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A B S T R A C T

Gully erosion is an important process of land degradation in mountainous regions, and is known to be one of the
major sediment sources in eroded catchments. Recent studies have suggested that living and dead vegetation can
be effective for ecosystem restoration, and large-scale restoration projects have been implemented in the tropical
Andes in recent decades. However, few quantitative studies exist on the effectiveness of gully restoration to
reduce sediment production and mobilization. In this study, sediment mobilization and transport was studied in
five micro-catchments (< 1 km2) with different soil and water conservation treatments. The techniques that
were used for soil and water conservation involve vegetation restoration on the hillslopes and check dams in
active gully channels. To characterize the routing of sediment within the micro-catchments, we measured
erosion and sediment deposition within the gully channels. Sediment yield was estimated from measurements of
sediment accumulation in sediment traps that were constructed at the outlet of the micro-catchments. Flow
barriers are shown to be very effective in stabilizing active gully systems in badlands through significant re-
duction (of> 70%) of the amount of sediment exported from the micro-catchments. The construction of wooden
barriers (or so-called check dams) in active gully channels enhances sediment deposition in the gully bed. The
latter is strongly dependent on the rainfall intensity, as well as gully channel slope and vegetation cover. The
experimental data suggest that there exists a threshold value of rainfall intensity (I30max) of about 23mmh−1,
above which all sections of the gully system are actively contributing water and sediment to the river network.
Also, forestation of active gully systems with rapidly growing exotic species such as Eucalyptus has a positive
effect on the stabilization and restoration of the badlands, and effectively reduces the sediment export.

1. Introduction

In tropical mountain regions, mass movement and soil erosion by
water are the dominant processes that transport soil material down-
slope (Harden, 2001; Vanacker et al., 2003; Guns and Vanacker, 2013).
Water erosion is an important process of land degradation (Poesen
et al., 2003), and leads to the development of extensive rill and gully
networks and the formation of so-called badlands. When the protective
native vegetation cover is removed, the soil becomes rapidly exposed to
the effects of erosive rainfall (Inbar and Llerena, 2000; Molina et al.,
2007). The rapid generation of surface runoff results in the formation of
gullies that further enhances soil degradation by destroying the soil
layer and exposing the parent material to the action of water (Harden
and Scruggs, 2003). Soil erosion poses important limitations to the
development of agriculture, as elevated soil losses have a negative

effect on crop productivity (Pimentel et al., 1995; Duan et al., 2016).
The off-site effects of soil erosion in tropical mountains are multifold:
increasing costs for hydropower installations due to a reduced water
storage capacity (Harden, 1993), pollution of water reservoirs and dams
that are used to supply drinking water (Harden, 1993; Navarro Hevia
et al., 2014), and siltation of irrigation infrastructure.

Data-driven studies show that soil erosion rates in tropical mountain
regions have changed significantly in the recent past (Harden, 1993;
Harden and Mathews, 2002; Podwojewski et al., 2002; Molina et al.,
2007). Changes in land use and land management, modifications of
agricultural practices, and climate variability and climate change can
alter surface runoff and magnify the intensity of soil erosion processes
(Kosmas et al., 1997; Yang et al., 2003; Imeson, 2012). However, a lot
of uncertainty exists about future changes in soil erosion and sediment
yield (Cadilhac et al., 2017) as quantitative information on sediment
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production and transport in tropical mountain regions is scarce.
Conservation and restoration of eroded and degraded land is in-

creasing worldwide (De Groot et al., 2013), and assisted vegetation
restoration and unassisted vegetation regeneration is gaining mo-
mentum (Chazdon, 2008), also in the Tropical Andes (Dehn, 1995;
Knoke et al., 2014). Restoration of the protective vegetation cover is an
essential component of conservation and restoration projects, as vege-
tation cover exerts a first-order control over erosion rates (Gyssels et al.,
2005; Vanacker et al., 2007b; Molina et al., 2008). An increase in ve-
getation cover helps to protect the ground surface for raindrop action
allowing infiltration and reduction of surface runoff (Bruijnzeel, 2004),
to regulate surface hydrology (Thornes, 1990; Kosmas et al., 1997;
Bochet et al., 2006) and to reduce rates of water erosion and sediment
transport (Rey et al., 2005; Vanacker et al., 2007b; Stokes et al., 2008;
Molina et al., 2009; Bellin et al., 2011). Decomposition of organic
material leads to an increased input of organic C and N in the soil (Ruiz
Sinoga et al., 2012; De Baets et al., 2013), and assists the recovery of the
soil functionality (Yüksek and Yüksek, 2011). Additionally, the vege-
tative cover reinforces the root matrix in the soil mantle and enhances
soil cohesion (Bochet et al., 1998; De Baets et al., 2006; Hooke and
Sandercock, 2017). A dense and short vegetation cover is an effective
way to control water erosion (Sanders, 1988).

Soil and water conservation techniques that combine vegetation
protection and restoration with gully restoration can be highly effective
in reducing water runoff (Chirino et al., 2006; Descheemaeker et al.,
2006; Xu et al., 2008), soil erosion and sediment yield (Rey, 2003; Rey,
2004; Cohen and Rey, 2005; Rey et al., 2005; Zheng, 2006; Burylo
et al., 2007; Erktan and Rey, 2013; Marden et al., 2014; Rey and Burylo,
2014). While vegetation restoration on the hillslopes aims to reduce soil
erosion and surface runoff by restoring the soil functions on-site, the
construction of check dams in the gully channel aims to reduce transfer
of surface runoff and sediments downstream (Xiang-Zhou et al., 2004;
Boix-Fayos et al., 2008; Molina et al., 2009).

There is a growing number of studies that highlight the effectiveness
of soil and water conservation techniques for conservation and re-
storation of eroded land. In the Ethiopian Highlands, an integrated
landscape restoration programme included the implementation of ter-
race agriculture, construction of check dams and gabions in stream and
gully channels and establishment of exclosures or set-aside areas
(Descheemaeker et al., 2006; Haregeweyn et al., 2015). Taye et al.
(2015) showed that the soil and water conservation measures are more
effective in reducing soil loss than runoff, and that the effectiveness of
many structures quickly declines over time. In the dry valley of Min-
jiang River, SW China, three different plant species were tested for their
effectiveness to reduce water runoff and soil loss: Xu et al. (2008) report
that plant characteristics such as leaf area, canopy density and height
control the effectiveness of the vegetation to improve soil properties
and reduce runoff and soil loss. The position and distribution of vege-
tation patches is crucial to understand sediment mobilization and
transport within eroded catchments (Rey, 2003). Rey (2004) and Rey
and Burylo (2014) demonstrated that vegetation barriers are very ef-
fective to trap sediment, as a vegetation barrier covering only 20% of a
500m2 plot can be sufficient to trap all the sediments eroded above it.
Molina et al. (2009) showed that the presence of a dense vegetation
cover in gully floors results in significantly lower sediment transfer: the
deposition of eroded sediments in the gully bed can represent> 25% of
the volume of the sediment generated by erosion processes within the
catchment. This was also shown by Navarro Hevia et al. (2014) for
badlands in Spain where check dams and restored forest buffers effec-
tively reduced the sediment yield in the Carrion River by almost three
orders of magnitude.

In the Ecuadorian Andes, the formation of gullies dates back to at
least the 1960s (Vanacker et al., 2003). The majority of erosion re-
search focused on rill and inter-rill erosion based on plot scale experi-
ments. For abandoned land in southern Andean Ecuador, Harden (1993,
2001) measured sediment detachment rates up to 3.7 gmm−1 with a

portable rainfall simulator, and reported erosion rates up to
95 t ha−1 yr−1 based on non-published technical reports of plot erosion
measurements. She reported higher erosion rates (up to
836 t ha−1 yr−1) for northern Andean Ecuador (Harden, 1988). An
important issue in erosion research is the spatial extent of the study
area, as erosion and deposition processes are scale-dependent (Garcia-
Ruiz et al., 2015). Extrapolation of erosion data measured at the plot
scale to the catchment scale has proved problematic, and often results
in large uncertainty on sediment yield estimates (Vanacker et al.,
2007b). Molina et al. (2008) pointed out that small hydrological units
such as micro-catchments (0.1–10 km2) are interesting environments to
study erosion processes in mountain areas, given the large spatial het-
erogeneity in climate, topography, soils and vegetation cover that exists
over short distances. Analyzing erosion processes at the spatial scale of
small hydrological units allows one to limit the existing variability in
climate, lithology and topography to a minimum, and isolate the effects
of e.g. vegetation cover or land use on erosion rates.

This paper provides new data on sediment dynamics and its con-
trolling factors for the tropical Andes. In contrast to earlier work
(Harden, 1993; Molina et al., 2008; Molina et al., 2012), this study
focuses on highly disturbed badland areas that are important sources of
sediment in the central Andean valleys. Through a quantitative as-
sessment of sediment transport, deposition and export in five micro-
catchments (< 1 km2), the paper evaluates sediment dynamics in gully
systems. The five micro-catchments differ in the implementation of soil
and water conservation measures, with one micro-catchment treated
with Eucalyptus globulus reforestation, two with unassisted vegetation
regeneration and construction of check dams for gully stabilization, and
two non-treated or reference micro-catchments. An erosion monitoring
program implemented in 2010 provided detailed information on sedi-
ment transport, deposition and export at the treated and reference sites.

1.1. Study area

The study area, the Loreto catchment, is located in the southern
Ecuadorian Andes at 23 km south of Cuenca city (Fig. 1). The rainfall
regime in the Cuenca area is bimodal with two rainy seasons, re-
gistering between 600 and 1000mm of yearly rainfall (Celleri et al.,
2007; Mora and Willems, 2012). In the study area, an average rainfall
of 913mm yr−1 was measured (01/02/2011–30/08/2014). Soils de-
veloped on highly weathered volcanic and sedimentary rocks. The
shallow soils are generally clay-rich with over 50% of the soil material
consisting of clay minerals. More than half (in total clays) of these clay
minerals consist of 2:1 dioctahedral clays, mainly smectites and mixed-
layered minerals containing smectite (Molina et al., 2007). The major
soil types in the valleys are Vertic Luvisols, Vertic Cambisols, and Eutric
Cambisols. On the slopes, Dystric Leptosols and Dystric Regosols are
found: these thin soils are characterized by a low organic matter con-
tent (IUSS Working Group WRB, 2015). The shallow and clay-rich soils
have low water holding capacity, and are poorly drained (Molina et al.,
2007).

The landscape is a patchwork of small agricultural fields, remnants
of secondary forests, exotic tree plantations, badlands, residential areas
and infrastructure. Crops are typically produced on the more fertile
soils in the valleys while extensive cattle raising extends to the steep
slopes. Overgrazing and intensive cultivation has led to severe land
degradation, with the development of extensive gully systems and so-
called badland areas (Molina et al., 2008). As a result, highly degraded
and eroded land has temporarily or permanently been abandoned for
agriculture and extensive grazing. Reforestation with quickly growing
exotic species such as Eucalyptus globulus and Pinus radiata became a
viable land use alternative in the late 1970s due to the growing demand
of firewood and timber. After abandonment, woody and shrubby plant
species started to colonize spontaneously the land.

Recent work by Molina et al. (2008) in southern Ecuadorian Andes
has reported catchment-wide erosion rates varying between 0.26 and

P. Borja et al. Catena 165 (2018) 42–53

43



Download English Version:

https://daneshyari.com/en/article/8893565

Download Persian Version:

https://daneshyari.com/article/8893565

Daneshyari.com

https://daneshyari.com/en/article/8893565
https://daneshyari.com/article/8893565
https://daneshyari.com

