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Abstract

Tropical mountain regions are affected by rapid land use/-cover change, which may threaten their (eco-)hydrological functions. Although there
is a growing interest in evaluating the effect of land use/-cover change on mountain hydrology, quantitative assessments of the impact of land use/-
cover on hydrological processes are hampered by the lack of field measurements characterizing runoff generation processes. In this paper, we
present results from field experiments of rainfall runoff mechanisms in the southern Ecuadorian Andes. A rainfall simulator was used to quantify
the hydrological response of distinct land use/-cover types to intense rainfall (about 40 mm/h). The rainfall runoff experiments indicate that
degraded and abandoned land generate surface runoff within a few minutes after the start of the rainfall event. These lands have a very rapid and
sharp hillslope hydrological response, as Hortonian overland flow is the dominant runoff generation mechanism. In contrast, surface runoff on
arable and rangelands is rare, as their soils are characterized by a high infiltration capacity (i.e. >29 mm/h). Our experiments provide evidence that
runoff generation in degraded Andean ecosystems is mainly controlled by the surface vegetation cover and land management. When reducing the
surface vegetation cover, the soil is increasingly affected by rapid hillslope runoff as the presence of large amounts of smectites in the outcropping

soft rocks makes the material very prone to sealing and crusting, thereby enhancing runoff generation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mountain ecosystems fulfill essential hydrological functions,
as they act as important water sources and regulators (Price, 1999;
Viviroli and Weingartner, 2004). More than 50% of the global
population relies on water from mountain areas, for drinking,
industry, agriculture, food preparation, hydropower, and many
other purposes (Viviroli et al., 2003). Demographic growth and
socio-economic development is accelerating land use/-cover
change also in these fragile mountain environments, and may
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affect their main ecological and hydrological functions (Vanacker
et al., 2003a; Harden, 2001). Understanding the hydrological
response of mountain catchments with different land use/-cover
histories allows one to assess the effect of land use/-cover change
on surface runoff and sediment transport (Burch et al., 1987,
Garcia-Ruiz et al., 2005; Lopez-Moreno et al., 2006).

On mountain slopes, hydrological processes show large spatial
and temporal variability. Runoff generation on mountain slopes
often occurs as a complex combination of Hortonian and satu-
ration overland flow, subsurface and return flow. The combination
of intense rainfall, steep slope gradients and thin soils makes that
overland flow is often an important component of runoff
generation in these environments. Under specific meteorological
circumstances, mountain catchments can respond very quickly
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Fig. 1. Location of the study area in the Southern Ecuadorian Andes. The location of each site where simulated rainfall experiments were conducted in the Jadan

catchment is indicated by a black dot.

with extreme peak discharges, which can induce destructive
mountain torrents and floods (Weingartner et al., 2003).

The hydrological response of mountain catchments is con-
trolled by many biotic and abiotic factors, such as chemical and
physical surface and subsurface characteristics, vegetation type
and density, and local topographical features, that are interacting
with each other (Nahar et al., 2004; Begueria et al., 2006). Due to

their steep gradient, mountain slopes are often characterized by
rocky and shallow soils with highly variable runoff character-
istics. On degraded sloping land, the topsoil generally consists of
former subsoil material being exposed due to removal of the
original surface horizon. These eroded soils are generally rich in
clay and sandy loam, with a low soil organic matter content and
limited vegetation cover. The infiltration rate is decreased by
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Fig. 2. (A) Plot layout and design of the rainfall simulator (after Poesen et al., 1995), 1: Nozzle Lechler 460.788 (36 mm/h), 2: Manometer 0—1 bar, Control valve, and
Flowmeter Heinrichs 100—1000 I/h, 3: Water pump, 4: Water container 1 m®, 5: Horizontal mast containing the nozzle. (B) Rainfall simulation experiment in the field.

sealing and crusting of the topsoil due to physical disintegration of
soil surface aggregates and physicochemical dispersion of soil
clay particles (Janeau et al., 2003; Lado and Ben-Hur, 2004).
Runoff generation on mountain slopes has also been shown to
vary with land use (Harden, 1993). Vegetation protects the soil
against raindrop impact and lowers its erosive capacity, enhances
soil aggregation by incorporating organic matter to the soil, and
reduces overland flow velocity and increases infiltration (e.g.
Casermeiro et al., 2004; Molina et al., in press).

Change in any of these controlling factors due to climate and/
or land use/-cover change is likely to affect the runoff generation
mechanisms. These changes can have large impacts on the surface
and subsurface hydrology of mountain ecosystems. Although
there is a growing interest in evaluating the effect of global change
(such as climate and land use/-cover change) on mountain hy-
drology, quantitative assessments of the impact of climate change
and land use/-cover change on hydrological processes are often

hampered due to the lack of field measurements characterizing
runoff generation processes (e.g. Gurtz et al., 1999). This is
particularly the case for tropical mountain areas.

In this paper, we present results on rainfall runoff mechanisms
in the southern Ecuadorian Andes obtained using simulated
rainfall to quantify the hydrological response to heavy rainfall for
fifty-five 1 m? plots. For each plot, soil physical and chemical
properties, and vegetation characteristics were analysed. The
results allow us to analyse the role of biotic and abiotic factors
controlling runoff generation on these mountain slopes. We
particularly discuss the hydrological response of distinct land use/-
cover types by investigating the protective function of various land
cover types to runoff generation. As the plot experiments cover the
spatial variability in vegetation, soils and lithology that exists on
agricultural land in this region, these results allow us to draw
conclusions on human impact on runoff generation processes on
mountain slopes in the Ecuadorian Andes.
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2. Materials and methods
2.1. Study area

Field research was carried out in the Jadan catchment,
located at c. 20 km east of Cuenca in the southern Ecuadorian
Andes (Fig. 1). The landscape is strongly dissected and has a
relatively high drainage density. Slopes are generally steep:
34% of the catchment is composed of slopes steeper than 40%,
with the exception of some gently sloping land of less than 10%
in alluvial valleys and upland areas (approx. 8% of the area).
Mean annual rainfall measured at the station of Cochapamba—
Quingeo, which is located in the Jadan catchment, is ca.
810 mm, with the highest intensities during the rainy season
between January and May. The maximum 24 h-rainfall intensity
for a 5-year return period measured at this station is about
42 mm/day (Baculima et al., 1999).

The catchment’s geology is mainly characterized by (i)
Upper-Cretaceous dark gray stratified argillites (Yunguilla
Formation) outcropping in the central part of the river valleys
of the Jadan and Quingeo River, (ii) Upper-Eocene volcanics,
lava flows and tuffs (Chinchin Formation) and conglomerates,
sandstones and red and purple siltstones (Quingeo Formation)
outcropping in the northeastern part of the catchment, and (iii)
Upper-Miocene poorly consolidated and deeply weathered red
volcanic airfall deposits (Tarqui Formation) outcropping in the
upper southeastern and southwestern parts of the catchments
(Hungerbiihler et al., 2002). Soils have developed on these
weathered volcanic and sedimentary rocks, and are generally
very clayey. In the upper parts of the catchment, soils generally
have a good internal drainage and high moisture content. In the
middle and lower parts, soils are very shallow implicating low
water holding capacity, and are poorly drained (Dercon et al.,
1998).

In the past, agricultural activities were concentrated in the
valleys and on gently sloping land : crops were produced on the
fertile soils in the valleys while extensive cattle raising extended
to the steeper slopes. Demographic growth and socio-economic
development resulted in rapid land use/-cover change. Land
reforms during the *60s and *70s resulted in a redistribution of
landless people towards steep, degraded hillsides or the high-
lands. The agricultural frontier moved quickly upwards, where-
by native forest has rapidly been converted into agricultural land
(Vanacker et al., 2003b; Molina et al., in press). Since the late
’70s, reforestation with exotic species, mainly Eucalyptus
globulus and Pinus radiata, took place on highly degraded
land and provided the smallholders an extra income by sale of
firewood and timber (Vanacker et al., 2003a). After several
decades of extremely high pressure on the land, we now observe
a tendency towards land abandonment. Emigration to the USA
and Europe are leading to rural land abandonment (Jokisch and
Lair, 2002). Land abandonment is now resulting in (i) expansion
of pastures due to colonization of abandoned cropland with
natural pasture (Pennisetum clandestinum, Trifolium sp.), and
(i1) acceleration of land degradation in areas where pasture could
not colonize degraded agricultural fields or overgrazed land
(Vanacker et al., 2005).

2.2. Experimental design

A rainfall simulator was used to characterize the runoff
response of 1 m? plots with different vegetation cover, soil type
and lithology. As we were mainly interested in the effect of land
use and management on runoff generation, we selected suitable
sites on slopes having a slope gradient between 15 and 25%.
The plots were delimited with four fine steel plates of 1 m
length, and runoff was collected from a saturated and com-
pacted trench dug at the bottom of the runoff plot. A mobile
sprinkler-type rainfall simulator was constructed (Fig. 2) and
consisted of a downward-orientated axial-flow, wide-angle full
cone nozzle (Poesen et al., 1990, 1995). A nozzle of type
Lechler 460.788 was used to produce a rainfall intensity of
about 40 mm/h on average for an operation pressure of 0.39 bar.
The rainfall simulator was located so that the rainfall was
centralized above the plot. The simulator is designed to wet a
total target area of 2 m radius. The water supply system con-
sisted of a 1 m® water container from where water was pumped
to the flowmeter. The operating water pressure was continu-
ously monitored and kept constant. Four rain gauges located at
each side of the runoff plot were used to calculate the effective
rainfall intensity over the plot.

2.3. Rainfall simulation experiments

A total of fifty-five experiments were conducted in the
summer of 2004 and 2005 in order to measure the hydrological
response of different land use types to heavy rainfall. We dis-
tinguished four land use types in the rural areas, each one having
a distinct vegetation cover and land management (Table 1). The

Table 1

Number of  Characteristics
experiments

Degraded land 37

Land use class

Removal of topsoil material by intense water
erosion, leading to exposure of subsoil or
weathered bedrock.

Low vegetation cover, consisting of
Cynodon dactylon, Holcus lanatus,
Cortaderia rudiuscula, Festuca megalura,
Baccharis polyantha, Pennisetum
clandestinum and Spartium junceum.

Soils with high infiltration capacity due to
the presence of macropores.

Good protective vegetation cover, consisting
of perennial grasses such as Pennisetum
clandestinum and Trifolium sp., used for
livestock.

Well-drained and structured soils with high
infiltration capacity due to ploughing and
presence of macropores.

Fallow land that was recently harvested or
ploughed. Covered by crop residues (corn,
beans, potatoes and vegetables) and weeds.
Compacted, eroded and poorly drained soils
with low infiltration capacity.

Cropland that was abandoned for a long time
(>3 years), covered with natural grasses and
used for grazing.

Rangeland 5

Arable land 8

Abandoned land 5
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Table 2

Summary of rainfall simulation experiments, with indication of their physical and chemical soil characteristics, vegetation cover (VC), textural class (SL=Sandy loam,
SC=Silty clay, L=loam, SIL=Silt loam, CL=Clay loam, SCL=Sandy clay loam, SICL=Silty clay loam and C=Clay), antecedent moisture content (AMC), land use
type (D=Degraded land, R=Rangeland, AR=Arable land and AB=Abandoned land) and lithology (ARG=Argillites, VA=Volcanic ash deposits, and
AS=Argillaceous silt- and sandstone)

Plot Total Total  Steady-state Cumulative VC Organic Sand Silt Clay Texture pH E.C. Bulk AMC Time to Land Lithology

rainfall runoff runoff runoff matter density runoff  use

RI RR coefficient  coefficient

mm mm % % % % % % % dS/m mg/em® % min
2 31 8 32 25 35 038 52 30 18 SL 7.5 028 1.66 79 153 D ARG
3 33 1 6 4 83 1.8 53 33 14 SL 64 037 1.75 9.1 105 D ARG
4 34 5 23 15 12 1.6 9 41 50 SC 47 009 122 334 237 D VA
5 33 7 27 21 10 0.7 7 41 52 SC 48 0.09 1.14 36.6  17.0 D VA
6 35 13 44 37 6 0.0 60 30 10 SL 7.7 022 201 8.7 5.8 D AS
7 20 15 84 73 4 03 60 33 7 SL 79 023 1.86 7.0 2.8 D AS
8 28 10 51 34 0 02 28 46 26 L 56 0.10 1.24 357 169 D VA
9 29 6 27 20 72 0.2 21 55 24 SIL 54 011 1.05 37.4 8.8 D VA
10 30 14 64 45 10 0.2 45 36 19 L 6.4 020 1.68 13.9 9.0 D ARG
11 30 7 35 24 29 0.2 46 31 23 L 59 018 1.50 153 108 D ARG
12 42 16 49 38 18 0.0 50 37 13 L 7.1 030 l.04 15.0 6.9 D ARG
13 32 22 81 70 31 03 32 39 29 CL 6.5 032 1.5l 14.7 43 D ARG
14 25 15 80 61 6 0.2 48 40 12 L 69 009 193 6.0 7.8 D AS
16 31 2 11 8 8 14 44 28 28 CL 62 025 137 16.9 6.5 R ARG
18 26 5 25 20 64 4.6 33 36 31 CL 64 035 1.58 14.7 5.7 D VA
19 27 15 79 55 43 09 51 26 23 SCL 72 034 145 19.2 8.6 D VA
20 23 15 75 65 47 1.4 33 56 11 SIL 57 017 1.58 14.7 4.8 AB  AS
22 31 19 70 59 20 22 12 53 35 SICL 48 0.14 1.19 25.4 39 D ARG
2329 14 58 47 0 03 8 82 10 SIL 48 0.09 1.12 37.6 8.3 D ARG
25 32 24 86 77 38 2.7 31 44 25 L 47 0.12 137 13.8 3.0 D AS
26 28 12 50 42 30 1.3 26 42 32 CL 6.6 027 143 15.7 5.5 D AS
27 34 12 42 34 29 13 24 50 26 CL 6.1 028 1.58 16.9 6.1 D AS
28 27 3 15 13 11 1.7 32 45 23 L 6.6 1.05 1.52 16.7 2.9 AR AS
29 33 2 5 5 25 23 40 41 19 L 7.1 0.67 1.64 17.6 4.6 AR AS
30 38 2 6 5 15 2.0 37 42 21 L 6.8 086 1.64 14.4 5.7 AR AS
31 22 0 0 0 8 2.6 36 40 24 L 7.0 120 1.33 246 163 AR AS
3230 0 1 1 7 2.7 34 41 25 L 6.5 1.09 134 27.4 59 AR AS
33 38 3 10 8 9 27 35 41 24 L 6.7 1.15 1.32 26.5 7.6 AR AS
35 32 9 36 28 88 6.5 12 54 34 SICL 6.7 0.66 124 33.8 6.5 AB  AS
36 26 0 0 0 100 5.2 55 34 11 SL 6.0 053 145 243  45.0 R ARG
37 24 0 0 0 99 5.0 48 40 12 L 6.0 053 1.27 30.4 9.0 R ARG
38 30 1 9 5 100 9.7 59 26 15 SL 45 020 0.71 552 221 R VA
39 31 2 14 7 99 6.6 54 28 18 SL 45 0.18 0.69 87.8  23.0 R VA
40 26 0 2 2 74 1.6 19 38 43 C 62 036 1.13 30.1 8.9 AR VA
41 30 1 6 4 62 1.6 28 43 29 CL 6.6 048 1.21 30.1 6.7 AR VA
42 31 16 63 52 0 02 40 32 28 CL 7.1 020 130 228 116 D VA
43 32 17 76 53 0 02 40 3228 CL 7.1 020 130 22.8 9.0 D VA
44 33 24 86 73 5 02 39 28 33 CL 6.8 0.19 130 23.6 3.1 D VA
45 36 2 13 5 72 32 25 32 43 C 59 021 130 173 21.1 D VA
46 31 23 75 74 0 04 33 38 29 CL 58 0.13 1.66 17.9 1.5 D ARG
47 36 21 75 60 27 04 37 38 25 L 58 0.16 1.66 13.8 2.8 D ARG
48 29 21 76 72 0 04 36 34 30 CL 58 0.13  1.66 15.9 0.8 D ARG
49 28 17 67 61 0 0.0 36 32 32 CL 7.1 015 1.32 16.5 1.0 D AS
50 29 12 46 40 0 0.0 36 32 32 CL 7.1 0.16 1.32 16.5 3.0 D AS
51 30 16 56 54 0 0.0 36 32 32 CL 7.1 015 1.32 16.5 1.1 D AS
52 30 18 67 58 54 1.8 37 28 35 CL 6.5 029 134 15.6 1.3 AB VA
53 28 25 98 90 28 3.5 37 28 35 CL 63 032 134 15.6 1.0 AB VA
54 24 9 42 37 59 2.7 40 28 32 CL 64 031 134 15.6 2.0 AB VA
55 28 17 66 62 0 03 15 34 51 C 58 012 1.63 16.7 22 D ARG
56 39 22 65 57 0 03 56 22 22 SCL 58 012 1.63 3.0 0.6 D ARG
57 30 9 40 28 33 1.9 21 34 45 C 58 0.19 1.63 14.7 38 D ARG
58 33 16 52 48 2 1.0 36 26 38 CL 6.5 019 143 13.6 0.5 D VA
59 32 20 69 64 0 1.0 36 26 38 CL 6.5 0.19 143 13.6 2.0 D VA
60 34 14 44 42 0 1.0 36 26 38 CL 6.5 019 143 13.6 2.0 D VA
61 33 33 100 100 0 1.0 47 32 21 L 47 0.09 1.44 3.4 0.4 D AS
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Table 3
Pearson correlation coefficient between the cumulative runoff coefficients and
each one of the explanatory catchment variables

Explanatory variables Correlation coefficients p-value
Vegetation cover -0.53 <.0001
Organic matter —0.46 0.0004
Bulk density 0.29 0.0304
Electrical conductivity —0.54 <.0001
pH 0.03 0.9830
Sand 0.03 0.8393
Silt —-0.10 0.4510
Clay 0.06 0.6558
Simulated rainfall —0.02 0.8979
Antecedent moisture content -0.43 0.0010

surface vegetation cover of each plot was assessed visually from
vertical photographs of the soil surface, taken at about 1.5 m
height. All photographs were focused on a wooden frame with
grid cells of 0.10 by 0.10 m (100 nodes) that was placed on the
surface. The overall vegetation cover was then calculated as the
percentage of nodes overlying vegetation fragments.

The effective rainfall intensity during the experiments is 41+
6 mm/h, which corresponds with the maximum 24 h rainfall
intensity for a 5-year return period. We simulated heavy rainfall
during 45 min. The effective rainfall intensities varied slightly
between plots due to local wind conditions (Table 2). As soils in
the Jadan catchment are very clayey, the steady-state infiltration
capacity was reached within the first 30 min of rainfall simulation.

2.4. Soil characteristics

Before and after the experiments three representative soil
samples were taken in or near the plot using a Kopecky core
sampler at a depth of 5 to 15 cm below the surface to determine
their bulk density and gravimetric soil moisture content. One ad-
ditional soil sample was taken per plot to characterize its physical
and chemical properties, in particular soil texture, soil organic

matter, pH, and electrical conductivity. Two representative sam-
ples of the dominant lithologies (argillites, volcanic ash deposits,
and weathered silt- and sandstones) were taken to characterize
their (clay) mineralogy. The analysis of the mineralogy is based
on (i) a bulk analysis and (ii) a clay extraction.

The bulk mineralogy was analyzed following the method of
Srodon et al. (2001). This method is based on grounding the bulk
material together with a ZnO internal standard to pm grain size by
the use of a McCrone Micronizing Mill. The resulting powder was
then analyzed by X-ray diffraction. The data analysis was done by
the QUANTA software. This procedure allows to determine the
quantitative composition of a sample for all non-clays and the clay
minerals assembled in maximum 6 groups and is currently the
most accurate way to determine the overall quantitative
composition of clay-bearing samples (Omotoso et al., 20006).
The results are presented in Table 4, and the clay minerals were
assembled in 3 groups: kaolinite, chlorite and 2:1 dioctahedral
clays and micas (illite/smectite/illite-smectite/micas). To obtain
more detailed information about the clay minerals it was
necessary to extract them from the bulk sediment. Hereto all
cementing agents (carbonates, organic matter and Fe-oxides)
were removed following the procedure of Jackson (1975). After
these treatments the fractions <0.2 pm and <2 pm were separated
by centrifugation. Oriented sedimentation slides and smear-
mounts were made of these fractions and registered by a X-ray
diffractometer in different states (air-dry, ethylene glycol
saturated, heated to 300 °C/1 h and 550 °C/1 h) to permit
standard clay identification techniques (e.g. Moore and Reynolds,
1997). No attempt was made to differentiate between smectite and
vermiculite or smectitic and vermiculitic mixed-layering, there-
fore in this paper ‘smectite’ refers to all swelling clay minerals.

2.5. Statistical analysis of factors controlling runoff generation

The dependency of runoff coefficients on vegetation cover,
lithology, land use and soil physical and chemical properties
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Fig. 3. Scatterplot of the cumulative runoff coefficient (RC) against the surface vegetation cover for different land use types.
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was tested using statistical analyses. The data set contains for
each runoff experiment eleven numerical (one response and ten
explanatory) and two categorical variables (Table 2). A Pearson
correlation analysis was performed on each pair of response and
explanatory variables to detect strength and type of association.
Regression techniques were used to explain the observed vari-
ability in runoff generation. First, simple linear regression
models were fitted to the pairs of response-explanatory vari-
ables with the highest correlation coefficients. Second, a multi-
ple regression model was fitted, which contains quantitative and
qualitative predictor variables. An indicator variable taking the
value of 0 (absence) vs. 1 (presence) was used to incorporate the
qualitative variable into the regression model. Additionally, an
interaction term was introduced.

3. Results

The hydrological response of the experimental plots to rain-
fall was quantified by calculating the steady-state and cumula-
tive runoff coefficient of each plot after 45 min of simulated
rainfall (Table 2). Here, we present the results of the statistical
analysis of the factors controlling runoff generation with the
cumulative runoff coefficient (RC) as response variable. The
latter was calculated as following:

RC = (RR/RI)*100,

where RC (%) is the cumulative runoff coefficient, RR (mm) is
the total runoff and RI (mm) is the total rainfall after 45 min of
simulated rain. It is important to note that similar results are
obtained when analysing the factors controlling steady-state
runoff, as the steady-state and cumulative runoff coefficient
are highly correlated (sample correlation coefficient, »=0.98,
n=55) that vegetation cover, soil organic matter and soil
electrical conductivity are moderately correlated to runoff
coefficients, and that bulk density is weakly correlated. Other
variables such as rainfall intensity, soil texture, pH and ante-
cedent moisture content are not significantly related to the
runoff coefficients (Table 3). Simple regression analyses be-
tween the predictor variable (cumulative runoff coefficient) and
each one of the significant numerical explanatory variables
indicated that surface vegetation cover has the highest pre-
dictive power (coefficient of determination, R*=0.28), and
exerts the strongest influence on runoff generation (Fig. 3).
Organic matter has the second highest predictive power
(R*=0.21), followed by the bulk density (R*=0.08). Although
the electrical conductivity has some explanatory power, it was
not included in further analyses as the soil analyses indicated
very low amounts of total soluble salts, and the inexistence of
sodium in the soil. Therefore, soil salinity has here no effect on
the soil physical properties in terms of flocculation and
dispersion. The relation between the runoff coefficients and
the categorical explanatory variables (land use, and lithology)
is shown in Fig. 4. There is a clear difference in runoff
generation between the different land use classes. Degraded
and abandoned lands (i.e. land that has not been cultivated for at
least 3 consecutive years, Table 1) clearly generate more runoff
than arable land or rangeland (Fig. 4A). They produce on
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Fig. 4. Rainfall runoff response, expressed by the cumulative runoff coefficient
(RC, i.e. the percentage of the total rainfall that appears as surface runoff), for
different (A) land use types and (B) lithologies. In the box-and-whisker
diagrams, the central rectangle spans the first quartile to the third quartile; the
segment inside the rectangle shows the median and the whiskers above and
below the box show the locations of the minimum and maximum.

average 12 times more cumulative runoff than the latter two
land use classes. We observe no difference in runoff response
between various lithologies (Fig. 4B).

The statistical model predicting the runoff response contains
one numerical (vegetation cover) and one categorical (land use)
explanatory variable and their interaction effects. None of the
remaining explanatory variables (soil organic matter and bulk
density) adds sufficient explanatory power to be included as a
separate variable in a multiple regression model. The following
equation was obtained by fitting a stepwise linear regression
model to the data (n=55, R*=0.61):

RC =5.5—-0.02X; +52.0X, — 04X, X,
where X is the surface vegetation cover (%), X5 is the land use

class (if degraded land or abandoned fields, then X>=1; otherwise
X>=0). At the plot scale, more than 60% of the observed variance
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in runoff generation can be explained by a combination of land use
class and surface vegetation cover. The vegetation cover has a
direct physical impact on runoft generation, as plant and residue
cover protect the soil from raindrop impact and splash, tend to
slow down surface runoff and allow excess surface water to
infiltrate. Land use indirectly affects runoff generation, which
points to the impact of land management on runoff generation.

4. Discussion
4.1. Importance of soil mineralogy for runoff generation

Our results indicate that, in the absence of a protective vege-
tation cover, the rainfall runoff response in the Jadan catchment

%

is very quick and runoff coefficients are high (Fig. 5). Soils
developed on all three dominant lithologies are very clay-rich,
and over 50% of the soil material consists of clay minerals. More
than half (in total clays) of these clay minerals predominantly
consist of 2:1 dioctahedral clays, mainly smectites and mixed-
layered minerals containing smectite (Table 4). The presence of
large amounts of swelling clays in all outcropping lithologies
of the Jadan catchment is certainly enhancing runoff generation.
Soils that contain smectite are unstable, prone to sealing and
crusting by raindrop impact (Lado and Ben-Hur, 2004). During
rainfall simulation experiments, sealing and crusting was ob-
served regularly. In the absence of protective vegetation cover,
surface sealing started shortly after the start of the rainfall simu-
lation. This leads to physico-chemical dispersion of soil clay

Fig. 5. Surface runoff on degraded land starts shortly after the onset of rain. The top picture illustrates on-site Hortonian runoff mechanisms, and the bottom picture

illustrates the connectivity between runoff patches by rills and gullies.
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Table 4
Clay mineralogy of the dominant lithologies (argillites, argillaceous sandstone/siltstone and volcanic deposits)
Argillaceous Argillaceous Volcanic Volcanic Argillites Argillites
sandstone/siltstone sandstone/siltstone deposits deposits
% % % % % %
Non-clays
Quartz 24 26 3 7 28 26
Amorphous matter 2 4 13 8 3
Goethite 3 2
Hematite 2 6 1
Plagioclase 3 4 13 9 3
Cristoballite 6 1
Pyrite 1
K-spar 12 2
Anatase 1
Calcite 3
Total non-clays 34 42 50 26 31 35
Clays
2:1 dioctahedral clays 46 34 36 74 62 62
Kaolinite 8 15 14 1 3
Chlorite-biotite 12 9 6
Total clays 66 58 50 74 69 65
Detailed clay analysis Smectite Smectite Smectite with Smectite ~ Ordered illite-smectite ~ Ordered illite-smectite
interlayer complexes (dominant phase) (dominant phase)
(dominant phase)
Chlorite & Chlorite, Kaolinite
chlorite-smectite chlorite-smectite & Kaolinite
corrensite

Tllite kaolinite &
kaolinite-smectite

Illite kaolinite &
kaolinite-smectite

Kaolinite-smectite

The table shows the results of the quantitative bulk analyses (in weight percentages) and a description of the clay mineralogy based on clay extraction procedures and

identification techniques. Two samples were analysed per dominant lithology.

particles and physical disintegration of soil aggregates, thereby
reducing surface infiltration and enhancing surface runoff
(Agassi et al., 1981).

Our results of the rainfall runoff experiments point to the
necessity of protecting surface vegetation cover and improving
soil physical and chemical properties to avoid rapid surface
sealing and crusting due to raindrop impact. Degraded land is
characterized by a poor vegetative cover, and is affected by rapid
generation of surface runoff, splash and water erosion. When
bare, the clay-rich soil is prone to rapid dispersion of clay
minerals, thereby reducing aggregate stability, accelerating
surface sealing and crusting, limiting surface water storage and
surface infiltration, and enhancing surface runoff and soil loss. In
contrast to degraded land, arable land and rangeland generally
have good vegetation cover and soil physical and chemical
properties; but soil properties deteriorate rapidly by improper
land management.

4.2. Effect of land use and management on runoff generation

Land use and vegetation cover strongly determine runoff
generation on anthropogenic land (Table 2). Arable land and
rangelands are characterized by low cumulative runoff coeffi-
cients (4%=+4); whereas degraded and abandoned land display a
large variation in cumulative runoff coefficients (48%+22)
which mainly depend on their vegetation cover (Fig. 3), and soil
organic matter.

Degraded land has a large variability in runoff rates, and shows
high cumulative runoff coefficients (Fig. 4A). Cumulative runoff
coefficients on degraded land range between 4 and 100%, with an
average value of 47%. These degraded areas are characterized by
soil truncation and often by outcrops of weathered bedrock. These
structurally degraded soils limit soil biological activity and plant
establishment by reducing plant root development and growth,
and by reducing water and nutrient cycling and storage capacity
(Wilcox et al., 1988; McGinty et al., 1995). Degraded land has
generally a low vegetative cover (18%+23.5), and low soil
organic matter content (1%=1). Consequently, they are prone to
generate runoff, as their reduced vegetative cover enhances soil
crusting and sealing, and their reduced infiltration capacity
enhances runoff generation, and soil and nutrient losses (Thurow,
2000). More than half of the rainfall runoff experiments (i.e. 20
out of 37) on degraded land have a soil organic matter content and
vegetative cover of less than 1% and 10% respectively, which
give rise to very high runoft coefficients (57%=+16; Fig. 3).
Within degraded land, areas of sediment accumulation or affor-
ested areas have an improved soil water holding capacity due to
improved vegetative cover and soil texture. With increasing sur-
face vegetation cover, runoff generation and sediment production
decrease, as is often reported in the literature (e.g. Gyssels et al.,
2005; Bochet et al., 2006) and which can be attributed to various
factors such as the direct protective effect of the cover but also to
the positive relationship between soil cover and organic matter
content (Fig. 6). For the experiments conducted on degraded land



366 A. Molina et al. / Catena 71 (2007) 357-370

with a vegetative cover of more than 25%, the runoff coefficient
was on average 36%, roughly 1.5 times lower than the runoff
coefficient on bare degraded land.

In contrast to degraded land, arable land and rangeland present
very low cumulative runoff coefficients irrespective of the vege-
tation cover (Fig. 4A). The cumulative runoff coefficient on arable
land varies from 0 to 13% with an average value of 5%=+4, and on
rangeland from 0 to 8% with an average value of 4%+4. Arable
land is characterized by loamy soils, with a soil organic matter
content ranging from 2 to 3% with an average value of 2%+0.5.
The plant and residue cover of the plots at the time of the
experiments (i.e. end of the growing season/beginning of harvest
season) ranged from 7 to 74%, with an average value of 26%+26.
This large variability does not reflect the natural variability in
surface cover of agricultural fields, but here only indicates the
stage of land preparation (tillage, harvest) at the moment of the
experiment. As soil physical and chemical characteristics are well
maintained during the growing and harvesting season, we do
not observe any dependency of the runoff coefficient on the
vegetation cover on arable land (Fig. 3). The persistence of
favourable soil conditions may be due to the large amount of
residue cover that is left on the cropland after harvest and that is
incorporated in the plough layer by tillage. McGinty et al. (1995)
and Pellant (2000) describe how decomposing plant residue
improves soil structure and stability, enhances surface infiltration
and reduces runoff.

Rangeland is prevalent on sandy and clayey loamy soils.
The studied plots have a soil organic matter content varying
between 1 and 10% with an average value of 6%=3; and most
rangeland areas are 100% covered with perennial grasses (such
as P. clandestinum and Trifolium sp.). Perennial grasses directly
and indirectly affect surface hydrology. They directly intercept
rainfall, and retard surface runoff; and indirectly enhance infil-
tration by improving soil structure and maintaining active flow
paths along macropores (Mills et al., 1992; Pellant, 2000).

Perennial grasses are an important source of organic matter of
the uppermost soil horizons, and enhance the stability of soil
aggregates by lowering their wettability and increasing their
cohesion. Their root growth not only contributes to the develop-
ment of macropores, which act as preferential flow paths and
enhance deep infiltration and percolation, but also to the re-
sistance of the soil to concentrated flow erosion. However, the
sustainability of these rangelands is increasingly at risk. Over-
grazing and trampling are leading to deterioration of its vege-
tation cover and compaction of its uppermost soil horizons, and
are likely to reduce soil infiltration capacity and augment surface
runoff (Vanacker et al., 2003b).

The hydrological properties of abandoned land resemble most
those of degraded land (Fig. 4A). Cumulative runoff coefficients
range between 28 and 90% with an average value of 55%+24.
The soil organic matter of the runoff plots varies between 1 and
6%, with an average of 3%=2, and the vegetation cover ranges
from 28 to 88%. Our results indicate that runoff generation on
abandoned land is much higher than on arable land, and is clearly
dependent of its vegetation cover (Fig. 3). Following fallow, the
soil structure is deteriorating rapidly due to (i) sealing and crusting
of the soil surface by raindrop impact in the absence of surface
vegetation cover, and (ii) trampling and compaction of the upper
soil horizons by grazing cattle. The link between land aban-
donment and degradation was already highlighted by Harden
(1996). Her rainfall simulation experiments (1993, 1996, 2001) in
the Southern Ecuadorian Andes indicated the risk of abandoned
land for rapid runoff generation and soil erosion.

4.3. Runoff generation mechanisms and their effect on hillslope
hydrology

Understanding the runoff generation mechanisms on hillslopes
is crucial to evaluate the impact of land use/-cover change on
hydrological functions (e.g. Ceballos and Schnabel, 1998). In the
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Fig. 6. Scatterplot of the soil organic matter content against the surface vegetation cover for degraded land.
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Fig. 7. Scatterplot of the cumulative runoff coefficient against the time to runoff for different land use types.

Jadan catchment, both Hortonian and saturation overland flow are
responsible for runoff generation. On the slopes, rainfall water
infiltrates and percolates directly to the water table or flows
downslope through the soil mantle as throughflow (Whipkey,
1965; Guebert and Gardner, 2001). Saturation overland flow
encompasses direct rainfall on saturated surfaces and throughflow
that returns to the surface near the base of the slope as return flow
(Dunne and Black, 1970). Whether Hortonian or saturation
overland flow occurs depends on surface vegetation cover, soil
development, and land management, and also on topography and
lithology. Hortonian overland flow occurs when the rainfall in-
tensity exceeds the infiltration capacity of the surface (Horton,
1933).
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In the Jadan catchment, Hortonian overland flow is common
on degraded and abandoned land. The infiltration capacity of both
land use types is limited due to crusting and sealing of the
structureless, shallow topsoil. Runoff generation on degraded and
abandoned land is non-uniform in space and time. Their surface
vegetation cover is very patchy, and behaves like a mosaic of
runoff and runon areas (sources and sinks) similar to what is
observed for Mediterranean environments (Cerda i Bolinches,
1995; Bergkamp, 1998). Bare soil acts as a major source of runoff
water. Its infiltration capacity is low, as the presence of smectites
and the absence of any protective vegetation cover enhances
sealing and crusting of the bare soil surface. Patches of vegetation
act as sink areas for surface runoff (Calvo-Cases et al., 2003).

20 0
v VIV
18 -
L5
16
T 14+
2 L 10
£ 12
o
D 10 L 15
P
c 87
o F 20
Q & \
4 -
w L 25
2.
0 . . . . 30
9 @ 2 A 2 @
w M~ <« [=2] [=] -
o~ o~ 3V (3] o™ (]
Time (date)

Rainfall intensity (mm/h)

Fig. 8. The stream hydrograph shows how the discharge (bottom grey line) of the Jadan River, draining a highly degraded 296 km? catchment, changed between March
26th and March 31st, 2005. Intense rainfall (upper black line), which occurred on March 26, 30 and 31, caused a rapid rise of the discharge in the Jadan River.
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They are often composed of small shrubs, such as Cynodon
dactylon, Holcus lanatus, Cortaderia rudiuscula, Festuca
megalura, Baccharis polyantha, P. clandestinum and Spartium
Jjunceum. Recovery of the surface vegetation cover by plant
colonization or plantings improves the soil structure, enhances the
soil infiltration capacity, and reduces runoff generation.

The hydrological response of large rivers will largely depend
on the dominant runoff generation mechanisms in their catch-
ment (Lopez-Moreno et al., 2006). Our runoff experiments
indicate that degraded and abandoned land on mountain slopes
have high runoff coefficients (48%+22). These areas are sen-
sitive to rainfall events of short duration and high intensity,
which are common in this mountainous region. Fig. 7 shows the
relation between the runoff coefficient and the time to runoff for
different land use types. The data on Fig. 7 clearly indicate that
runoff generation on degraded and abandoned land is very
rapid, and Hortonian overland flow generally starts within a few
minutes after the start of the rainfall. This runoff water flows
rapidly downslope through active gully systems, which increase
the runoff connectivity and therefore contribute significantly
to the peak flow discharge of the river systems. This rapid
response of degraded and abandoned land explains why the
peak runoff discharge in degraded catchments occurs shortly
after the start of heavy rainfall events, after which a sharp and
rapid recession of stream flow takes place (Fig. 8). This hydrol-
ogical response brings about a rapid rise and drop in streamflow
discharge causing severe floods downstream.

In contrast to degraded and abandoned land, cultivated or
forested hill slopes preserve their vegetation cover and physical
and chemical soil properties. Runoff generation by Hortonian
overland flow is limited or simply not occurring, as our rainfall
simulation experiments show low cumulative runoff coefficients
and high infiltration rates (i.e. >29 mm/h) in cultivated or
forested areas. In such areas, the hillslope response to rainfall is
expected to be much slower, and the hydrological response of the
river system is also expected to be lower and slower (Fig. 7).
This was also observed by Begueria et al. (2006), who have
shown that the hydrological response of two contrasting basins
in the Central Spanish Pyrenees is strongly depended on their
land use history.

Land use change will therefore have a profound effect on the
occurrence of Hortonian overland flow. In the Jadan catchment,
increasing land degradation and/or land abandonment will lead
to flashier hydrographs and probably higher peak discharges,
while vegetation recovery on degraded or abandoned lands will
lead to a decrease in peak discharges and runoff amounts. Such
processes are indeed occurring: in the Jadan catchment, the
area of degraded land with a poor vegetation cover changed
from 3362 to 1893 ha between 1963 and 1996 (Molina et al.,
in press), probably leading to a corresponding reduction in peak
discharges in the Jadan river. However, a direct, quantitative
extrapolation of the results of our rainfall simulation experi-
ments to the catchment scale is not possible: at larger scales, part
of the runoff water may again infiltrate, e.g. in vegetated gullies.
A quantitative assessment of hydrological changes in the Jadan
catchment over a longer time span is therefore only possible
when such transmission losses are also accounted for.

Our results also imply that it is not arable agriculture per
se which is causing an increase in peak discharges and runoff
amounts: arable land has very low runoff coefficients, even when
the vegetation cover is low. This is explained by the favourable
soil conditions that can be maintained on arable land (high poros-
ity, infiltration and organic matter content). This is not a generally
valid conclusion: in other areas in the Andes, where soils are
structurally less stable, arable land does contribute significantly
to runoff generation (De Noni et al., 2001). High runoff amounts
are generated mainly on degraded and abandoned land: here
the decrease in vegetation cover is not compensated for by fa-
vourable soil conditions achieved by intensive management.
Runoff amounts do increase sharply with decreasing vegetation
cover on degraded and abandoned land the absence of a protective
vegetation cover is one of the main factors leading to increased
runoff generation.

5. Conclusion

Rainfall simulation experiments indicate that runoff coeffi-
cients in the Southern Ecuadorian Andes are highly variable.
Although accelerated runoff and erosion have commonly been
related to agricultural activities, our results indicate that degraded
and abandoned land are important sites of runoff generation, and
generate more runoff than rangeland or arable land. The hydro-
logical response on degraded and abandoned lands is rapid and
sharp, as Hortonian overland flow is the dominant runoff gen-
eration mechanism. This is in strong contrast with arable and
rangelands where Hortonian overland flow generation is very
limited. The differences in response between various land use
types imply that land use change will have a significant effect on
the hydrological response of the Jadan catchment.

Univariate and multivariate regression techniques were per-
formed to determine the factors controlling runoff generation.
More than 60% of the observed variability in runoff generation
can be explained by a combination of the surface vegetation
cover and land use. When reducing the surface vegetation cover,
the soil is increasingly affected by rapid hillslope runoff and
erosion. The presence of large amounts of smectites in the out-
cropping rocks makes the surface material very prone to sealing
and crusting, thereby enhancing runoff generation.
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