric 
processing. Two rules, based on slope gradient and vegetation height (i. 
e., wood vegetation and grasses), were used in the FIS system. The SfM- 
derived DEMs allowed the estimation of the geomorphic changes at the 
gully before (BEF) and after the gully control measures (AFT). 

The IC formulated by Borselli et al. (2008), with the changes pro-
posed by Cavalli et al. (2013), was used to evaluate the potential 
connection between the watershed slopes and the valley-bottom chan-
nel. This dimensionless index is expressed as the logarithm of the ratio of 
an upslope and downslope component, representing the potential for 
downward routing of the sediment produced upslope and the flow path 
length that a particle has to travel to arrive at the nearest target (i.e., the 
outlet of the catchment in this study. Both components consider a sur-
face roughness index (i.e., the local topography variability) as the 
impedance to runoff and sediment fluxes. More details on the formula 
and the calculation can be found in Cavalli et al. (2013). 

The IC was computed for the study basin by using SedInConnect 2.3 
software (Crema and Cavalli, 2018), which includes the modifications 
proposed by Cavalli et al. (2013). The IC was calculated for each date (i. 
e., each UAV survey) using two merged DEMs. For the valley-bottom 
area, the SfM-derived DEM acquired at each date (0.1 m) was used 
while for the rest of the catchment a 5 m resolution DEM (Spanish Na-
tional Geographic Institute) produced by LIDAR techniques was applied. 
Both DEMs were merged to a resampled DEM of 0.5 m pixel size and a 
moving window of 3x3 pixels was set for Manning’s n roughness 
computation. The input DEM was hydrologically corrected using the Pit 
remove tool of the TauDEM 5.3.7 add-in (Tarboton et al., 2015) freely 
available from https://hydrology.usu.edu/taudem/taudem5/, within 
the ArcGIS Desktop software v10.5. 

The changes of IC (DoIC) experienced during the study period were 
calculated by subtracting the 2019 IC map from the 2016 IC to inves-
tigate the influence of the gully control measures on sediment connec-
tivity dynamics. Finally, we compared DoIC maps with the erosion and 
deposition patterns derived from the DoDs. 

Sediment retention and sediment erosion were considered as mea-
sures of connectivity in the gully. Channel sediment disconnectivity may 
be defined as the ability of a certain channel reach to retain or deposit 
sediments (Hooke, 2003). Therefore, the amount of sediments deposited 
or retained along a channel reach (e.g., with the implementation of 
runoff and sediment control measures) is an estimation of sediment 
connectivity (or dis-connectivity) (Bracken et al., 2015; Fryirs, 2013; 
Wester et al., 2014; Wohl et al., 2017). Following this definition, Calle 
et al. (2020) applied a connectivity value for a defined channel reach or 
strip (Cv-strip). This connectivity value is calculated as the ratio of 
eroded material to the deposited sediments for a specific period (eq. (2)): 

Cv− strip =
Erosion

Deposition
(2) 

This ratio involves more channel connectivity at eroded reaches with 
values of Cv-strip > 1. On the other hand, reaches that experienced 
deposition present Cv-strip < 1 and show, by definition less connectiv-
ity. In our study, the channel was divided into reaches of 5 m of length (i. 
e., less than the minimum distance between gully control measures), 
resulting in 88 strips. 

A. Alfonso-Torreño et al.                                                                                                                                                                                                                      

https://gcd.joewheaton.org/downloads
https://gcd.joewheaton.org/downloads
https://hydrology.usu.edu/taudem/taudem5/


Catena 214 (2022) 106259

6

4. Results 

4.1. Characteristics of rainfall, discharge and sediment load 

The average annual rainfall in the basin was 506 mm for the period 
2013 to 2019. The annual sediment load was 73.8 tons on average, 
equivalent to 0.72 t ha− 1 y− 1. The interannual variation was very high, 
ranging from 0.03 in 2014–15 to 1.39 t ha− 1 y− 1 in 2016–17, with a 
standard deviation of 0.56 t ha− 1 y− 1 (Fig. 3). Suspended sediment 
load>1 t ha− 1 only took place when rainfall >450 mm was recorded. 
However, large discharge may also produce small amounts of sediment 
load. 

As far as the event time scale is concerned, a total of 111 rainfall 
events were included in the data base which produced a median flood 
discharge of 118.4 m3. Table S1 presents basic statistics of variables 
related to discharge, rainfall and suspended sediment. In the set of 111 
events analyzed, only 80 events produced suspended sediment load, of 
which 53 were registered before gully control measure construction and 
27 afterwards. The median event suspended sediment load was 0.1 t, 
being the lower and the upper quartile 0.0 t and 0.7 t. Mean event 
suspended sediment concentration showed a median of 0.2 g l− 1 ranging 
from 0 to 3.4 g l− 1. Rainfall events that generated suspended sediment 
load only took place between September and April. 

Median event rainfall was 10.3 mm, with lower and upper quartiles 
of 5.0 and 15.0 mm, respectively. A total of 48% of the rainfall events 
were of small magnitude (<10 mm) and did not present a clear seasonal 
pattern, i.e., they are equally frequent at any time of the year, except for 
July and August. The 5-minute maximum rainfall intensity had a median 
of 10.5 mm h− 1 and 25% of the events registered<7.2 mm h− 1. The 
maximum 60-minute rainfall intensity ranged between 1 mm h− 1 and 
19.0 mm h− 1, with only 10% of the sample above 9.6 mm h− 1. 

Although the relationship between rainfall and flood discharge is 
significant (p < 0.05), the correlation coefficient R is low for the entire 
dataset (Table 2). Flood discharge and maximum flood discharge 
correlated significantly with rainfall intensity in 60 min, amount of 
rainfall recorded 10, 20 and 40 days before the event and maximum 
peak flow. Maximum suspended sediment concentration correlated 
significantly and positively with rainfall intensity in 5 min, sediment 
load and mean suspended sediment concentration. However, no rela-
tionship could be detected with the amount of rainfall recorded prior to 
the event (Table 1) and discharge. Mean suspended sediment concen-
tration correlated significantly and positively with maximum peak flow, 
sediment load and maximum suspended sediment concentration. 

Nevertheless, no relationship could be detected with rainfall variables. 
Suspended sediment load obtained a stronger correlation with mean 
suspended sediment concentration than with maximum sediment 
concentration. 

The relationship between rainfall and runoff improved by grouping 
the rainfall events, resulting in three groups that express different 
antecedent catchment soil moisture conditions: Dry, Intermediate and 
Humid. Table S2 shows the regression equations for the three groups and 
the corresponding statistical parameters. All events with a base flow >
0.07 l s− 1 and with 150 mm of antecedent rain (RAnt) or mean accu-
mulated rainfall (M_RAnt) > 2.0 mm were classified as Humid. Inter-
mediate events are those with a base flow > 0.07 l s− 1, RAnt > 150 mm 
and M_RAnt < 2.0 mm. Dry events are those with RAnt < 150 mm. The 
non-parametric Kolmogorov-Smirnov test showed that group Dry was 
significantly different from group Humid and Intermediate (p < 0.05), 
although the humid events were not significantly different from the 
intermediate ones. 

Fig. 3. Annual discharge (m3) and suspended sediment load (t ha− 1) from 2013 to 2019.  

Table 1 
Rainfall, discharge and suspended sediment variables, showing the corre-
sponding abbreviations and measuring units.  

Type of 
variable 

Abbreviation Units Description 

Rainfall R mm Total amount of event rainfall 
I5, I10, I30 and 
I60 

mm 
h− 1 

Maximum rainfall intensities in 5, 10, 
30 and 60 min 

D1, D5, D10, D20 
and D40 

mm Amount of rainfall recorded 1, 5, 10, 
20 and 40 days prior to the event 

Discharge Q_max l s− 1 maximum peak flow 
Discharge m3 Total discharge 
Flood discharge m3 Total amount of event runoff 
Discharge base 
flow 

m3 Total amount of base flow during the 
flood runoff 

Runoff coefficient % A dimensionless coefficient relating 
the amount of runoff to the amount 
of rainfall received 

Sediment 
transport 

Suspended 
sediment load 

t Amount of suspended sediments at 
the outlet of the catchment 

Max 
concentration 

g l− 1 Maximum suspended sediment 
concentration 

Mean 
concentration 

g l− 1 Mean suspended sediment 
concentration  
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4.2. Flood discharge and sediment production before and after 
implementing runoff and sediment control measure 

Table 3 presents the median values for various rainfall, discharge and 
sediment variables according to the time of check dam construction. 
Median event rainfall in AFT was 13.0 mm and significantly higher than 
BEF with 9.0 (p < 0.05). Similarly, antecedent rainfall was also signif-
icantly higher in AFT than BEF, as well as D10 with 47.3 and 30.1 mm, 
respectively. Rainfall intensities were not significantly different, being 
median values slightly higher for AFT (Table 3). Flood discharge, 
maximum peak discharge and runoff coefficient of the events registered 
during AFT were significantly higher as compared to BEF. The median 
total event flood discharge was 104.9 m3 BEF and 474.9 m3 AFT and 
maximum peak discharge was significantly higher in AFT than BEF, with 
87.2 and 22.5 m3s− 1, respectively. Hence, data indicate that flood 
discharge was not reduced as a consequence of the gully control measure 
installation. Suspended sediment load was not statistically different for 
events according to the time of gully control measure construction. On 
the contrary, the median of the mean suspended sediment concentra-
tions was significantly higher in BEF than AFT with 0.31 g l− 1 and 0.11 g 
l− 1, respectively (p = 0.01). The gully control measures reduced the 
mean suspended sediment concentration by 65%. Although less pro-
nounced, the medians of maximum sediment concentrations were also 
significantly different (BEF: 1.82 g l− 1, AFT: 0.98 g l− 1). 

The first year after gully control measure construction 561 mm of 
rainfall were recorded, generating a total of 56,744 m3 of flood 
discharge with a runoff coefficient of 10.2%. Taking into account the six 
years with information on suspended sediment load, this year was the 

highest value of discharge, being sediment production only ranked in 
position 3 (Fig. 3). The relationship between mean suspended sediment 
concentration and, flood discharge and runoff coefficient, grouped ac-
cording to BEF and AFT, is presented in Fig. 4. The highest sediment 
concentration was observed in the rainfall events recorded before gully 
control measure implementation (Fig. 4a). Mean sediment concentra-
tion ranged from 0.08 to 0.2 g l− 1 in rainfall events registered after 
implementing the control measures and that exceeded 10% runoff co-
efficient. Nevertheless, mean sediment concentration was >1.0 g l− 1 in 
the events registered before implementing gully control measures 
(Fig. 4b). The relationship between event suspended sediment load and 
flood discharge, grouped according to BEF and AFT, is presented in 
Fig. 5a, showing significant correlations. Similarly, event suspended 
sediment and maximum peak discharge (Fig. 5b) are significantly 
correlated when grouped accordingly. The lower slope of the regression 
lines of the events registered during AFT, for both variables (flood 
discharge and maximum peak discharge), indicate the effect of check 
dams on reducing suspended sediment load. 

4.3. Gully dynamics, sediment production and grain size of the sediments 
deposited in the channel 

Sediment volume gain for the study period (2016–2019) was esti-
mated to be 95.4 m3, corresponding to a net deposition rate of 33.6 m3 

y− 1. The net change before and after gully control measure construction 
was 42.7 m3 and 52.7 m3, respectively (Table 4). Considering an average 
bulk density of 1.5 g cm− 3 (Gómez-Gutiérrez, 2009) the annual change 
rate expressed in tons per year for BEF and AFT was 71.2 and 40.7. 

Table 2 
Correlation coefficients between selected rainfall event features (** − p < 0.05, * − p < 0.10, n = 111).   

Rainfall Flood Q Q_max Max sediment Mean sediment  
(mm) (m3) (l s− 1) concentration concentration 

I5 (mm h− 1) **0.523 0.198 *0.326 *0.224 0.109 
I60 (mm h− 1) **0.751 *0.381 *0.495 0.186 0.140 
D10 (mm) − 0.001 **0.488 *0.458 − 0.037 − 0.095 
D20 (mm) − 0.089 **0.454 *0.418 − 0.076 − 0.151 
D40 (mm) − 0.141 *0.370 *0.325 − 0.185 − 0.197 
Q_max (l s− 1) **0.526 **0.952  0.205 *0.306 
Flood discharge (m3) **0.517  **0.952 0.096 0.191 
Q base flow (l s− 1) − 0.224 **0.532 *0.497  0.179 
Sediment load (t) *0.374 **0.821 **0.859 **0.500 **0.619 
Max. concentration 0.133 0.096 0.205  **0.763 
Mean concentration 0.045 0.191 *0.306 **0.763   

Table 3 
Median, lower and upper quartile of rainfall, discharge and suspended sediment variables for the events according to the time of check dam construction: Before (BEF) 
or after (AFT). Significant differences of the variables are indicated (** − p < 0.05, * − p < 0.10).  

Variable BEF AFT BEF AFT BEF AFT  

Median Median Lower Lower Upper Upper p-level 

Rainfall (mm)  **8.98  **13.03  4.70  7.48  13.88  16.66  0.04 
I5 (mm h− 1)  10.45  12.82  5.23  7.69  19.20  20.51  0.18 
I10 (mm h− 1)  8.77  10.25  5.13  6.41  15.38  15.38  0.25 
I30 (mm h− 1)  5.82  5.55  3.77  4.70  9.83  9.40  0.40 
I60 (mm h− 1)  3.92  4.27  2.56  3.42  6.84  6.62  0.21 
D24h (mm)  8.12  10.04  4.27  5.55  14.31  13.67  0.56 
D5 (mm)  23.10  31.50  9.80  13.20  37.20  47.30  0.11 
D10 (mm)  **30.10  **47.30  19.20  33.50  46.10  90.50  0.01 
D20 (mm)  **53.00  **75.30  36.20  40.20  78.90  137.70  0.01 
D40 (mm)  **101.00  **138.40  67.20  92.60  134.80  199.10  0.00 
Q_max (l s− 1)  *22.54  *87.18  3.52  5.53  83.99  216.70  0.06 
Discharge (m3)  **190.34  **716.84  36.40  69.19  801.33  2,820.56  0.03 
Flood discharge (m3)  **104.98  **474.99  24.80  42.70  402.31  2,072.69  0.03 
Q base flow (l s− 1)  **0.19  **1.05  0.03  0.22  1.14  4.72  0.01 
Discharge base flow (m3)  *34.96  *63.13  7.72  15.72  153.68  520.51  0.05 
Runoff coefficient (%)  *1.32  *3.98  0.25  0.56  5.64  13.15  0.06 
Sediment load (t)  0.07  0.32  0.01  0.01  0.48  0.75  0.64 
Max. concentration (g l− 1)  *1.82  *0.98  0.83  0.56  4.17  3.05  0.07 
Mean concentration (g l− 1)  **0.31  **0.11  0.12  0.08  1.26  0.42  0.01  
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Suspended sediment load at the outlet of the catchment for the entire 
study period was 160.8 t, which represented a suspended sediment yield 
of 56.9 t km− 2 y− 1. Before gully control measure construction, net 
deposition was lower than total sediment load at the outlet of the 
catchment. Contrary, after the implementation of the restoration 
measuresnet deposition was higher than sediment load. Comparing total 
sediment yield, BEF registered a much higher value than AFT, with 153 
t km− 2 y− 1 and 12.3 t km− 2 y− 1, respectively. It has to be taken into 
account that sediment load was lower in AFT despite registering 
potentially more erosive discharge events, as expressed by a greater 
number of peak floods > 100 l s− 1 or a significantly higher median flood 
discharge (Table 3). Furthermore, as presented in the previous section, 
rainfall events with similar flood discharge produced different amounts 
of suspended sediment load. 

Sediments trapped behind gully control measure had the highest 
content of coarse elements with 39%, compared with valley bottoms 
soils and other topographic positions. In addition, sediments deposited 
behind gully control measure was the location with the lowest content of 
fine fractions with 27 and 6% of silt and clay. 

4.4. Hydrological and sediment connectivity and gully geomorphic change 

The hydrological and sedimentological connectivity map shows the 
potential connection of water and sediment between the hillslope and 

Fig. 4. Relationship between mean suspended sediment concentration and (a) total flood discharge and (b) runoff coefficients for events before and after imple-
menting gully control measures. 

Fig. 5. Relationship between the event suspended sediment load and a) flood discharge and b) maximum peak discharge before and after implementing gully control 
measures (p < 0.05). 

Table 4 
Hydrological and sediment load data and topographic changes registered during 
the study period: erosion or deposition, net volume difference (NVD), maximum 
event rainfall (R_max), total flood discharge (Q), maximum peak discharge 
(Q_max), the number of times discharge exceeded 100 l s− 1 (Q > 100 l s− 1), 
maximum rainfall intensity in 60 min (I60-max).  

Period Before After 

Duration 24/03/2016–10/02/ 
2017 

10/02/2017–25/01/ 
2019 

Erosion (m3) − 8.0 –22.0 
Deposition (m3) 50.7 74.7 
Net volumen difference 

(m3) 
42.7 52.7 

NVD (t) 64.1 79.0 
NVD rate (t y− 1) 71.2 40.7 
Rainfall amount (mm) 543.4 928.9 
Events (N) 30 45 
R_max (mm) 57.7 22.2 
Q (m3) 38334.1 40948.8 
Q_max (l s− 1) 1237.2 1052.3 
Q > 100 l s− 1 (N) 3 7 
I60-max (mm h− 1) 13.0 15.1 
Runoff coefficient (%) 4.7 8.7 
Sediment load (t) 137.0 23.8 
Sediment yield (t km− 2 y− 1) 153.0 12.3  
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the valley-bottom gully. Fig. 6a presents the IC map calculated for the 
2016 DTM of the catchment. The IC is higher along the slope of the main 
pediment, as well as the slope of the small pediment in the south-eastern 
part of the basin. The western part of the main pediment slope is poorly 
connected with the main channel due to the presence of a water pond. In 
contrast, the small pediment is highly connected to the main channel 
and the eastern part of the main pediment is also connected to the main 
channel with gentle slopes. The uppermost part of the catchment has low 
connectivity and corresponds to the upper part of the main pediment 
with low slope gradients. As expected, connectivity is generally highest 
close to the main channel and progressively decreases upslope (partic-
ularly at the right bank of the upper reach) although some parts with low 
connectivity close to the main channel can be highlighted. Across the 
right bank of the main channel, lines of high IC values are clearly aligned 
with cattle paths, which drive the flow and possibly capture a large 
proportion of sediment toward the gully (Fig. 6b). In addition, an un-
paved road crosses the lower reach increasing connectivity towards the 
valley-bottom gully. This area shows scarce vegetation cover and 
patches of bare soil with evidences of soil erosion by water (erosion 
scars, tree root exposure), constituting potential source areas of sedi-
ments. In the upper reach, a new channel parallel to the main one 
developed influenced by a cattle path which caused the diversion of 
overland flow (Fig. 6c). In fact, the connectivity of the new channel was 
higher than that of the main channel before gully control measure 
construction. The left bank of the upper reach, particularly from GCD-01 
to GCD-05, is an area strongly connected to the channel where eleven 
bank headcuts were formed. For instance, Fig. 6d displays the spatial 
relationship between the bank headcuts located between GCD-01 and 

GCD-03 and the flow pathways. Flow pathways with high values of 
connectivity are strongly connected to the gully, influencing the growth 
of bank headcuts. 

A positive relationship between linear headcut retreat and the 
maximum IC value (calculated in the contributing area of each bank 
headcut) is indicated by a correlation coefficient of 0.821 (p < 0.05) 
(Fig. 7). 

Fig. 6. (a) Connectivity index map calculated for the 2016 DTM of the Parapuños catchment and (a.1.) a photograph of the left bank hillslope, (b) cattle paths 
collecting and driving overland flow, (c) diversion of flow (coming from the left bank hillslope) from the main channel due to a depression originated by a cattle path 
and (d) detail of the left bank of the reach between GCD-01 and GCD-03 showing the spatial co-occurrence of bank headcuts and flow pathways draining the left 
hillslope. Red pixels in (b–d) are locations with contributing area > 100 m2. 

Fig. 7. Relationship between maximum IC values of contributing area and 
linear headcut retreat (mapped from SfM-derived orthophotographs for 
every survey). 
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The setting up of gully control measures induced a change in channel 
topography leading to a decrease of structural connectivity. After the 
implementation of the control measures, an increase of connectivity was 
only observed downstream of five gully control measure (i.e., GCD-02, 
GCD-05, GCD-08, BCD-09 and BCD-13) and in the junction between 
the tributary and the upper reach. Before the implementation of the 
runoff and sediment control measures, connectivity increased in the 
headwater, in the new channel parallel to the main one (i.e., between F- 
16 and F-19, Fig. 8c) and in the left bank of a strongly degraded area 
where the wire fence was implemented later as a gully control measure. 
In addition, the values of connectivity experienced a decrease from 2017 
between GW-01 and GW-04. Fig. 8 shows the spatial co-occurrence of 
connectivity with net volumes before and after gully control measure 
construction per strip. Lower values of connectivity (<1) highlight the 
areas where deposition dominated, which implied a decrease in con-
nectivity due to reduced slope gradient and this decreases the ability to 
export sediments further down. For example, the section between F-07 
and F-17 evolved from being a connected section to one with consid-
erably reduced connectivity. Conversely, high values of connectivity 
were observed in the strips where erosion processes dominated. 

The overlap of DoD and DoIC maps highlights the close relationship 
between deposition pattern and areas that experienced a decrease of IC. 
This tendency is supported by the cross-frequency analysis of DoD and 
DoIC values (Fig. 9d) calculated for the whole gully. Erosion prevailed 
slightly where IC increased, whereas deposition (78% of the total) was 
strongly associated with a decrease of IC. Fig. 9 presents some detailed 
examples overlapping DoDs and DoIC maps from 2016 to 2019 in the 
restored upper reach. For example, Fig. 9a shows how the values of 
connectivity decreased in the bank headcuts, particularly in those where 
livestock was excluded by a fence and BCDs were implemented. Con-
nectivity not only decreased in the bank headcuts but also in large part 
of the isolated area. After gully control measure construction, the con-
nectivity values decreased in the area upstream of the structures. This 
sharp decrease was due to the large sediment deposition experienced 

between GCD-01 and GCD-02 (Fig. 9c) and the sediments deposited 
behind GCD-06 (Fig. 9b). Nevertheless, a slight connectivity increase 
downstream GCD-02 and GCD-06 was observed. The values of connec-
tivity also increased in two bank headcuts located between GCD-01 and 
GCD-03 (Fig. 9c). 

5. Discussion 

5.1. The role of gully control measures on runoff production and sediment 
yield 

Check dams did not affect discharge, but did reduce sediment con-
centration and sediment load. Similar flood discharges resulted in 
different sediment load with a lower suspended sediment concentration 
after gully control measure construction. Previous work has also found 
that GCDs capture, mainly coarse sediments (Hassanli et al., 2009; 
Nichols et al., 2016). In our study, sediments trapped behind GCDs have 
the lowest contents of clay, silt and sand, as compared to the channel 
banks, which indicates impoverishment of fine fractions, which pre-
sumably corresponds to sediment leaving the catchment as suspended 
load. Additionally, in Parapuños check dams also reduced the fine 
fraction of sediments compared to other studies where silt and clay were 
not reduced by GCDs (Koci et al., 2021) or only in reaches of the gully 
with very low slope gradients (Abedini et al., 2012; Hassanli et al., 
2009). Our findings agree with the results of studies that analyzed the 
impact of porous check dams on sediment load (Borja et al., 2018; 
Polyakov et al., 2014). For example, a remarkable effectiveness of check 
dams on reducing sediment yield was found by Mishra et al. (2007), 
Boix-Fayos et al. (2007) and Borja et al. (2018) who observed that 
porous and small check dams reduced the sediment yield by 64–85%. 
This reduction in sediment concentration may be favoured by the 
combination of different runoff and sediment control measures imple-
mented in a catchment, for instance Koci et al. (2021) showed a 
reduction of gully total sediment yield by >80% with the 

Fig. 8. Net volume change (a) before and (b) after gully control measure construction, (c) functional connectivity (Cv-strip) along the main channel before gully 
control measure construction and (d) after gully control measure construction. Dotted grey lines indicate the location of GCD-01, GCD-04, BCD-07 and BCD-17 and 
the dotted green line displays the beginning of the lower reach. 
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Fig. 9. Difference of connectivity index (DoIC) maps and superposed DoD from 2016 and 2019 at three different locations: (a) detail of the upper reach with bank 
headcuts that were fenced to exclude livestock, (b) GCD-06, (c) GCD-01 and GCD-02 area and (d) IC increase and decrease for the whole channel of areas with either 
cross-frequency of erosion or deposition (DoD 2017–2019; i.e., geomorphic changes after gully control measures). 
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implementation of GCDs and cattle exclusion and Heede (1978) reduced 
the catchment sediment yield by >90% with the combination of GCDs, 
grassed waterway and reduction in livestock grazing pressure. 

Concrete check dams were also effective in reducing sediment yield 
(Xu et al., 2013; Vaezi et al., 2017; Li et al., 2017). For example, Ran 
et al. (2008) analyzed a dataset of available figures previously pub-
lished, concluding that in the watershed of the Kuye River, the estab-
lishment of check dams caused a decrease in sediment load of 37% in a 
period of 26 years. Zhang et al. (2021) found in the same watershed that 
check dams reduced suspended sediment concentration by 54% in 2006 
and 31% in 2016. A similar trend was observed by Fortugno et al. (2017) 
in a watershed in Italy where check dams reduced the sediment yield by 
30–35%. 

Regarding the gully dynamics and sediment production, net depo-
sition registered in the channel was lower than total sediment load 
measured at the outlet of the catchment before gully control measure 
construction. The gully, therefore, facilitated a rapid transport of water 
and sediments downstream. According to Poesen et al. (2003) and Capra 
et al. (2005), gullies perform as effective links between the upper and 
lower lands of a basin, increasing flow sediment transport capacity and 
sediment connectivity. Contrary, after runoff and sediment control 
measure construction net deposition in the channel was higher in 55.2 t 
than the sediment load at the outlet (23.8 t), hence the effect of check 
dams on retaining sediments was roughly 50%. The sediment load at the 
outlet was lower after gully control measure construction despite more 
potentially erosive discharge events were registered in this period, as 
expressed by a greater number of peak floods > 100 l s− 1 or catchment 
runoff coefficients. A total of 3 and 7 rainfall events with a peak floods >
100 l s− 1 was registered before and after runoff and sediment control 
measure construction, respectively. 

In similar environments, gully erosion represents the dominant 
source of sediments registered at the outlet of the catchments (Koci 
et al., 2017; Waterhouse et al., 2017; Wilkinson et al., 2018). In our 
study site, the predominance of net deposition in the gully and the high 
amount of sediment exported at the outlet before gully control measure 
construction suggest and important sediment production by sheet wash 
at hillslopes. The erosion rates registered by Schnabel et al. (2010) were 
similar to those presented in this study (2.25 t ha− 1 y− 1) for periods 
when hillslopes had a reduced degree of vegetation cover (<50%) with 
soil loss of 1.34 t ha− 1 y− 1, due, in part, to high stocking density. Kosmas 
et al. (2015) highlighted the relation between livestock density and soil 
erosion rates in a region with overgrazing in southern Europe (Crete 
Island, Greece) and Gutiérrez et al. (2009) found a relationship between 
gully erosion and livestock density. 

The sediment yield at Parapuños catchment before gully control 
measure construction was similar to the sediment yield in other Medi-
terranean catchments (Vanmaercke et al., 2011). According to Van-
maercke et al.’s work, in the Mediterranean >50% of catchments have 
sediment yields higher than 2 t ha− 1 y− 1. Nevertheless, the temperate 
and relatively gentle slope catchments of Western, Northern and Central 
Europe generally have relatively low sediment yield (with approxi-
mately 50% of the catchments lower than 0.4 t ha− 1 y− 1). Vanmaercke 
et al. (2011) demonstrated the high variability of sediment yield in 
Europe, also for Mediterranean catchments with sizes similar to our 
study area. Climatic dynamics are highly variable in the Mediterranean 
because of several atmospheric and geographical factors. Rainfall sea-
sonality determines sediment transport as rainfall regimes control pri-
marily runoff production and soil erosion by water (García-Ruiz et al., 
2013). It is typical in the Mediterranean region that few rainfall events 
may contribute to most of the soil eroded by water (González-Hidalgo 
et al., 2007). 

5.2. The effect of gully control measures and grazing on sediment 
connectivity 

The connectivity analysis, carried out using IC, highlighted how 

cattle livestock grazing determines preferential sediment pathways in 
the studied area. Cattle livestock paths drive sediment fluxes toward the 
gully suggesting that this activity plays an important role in increasing 
sediment connectivity at the catchment scale. Grazing and trampling by 
sheep and cattle reduces vegetation cover and enhances runoff and 
erosion in dehesa catchments (Gómez-Gutiérrez et al., 2012; Gutiérrez 
et al., 2009; Schnabel, 1997). Unpaved roads and cattle paths increased 
the routing of water in the catchment, limiting water infiltration and 
concentrating flows. Previous research has highlighted the critical role 
that unpaved roads and trails play in generating runoff on woodland- 
grassland ecosystem (Croke et al., 2005; Gómez-Gutiérrez et al., 2018; 
Sidle et al., 2004). Commonly, trails and roads display low hydraulic 
conductivity (Koci et al., 2020), which capture overland flow from 
adjacent areas and hillslopes, driving the water effectively to the 
channel or gully (Sidle and Ziegler, 2010; Sidle et al., 2006). Livestock 
tracks not only contribute to divert runoff along well-defined pathways, 
they also increase channel-hillslope connectivity. According to van der 
Waal and Rowntree (2018), cattle paths can notably increase drainage 
density. In this example, in a small catchment situated in the Southeast 
of South Africa the drainage density was increased by 159%. In Para-
puños, flow pathways with high values of connectivity in the catchment 
were strongly connected to the gully that influenced the growth of 
channel headcuts and bank headcuts (Gutiérrez et al., 2009; Gomez- 
Gutierrez et al., 2018). For instance, the bank headcuts located up-
stream GCD-02 and displayed in the Fig. 6d is likely to split in two 
different directions follow the flow pathway. 

The effect of human activities on sediment connectivity is recently 
gaining particular attention in the literature (Llena et al., 2019; López- 
Vicente et al., 2020; Persichillo et al., 2018). A recent work by López- 
Vicente et al. (2020) investigated changes in sediment connectivity due 
to forest fires in three Mediterranean headwater catchments analyzing 
also the role of post-fire practices such as salvage logging, skid trails and 
check dams. To this end, the authors tested two different computation 
targets: the stream network and the outlet. In our study we focused just 
on the catchment outlet to characterize in terms of connectivity the main 
stream and to compare it with DoD results along the channel. However, 
López-Vicente et al. (2020) argue that the connectivity assessment in 
regards to the stream network may be more suitable to predict sediment 
transport induced by low-frequency intense rainfall events. Future work 
in our catchment, more focused on hillslope-to-channel connectivity, 
may certainly consider this target scenario. 

In another Mediterrenean catchment, Calsamiglia et al. (2018) found 
that check dam terraces, built to control overland flow and prevent 
erosion, reduced the highest IC values mainly concentrated along pref-
erential pathways where erosional processes are most likely to occur. In 
the same work, the barriers also showed relevant decoupling effects 
along the thalwegs. In fact, the widespread implementation of this type 
of control measures, on the one hand, is mainly intended to locally retain 
sediment and reduce erosion along channels (Alfonso-Torreño et al., 
2021), on the other hand, these runoff and sediment control measures 
considerably reduced values of IC in the channel (i.e., longitudinal 
connectivity). Similar effects were found by Fryirs (2013) and Marchi 
et al. (2019), who observed that this kind of measures disconnect the 
hydrological and sedimentological dynamics in the channel. Neverthe-
less, other studies (e.g., Cucchiaro et al., 2019; Heckmann et al., 2018; 
Poeppl et al., 2017; Wohl et al., 2017) highlighted the effect of check 
dams on reducing lateral (i.e., hillslope-to-channel) connectivity. 

In this work an integrated approach encompassing multi-temporal 
analyses of topographic changes (DoD) and sediment connectivity 
(DoIC) has been applied in order to fully address the issue related to the 
impact of check dams on sediment dynamics in the study catchment. 
This kind of approach has been already applied in other contexts and 
geographical areas (e.g., Cucchiaro et al., 2019; Martini et al., 2019) to 
analyze natural and anthropic disturbances and the findings of our study 
seems to confirm its validity stressing the need of such a tool for better 
sediment management and control planning. In particular, we found a 
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notable correspondence between DoD and DoIC patterns. This outcome 
suggests that DoIC could be used as a predictive variable of future 
sediment transfer processes: areas featuring an increase of sediment 
connectivity through time should be carefully monitored because they 
are potential areas that may feature erosion in the short-term. In general, 
after the implementation of the runoff and sediment control measures 
we observed that structural connectivity decreased in the upper reach 
and increased only downstream of two GCDs and in bank headcuts 
without the influence of the exclusion measure. The wire fence not only 
helped to reduce erosion in bank headcuts (Alfonso-Torreño et al., 
2021), but also reduced the values of IC in bank headcuts within the 
isolated area from sheep and cattle. According to Kirkby and Bracken 
(2009) and (Wilkinson et al., 2018), the implementation of livestock 
exclusion (by fencing) measures in the intersection points between hy-
drological flow pathways and the channel favors the revegetation and 
the reduction of overland flow concentration in the specific contributing 
area. In other places, revegetation of hillslopes reduced the erosive effect 
of runoff, controlling gullying and sediment yields (e.g., Chen and Cai, 
2006; Talema et al., 2019). Runoff and sediment control measures 
implemented perpendicular to the gully (i.e., GCDs and BCDs), com-
bined with livestock exclusion through fencing adjacent to the channel 
or in hillslopes, facilitated the reduction in sediment transport as also 
observed Bartley et al. (2020). 

6. Conclusions 

The implementation of check dams in the channel reduced the sus-
pended sediment concentrations at the outlet by 65% but no effect was 
detected on flood discharge. The mean sediment concentration was 
positively correlated with maximum peak flow but no relationship was 
detected with the rainfall variables. The effect of runoff and sediment 
control measures on changes in the gully dynamics and sediment pro-
duction was also remarkable. The combination of rainfall, discharge and 
suspended sediment data at the event scale with multi-temporal topo-
graphic surveys using an UAV and SfM photogrammetry allowed the 
comparison of gully dynamics with sediment production at the outlet of 
the catchment. Net deposition in the channel was lower than total 
sediment load at the outlet of the catchment before gully control mea-
sure construction. Contrary, after gully control measure construction net 
deposition in the channel was higher than sediment load at the outlet. 

The hydrological and sedimentological connectivity map showed the 
potential link of water and sediment between the hillslope and the 
channel. As it was expected, connectivity was generally higher close to 
the main channel. Flow pathways with high values of connectivity are 
strongly connected to the gully, influencing the growth of bank headcuts 
and the deposition behind check dams. In addition, lines of high IC 
values are clearly aligned with cattle paths. The effect of gully control 
measures (i.e., GCDs, BCDs and livestock exclusion through fencing) on 
longitudinal connectivity was remarkable. The values of connectivity 
decreased in the upper reach after the implementation of the runoff and 
sediment control measures. This decrease took place in areas where 
deposition dominated and also in the bank headcuts restored by BCDs 
and excluded from livestock by fencing. The isolated area from livestock 
favored revegetation, and in consequence of this, promoted a decrease of 
sediment connectivity and a potential reduction of sediment supply to 
the channel. Conversely, the IC increased in the strips where erosion 
processes dominated, e.g., downstream of two GCDs and in bank 
headcuts without the influence of the exclusion measure. These critical 
areas should be the target to prevent gully erosion through the effective 
implementation of soil engineering and bioengineering structural mea-
sures. This study demonstrated that the connectivity framework is an 
effective tool for assessing the changes on longitudinal and lateral 
connectivity produced by the implementation of runoff and sediment 
control measures. 
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dehesa extremeña. in: Schnabel, S.L.C., J.F.; Gómez-Gutiérrez A.; García Marín, R 
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Schnabel, S., Gómez-Gutiérrez, Á., 2013. The role of interannual rainfall variability on 
runoff generation in a small dry sub-humid watershed with disperse tree cover. 
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Hydrological dynamics in a small catchment with silvopastoral land use in SW Spain. 
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