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Abstract: Gullies are sources and reservoirs of sediments and perform as efficient transfers of runoff
and sediments. In recent years, several techniques and technologies emerged to facilitate monitoring
of gully dynamics at unprecedented spatial and temporal resolutions. Here we present a detailed
study of a valley-bottom gully in a Mediterranean rangeland with a savannah-like vegetation cover
that was partially restored in 2017. Restoration activities included check dams (gabion weirs and
fascines) and livestock exclosure by fencing. The specific objectives of this work were: (1) to analyze
the effectiveness of the restoration activities, (2) to study erosion and deposition dynamics before and
after the restoration activities using high-resolution digital elevation models (DEMs), (3) to examine
the role of micro-morphology on the observed topographic changes, and (4) to compare the current
and recent channel dynamics with previous studies conducted in the same study area through
different methods and spatio-temporal scales, quantifying medium-term changes. Topographic
changes were estimated using multi-temporal, high-resolution DEMs produced using structure-from-
motion (SfM) photogrammetry and aerial images acquired by a fixed-wing unmanned aerial vehicle
(UAV). The performance of the restoration activities was satisfactory to control gully erosion. Check
dams were effective favoring sediment deposition and reducing lateral bank erosion. Livestock
exclosure promoted the stabilization of bank headcuts. The implemented restoration measures
increased notably sediment deposition.
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1. Introduction

Gully erosion is a land degradation process that takes place in a wide range of climatic,
geomorphological, and pedological conditions [1-3]. Gullies can be classified as permanent
or ephemeral [4]. Ephemeral gullies occur in cropland and are frequently filled by farmers
and reappear in the same location, while permanent gullies are not filled by common
agricultural labors. Gullies are also classified, depending on topographic position, as
hillslope gullies or valley-bottom gullies [5] and may be the consequence of natural and/or
human-induced soil erosion processes [2,6]. Topographical factors, such as drainage area
and slope gradient, drive the formation of gullies, showing the importance of surface
runoff. In the specific case of valley-bottom gullies, saturation and subsurface flows also
play a major role [7,8]. Gully development has also been associated to land use changes,
management, and exploitation systems [9-12].

The environmental effects of gully erosion are manifold: reduction of water quality [13,14],
decrease of land productivity [15,16], and infrastructure damages [17,18]. Gullies perform
as links between the upper and lower lands of a basin, increasing flow and sediment
connectivity, i.e., facilitating rapid transport of water and sediments to lowlands, e.g., [6,19].

Gully erosion represents one of the most significant types of soil degradation in
Mediterranean environments [10,20]. In the Iberian Peninsula, a semi-natural landscape
with an agrosilvopastoral land use system, named dehesa in Spanish, covers more than
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4 million hectares. It is characterized by cleared oak woodlands with an annual grassland un-
derstory that is grazed by domestic animal species such as sheep, cows, pigs, and horses [21].
At dehesas, soils are commonly shallow, except for the valley bottoms where they are
deeper. The two main erosive processes in dehesa are sheet wash in hillslopes [22,23]
and gully erosion in valley bottoms [7,24]. In dehesas, gully erosion was studied in two
small experimental basins with similar physical and environmental conditions, called
Guadalperalén [23] and Parapufios [7,11,24,25], with the latter being the study area of
the present work. Parapufios serves as a model of dehesa exploitation system for its rep-
resentativeness. At the same time, the existence of previous research sets the basis for a
medium-term analysis of gully dynamics.

Restoration activities may be carried out at different spatial scales (catchment or
channel). At the catchment scale, installing ponds or other water-retention measures may
reduce surface runoff, slow down water, promote infiltration into the soil [26], and/or
establish better vegetation ground cover or reforestation to increase infiltration. This
strategy is difficult to achieve since it must be implemented over a large extension of
the entire gully catchment [27]. At the channel scale, measures commonly used include
check dams (built with different techniques and materials, e.g., gabion weirs, masonry
wall, fascines, i.e., piled wooden poles and planks), rockfills, and breakwaters. Other
restoration measures include livestock exclosure from the channel (by fencing) to avoid the
mechanical effect of animal movement. Fencing around existing gullies, forcing animals to
cross the gullied channel in less degraded areas and excluding the animals from the valley
bottoms during the rainiest months may perform well to reduce erosion in gullies and to
promote their recovery. Among the different restoration strategies, check dams are often
used (with or without other measures) in Mediterranean areas, e.g., [28-30]. They trap
sediments [31,32] and mitigate soil erosion effects. Sediment trapped behind check dams
may be used to estimate sediment yield produced by upstream catchments, e.g., [33,34].

In the last decade, developments in airborne-based surveying technologies trans-
formed the topographic data acquisition, replacing more classic methods like the one based
on interpolating cross sections (CSs) to estimate the volumetric change in channels [7,35,36].
For instance, the concurrent use of unmanned aerial vehicles (UAV) platforms and structure-
from-motion (5fM) photogrammetry together with MultiView-Stereo (MVS) has meant
a breakthrough in earth science research. The low-cost photogrammetric method SfM,
ideally suited for low-budget research and precise 3D data generation, emerged as a new,
efficient monitoring technology [37,38]. SfM photogrammetry requires little training, is
extremely inexpensive, and is effective in detailed scale studies [39]. The development of
UAV platforms facilitates the acquisition of high-resolution aerial photos from which SfM
photogrammetry may be used to obtain point clouds, digital elevation models (DEMs),
and orthophotographs [40-42], being particularly useful for the estimation of topographic
changes in gullies, e.g., [25,43,44]. Gullies have been monitored using SfM photogrammetry
and repeated surveys by Xiang et al. [45] and Kaiser et al. [46]. Multitemporal topographic
models (like DEMs) may help to identify changes due to erosion-deposition processes
and to quantify soil losses. Two DEMs of different dates may be subtracted to produce
a DEM of differences (DoD) [47], which is particularly relevant to geomorphic studies
because it provides a spatially distributed model of topographic and volumetric change
through time [48,49]. UAV platforms have been used to acquire data useful to detect geo-
morphic changes in different environments: mountainous ranges [38,50-53], agricultural
landscapes [54,55], riverine [42,56], badlands [57], and mines [58]. The most important
factor determining the reliability of a DoD is the accuracy of the individual DEMs and their
coregistration [59]. Uncertainties in the topographic representation of a surface by means
of a DEM have implications for forthcoming DEM applications (e.g., geomorphic change
detection, hydraulic modeling, etc.). Such uncertainties may be quantitatively assessed by
estimating errors [60]. In geomorphological studies, errors in DEMs should be considered,
as they may lead to overestimation of net erosion or deposition in sediment budgets [47]
(Wheaton et al., 2010). There are different strategies to manage errors in the DoD approach,
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the most simple to consider being the error spatially uniform along every DEM [61,62]. In
the spatial uniform error approach, a minimum level of detection threshold (minLoD) is
used to differentiate topographic changes from error [63]. The minLoD is typically based
on an average error value, which tends to discard more information than necessary in areas
where elevation uncertainty is low and to include information in areas where elevation
uncertainty is high [64]. An alternative is to consider the spatial error distribution. Sev-
eral researchers found a strong relationship between roughness and DEM error [65,66].
Wheaton et al. [47] and Prosdocimi et al. [67] used a fuzzy inference system (FIS) to estimate
error from multiple sources that contribute to DEM uncertainty.

The present work aimed to analyze the effectiveness of restoration activities (i.e., gabion
weirs, fascines, and isolation measures) carried out in a valley-bottom gully representative
of channels that usually take place in dehesa landscapes (SW of the Iberian Peninsula). The
specific objectives included: (1) to study the dynamics of erosion and deposition before and
after the restoration activities with the help of high-resolution DEMs, (2) to analyze the role
of micro-morphology in the topographic changes observed, and (3) to compare the current
and recent dynamics of the channel with previous studies carried out in the same study
area but with different methods and spatio-temporal scales, quantifying medium-term
changes. The geomorphic changes were estimated using five high-resolution DEMs and
orthophotographs produced using photogrammetry and images acquired with a UAV
between 2016 and 2019. The gully was partially restored with check dams (of different
types) and isolation measures in February 2017.

2. Materials and Methods
2.1. Study Area

The study was conducted in the Parapufios experimental catchment (99.5 ha) located
in the SW of the Iberian Peninsula (Figure 1a). Parapufios is representative of the dehesa
land use system and is part of an extensive erosion surface characterized by an undulating
topography (Figure 1b). The channel is a discontinuous second-order stream with a main
channel (832 m in length) and a tributary (163 m). The channel flows in the lower part of
the catchment and is incised into an alluvial sediment fill of approximately 1.5 m in depth,
reaching the underlying schist. The gully may be divided into three different reaches:
(1) lower reach, (2) tributary reach, and (3) upper reach where the restoration measures
were carried out in February 2017 (Table 1). The lower reach flows from the outlet of the
catchment to the junction between the tributary and the upper reach. Additionally, a recent
study explained the development of an incipient auxiliary channel in the upper reach
influenced by the existence of cattle paths [68].

The average altitude of the catchment is 396 m a.s.1. and the mean slope is 8% ranging
from almost flat surfaces in the valley bottoms to 12% at the hillslopes. There are two types
of bedrocks in the basin: slates and unconsolidated conglomerates, the latter forming part
of a pediment and occupying 32% of the catchment. Generally, the soils developed on
slates are shallow. The pediment is found in the highest parts of the catchment, composed
of quartzite cobbles, gravelly sand, and loam. The soils can be classified as Leptosols
and Cambisols. The alluvial sediment fill, where the gully is located, can be classified as
Regosol. Climate is Mediterranean with an average annual temperature of 16 °C and a
mean annual rainfall of 513 mm with high seasonality.

The vegetation cover is composed of a disperse tree cover of Holm oak (Quercus ilex
va. rotundifolia), with an average tree density of 22.5 tree ha~! and herbaceous plants in the
understory. At steeper slopes shrubs are frequent, mainly composed of Retama sphaerocarpa,
Cytisus multiflorus, and Genista hirsuta. Livestock rearing is the main land use in the study
area, with 1200 sheep, 38 cows, and 50 pigs.

The study area showed evidences of sheet erosion on the hillslopes [22] and the
existence of a gully in the valley bottom. To mitigate consequences of soil erosion by water,
8 gabion weirs (GWs) with metal mesh (Figure 1d) and 25 fascines (Fs) (Figure le) were
built in the channel in February 2017. Five gabion weirs have a dimension of 2 x 0.5 X 1 m
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(with two fins of 1 x 0.5 x 0.5 m), 2 units of 2 x 0.5 x 1 m, and a one of 3 x 0.5 x 1 m (with
two fins of 1 x 0.5 x 0.5 m). The distance between GWs is approximately 27 m. The mesh
was manually filled with quartzite cobbles collected in the area. The fascines were made
with brooms (i.e., local material), anchored to the surface with acacia posts (rot-proof wood)
and tied with hemp material. The fascines have a length of 2 m and an average separation
of 12 m. Finally, an electric shepherd was installed close to the gully as an isolation measure
in a particularly degraded area that showed several active bank headcuts (Figure 1f). The
wired fence had a perimeter of 117 m and it covered 416 m?2. In addition, two parts were
clearly differentiated in the restored channel with the main goal of observing differences in
the volume of sediments retained in the gabion weirs and fascines, before and after the
construction of the restoration measures. The first were the check dams in the lower part
of the channel (i.e., between GW-01 and GW-04) and the second were check dams located
near the channel head and predominantly fascines (i.e., between F-07 and F-17).

PENINSULA
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—— Channels
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Figure 1. (a) Location of the study area in the Iberian Peninsula where the green area displays where dehesas are frequent

and the red rectangle represents the area shown in (b); (b) regional setting of the study area where the main towns, rivers,

and roads are shown over the hillshade and the white rectangle of the area shown in (c); (¢) Parapufios catchment including

the restoration measures carried out and the ground control points (GCPs); examples of gabion weirs (d), a fascine structure
(e), and the isolated area in the left bank of the gully (f).
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Table 1. Characteristics of the channel reaches belonging to unmanned aerial vehicle (UAV) survey
completed in January 2019.

Lower Reach Tributary Upper Reach

Maximum and minimum elevation (m a.s.l.) 436-419 421-419 419-414
Length (m) 174.3 163.1 658.5
Slope (%) 2.6 2.1 2.6
Drainage area (ha) 99.5 454 499
Mean width (m) 44 1.9 2.0
Max width (m) 7.5 35 6.0
Min width (m) 29 1.0 2.1
Mean depth (m) 0.57 0.56 0.53
Max depth (m) 147 1.28 1.27

2.2. SfM Workflow and Digital Elevation Model Generation

The UAV surveys of the gully were completed in March 2016, February 2017, October
2017, March 2018, and January 2019 (Table 2). The SfM photogrammetry workflow was
fed with aerial photographs acquired by a fixed-wing UAV (Ebee by Sensefly) carrying
a Sony WX220 sensor (18 Mpx) on board. The UAV was operated autonomously by
using an external PC with a radio modem and a pre-programmed flight plan. The images
(190 images per survey on average) were acquired at an approximate altitude of 60 m
above ground. Ground control points (GCPs) were required for both relative and absolute
topographic accuracy and to improve the alignment of surveys and, consequently, the
detection of topographical changes [56,69]. Twenty GCPs were registered across the area
during the first field survey and surveyed with a Leica GPS 1200 system (with RTK and
post-processed solutions with GPS + GLONNASS satellites) (Figure 1c) and used to scale
and to georeference the models. GCPs were based on natural, permanent, and clearly
identified features in the images such as wall corners and sharp rocks. The Pix4D software
(v. 3.1.18) was used to process the UAV-derived photographs together with the GCPs and
to produce point clouds, high-resolution DEMs, and orthophotographs.

Table 2. Characteristics of the surveys carried out. GSD: ground sampling distance, GCPs: ground control points, RMSE:

root mean square error.

Date 24 March 2016 16 February 2017 25 October 2017 3 May 2018 % JZ"‘OI;‘;“"
Area covered (ha) 30.8 22.3 27.5 15.19 17.6
Number of photos 271 263 148 142 155
Number of GCPs 19 20 21 21 20
RMSE (m) 0.016 0.042 0.026 0.013 0.028
GSD (m) 0.018 0.017 0.035 0.023 0.022
Number of points 134,136,325 130,194,090 285,686,716 279,987,096 82,969,351
Point density (points m~3) 1383.8 1500.5 881.5 2727.6 1026.6
Processing time (hh:mm:ss) * 04 h:11m 03 h:22m 03 h:51 m 06 h:56 m 02 h:44 m

(*) Includes time for initial alignment, point cloud densification, orthomosaic, DSM, and DEM generation using an Intel Core i7 CPU at
2.50 GHz with 8 GB RAM, GPU Intel HD Graphics 4600.

2.3. DEMs of Difference and Error Analysis

Geomorphic change analysis was conducted through the DoD approach [47], using
the Geomorphic Change Detection (GCD) v7.1 add-in [70] freely available from http://gcd.
joewheaton.org/downloads, within the ArcGIS Desktop software v10.6. We considered
a spatially variable error estimated using rules implemented through a fuzzy inference
system in addition to the georeferencing error calculated for every individual DEM during
the photogrammetry processing. Two rules, based on slope gradient and vegetation height
(obtained subtracting DEM from digital surface model (DSM)), were used in the FIS system.
Slope gradient is a common input in FIS DEM error models because it is a reasonable proxy
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for topographic complexity and can be derived easily from the input DEM [47]. DEM error
at steep slopes is commonly larger than at gentle slopes due to lower sampling density,
and the uncertainty, therefore, is greater than in areas with gentle slopes [66,71].

The vegetation cover may lead to increased uncertainties in DEM produced using
photogrammetric techniques [39]. Here, vegetation cover was filtered from the DSM using
the Pix4D algorithm to produce the DEM. A map of differences between both surfaces
(i.e., DSM and DEM) was included as input in the FIS analysis to represent the effect
of vegetation cover on DEM error. Major differences correspond to woody vegetation
(e.g., trees and shrubs), and, consequently, the uncertainty in topographic change estimation
is expected to be larger there than in unvegetated areas. We also considered the effect
of grassland, applying a minimum level of detection (minLod) based on the height of
grasses in the periods analyzed. A supervised image classification of the multitemporal
orthophotographs was conducted in order to detect the grassland cover. The influence of
slope and vegetation cover on the final error surface depends on predesigned membership
functions (MFs). Every variable is divided into three classes (low, medium, and high)
and the MFs result from the combination of these values in another four classes (low,
average, high, and extreme). This information is then used to produce a map of elevation
uncertainties (8z) for each DEM. The GCD ArcGIS plugin was used to elaborate the FIS,
defining the MFs for the input variables.

0.5
LoD = t (6ZpEmnew? + 8ZDEMod2) @

where the level of detection (LoD) is the critical threshold error in the DoDs for a significant
topographic change with a confidence interval of 95%, and 0zpgmnew and 0zpgmolq are the
estimated uncertainties of the compared DEMs using the FIS output previously described.
Actual geomorphic changes were considered in pixels where topographic change was
larger than the LoD calculated using Equation (1).

The SfM-derived DEMs allowed us to estimate the geomorphic change of the gully
before (i.e., P1) and after the restoration activities (P2, P3, and P4; see Figure 2).
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Figure 2. Time periods considered in the study as a result of the availability of topographic data. The
vertical red line displays the date of the restoration measure implementation.
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2.4. Overlapping Current Topography with Older Information

The gully in Parapufios has been monitored by different techniques in the past. For
example, Gomez-Gutiérrez et al. [7] used 28 fixed cross-sections (CSs) to study the dynamics
of the gully from 2001 to 2007 (P41; see Figure 2). This data set used an absolute reference
frame (i.e., ETRS89 UTM29 North) that facilitates the overlap with our DEMs with the aim
of quantifying medium-term changes. Nine out of the 28 original CSs were not suitable for
comparison because of the presence of woody vegetation at these locations.

Gomez-Gutiérrez et al. [11] mapped the area affected by gullying and the number of
headcuts in Parapufios valley bottom using aerial photographs for the period from 1945 to
2006. This data set was completed by mapping the gullied area and the number of headcuts
in five orthophotographs (from 2016 to 2019) obtained from the SfM photogrammetry.
The resulting database is useful to understand the dynamics of the gully at medium- and
long-term temporal scales, as well as the evolution of land use and vegetation cover in the
catchment for that timespan. This database was divided into two periods: Pp; (from 1945
to 2002) and Pg, (from 2002 to 2016).

2.5. Geomorphometry

The geomorphometric characterization of the topography may help to understand the
spatial and temporal dynamics of the erosion and deposition processes acting in the channel.
Slope gradient and curvature topographic attributes were derived from the February 2017
DEM (that represents channel morphology just after check dam establishment) and were
compared with the resulting topographic change experienced at every location (pixel)
between February 2017 and January 2019.

2.6. Explanatory Variables for Statistical Analysis

A statistical analysis was carried out to assess the influence of different environmental
factors on the effectiveness of the check dams to trap sediments. We explored the relation-
ships between a set of 11 environmental variables and the sediment volume retained in the
check dams using the linear correlation analysis. The selected explanatory variables were:
drainage area (ha), check dam length and height (m), upstream check dams (n), slope of the
catchment (°), upstream accumulated sediments (m?), channel length (m), stream power
index, tree density (trees ha_l), connectivity index [72,73], and path density (km ha_l).

The independent variables were derived from different data sources: (1) the SfM-
derived DEM with 0.02-m pixel size, (2) the SfM-derived orthophotograph with resolution
of 0.02 m, and (3) the DEM of the Spanish Geographic National Institute (CNIG, 2010) with
a pixel size of 5 m. Procedures and calculations to estimate the different variables were
conducted using ArcGIS 10.5 (www.esri.com).

3. Results

3.1. Channel Geometry

A total of five clouds with an average volumetric point density of 1504 pts m~3 were

obtained. DEMs and orthophotographs with a ground sampling distance (GSD) of 0.02 m
resulted from the SfM photogrammetric processing (Table 2). The average root mean square
error (RMSE) estimated during the SfM processing was 0.03 m, showing centimeter-level
accuracies in the resulting cartographic products and allowing a detailed geometrical
description of the gully (Table 1).

The channel presented a length of 995.9 m, from which 658.5 m, 163.1 m, and 174.3 m
belong to the upper reach, the tributary, and the lower reach, respectively. The slope
gradient was slightly lower in the tributary than in the main channel (upper and lower
reaches). Table 1 shows the characteristics of every reach.

3.2. Dynamics of the Gully

The net change at the channel for the study period (2016-2019) was estimated to be
95.4 m? (i.e., a net deposition of 33.6 m3 y~!). Topographic change showed a high temporal
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variation, from —12.8 m3 of net erosion experienced during P2 to 62.8 m? of net deposition
during P3 (Table 3). The total rainfall registered per period ranged from 159 mm (P2)
to 486 mm (P3). The average annual rainfall at the basin was 508.8 mm for the period
2005-2019, showing a high temporal variability (annual, seasonal, and monthly). After
the establishment of restoration measures, a rainy and a dry year were registered with
560.5 mm and 350.3 mm, respectively.

Table 3. Summary of the data registered during the study period: erosion or deposition, net volume difference (NVD), and

rainfall variables (R-max = maximum event rainfall).

Period P1 P2 P3 P4
Duration 24 March 2016- 16 February 2017- 25 October 2017- 3 May 2018-
16 February 2017 25 October 2017 3 May 2018 25 January 2019
Erosion (m?) —8.0 —14.7 —14 —5.9
Deposition (m?) 50.7 5.7 64.2 48
NVD (m3) 427 -9.0 62.8 -1.1
NVD rate (m? y~1) 48.5 -12.8 120.8 -15
Rainfall amount (mm) 543.4 107.4 486.4 335.1
Rainfall events (n) 30 1 25 19
R-max (mm) 57.7 20.8 21.8 22.2

A high spatial variability of erosion and deposition was observed at the different
reaches with the coexistence of erosional and depositional processes but prevailing in the
latter. The total net volume of soil deposited at the lower, the upper, and the tributary
reaches was 16.5, 71.6, and 7.3 m3, respectively.

Period 1 (P1) and P3 were filling periods, while P2 and P4 registered erosion. The
maximum accumulation in the lower reach and the tributary took place in P1 with 23.8
and 4.3 m3 y~! (Figure 3a), respectively. In the upper reach, the maximum deposition was
registered during P3 with 108.3 m3 y~!, i.e., the largest amount of sediment deposited
during the study took place in the restored reach and after the restoration activities. The
maximum erosion in the upper reach took place during P4 with -3.8 m3 y~!, while the
maximum erosion in the lower reach and the tributary happened in P2, with 9.6 m? y !
and -6.6 m® y !, respectively.

@ 120 ; 500
T}\ E
E 90 g 400
o) i =
E i :
& 60 i 300 =
= | &
Z ! E
g 30 200
oL
& 00 - ——— - 100
g
i

-30 0
P1 P2 P3 P4

B Upperreach M Lowerreach M Tributary []Rainfall

Figure 3. Cont.
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Figure 3. (a) Net erosion/deposition rate registered at the different reaches by period and (b) net
erosion/deposition rate recorded before and after the establishment of the restoration measures. Pe-
riod Pp1 (from December 2001 to June 2007) refers to the data obtained by Gémez-Gutiérrez et al. [7],
who surveyed 28 fixed topographic cross sections. The vertical red line indicates the establishment of
the restoration measures.

In PA1, the gully erosion rate was estimated at —4.2 m® y~!. The largest erosion in the
upper reach was registered between 2001 and 2007, with an erosion rate of —2.4 m3 y~!
(Figure 3b). Nevertheless, the lower reach registered the largest amount of accumula-
tion before the establishment of restoration measures. After the restoration of the upper
reach, the erosion/deposition rate was 24.1 m3 y~! against 3.6 m® y~! in the tributary
and —2.4 m® y~! in the lower reach. Of the deposition in the channel, 42% occurred in
the restored reach before the construction of the restoration measures, while 86% of the
deposition took place in the upper reach (i.e., restored reach) after the restoration.

Different processes were observed in the gully with a general aggradation of the
channel according to the estimated topographic changes. Three depositional features were
observed: (1) sediments filling the whole channel bed (Figure 4a), (2) sediments forming
lateral bars at different locations, and (3) sediment deposits behind check dams.

Several erosion processes were also observed: (1) channel bed erosion, due to the
direct action of water flow and transported materials, (2) erosion of previously deposited
sediments (both (1) and (2) represented 44% of the total erosion in the channel) (Figure 5a),
(3) the widening of the channel at some locations, (4) growth of headcuts at the tributary
reach (less than 0.5 m wide and deep) (Figure 4c) and growth in three bank headcuts at
the upper reach, representing 39% of the total erosion registered in the channel, and (5)
erosion downstream of the check dams forming plunge pools, which represented 17% of
the erosion observed in the restored area (Figure 5a). Channel widening usually starts with
lateral incision at the base of the bank that leads to reverse slopes. These banks increase
their weight during wet periods, promoting the collapse of the upper bank by gravity.
Finally, the collapsed material is available at the base of the scarp, to be eroded by the flow
(Figure 4b). In four bank headcuts located next to the fenced-isolated area, evidences of
revegetation and small blocks of collapsed material were observed (Figure 4d).
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Figure 4. Field observations showing (a) the channel bed filled with sediments and revegetated;
(b) lateral bank erosion and bank collapsed materials; (c) evidence of growth in a headcut; and
(d) bank headcuts associated with observed cattle paths. Dashed blue and red lines show the extent
of depositional and erosional features, respectively.

(b)

m Channel bed

® Lateral bank H Filling channel bed
= Headeuts ¥ Behind check dams
i Plunge pool

Figure 5. Percentage of the area covered by different erosional (a) and depositional features (only in the restored reach,
i.e., the upper reach) (b).

The overlap of our topographic data (i.e., the DEM), through topographic profiles,
with the fixed CSs allowed us to detect several geomorphological processes. Figure 6
presents three CSs at different locations for three dates: 2007, 2016, and 2019. Figure 6a
represents a CS located 85 m upstream of the outlet of the catchment (i.e., the lower reach).
Here, the channel bed was filled by sediments since 2007. Figure 6b presents a CS located in
the tributary that shows erosion of the upper banks and filling of the channel bed. Finally,
Figure 6¢ shows a CS located between GW-02 and GW-03 (i.e., the upper reach) that shows
erosion at both banks and filling with sediments of the channel bed from 2016 to 2019.
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Length (m)
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Figure 6. Evolution of three topographic cross sections located at (a) the lower reach, (b) the tributary, and (c) the upper
reach from a downstream view, with a spatial resolution of 0.02 m.

The ensemble of our data with Gomez-Gutiérrez et al.’s [11] data set allowed us to
describe the area affected by gullying, besides land use and vegetation cover dynamics
since 1945. During this period (1945-2019) important changes in vegetation cover and land
use took place in Parapufios (Table 4). The main changes can be summarized as follows:
(1) a decrease of tree density on 6 trees ha~! from 1956 to 1989, (2) reduction of grasslands
with woody vegetation, (3) a strong increase of grasslands with scarce woody vegetation,
(4) slight decrease of areas with dense tree cover, (5) a strong reduction of cropland between
1956 and 1989 (Figure 7a), and (6) an important increase on livestock density between 1998
and 2002 (from 0.30 to 2.99 animal unit ha~! (AU ha~1'); Figure 7b).

Table 4. Evolution of gullied area, besides land use and vegetation cover in the catchment. Data from
1945 to 2006, taken from Gomez-Gutiérrez et al. [11].

Pp1 Pg2 AFTER
Year 1945 1956 1989 1998 2002 2006 2016 2017 2018 2019

Grasslands with scarce, 7 40 0 oa5 685 603 603 740 740 740 740
woody vegetation (%)

Grasslands with woody 7 3 395 194 194 169 169 192 192 192 192
vegetation (%)
Areas with dense tree

o 120 21 9.0 9.0 9.0 9.0 6.6 6.6 6.6 6.6
cover (%)

Annual crops (%) - 41.8 29 29 136 13.6 - - - -
Unproductive (%) - - 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Tree density (trees ha—1) 29 31 21 21 21 21 22 22 22 22
Gullied area (m?) 695 1560 688 605 754 1009 2291 2306 2355 2360
Headcuts (n) 4 4 4 6 11 16 48 48 48 48

The area affected by gullying increased by 1665 m? (22 m> y~1) from 1945 to 2019 and
experienced different trends during that period. The area affected by gullying increased
by 865 m? (78 m? y 1) from 1945 to 1956 and the gully decreased by 955 m? (23 m? y 1)
from 1956 to 1998. The area affected by gullying increased, again, by 1606 m? (89 m? y 1)
from 2001 to 2019, with a surface of 2360 m? in 2019. During P, the increase of the gully
coincided with the heavy increase in livestock density between 2002 until 2017. The channel
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growth during P, was produced by the expansion of the gullied reaches and the retreat of
the main and bank headcuts.

b
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Figure 7. Evolution of the gullied area (m?): (a) the cultivated area and (b) the livestock density (AU ha~1). The vertical red
line indicates the date of the restoration activities. Data from 1945 to 2006, taken from Gomez-Gutiérrez et al. [11].

3.3. Restoration Measures: Effectiveness and Relationship with Other Environmental Factors

The DoDs for the upper reach, before and after the construction of GW and fascine check
dams, are shown in Figure 8. The effect of these measures is clearly visible in Figure 8c,d for
GWs and fascines, respectively, with sediments accumulated upstream of these structures. At
the same reaches, the amount of sediment accumulated in the same area before check dam
construction was significantly less than the deposition observed afterwards.

BEFORE check dam construction

Check dams: Elevation difference (m): N
— Channel thalweg [ Gabion weir B -050--030 [O0-022 A
Upper reach -+—+— Fascine B -030-0 Il 0.22-0.50

Figure 8. Resulting digital elevation models of differences (DoD) for two reaches at the upper
reach (a,b) before check dam construction (DoD 2016-2017) and (c,d) after check dam construction
(DoD 2017-2019). Note that (c) shows four gabion weirs (GWs) while (d) presents one GW and
11 fascines (Fs).
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Table 5 reports the volumes of erosion and deposition for the two selected reaches
presented in Figure 8. The net volume difference (NVD) between GW-01 and GW-04 before
and after restoration activities was 8.33 m3 and 33.73 m?, respectively. The NVD between
F-07 and F-17 before and after restoration activities was —6.03 m> and 6.02 m3, respectively.
The volume of sediments deposited between GW-01 and GW-04 increased by 404.9% after
check dam construction. In the area where fascines predominate, the volume of sediments
deposited increased by 209.8% after check dam construction.

Table 5. Total volume of erosion and deposition registered before and after check dam construction
for the reaches presented in Figure 8. BEFORE = before check dam construction. AFTER = after check
dam construction. NVD = net volume difference.

BEFORE AFTER
March 2016-February 2017 February 2017-January 2019
Channel Reaches  prosion  Deposition ~ NVD Erosion Deposition = NVD
m3 m3 m3 m3 m3 m3
GW-01/GW-04 —0.98 9.31 8.33 —0.95 34.68 33.73
F-07/F-17 —6.15 0.12 —6.03 —1.83 8.45 6.62

A total of 11.7 m® of sediments was deposited behind check dams, while 0.9 m® were
eroded immediately downstream of check dams. The sediments retained behind check
dams represent 39% of the total deposition observed in the restored area (Figure 5b). Large
amounts of sediment were observed in the check dams located close to the outlet of the
catchment (Figure 9). Most of the deposition took place between check dams GW-01 and
GW-04 with GW-01 trapping the largest amount of sediment (i.e., 5.37 m?). Fascines also
retained sediments but to a lesser extent than GWs.

12.0
E
- 11.0 g ¢ X 200X
£ GW-08 se”
g 100 GW-05 e
= GW-04 . qreommmeptim e mmmm = ®
= ’ GW-06 GW-07
g 90 GW-03
E i
T
% 80
T fGW-02
o
E 7.0
;E 6.0

¢ GW-01
50
200 300 400 500 600 700 800

Distance to the outlet of the catchment (m)

Figure 9. Accumulated sediments trapped at each check dam plotted against the distance to the
outlet of the catchment. Note that the line shows the sediments trapped at each check dams plus the
sediments trapped downstream of that specific check dam.

The check dams located near the channel head (GW-08, F-09, and F-13) showed erosion
in the area immediately downstream of the structure (Figure 8d). Figure 10b presents an
example of an eroded plunge pool in GW-08. The volume of material eroded downstream
of the wall was higher than the sediment trapped immediately upstream of the structures
in three check dams.
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— Channel talweg
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Check dams:
1 Gabion weir
—— Fascine
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Figure 10. Detailed examples of processes observed close to some check dams through dig-

ital elevation model of differences (DoD) from February 2017 to January 2019 and photographs:

(a,a.1) sediment deposition behind GW-03 and the corresponding photograph; (b,b.1) channel in-

cision just downstream of GW-08 and the corresponding photograph; (c,c.1) lateral bank erosion

downstream of GW-04 and a view of the area; (d,d.1) reduction of lateral bank erosion as result of the

implementation of F-02 and the photograph of this geomorphological process. GW = gabion weir

and F = fascine.
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During periods P2 and P4 some sediment deposited in the channel were partially
removed by stream flow. Erosion of the channel was observed during both periods.
Deposition in the check dams took place in P2 and P3 despite erosion prevailing in P2.

Figure 10 shows some detailed examples of the processes observed immediately
downstream and upstream of some check dams. For example, Figure 10(a,a.1) shows the
sediment deposition experienced at GW-03, while Figure 10(b,b.1) presents the plunge
pool erosion that took place at three check dams. At GW-04, F-03, and F-05 the erosion
observed immediately downstream was mainly concentrated in the left bank (Figure 10c).
The fascines were located in a reach that suffered significant erosion before their installation.
F-23 and F-24 stopped this erosive dynamic, but they did not retain any sediment. The
effect of a fascine reducing lateral bank erosion with evidences of stabilization is shown in
Figure 10d.

Table 6 presents the correlation coefficients for the relationships between the sediment
volume retained in check dams and different topographic environmental variables. Ac-
cording to this analysis, the sediment volume retained in the check dams was positively
correlated with the amount of sediment accumulated upstream (R = 0.934). We also found a
positive correlation, though with lower values for the correlation coefficient, for the stream
power index (R = 0.791), the drainage area (R = 0.724), and the check dam length (R = 0.654),
with all these relationships being statistically significant at a confidence level of 95%.

Table 6. Pearson correlation coefficient (r) between the sediment volume retained in check dams and
topographic environmental variables (n = 8 gabion weirs, n = 25 fascines). * Statistically significant
values (p < 0.05).

Sediment Volume (m?)

Variable All Check Dams Gabion Weirs Fascines
Drainage area (ha) *0.724 *0.774 0.330
Check dam length (m) *0.654 *0.739 —0.213
Check dam height (m) 0.609 0.311 —0.067
Upstream check dams (n) 0.506 0.691 0.372
Slope of the catchment (°) —0.080 0.529 —0.387

Upstream accumulated

. 3 *0.934 *0.913 0.143
sediments (m~)
Channel length (m) *0.648 *0.720 0.263
Stream power index *0.791 *0.814 0.325
Tree density (trees ha™!) 0.637 *0.807 0.192
Connectivity index 0.507 *0.810 * —0.407
Path density (km ha™1) 0.242 0.091 0.257

The correlation coefficients between topographic environmental variables for all check
dams and only GWs were similar (Table 6). The volume of sediments retained in the GWs
was positively correlated with sediment accumulated upstream, followed by the stream
power index and the connectivity index. On the contrary, the connectivity index presented
a negative and weak correlation with respect to sediment volume for fascines.

The orthophotograph from 2016 was used to map a total of 82 headcuts, from which
48 were located along the channel and 38 were bank headcuts. Figure 11 displays the
growth of some headcuts at different reaches. Four active headcuts were observed in the
tributary (Figure 11a) with a mean headcut retreat of 0.87 m? (Figure 11d), ranging from
1.33 m? to 0.63 m? between March 2016 and January 2019.

Figure 11b,c presents details of the restored reach; specifically, Figure 11b shows
the two types of restoration activities: check dams and isolation by fencing. Eight bank
headcuts were isolated within the fenced area in the left bank of a strongly degraded reach
(i.e., between GW-04 and GW-05). The mean headcut retreat for these eight headcuts was
0.11 m? (Figure 11d). Four of the eight bank headcuts in the isolated area did not grow after
the fencing and some evidences of revegetation were observed there. Figure 11c shows
the growth of some headcuts, similar to Figure 11b but in an unfenced area of the upper
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reach. There, the mean headcut retreat was 0.43 m? between March 2016 and January
2019. The largest retreat was 0.54 m? and was observed in a headcut located in a new
channel parallel to the main channel. On the contrary, the smallest retreat was 0.24 m?, in a
headcut of the main channel. Two kinds of bank headcuts were observed in the channel.
We observed classic bank headcuts that usually grow perpendicular to the channel and
headcuts captured by cattle paths parallel to the gully (Figure 11b) [68].

Mean headcut retreat (m?)

o [

(a) (b) (c)
—— Main channel thalweg e
—— New channel thalweg Headcut retreat: Headcut changes:
Check dams: :
—— Headcut border 3 Gabi ) ®>30cm O <10 cm Bl Deepening
Cattle path PONWET T @1030em O 0em B Filling

----- Cross-sections (CS-1/3) —— Fascine

Figure 11.

Headcut retreat at different locations: (a) the junction between the tributary and the upper reach forming the

main channel; (b) a part of the upper reach with bank headcuts that were fenced to protect against livestock; (c) a part of the

upper reach with unfenced headcuts at the left bank of the upper reach; and (d) mean headcut retreat (expressed in m?) of

the reaches shown in this figure during the period with restoration measures (February 2017-January 2019).

Figure 12 presents three CSs of the gully (displayed in Figure 11) before and after
the installation of the restoration measures. The bank headcuts and the channel at CS-1
experienced incision before the installation of the restoration measures. However, this
erosive dynamic changed to deposition after the restoration activities (Figure 12a). Incision
before restoration activities and deposition after the works was also observed at CS-2
(Figure 12b). Finally, the only CS where incision could be observed after the installation of
the restoration measures was CS-3 (Figure 12c).



Land 2021, 10, 62

17 of 28

BEFORE: BEFORE:
@ 393 - ~0.19 m? ~0.16 m?
369.1 AFTER: AFTER:

0.28 m2 0.19 m?

E 3689
= BEFORE:
2 3687 -0.02 m?
> 3
2 385 AFTER:
—2019
368.3 ---2017
—2016
368.1
0 2 4 6 8 10 12
Length (m)
(b) 3793 (c) 37838
379.2 3788 | >
BEFORE: BEFORE:
Z 3791 -0.39 m2 g 3787 -0.04 m?
= 379.0 AFTER: c AFTER:
g 0.08 m2 £ 3787 -0.05 m?
S 3789 g
2 o 3786
s3] s3] B
378.8 . \ — i
378.7 ---2017 378.6 2017
- —2016 —2016
378.6 ) 378.5
00 05 10 15 20 25 30 0 05 1 15 2 25 3
Length (m) Length (m)

Figure 12. Cross sections (CSs) indicated in Figure 11: (a) CS-1, (b) CS-2, and (c) CS-3, before the
installation of the restoration measures (2016) and afterwards (2017-2019).

3.4. Micromorphology and Topographic Change

Planform and profile curvature, computed for the DEM from February 2017, were
plotted versus topographic change experienced between 2017 and 2019 (Figure 13). Note
that the signs for convexity and concavity in profile curvature are opposite of planform
curvature, i.e., negative indicates convexity while positive indicates concavity. Erosion
prevailed at convex features in the perpendicular direction to maximum slope for 65.7% of
the erosion pixels, while the majority of pixels that experienced deposition correspond to
concave features in the 2017 DEM (56.5% of the pixels). A similar pattern is observed for
profile curvature (Figure 13b), with the majority of pixels that registered erosion (73.5%)
located at convex pixels in the direction of the steepest slope and deposition corresponding
mainly to pixels with concave profile curvature (65.9%).
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Figure 13. (a) Gully planform curvature and (b) profile curvature derived from 2016 digital elevation model (DEM) and
compared to erosion (red) and deposition (blue) for the whole channel during the period 2016-2019.
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Figure 14 plots profile curvature and topographic change registered behind the check
dams for P2 and P3. The profile curvature was derived from the DEMs from February
2017 and October 2017 and was plotted versus the topographic change experienced behind
check dams for P2 and P3, respectively. The results indicate that deposition behind check
dams during P2 and P3 mostly took place on concave and flat surfaces, due to the filling of
previously concave areas. The deposition during P2 prevailed on concave areas for 44% of
the pixels. The deposition during P3 predominated on concave areas for 38% of the pixels.
These results indicate an increase of convexity and the transition from concave to plan
and/or convex morphology behind the check dams.

Convex Flat Concave

0.6 ‘

* Deposition (P2) .

| .o
05 1. Deposition (P3) . T

0.4

0.3

0.2

Topographic change (m)

0.1

0.0

Profile curvature (1/m)

Figure 14. Profile curvature derived from 2017 digital elevation model (DEM) and compared to
deposition behind check dams in P2 and in P3 by the DEMs of difference (DoD).

The local slope gradient played an important role in determining whether a pixel
will experience erosion or deposition. As expected, the initial slope at pixels that later
experienced erosion was significantly higher than those that registered sedimentation
(Figure 15), at a confidence level of 95%.

50
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'
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Figure 15. Initial slope gradient (calculated using the DEM from 2016) for pixel that experienced
erosion or deposition from 2016 to 2019 (p < 0.05).

Regarding channel slope gradient, a slight decrease was observed after the construc-
tion of the check dams, mainly at the GWs’ location (Figure 16). The average slope gradient
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of the reach between GW-01 and GW-04 in 2016 and 2019 was 2.9% and 2.3%, respectively.
In some places, like the area restored using fascines, the slope of the channel remained
stable.

369.0
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Figure 16. Longitudinal profile of the channel between GW-01 and GW-04. GW = gabion weir.

4. Discussion

In this section, we first discuss the uncertainties of the cartographic products acquired
using the UAV and the SfM photogrammetry to detect topographic changes in a valley-
bottom gully. Afterwards, the spatial pattern of the topographic changes registered before
and after restoration activities is discussed. Finally, the effectiveness of the restoration
measures (i.e., check dams and livestock exclusion) is also analyzed.

4.1. Using SfM Photogrammetry to Detect Topographic Changes

Unmanned aerial vehicles and SfM photogrammetry enable detailed quantification
and characterization of geomorphic processes in gullies [68,74]. The combined use of UAV
platforms and photogrammetric techniques may be an interesting alternative to classical
methods such as the topographic survey of CSs used in previous studies carried out in
the same channel [7,35]. In comparison to other topographic techniques, the methodology
used here reduced field work to one day for each flight (one UAV pilot and one GNSS
operator) covering the whole channel. The fixed-wing UAV provided 30-min flight times
on average to cover areas of 23 ha, acquiring 2-cm resolution images with a longitudinal
and lateral overlap of 90%. The processing time of the data sets to produce the point cloud,
the DEM, and the orthophotograph was four hours on average (using an Intel Core i7 CPU
at 2.50 GHz with 8GB RAM, GPU Intel HD Graphics 4600).

The georeferencing error influences the quality of the resulting DEM and, hence, the
estimation of the topographic changes. The number and spatial distribution of GCPs are
critical elements that influence the accuracy of the results, e.g., [37,75]. There are different
criteria for establishing the number and distribution of GCPs to minimize georeferencing
errors in the evaluation of geomorphological changes: (1) A well-distributed network of
GCPs [76,77], (2) a densification of GCPs near the areas of interest (i.e., within the channel
or close to the banks) [39,78], and (3) a minimum of 15 GCPs in surfaces with more than
18 ha [79]. A combination of the three criteria was considered here to achieve optimal
results. The importance of GCPs goes beyond the georeferencing and the coregistration
of the DEMs as they are also used for the camera self-calibration procedure (i.e., camera
parameters are refined on the basis of GCP accuracy).

Several factors that may add or increase errors in the estimation of topographic
changes are the presence of vegetation and water over the surface. An important limitation
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of the proposed methodology is the unsuitability of SfM techniques to capture topography
in areas with dense vegetation cover [25,38,80]. In our study, 9% of the channel was not con-
sidered for the analysis because of the occlusion produced by vegetation. The use of other
sensors and techniques (e.g., LIDAR) may provide solutions that overcome this limitation.
UAV-based LiDAR survey to acquire DEMs shows a satisfactory capability to estimate
geomorphic changes as vegetation and ground pulse returns can be differentiated [81,82].

Vegetation prevents direct observation of the ground surface for photogrammetric
techniques [43,56,83]. In particular, woody vegetation hides the topography while the
herbaceous vegetation may cause an overestimation or underestimation of surface height.
We managed to correct the error produced by vegetation cover, besides topography, using
the FIS error estimation. Slope gradient was included as a variable that is spatially autocor-
related with the DEM error [47]. The DEM error is usually large at steep slopes due to low
point density in these areas [66,84]. The grassland cover may produce an overestimation
of erosion or deposition (depending on the seasonal growth and sequence of grassland
cover). For instance, in the DoD from October 2017 to March 2018 positive values due to
grassland cover were identified and removed in very steep slopes or almost vertical banks
where only erosion can take place. In this study, the grassland cover was detected through
a supervised classification of the orthophotographs. Subsequently, a minimum level of
detection (minLod) based on the average height of the grasses was applied. For example,
in the DoD from 2017 to 2018, 347.6 m? within the channel (i.e., 10.2%) were classified as
grassland cover, and this surface would result in an overestimation of 41.7 m?3 of sediments
for an average height of 12 cm. The height and extent of grassland cover in dehesas show a
high temporal (annual and seasonal) variability governed by rainfall and a high spatial
variability influenced by pasture management [85,86].

Regarding the existence of water, ephemeral streams only show water in the channel
during and immediately after moderate or important precipitation events. The presence of
water in the channel may represent a limitation because reflective, glossy, or transparent
objects are not reconstructed in a reliable way [25,87]. In our study, the submerged surface
of the channel was negligible because the gully only drives ephemeral flows, but for
channels with permanent flow there are successful applications of StM photogrammetry to
reconstruct these submerged surfaces, e.g., [42,88].

4.2. Gully Dynamics before and after the Restoration Measures

The restoration activities modified, notably, the incision and deposition dynamic. This
work focused on short-term or medium-term changes (from 2017 to 2019) and a longer
timespan would be necessary to characterize long-term changes induced by the restoration
activities. We also exploited data sets produced by Gomez-Gutiérrez et al. [11] and Goémez-
Gutiérrez et al. [7], who mapped the area affected by gullying for the period 1945-2006 and
analyzed gully dynamics through 28 fixed CSs from 2001 to 2007.

The incision dynamics of the gully in Parapufios were episodic, complex, and deter-
mined by extrinsic (climatic, anthropogenic) and/or intrinsic factors (inherent to the gully
itself, e.g., changing channel geometry), both performing at the same time. Two incision
cycles (1945-1956 and 1998-2016) were observed before the restoration activities in 2016
and attributed to land use and management changes. This growth of the gullied area in
Parapuiios was observed by Gomez-Gutiérrez et al. [11] and attributed to the increase of
the cultivated surface in the catchment between 1945 and 1956. From 1998 to 2016, a new
growth episode of the gullied area was observed, coinciding with an important increase in
livestock density (from 0.30 to 2.99 AU ha~!) and a slight increase in the cultivated area
within the catchment. According to Gémez-Gutiérrez et al. [11], the increase of livestock
density was influenced by the Common Agricultural Policy (CAP) that promoted excessive
stocking rates. Overgrazing has been described as a crucial factor in the development
of gullying processes in dehesas [11]. Animals provoke mechanical erosion of the soil,
causing soil compaction, decreasing soil infiltration capacity, and increasing overland flow.
Overgrazing has also played a key role in the development of gullies in Ecuador [89], New
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Zealand [90], Ethiopia [91], Chile [92], and Italy [3]. Between the two incision periods,
i.e., from 1956 to 1998, the area affected by gullying decreased from 1560 to 605 m? due
to the abandonment of the agricultural activity and the revegetation of the valley bottom.
These results indicate that valley-bottom recovery is plausible without restoration activi-
ties, i.e., just relaxing land use intensity, but this situation is improbable in such a lowly
profitable exploitation system.

The restoration activities may be considered as an extrinsic anthropogenic force that
promoted gully filling and the reduction of bank erosion. The stabilization of the gullied
area was related to restoration measures established in the channel in February 2017.
Moreover, in the reaches where erosion was observed before the check dam construction,
deposition was registered after restoration activities. In the reaches where deposition was
observed before the check dam construction, a larger amount of sediment was detected after
the check dam construction. The predominance of depositional processes in the channel
indicates that the catchment is producing sediments that reach the channel and cannot be
evacuated by the concentrated flow. The deposition observed in the channel comes from
the sediments eroded at hillslopes by sheet wash and from the gully itself. Former studies
confirmed the important supply of sediments from the hillslopes [93] to the valley bottoms
in the recent history of dehesas.

In this work, the restoration strategy focused on the channel, which is recommended
in this type of environment where most of the water resources are stored in the valley
bottoms. The existence of gullies in valley bottoms increases hydrological connectivity and
favors the loss of water resources [94,95]. The restoration measures focused on the channel
may promote the retention of water and sediments. At the same time, these sediments
fill the channel, favoring more revegetation and water retention [96]. On the other hand,
restoration strategies that do not focus only on the channel, and, therefore, include the
whole catchment, are commonly more effective at long-term temporal scales [97]. The
restoration strategies focused on recovering vegetation cover in a catchment reduce runoff
and slow the transfer of sediments from hillslopes to valley bottoms. Nevertheless, the
application of integral strategies may present limitations in dehesa environments for two
reasons: (1) the low profitability or productivity of the economic activities and (2) the
difficulty of carrying out a reforestation due to the presence of cattle [98]. The results
of our work suggest an immediate effect of the restoration activities implemented in the
channel but an integral and combined strategy (i.e., considering the whole catchment
and the channel) may support the sustainability of the dehesa ecosystem at a long-term
temporal scale.

Climatic fluctuations perform as extrinsic factor for gully genesis and development
in semi-arid areas [99,100]. The infilling periods were characterized by a large number of
rainfall events (i.e., between 25 and 30 rainfall events) with high amounts of precipitation
(i.e., between 480 and 550 mm), while the incision periods registered between 1 and
19 rainfall events with 105 and 340 mm.

After the restoration activities, the deposition in the upper reach was higher than
sedimentation registered at the lower reach and the tributary. An interesting finding is
that no significant changes in the dynamics of the gully were observed downstream the
restored reach. After check dam establishment, aggradation processes were prevalent in
the upper reach but incision was also observed in recently filled areas. This removal of
recent sediment deposits suggests the occurrence of scour cycles, as already observed by
Gomez-Gutiérrez et al. [11].

Former studies carried out in Parapufios and similar environments estimated soil
erosion rates due to gully erosion, which are presented in Table 7. These studies registered
net erosion and described gullies as dynamic erosive forms. In Parapufios catchment,
the gully erosion rate between 2001 and 2007 was estimated at -0.04 m®> ha=! y~!. In a
cultivated area located in Alentejo region, the gully erosion rate between 1970 and 1985
was estimated at —3.2 m3 ha~! y~1. Our results suggest a general depositional dynamic
that was particularly important in the restored reach (i.e., the upper reach) and after the
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restoration activities. Before the restoration measures were implemented, the sediment
deposition rate for the whole channel was 0.48 m3 ha=! y~! against 0.25 m3 ha=! y~!
after the restoration activities. However, 42% of the deposition in the channel occurred
in the restored upper reach before the construction of the check dams, while 86% of the
deposition took place in this reach after restoration.

Table 7. Gully erosion rates in Parapufios and other agrosilvopastoral systems.

Source Location Period Gully Erosion Rate
This work Parapufios catchment (SW Spain) 2017-2019 0.25m3 ha~! y*1
This work Parapufios catchment (SW Spain) 2016-2017 0.48 m®ha~!y~!

[71 Parapufios catchment (SW Spain) 2001-2007 -0.04m3 ha! y*1
[12] Guadalperalén catchment (SW Spain) 1990-1997 -0.15m3? ha=! y~!
[101] Alentejo region (SE Portugal) 1970-1985 -32m%ha”! y_1

4.3. Effectiveness of the Restoration Measures

The overall performance of the restoration activities in the channel to control gully
erosion was satisfactory. Since their installation, GWs and fascines were effectively reducing
lateral bank erosion and favoring sediment deposition. The check dams located near the
headwater retained less sediment than those located downstream. For example, the volume
of sediments deposited in the reach between GW-01 and GW-04 increased 4-fold after check
dam establishment, while the sediments accumulated in the reach between GW-04 and
GW-08 increased 3-fold. In contrast, the reaches restored using fascines increased 2-fold
the amount of deposited sediments. A similar spatial pattern has been described in the
literature [102,103] and explained by the reduced flow velocities at the downstream reaches.
The accumulation that took place in the check dams reduced channel slope, decreasing flow
energy and favoring (in a positive feedback mechanism) again sedimentation, as observed
between GW-01 and GW-04. Despite most of the sediments being trapped at downstream
check dams, upstream check dams may play an important role stabilizing the channel
bed [96], laminating floods, and reducing flow velocity. Therefore, the effectiveness of the
restoration activities in the channel should be considered as a whole system of elements
working together. The efficiency of restoration activities focused on the channel is limited
in time [104] as check dams have a finite capacity to retain sediments. The useful life of a
dam is defined as the time from the construction to the complete siltation [30]. For example,
GW-01 and GW-04 will be silted in a range of 3.2 to 3.7 years from January 2019 with the
current deposition rates.

The Parapufios catchment is a water-limited environment with a mean annual rainfall
of 513 mm and high seasonality. The soils, mainly in hillslopes, are shallow with small
water retention capacity, and the existence of a valley-bottom gully favors the transfer
of water and sediments from the valley bottoms to the outlet. In such a water-limited
environment, the role of valley bottom soils collecting and retaining water resources is
crucial. The restoration activities implemented in the channel decreased sediment and flow
connectivity, trapped sediments, and promoted the retention of water in valley bottoms.
The availability of water favors an increase in grass quantity for livestock.

Two main drawbacks were observed as a consequence of the restoration activities:
(1) three check dams (GW-08, F-09, and F-13) experienced soil erosion immediately down-
stream of the wall and (2) the permanent visual impact of GWs in the landscape. The erosive
process that takes place immediately downstream of the wall may undermine check dam
stability and has been described as a common side effect, besides changes in the hydro-
logical regime and channel morphology, e.g., [29,105,106]. The GWs were designed with
a central spillway that allows the evacuation of important floods that result from heavy
rains. Every GW generates a small waterfall that may produce channel bed erosion. This
process was only observed at check dams where bed materials were mainly fine sediments.
In order to minimize soil erosion immediately downstream of the wall, these areas may be
protected using coarse rock fragments.
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The electric shepherd installed as an isolation measure promoted the recovery of
the bank headcuts located within the fence. This measure was already proposed by
Gomez-Gutiérrez et al. [68] as pasture management strategy for agrosilvopastoral systems
with the goals of isolating degraded areas from livestock, forcing animals to cross the
channel at specific places, and excluding them from the valley bottoms, particularly in
periods of soil saturation (i.e., high soil moisture content) and rain. This type of restoration
measure was also proposed by Shellber and Brooks [107] in alluvial gullies in Australia.
Cattle management through fencing, excluding animals from the most degraded areas,
may reduce chronic soil disturbance and increase grass cover, which can protect soils from
rainfall and runoff. An interesting strategy would be to prevent livestock access to the valley
bottom with saturated soils through effective livestock management from a spatio-temporal
viewpoint (e.g., holistic management) and taking into account the seasonal evolution of
the vegetation cover [108]. The mechanical effect of animals in the soil is amplified under
high soil moisture content. This kind of rehabilitation measure (i.e., livestock exclusion
measure) in degraded areas may be useful and cost effective in reducing gully erosion in
specific and much degraded hotspots in agrosilvopastoral systems.

In nonfenced areas, cattle can cross the channel and transit through the valley bottom,
promoting the development of cattle paths and the formation of bank headcuts. Cattle paths
increase the connectivity of flow and sediment coming from the hillslopes, favoring these
bank headcuts [68]. The influence of cattle is so strong that the cattle paths influenced the
development of a new channel parallel to the main channel in the upper reach, as observed
by Gémez-Gutiérrez et al. [68]. The diversion of flow from the main channel in this part of
the upper reach has promoted its recovery in terms of revegetation and sedimentation.

Channel restoration based on check dams is a common strategy in the region. A recent
study carried out in the dehesa boyal of Monroy (DBM) [28] estimated a sediment deposi-
tion rate of 0.070 m3 ha=! y~! at 116 check dams during the period 1994-2017. Our results
showed a deposition rate (0.005 m> ha~! y~!) that was lower than in DBM. Many factors
may support this difference: (1) different length of the study periods with variations of
rainfall and flood discharge production producing fluctuations of the sediment deposition
rate in time, (2) check dams’ characteristics (design, materials, and length), (3) land use
intensity, with DBM being a communal farm operated by different managers in time, and
(4) topography. Presumably, topography, check dam length, and land use played an im-
portant role in the differences observed between deposition rates in Parapufios and DBM.
For example, Parapufios showed an average slope of 8% while DBM presented an average
slope gradient of 18%. In terms of check dam locations, Parapufios presented check dams
with a distance of less than 10 m between them (e.g., between F-06 and F-18) and which
retained small amounts of sediment. In DBM, the distance between check dams is slightly
greater than Parapufios but the slope gradient is higher. The distances between consecutive
check dams have to be considered as a function of slope gradient and drainage area [109].
A large distance between consecutive check dams will cover a larger, drained area and may
lead to higher sediment volume behind check dams. Regarding land use intensity, a total
of 12 farmers rented the communal farm (i.e., DBM) for livestock rearing during the last
two decades, sometimes carrying out intensive and unsustainable land use. The livestock
density experienced a different evolution in Parapufios and DBM in the last decades. In
Parapuiios, the livestock density grew since 1998 while a decrease was observed in DBM
since 2003. The check dams with the highest volume of sediments in DBM were built in a
time with very high livestock density (i.e., 1.95 AU ha~!). Nevertheless, the sediment depo-
sition rate in DBM and in Parapuiios is of the same order of magnitude (0.01 m3 ha=! y~!
and 0.005 m3 ha=! y~1, respectively) when only the sediment deposition rate in check
dams (n = 33) with similar catchment conditions are considered, i.e., slopes of ~10%, stream
power index of ~127, and check dam length of approximately 8 m.
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5. Conclusions

Multitemporal topographic surveys using a UAV and SfM photogrammetry allowed
us to analyze the effectiveness of restoration activities implemented in a valley-bottom
gully in a wooded rangeland catchment. Topographic changes were determined through
the DoD approach and the FIS method was used to integrate spatially variable errors. In
addition, previous studies conducted in Parapufios allowed us to understand the dynamics
of the gully at medium- and long-term temporal scales and to compare with the recent
channel dynamics.

The performance of the restoration activities to control gully erosion was satisfactory.
The stabilization of the gullied area was related to restoration measures in the channel.
GWs and fascines were effective in favoring sediment deposition and reducing lateral
bank erosion. A spatial pattern of the stored sediments was observed, with check dams
located near the headwater retaining less sediment than those situated downstream. The
sediments deposited in the lower part of the restored reach increased 4-fold in comparison
with the period before check dam construction. The sediments retained behind check
dams reduced the slope of the channel bed and established a positive feedback mechanism
for channel revegetation. The fenced-isolated area installed in a strongly degraded area
promoted the stabilization of four bank headcuts with evidences of revegetation. Before the
restoration activities two incision cycles were observed and were attributed to land use and
management changes, with overgrazing playing a key role in the growth of the gully. From
2016 on, the gully showed general depositional dynamics, being particularly important
in the upper reach. Deposition in the upper reach, where check dams were installed,
was higher than sedimentation registered at the lower reach and the tributary. Despite
deposition prevailing on concave areas, deposition on flat and convex areas increased.
The predominance of depositional processes in the channel was attributed to sediments
produced by sheet erosion at hillslopes, as well as erosion of the gully itself. Despite
the predominance of net deposition in the channel, a high spatial variation of processes
was observed. These processes included: channel aggradation along the channel bed
and behind the check dams, channel bed incision, lateral bank erosion and bank collapse,
deepening and widening in headcuts, and eroded plunge pool. Furthermore, erosion was
also observed immediately downstream of three check dams.

A sustainable land management, including adequate cattle grazing practices, is needed
to ensure that no new gullies are initiated and to stabilize already existing gullies. The
results obtained here are also valuable for analyzing the evolution of a valley-bottom gully
and the geomorphological processes in dehesa landscapes and to understand the role of
restoration measures in gullies.
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