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Abstract Human-induced land cover changes are
causing important effects on the ecological services
rendered by mountain ecosystems, and the number of
case-studies of the impact of humans on soil erosion
and sediment yield has mounted rapidly. In this paper,
we present a conceptual model that allows evaluating
overall changes in erosion regulation after human
disturbances. The basic idea behind this model is that
soil erosion mechanisms are independent of human
impact, but that the frequency—-magnitude distribu-
tions of erosion rates change as a response to human
disturbances. Pre-disturbance (or natural) erosion
rates are derived from in situ produced '’Be concen-
trations in river sediment, while post-disturbance (or
modern) erosion rates are derived from sedimentation
rates in small catchments. In its simplicity, the model
uses vegetation cover change as a proxy of human
disturbance. The erosion regulation model is here
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applied in two mountainous regions with different
vegetation dynamics, climatic and geological settings:
the Austro Ecuatoriano, and the Spanish Betic Cor-
dillera. Natural erosion benchmarks are necessary to
assess human-induced changes in erosion rates. While
the Spanish Betic Cordillera is commonly character-
ized as a degraded landscape, there is no significant
difference between modern catchment-wide erosion
and long-term denudation rates. The opposite is true
for the Austro Ecuatoriano where the share of natural
erosion in the total modern erosion rate is minimal for
most disturbed sites. When pooling pre- and post-
disturbance erosion data from both regions, the data
suggest that the human acceleration of erosion is
related to vegetation disturbances. The empirical
regression model predicts human acceleration of
erosion, here defined as the ratio of post-disturbance
to pre-disturbance (or natural benchmark) erosion rate,
as an exponential function of vegetation disturbance.
This suggests that the sensitivity to human-accelerated
erosion would be ecosystem dependent, and related to
the potential vegetation cover disturbances as a result
of human impact. It may therefore be expected that the
potential for erosion regulation is larger in well-
vegetated ecosystem where strong differences may
exist in vegetation cover between human disturbed
and undisturbed or restored sites.

Keywords FErosion regulation potential -

Human acceleration of erosion - Mountain
regions - Land cover change - Human impact
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Introduction

Mountain regions present unique challenges and
opportunities to land use change research (Garcia-
Ruiz et al. 1996; MacDonald et al. 2000; Schroter et al.
2005). Very few, if any, mountain ecosystems remain
unaffected by human impact (Pauchard et al. 2009).
The landscape pattern and structure that are currently
perceived in mountain reserves and parks are often
strongly influenced by past human occupation (Huber
et al. 2005). For centuries, mountain regions have been
the subject of colonization to create space for agricul-
ture and grazing. Traditionally, human population in
mountain regions is concentrated in the lower valleys
because of the milder climate and more favorable
conditions for agricultural development. During peri-
ods of political instability or increasing land pressure,
migration often occurs toward higher and more remote
mountain regions. These steep and remote ecosystems
are particularly sensitive to accelerated soil erosion,
slope movements, and rapid loss of habitat and genetic
diversity (Jandl et al. 2009). Although traditional
mountain agriculture is being abandoned in many
mountain regions worldwide (MacDonald et al. 2000;
Lambin and Meyfroidt 2010), it continues to expand in
developing countries. This is mainly the case in
marginal regions where subsistence agriculture
remains a major contributor of the local economy
(Jha and Bawa 2006).

The Millennium Ecosystem Assessment recognizes
the central role that mountain ecosystems play in
supporting human well-being. Although mountain
regions constitute only one-fifth of the terrestrial
surface, more than half of the global human population
depends directly or indirectly on mountain resources
(Millennium Ecosystem Assessment 2005). Mountain
rivers play a vital role in regulating the freshwater
supply to the growing populations in the mountains
and adjacent lowlands (Viviroli et al. 2007). As such,
they support key environmental services such as
regulation of water flow and quality for domestic
use, agriculture and industry; biodiversity conserva-
tion and hydropower generation.

Because of the fragility of mountain ecosystems,
human-induced land use changes are expected to have
important implications for the future supply of envi-
ronmental services (Foley et al. 2005; FAO 2011). The
number of case studies that illustrate the impact of
changing land use systems in mountain areas on the
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quality and/or quantity of freshwater resources has
mounted rapidly (Loffler et al. 2011). Although these
case studies are very valuable, they are only repre-
sentative for a narrow range of environmental condi-
tions given that mountain environments typically
display steep environmental gradients over short
distances. There are currently no consistent data on
the overall importance of humans as modifiers of
freshwater resources for entire mountain ranges.

Besides, a modelling framework that is specifically
adapted to mountain environments is currently lacking.
Most studies make use of general river basin models
(such as RUSLE, Renard et al. 1998; or SWAT, Arnold
et al. 2012) that were originally parameterized and
calibrated for temperate, low relief landscapes (e.g. Stehr
et al. 2010). Transposing these modelling concepts
directly to steep environments with shallow and stony
soils often leads to unrealistic model predictions, as
model input parameters are rarely calibrated for the
range of environmental conditions found in mountain
regions (Fohrer et al. 2005). This is particularly the case
for the empirical soil erosion models (USLE/RUSLE)
that continue to play an important role in tools for
modelling freshwater ecosystem services such as in
VEST or ARIES (Vigerstol and Aukema 2011).

Here, we present a conceptual model that evaluates
erosion regulation as a function of human disturbances
in vegetation cover. Erosion regulation is here defined
as the potential reduction in catchment-wide erosion
rates resulting from changes in vegetation cover. It is
an indicator of the vulnerability of a given ecosystem
to human-induced land cover change. The erosion
regulation potential is estimated as the ratio of the total
specific sediment yield to the natural benchmark
denudational mass flux, and is dimensionless. Data on
potential erosion regulation are obtained through three
independent assessment tools: (1) in situ produced
cosmogenic radionuclides to establish natural bench-
mark denudational mass fluxes, (2) reservoir sedi-
mentation measurements to establish average specific
sediment yields, and (3) remote sensing to reconstruct
vegetation cover change through time. All erosion
measures are taken at the spatial scale of small to
medium sized catchments (0.01 up to 276 kmz). As the
sampling sites are dominated by erosional processes,
the sediment fluxes can be converted to catchment-
wide erosion rates. The empirical erosion regulation
model is calibrated for two mountainous regions
located in the semi-arid Internal Zone of the Betic
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Cordillera in the West-Mediterranean (Spain) and the
Austro Ecuatoriano (Southern Ecuadorian Andes).

Theoretical background

The intrinsic physical mechanisms of soil erosion by
water are likely to be independent of human distur-
bances, as the fundamental mechanistic processes of
soil production, transport, and deposition have not
changed since the Anthropocene. There is no unique
erosion mechanism that is solely linked to human
activities. Instead, human activities have altered the
magnitude and frequency of erosion events (Corenblit
and Steiger 2009; Reinhardt et al. 2010). Figure 1
illustrates this concept that is based on the seminal
paper by Dietrich and Perron (2006) on the topo-
graphic signature of life. If we would compare erosion
rates between hypothetical prehistoric and modern
landscapes, this conceptual model suggests that the
frequency distributions of erosion rates would be
different. Landscapes with strong human impact are
then predicted to have higher frequencies of high
magnitude erosion events.

The most apparent human modification to mountain
ecosystems is the disturbance of native vegetation
communities. Vegetation strongly controls the fre-
quency and magnitude of erosion events (Thornes
1990; Viles et al. 2008). Vegetation communities

directly affect soil physical and chemical properties
through modifications in (1) net rainfall and raindrop
energy by canopy interception, (2) soil water content by
plant transpiration, (3) surface roughness and (4) soil
cohesion by the root system (Gyssels et al. 2005). In this
study, we hypothesise that the shift in frequency
distributions of erosion rates is dependent on the degree
of human disturbance of the native vegetation (Fig. 1).

Given the importance of vegetation for sediment
regulation, soil erosion models typically include
vegetation cover as one of the key model parameters
(SWAT, Arnold et al. 2012; USLE, Wischmeier and
Smith 1978; RUSLE, Renard et al. 1998). In a review
by Gyssels et al. (2005), it is shown that most
empirical equations established for splash, rill, and
interrill erosion at the plot scale describe the erosion
rate (E) as a function of vegetation cover (C, %) by a
negative exponential function

E=axe™ (1)

where a is a constant and function of the local climate,
topography and geological setting, and b is a constant
indicating the effectiveness of the vegetation in
reducing erosion rates. A nonlinear increase in sedi-
ment fluxes with decreasing (forest) vegetation cover
has also been reported based on catchment-wide
erosion rates of small catchments, suggesting the
general character of an exponential increase in erosion
rates with decreasing vegetation cover (Thornes 1990;

Fig. 1 Hypothetical
frequency—magnitude I—
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Molina et al. 2008). Similarly, field observations show
a significant (and nonlinear) decrease in slope stability
after root strength decay following vegetation distur-
bances (Sidle and Ochiai 2006).

Although the empirical erosion models are an
interesting starting point, they do not allow one to
assess the impact of human disturbances in vegetation
cover on erosion regulation potential in mountain
rivers. In mountain ecosystems, natural erosion pro-
cesses such as catastrophic landslides, volcanic debris
avalanches, and outburst flows from failures of natural
dams are a dominant source of sediment. The impact
and extent of these large natural events are possibly
amplified by human activities. Before quantitative
estimates of human acceleration of erosion can be
made, human-induced sediment fluxes have to be
disentangled from natural benchmark denudational
fluxes. To do so, an erosion acceleration factor
(EF hyman) Will be determined as the ratio of the total
sediment flux, E,,, to the natural benchmark (or
geological) denudational mass flux, Eg,;:

Eror

EFhuman = E
geol

(2)

When replacing Eq. (1) in Eq. (2), a simple model for
erosion regulation potential in function of human
disturbance to natural vegetation is obtained:

— kl X ekz(cn’/_c) (3)

where EF},,;,., 18 the human acceleration of erosion
rates, C (%) is the modern vegetation cover as a result
of human disturbance, and C,.r (%) is the vegetation
cover of an undisturbed ecosystem for a given climatic,
topographic and geological setting. The parameters a;,
and a, are constants that depend on the erodibility of
the terrain as function of the local climate, topography
and geological setting. The empirical parameters by, b,
and k, are constants reflecting the efficiency of the
vegetation to control erosion rates. If the total erosion
rates measured for undisturbed settings are represen-
tative for the natural benchmark erosion rates, then
a, = a, and the parameter k; equals one.

Methods and data

The parameters of the erosion regulation model will
be calibrated with field measurements from two
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mountainous regions. Field observations are collected
at the spatial scale of small catchments (0.1 up to
276 km?®), as this allows to analyse various erosion
processes acting together at the landscape scale. Field
data of the human impact on mountain erosion are
obtained from the combination of three independent
methods: (1) in situ produced cosmogenic radionuc-
lides to establish natural benchmark mass denudation-
al fluxes, (2) reservoir sedimentation measurements to
establish total specific sediment yields, and (3) remote
sensing to characterise vegetation cover.

Recent studies have demonstrated that spatially
averaged denudational fluxes derived from in situ
produced cosmogenic '°Be concentrations in river
sediments allow to establish a natural benchmark
against which human-induced changes in sediment
flux rates can be assessed (Hewawasam et al. 2003;
Bierman et al. 2005; Vanacker et al. 2007). Cosmo-
genic nuclides are produced in situ when (secondary)
cosmic rays reach the Earth’s surface. For erosion
studies, the most widely used cosmogenic nuclide is
currently '’Be produced in quartz minerals (von
Blanckenburg 2005). In the case of steady erosion,
the production of cosmogenic nuclides equals the
removal of nuclides at the surface by erosion. Long-
term denudation rates, Eg.o (mm year_l), can then be
derived from measurements of the concentration of
in situ produced cosmogenic nuclides, Cjq,, (at g_l):

Py

05 ’

where P, (at g~ ' year™') is the production rate of
cosmogenic nuclides at the surface in a given mineral,
A (year ') is the decay constant of the cosmogenic
nuclide, and z” is the absorption depth scale (mm). The
derived erosion rates, Eg,,;, integrate over a period
determined by the time it takes to erode ~0.6 m of
bedrock, and typically integrate over 5-25 k year in
mountain regions. Because of the long averaging time,
19Be-based erosion rates average out episodic fluctu-
ations in sediment fluxes and reflect long term erosion
rates dominated by the natural pre-anthropogenic
background erosion (von Blanckenburg 2005).

All data on cosmogenic '°Be-derived denudational
fluxes presented here are derived from in situ '°Be
concentration measurements in quartz minerals pres-
ent in river sediments. Samples were integrated by
collecting ca. 4,000 g of sediment in the active part of

Ciop =
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the stream channel, at the outlet of small catchments
ranging in size from 0.1 to 276 km? (Vanacker et al.
2007, Fig. 1herein; Bellin etal. in press, Fig. 2 herein).
Large catchments containing manmade dams were
avoided as they change sediment mobilization pat-
terns. '°Be was extracted from purified quartz using
standard separation methods described in von Blanck-
enburg et al. (1996) and (2004). Typical sample
weights were c¢. 20-50 g pure quartz and c. 300 pg of
“Be carrier was added to each sample with a measured
'"Be/’Be ratio of 0.62 £ 0.27 x 10~'*. The ratios
were normalized to the ETH in-house secondary
standard S2007N with a nominal value of '°Be/’Be
of 28.1 x 107" (Christl et al. 2013). The calculated
'9Be concentrations with their corresponding analyt-
ical errors and the '°Be-derived catchment-wide
denudation rates for both regions are listed in
Appendix Tables 1 and 2.

Total specific sediment yields are derived from
sedimentation rates in small reservoirs formed by
checkdams. These small dams were implemented in
ephemeral streams in degraded mountainous regions
for sediment trapping and stream stabilisation. They
typically have a storage capacity, V, of 105,000 m°,
and collect surface runoff from a drainage area of
0.1-10 km®. Appendix Tables 1 and 2 resume the
specific sediment yields that were measured in both
regions. The sediment volume, V (m3), accumulated
behind the checkdams was calculated from field
measurements of the length, width and depth of the
sedimentation obtained from high-resolution laser
distance meter (Leica Disto’™ A8) and depth auger-
ing. We refer to Bellin et al. (2011) for a full
description of the field measurements that were used
in both regions. The catchment-wide total erosion rate,
E,,, (mm year "), is then calculated as following:

Eion = A x A‘; X TE 107 ()
where V (m?) is the estimated volume of the accumu-
lated sediment, A (km?) is the surface area of the
drainage basin, AT (year) is the filling time of the
checkdams, and TE (%) is the sediment trap efficiency
of the dams. The volume of sediments that is
accumulated behind the structures, V, is an underes-
timation of the total sediment volume that is mobilised
in the stream channel, as part of the suspended
sediment can bypass the dam structure. As no
information is available on the hydraulics of the dam

structures, the empirical formula of Brown (1943) was
used to get a first estimate of the trapping efficiency,
TE (%), of the checkdams in the Betic Cordillera:

1
TE=[1- % 100 (6)
1+0.0021 x D x 3¢

where SC (m?) is the storage capacity of the reservoir
and D is an empirical parameter depending on the
characteristics of the reservoir. In this study, a D value
of 1 was used to estimate the TE of the checkdams in
the Betic Cordillera following Verstraeten and Poesen
(2000). In the tropical Andes, most of the checkdams
consist of gabions reinforced with concrete, resulting
in little water loss before the checkdam is actually
overtopped. Considering this as well as the relatively
coarse nature of the sediments transported, the trap
efficiency is estimated to be 90 % during the filling
time of these small constructions (Molina et al. 2008).
The total error (TE) on the catchment-wide erosion
rates estimated using the above-mentioned method
typically ranges between 40 and 50 % (Sougnez et al.
2011). This encompasses errors due to uncertainty in
the estimated filling time of the checkdams, the
accumulated sediment mass as well as errors related
to the estimation of TE.

The overall vegetation cover (C, %) is derived for
each drainage basin, and refers to the fraction of the
surface that is covered by vegetation. It is estimated
based on detailed land cover type maps and vertical
photographs of vegetation plots. Land cover maps for
the two regions are derived from very high resolution
remote sensing data. In the case of the tropical Andes,
aerial photographs are used for land cover mapping;
whereas very high resolution satellite images (Quick-
bird) are used for the Spanish Betic Cordillera (Vanac-
ker et al. 2007; Sougnez et al. 2011). Seven land cover
classes were distinguished in the tropical Andes (native
forest, pine forest, eucalyptus forest, shrubland, arable
land, rangeland and barren land, see Molina et al. 2008),
and five land cover classes were distinguished in the
Betic Cordillera (almond orchards, abandoned almond
orchards, reforested areas, crop fields and shrubland/
magquis area, see Sougnez et al. 2011). For each land
cover class, 10-35 vegetation plots of 1 by 1 m were
located on the reference land cover map. The surface
vegetation cover was assessed visually from vertical
photographs of the soil surface. The vertical photo-
graphs are processed in a standard photo program
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(Gimp) to differentiate automatically vegetation from
bare soil, and to calculate the ratio of vegetated pixels to
the total number of pixels in the photograph. For each
drainage basin, the overall vegetation cover (%) is then
calculated by taking the weighted average of the surface
vegetation cover of all land cover types that prevail in
the drainage basin, using the area of each land cover
class as the weighting factor.

Study regions

Two mountainous regions with highly contrasting
land use history, climate and geological setting were
selected to calibrate the erosion model. The Austro
Ecuatoriano is located in the Southern part of the
Ecuadorian Andes. Total catchment-wide erosion
rates are calculated based on sediment volumes
accumulated behind 106 checkdams in 37 small
catchments (0.01 up to 16 km?, Molina et al. 2008).
Long-term denudation rates are established for 19
catchments ranging in size from 0.01 up to 276 km?.
For 8 out of 19 catchments, both long-term and
modern erosion rates are measured. For the location
map of the study area, we refer to Fig. 1 in Vanacker
et al. (2007). The area is highly susceptible to erosion
due to its rough topography, erosive climate, and
shallow soils developed on poorly consolidated sed-
imentary and metasedimentary rocks (Vanacker et al.
2007). The area is characterized by steep topography:
more than 60 % of the area has slope gradients steeper
than 0.3 m/m. The Austro Ecuadoriano has a typical
tropical mountain climate. Average monthly air
temperatures show little variation (between 15 °C in
January and 14 °C in August in Cuenca, at 2,530 m
a.s.l.). Rainfall regime is bimodal with two rainy
seasons, registering between 600 and 1,000 mm of
yearly rainfall in Cuenca (Molina et al. 2008).
Remnants of undisturbed ecosystems exist where a
characteristic sequence of six vegetation zones can be
found along the altitudinal gradient: glacial ice (above
c. 4900 m), desert paramos (between c. 4,900 and
4,500 m), shrub and cushion paramos (between c.
4,500 and 4,000 m), grass paramos (between c. 4,000
and 3,400 m), upper montane rain forest (between c.
3,400 and 2,500 m) and montane shrub vegetation
(between 3,000 and 2,000; Keating 1999). Successive
periods of land clearing and abandonment resulted in
strong anthropogenic disturbance to the forest
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ecosystems. This was particularly important in the
1960s and 1970s when rapid socio-economic and
demographic changes resulted in accelerated defores-
tation, agricultural colonisation and urban expansion
(Wunder 1996; Vanacker et al. 2003). It is estimated
that 90 % of the native forests has been converted to
agricultural land (cropland and grassland) or has been
replaced by secondary woody vegetation or, more
recently, by exotic species (Guns and Vanacker 2013).

The Betic Cordillera is the westernmost segment of
the European Alpine belt, and is characterized by a
succession of mountain ranges that are mainly
oriented in an E-W direction. Study sites are located
in the Sierras de Los Filabres, Alhamilla and Cabrera
bordering the Tabernas Desert, the Sierra de las
Estancias, Sierra Torrecilla; and Sierra Almagrera.
Total catchment-wide erosion rates are here estimated
from the volume of sediment deposited behind
checkdams in 54 catchments (0.01 up to 9 km?
Bellin et al. 2011; Sougnez et al. 2011), and long-term
denudation rates are obtained for 20 catchments (0.01
up to 14 km?, Bellin et al. in press). 10 catchments are
sampled for both modern and long-term erosion rates.
The sampled catchments are distributed randomly in
the Internal Zone of the Betic Cordillera, and can
therefore be considered to be representative of the
environmental settings in this region. The lithology
consists of micaschist, quartzites, and phyllites with
local outcrops of limestone and dolomite rocks. Soils
are generally shallow as illustrated by the dominance
of regosols and lithic leptosols. The climate is semi-
arid with dry and warm summers and mild winters, a
low annual rainfall with strong variability (increasing
with altitude from about 300 to 650 mm). In contrast
to the Austro Ecuatoriano where smallholder agricul-
ture dominates the landscape, traditional mountain
agriculture has largely being abandoned in the Span-
ish Betic Cordillera (MacDonald et al. 2000; Boix-
Fayos et al. 2007). Agricultural land occupies less
than 5 % of the surface area (Bellin et al. 2011). Land
abandonment already started in the 1940s and con-
tinued at faster rates after the 1960s (Garcia-Ruiz
2010). More than 30 years after the main phase of
land abandonment, the dominant vegetation type is
matorral, characterized by a sclerophyllous and thorny
vegetation. Tree cover is very scattered with the
presence of some remnants of mesophilous taxons at
higher altitudes. During the last decades, afforestation
with indigenous pines (pinea, halepensis, laricia,
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silvestris, uncinata and canariensis), Pinus radiata and
Eucalyptus has been important at high altitudes and
steep slopes. Southeast Spain is commonly reported as
the European region that is most affected by erosion,
but the role of humans in accelerating erosion
processes is still subject of active debate (Wainwright
and Thornes 2004).

Results and discussion

Total erosion rates as a function of vegetation
cover

In both mountainous regions, the total erosion rates,
E,,;, are inversely related to the overall vegetation
cover, C (Fig. 2). The monotonous, nonlinear decrease
of erosion rates with increasing vegetation cover is
remarkably similar to the empirical relations that were
derived for splash, interrill and rill erosion from
experimental plot experiments (see Gyssels et al.
2005). It also confirms earlier observations by Wis-
chmeier and Smith (1978) and Thornes (1990) that
sites with very low to low vegetation cover are
particularly vulnerable to erosion. Total erosion rates
are systematically higher (about ten times) in the
Austro Ecuatoriano compared to the Internal Zone of
the Betic Cordillera. The catchment-wide erosion rates
typically show a large variability in both regions. They
range between 0.01 and 18.4 Mg ha™' year™' (with
mean value of 1.5 Mg ha™' year™') in the Spanish

site, and between 0.26 and 151 Mg ha™' year '

(mean value: 21.9 Mg ha™' year™') in the Ecuadorian
site. Although the specific sediment yields that are
reported for the Spanish site are quite low, they agree
with previous erosion rate studies by Puigdefabrigas
et al. (1999), Boix-Fayos et al. (2007) and Romero-
Diaz et al. (2007).

The systematic difference in catchment-wide ero-
sion rates is not related to differences in the overall
vegetation cover between the two regions, but is likely
to be related to the more erosive setting in the Southern
Ecuadorian Andes; characterised by very steep terrain,
highly erodible bedrock and active tectonism (Vanac-
ker et al. 2007). Two important observations can be
made based on Fig. 2. First, the strength of the relation
between erosion rates and vegetation cover varies
strongly with the local environmental setting. For the
Austro Ecuatoriano, the erosion data are tightly clus-
tered along the regression line. The opposite is true for
the semi-arid Internal Zone of the Betic Cordillera,
where the erosion rates vary by two orders of magnitude
for a givenrange of vegetation cover. This is likely to be
linked to the extreme spatial and temporal variability of
rainfall that is characteristic for this semi-arid Medi-
terranean climate. As most of the erosion is produced
during extreme high-intensity rainfall events (Canton
etal. 2011), we might expect large variation in erosion
rates depending on the presence/absence of extreme
rainfall events during the erosion record.

Second, our data suggest that vegetation is far more
efficient for erosion and sediment control in a tropical

Fig. 2 Total erosion rates as 1.E+02
afunction of vegetation cover
for the Austro Ecuatoriano
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environment compared to a semi-arid setting as the
slope of the regression between erosion rates and
vegetation cover (parameter b in Eq. 1) equals 0.05 for
the Austro Ecuatoriano and 0.02 for the semi-arid
Betic Cordillera. This suggests that the effectiveness
of the vegetation cover to reduce erosion rates is not
constant, but depends on the local environmental
setting. The protective effects of vegetation covers
might be limited in Mediterranean climates charac-
terised by torrential rainfall with intensities of more
than 200 mm/24 h (De Luis et al. 2000). During such
high-intensity storms, the rainfall intensity largely
exceeds the soil infiltration rates (Puigdefabrigas

2005). Surface runoff generation, the main driver of
soil erosion and sediment mobilisation, occurs then
independent of vegetation cover.

Natural erosion benchmarks to quantify
human-induced erosion

The impact of human disturbances to erosion and
sediment mobilisation cannot be assessed solely based
on modern erosion rates. It is necessary to compare
total erosion rates, E,,,, with natural benchmark erosion
rates, Eg.,, to assess human-induced changes in
erosion rates. Figure 3 nicely illustrates this concept.

Fig. 3 Total and natural -
benchmark erosion rates as a Q
function of vegetation cover £ 1.E+02
for a Austro Ecuatoriano £ A
and b Spanish Betic ~
Cordillera. Geological 1D 1.E+01 | =
erosion rates are e o -
independent of the modern o a g -
vegetation cover. For a &D 1.E+00 L "' - B =
given range of vegetation O m = . L
cover, the difference *6 (] . " L
between E and Egeo is an £ 1E01 | = - ug® - m
indicator of the human - - oy ™
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Fig. 4 Scatterplot of total erosion rates (E,,) against natural
benchmark erosion benchmarks (Eg). The figure only shows the
values for drainage basins in the Spanish Cordillera (grey dots)
and the Austro Ecuatoriano (grey rectangles) where both total

In the semi-arid Spanish Cordillera, total catch-
ment-wide erosion rates are not significantly different
from natural, geological denudation rates. Figure 3b
shows that the range of total catchment-wide erosion
rates (E,, = 0.096 & 0.198 mm year_l) overlaps
with the geological denudation rates (Egeo =
0.062 £ 0.049 mm year™ '), although modern erosion
rates are characterised by a larger variability. The
opposite is true for the Austro Ecuatoriano, where
modern erosion rates for disturbed sites are systemat-
ically one to two orders of magnitude higher than the
benchmark erosion rates (Fig. 3a). The difference
between the total erosion and the natural benchmark
strongly increases with decreasing vegetation cover
and, hence, increasing vegetation disturbance. For
highly disturbed catchments with an overall vegeta-
tion cover below 50 %, there is a 100-fold to 1,000-
fold increase in erosion rates compared to the natural
benchmark erosion rates. On the other hand, weakly
disturbed catchments with an overall vegetation cover
above 80 % have modern erosion rates that are not
significantly different from the natural benchmark
erosion rates.

Our data show evidence that modern erosion rates
are not necessarily equivalent to human-induced ero-
sion rates, as natural erosion rates can be important in
mountainous terrain. Although the Spanish Cordillera

erosion and long-term erosion rates were measured. The green
zone corresponds to the area of the graph where total and natural
benchmark erosion rates are not significantly different, given the
uncertainty on the erosion values

is commonly characterized as being highly degraded as
a result of past land use change (Brandt and Thornes
1996), it becomes evident that modern acceleration of
erosion by human activities is generally not supported
by the erosion data from the Spanish sites. When
comparing total erosion with benchmark erosion rates
for the same drainage basins (Fig. 4), it becomes clear
that seven out of ten Spanish catchments have no
significant changes in erosion due to human distur-
bance. Only for cultivated sites covered with rainfed
orchards, human acceleration of erosion is evident. van
Wesemael et al. (2006) showed very high soil redistri-
bution rates (up to 5.5 Mg ha~' year™") in rainfed
treecrops due to tillage and water erosion. The situation
is very different for the Austro Ecuatoriano, where the
share of geological erosion in the total erosion rate is
minimal for most small catchments (Fig. 4).

Human acceleration of erosion as a function
of vegetation cover

‘When comparing the magnitude—frequency distribution
of modern and natural benchmark erosion rates, we
observe a clear decrease in the frequency of low-
magnitude events for modern erosion rates (Fig. 5). This
change is most pronounced for the Austro Ecuatoriano,
where the frequency of occurrence of low-magnitude
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Fig. 5 Boxplot of total and
natural erosion rates for for
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events (i.e. events with erosion rates lower than
0.025 mm year™ ") drops by about 75 %. The shift in
magnitude—frequency of erosion rates is less pronounced
for the Spanish site, although not negligible.

The erosion acceleration factor (EF,yman) gives a
quantitative estimate of the overall change in erosion
rate. It is calculated following Eq. (2) as the ratio of the
total (Ey) to the natural benchmark erosion rate
(Egeon)- Given the uncertainty on the erosion estimates,
it can be conservatively assumed that any value of
EF}uman that is lower than 2 does not represent any real
change in erosion rate. The total uncertainty on the
EF}uman values is not only related to the uncertainties
on the total catchment-wide erosion and long-term
denudation rates, but also to the different temporal
scale over which erosion rates are integrated.

Figure 6 shows the erosion acceleration factor as a
function of vegetation disturbance. Here, we estimate
the vegetation disturbance by a simple proxy that
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Erosion rate (mm/yr)

equals the difference between the current, measured
vegetation cover (C) and the (hypothetical) vegetation
cover of an undisturbed site for a similar climatic,
topographic and geological setting (C,ef, %). There is a
clear difference in the vegetation cover that can be
expected in undisturbed sites between the two regions.
For the Austro Ecuatoriano, there is no doubt that the
undisturbed ecosystems have a continuous plant cover
of generally 100 % (Keating 1999). There exists less
information on the vegetation that would be charac-
teristic for undisturbed sites in the Spanish Cordillera,
as human occupation has strongly altered the overall
vegetation composition and density (Bellin et al. in
press). Based on the vegetation characterization of
restored sites, we assume that the vegetation cover of
undisturbed sites would approximate 75 to 80 % in
this semi-arid environment. This also corresponds to
the maximum vegetation cover that was measured for
dense matorral (Sougnez et al. 2011).
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Fig. 6 Human erosion acceleration (EFy,ma,) as a function of
vegetation disturbance (C,.—C) for the Austro Ecuatoriano
(rectangles) and the Spanish Cordillera (dots). Although the two
regions strongly differ in land use history, climatic and
geological setting, the data roughly follow the same trend with

This approach allows us to calibrate the erosion
regulation model presented in Eq. (3) based on the
observations from two environmental settings with
contrasting land use history, climatic regime, and
lithological contrasts. When plotting the values of
human acceleration of erosion as a function of
vegetation disturbance, it can be observed that the
data from the two regions roughly follow the same
trend. Overall, there is a significant correlation
between the human acceleration of erosion and the
vegetation disturbance (Pearson correlation coeffi-
cient = 0.72, n = 18). When fitting a regression line
through the observed data, we obtain the following
equation:

EFnyman = eOAO6(Cw_C) (7)

This empirical model allows predicting the human
acceleration of erosion as a function of human-
induced changes in vegetation. Without any doubt,
there exists a large spread in the response to vegetation
disturbances that deserves further analysis. The var-
iation is particularly important for low vegetation
disturbances. However, it is not surprising that the
values of EFy, ., are lower than 1 for some sites in the
Spanish Cordillera. As this region is characterized by
very rare but extreme rainfall events, modern (short-

40 60 80 100
Q

ref ~

an exponential increase in erosion acceleration with increasing
vegetation disturbance. The area shaded in green corresponds
with the area of graph where there is no clear human acceleration
of erosion given the uncertainty on the erosion rates

term) erosion rates are likely not to include these rare
storm events during which most of the sediment
mobilisation occurs (Canton et al. 2011).

The potential erosion regulation model indicates
that the impact of human disturbances on erosional
processes largely depends on the potential changes in
vegetation cover. Hence, this suggests that the sensi-
tivity to human-accelerated erosion would be highly
ecosystem-dependent. In well-vegetated ecosystems
with intrinsically a greater potential for strong vege-
tation disturbances (as native forests are converted to
agricultural land), the human-induced erosion rate
may totally outweigh the long-term benchmark ero-
sion rates. This is less evident in sparsely vegetated
ecosystems, where the potential change in vegetation
cover due to human activities is limited.

Conclusion

In this paper, we developed an empirical erosion
regulation model that specifically accounts for the
complex mixture of natural and human-induced ero-
sion processes occurring in mountainous terrain. The
erosion model predicts human acceleration of erosion
as the ratio of the total erosion to the natural benchmark
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erosion rate. The model was calibrated with modern
and natural erosion measurements from two moun-
tainous regions with highly contrasting land cover,
climatic and geological setting: the Austro Ecuatoriano
and the semi-arid Spanish Betic Cordillera. Although
more data are needed from contrasting environmental
settings to further test the model, the following three
conclusions can be drawn when pooling the erosion
data from the two mountainous sites:

First, modern erosion rates are related to vegetation
cover. With decreasing vegetation cover, there is an
exponential increase in total erosion rates. However,
the direction and strength of this relationship strongly
depend on local environmental settings. The efficiency
of vegetation to control erosion rates is highest for the
Austro Ecuatoriano, where the potential human
disturbance to vegetation cover is most pronounced.

Second, our data show that the impact of human
disturbances to erosion cannot be assessed solely
based on modern erosion rates, as natural erosion rates
are important in mountainous terrain. This is partic-
ularly the case in the Internal Zone of the Spanish
Cordillera, where modern erosion rates are not signif-
icantly different from natural, benchmark erosion rates
although they display a larger variability. This also
questions the direct use of modern erosion rates as
indicators of human disturbance to erosion regulation.

Third, our data suggest that the human acceler-
ation of erosion defined as the ratio of total to
natural erosion rates is an exponential function of
vegetation disturbance. Human-induced changes in
erosion rate are likely to depend on the magnitude
of vegetation disturbance. Our empirical data from
two contrasting regions suggest that the sensitivity
to human-accelerated erosion might be ecosystem-
dependent, where well-vegetated ecosystems are
more sensitive due to their greater exposure to
strong vegetation disturbances. Therefore, it sug-
gests that the potential for erosion regulation is
larger in well-vegetated ecosystems compared to
sparsely vegetated systems.
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Appendix

Table 1 Main characteristics of the sampled catchments in the Austro Ecuatoriano

Sample Latitude Longitude Basin area Fractional 1%Be denudation Total erosion
(DD) (DD) (km?) vegetation rate (mm/year) rate (mm/year)
cover (/)

BQ —2.894 —78.893 186.3 0.53 0.053 £ 0.004

CcJ —2.917 —78.870 19.5 0.90 0.095 + 0.011 0.56

DE2 —2.767 —78.920 39.1 0.77 0.105 % 0.009

JA2! —2.873 —78.883 276.0 0.76 0.052 £ 0.005 1.33

JA2 0.048 £ 0.004

MA1 —3.040 —78.948 0.1 0.14 0.028 £ 0.003 6.32

MAR —3.040 —78.949 49.8 0.64 0.030 % 0.002

NAl —2.699 —78.268 57.1 0.91 0.142 4+ 0.018

NA4 —2.663 —78.901 4.9 0.89 0.222 4+ 0.033

QU —3.021 —78.915 16.7 0.84 0.077 £+ 0.008 0.18

RGST —2.959 —78.895 20.2 0.73 0.028 £ 0.002

RG'™? —2.955 —78.892 0.9 0.98 0.025 £ 0.002 0.12

RG™™ 0.028 + 0.002
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Table 1 continued

Sample Latitude Longitude Basin area Fractional 19Be denudation Total erosion
(DD) (DD) (km?) vegetation rate (mm/year) rate (mm/year)
cover (/)

RG2 —2.909 —78.900 29.2 0.67 0.061 £ 0.006

RGD' —2.936 —78.796 2.2 0.46 0.027 £ 0.002 0.36
RGD? 0.031 £ 0.003

RGD*™* 0.033 £ 0.003

SA —2.952 —78.923 0.5 0.35 0.152 £ 0.019 3.88
SF'=2 —2.891 —78.771 84.0 0.85 0.061 £ 0.006

SF? 0.079 + 0.007

SF* 0.077 + 0.008

SI1 —3.158 —78.815 0.6 0.38 0.010 £ 0.001

S12 —3.142 —78.810 18.3 0.29 0.030 £ 0.003

S13 —3.137 —78.811 49.2 0.18 0.088 £ 0.011

SIS —2.988 —78.809 6.0 0.68 0.003 £ 0.001 0.07
VALI —2.873 —78.883 <0.1 0.53 1.62
VAL3 —2.873 —78.883 <0.1 0.52 1.61
BEL —2.869 —78.875 9.4 0.82 0.11
VEGA —2.870 —78.876 0.3 0.18 4.27
SIP —3.003 —78.812 0.1 0.37 2.38
CAL —2.805 —78.909 1.5 0.16 11.19
MES2 —2.800 —78.898 <0.1 0.49 1.35
MES1 —2.800 —78.898 <0.1 0.35 1.10
AU —2.816 —78.879 <0.1 0.17 10.15
LLAY —2.870 —78.839 <0.1 0.90 0.02
PES —2.926 —78.794 7.1 0.68 0.11
UZ1 —2.933 —78.796 0.6 0.32 0.45
AGU —2.944 —78.794 16.1 0.67 0.12
ARG —3.003 —78.853 1.5 0.79 0.08
DUN —2.946 —78.815 0.2 0.69 1.00
LLAN —3.007 —78.929 4.6 0.70 0.05
QUI1 -3.029 —78.915 7.3 0.96 0.25
QUI2 —3.030 —78.914 4.3 0.83 0.48
QUI3 —3.023 —78.909 1.3 0.63 0.22
SALJ —2.956 —78.928 0.6 0.37 0.48
ANT —2.941 —78.927 0.3 0.37 2.86
CHO —2.951 —78.930 0.2 0.64 1.52
AGS —2.716 —78.893 0.3 0.44 1.10
SJUNB —-2.714 —78.892 2.1 0.64 0.76
TURUI —2.715 —78.893 2.9 0.69 1.25
TURU2 —2.714 —78.891 33 0.66 1.32
TURU3 —2.714 —78.890 5.5 0.65 1.35
SALBI —2.795 —78.931 1.3 0.46 0.75
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Table 1 continued

Sample Latitude Longitude Basin area Fractional 19Be denudation Total erosion
(DD) (DD) (km?) vegetation rate (mm/year) rate (mm/year)
cover (/)
SALB2 —2.798 —78.929 1.9 0.46 1.11
NEG —2.806 —78.920 34 0.45 0.64

Catchment-wide erosion rates are calculated based on sediment volumes accumulated behind 106 checkdams for 37 small catchments
(Molina et al. 2008), and on bathymetric data for the JA2 catchment only. Long-term denudation rates are established based on '°Be
concentrations in river sediments of 19 catchments (Vanacker et al. 2007)

Quartz was extracted from the 0.25-2.5 mm grain size fraction of the alluvial material. For five samples, we analysed the effect of
grain size ('0.25-0.85 mm. 20.85-1.25 mm. *1.25-2.0 mm. “2.0-2.5 mm) on the '’Be concentration. No significant difference in
1Be concentration was observed between grain size fractions, and the remaining 10B¢ analyses were realized on the 0.250-1.250 mm
fraction. The '°Be concentrations that were measured prior to April 2010 were renormalized relative to the new half-life and AMS
standardization by reducing the old 19Be concentrations by a factor of 1.096 as suggested by Christl et al. (2013)

Table 2 Main characteristics of the sampled catchments in the Spanish Betic Cordillera

Sample Latitude Longitude Basin area Fractional 19Be denudation Total erosion
(DD) (DD) (km?) vegetation rate (mm/year) rate (mm/year)
cover (/)
204 37.020 —2.300 1.49 0.71 0.049
200 26.340 —2.390 0.12 0.67 0.063
203 37.010 —2.370 1.51 0.72 0.025
202a 37.000 —2.380 2.85 0.73 0.017
70 37.580 —2.210 0.04 0.35 0.393
NEWESTANI 37.588 —2.182 0.21 0.38 0.026 £ 0.003 0.175
176 37.600 —2.080 0.70 0.60 0.042
153b 37.590 —2.100 0.28 0.69 0.052
154b 37.590 —2.090 0.60 0.74 0.033
180a 37.600 —2.050 0.46 0.42 0.039
NEWESTAN3 37.592 —2.054 0.21 0.30 0.026 £ 0.003 0.218
69 37.580 —2.190 0.40 0.39 0.049
18f 37.450 —2.420 0.50 0.48 0.027
163 37.590 —2.050 0.17 0.21 0.075
178 37.580 —2.140 0.11 0.24 0.192
16a 37.240 —2.390 9.11 0.61 0.029
31b 37.300 —2.590 3.07 0.47 0.014
NEWESTAN2 37.506 —2.216 0.70 0.74 0.077 £ 0.009 0.057
42 37.260 —2.440 3.0 0.50 0.007
FILEST1 37.328 —2.358 0.93 0.67 0.074 £+ 0.008 0.094
NOFIL1 37.337 —2.622 0.46 0.58 0.103 £+ 0.012 0.030
1la 37.340 —2.680 0.95 0.57 0.014
NOFIL2 37.317 —2.599 1.91 0.56 0.042 £ 0.004 0.058
16b 37.260 —2.380 5.12 0.65 0.045
56 37.320 —2.540 3.06 0.53 0.005
15a 37.310 —2.630 0.88 0.59 0.062
NOFIL4 37.308 —2.649 1.69 0.52 0.024 £ 0.002 0.015
NOFIL3 37.259 —2.449 7.77 0.55 0.052 £ 0.006 0.039
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Table 2 continued

Sample Latitude Longitude Basin area Fractional B¢ denudation Total erosion
(DD) (DD) (km?) vegetation rate (mm/year) rate (mm/year)
cover (/)

1 37.140 —2.520 0.71 0.57 0.005
28 37.150 —2.510 1.42 0.63 0.009
4a 37.160 —2.650 5.04 0.54 0.003
27 37.190 —2.700 542 0.51 0.049
3a 37.190 —2.580 0.87 0.73 0.021
9e 37.240 —2.790 2.60 0.71 0.021
9d 37.230 —2.800 4.43 0.68 0.111
9c 37.230 —2.810 0.12 0.74 1.226
CARI1 37.831 —1.337 3.09 0.58 0.016
CAR2 37.832 —1.337 3.11 0.58 0.026
CAR3 37.831 —1.340 0.16 0.44 0.278
CAR4 37.804 —1.312 0.94 0.58 0.090
CARS5S 37.800 —1.313 0.17 0.57 0.062
CARG6 37.795 —1.314 0.13 0.57 0.105
CAR7 37.798 —1.313 0.59 0.57 0.004
CARS 37.797 —1.313 0.02 0.46 0.833
TORI1 37.651 —1.826 0.14 0.73 0.087
TORI16R 37.648 —1.797 0.13 0.82 0.001
TORS 37.652 —1.795 1.70 0.67 0.014 £ 0.002 0.001
TORG6 37.643 —1.793 0.19 0.78 0.054 £ 0.006 0.016
TOR28 37.655 —1.746 0.23 0.78 0.106
TOR29 37.656 —1.747 0.14 0.79 0.067
TOR14102_1 37.666 —1.805 0.06 0.40 0.018
TOR140101_1 37.666 —1.807 0.05 0.56 0.063
TOR140102_2 37.667 —1.806 0.07 0.76 0.057
TOR140102_3 37.667 —1.808 0.22 0.76 0.021
ESTO1 37.552 —1.793 0.14 0.57 0.020 £ 0.002

ESTO02 37.576 —-2.114 0.05 0.54 0.020 £ 0.002

ALHO1 37.028 2.176 14.40 0.59 0.060 £ 0.008

ALMO1 37.325 —1.754 0.70 0.70 0.058 £ 0.006

CABO1 37.095 —1.835 0.25 0.50 0.142 £ 0.018

CABO02 37.065 —1.895 7.72 0.54 0.104 £ 0.014

CABO3 37.053 —1.939 1.99 0.62 0.246 £ 0.031

FILO1 37.178 —2.034 8.63 0.54 0.052 +£ 0.006

FILO02 37.172 —2.040 3.34 0.63 0.052 £ 0.006

FILO3 37.230 —2.106 0.26 0.49 0.031 £ 0.003

Catchment-wide erosion rates are calculated based on sediment volumes accumulated behind checkdams in 54 small catchments
(Bellin et al. 2011; Sougnez et al. 2011). Long-term denudation rates are established based on 19Be concentrations in river sediments
of 20 catchments (Bellin et al. in press)
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