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Abstract

Soil in alpine environments plays a key role in the development of ecosystem. Identify,
maintain and preserve its resources, as well as recognize processes that would affect
them are important and of practical interest. Environmental concerns about these frag-
ile systems which are threatened by the human pressure and climatic change have
stressed the need to gather information in soil erosion processes. As most mountain
alpine environment the Benasque catchment is characterized by temperatures below
freezing that can last from November to April, strong rainfall events and rugged topog-
raphy. Indirect studies, such as combined model approaches, could be an alternative
to evaluate soil erosion on these areas. In this study the complementary tools of Soil
and Water Assessment Tool (SWAT) and fingerprinting procedure were used to as-
sess an initial approach on soil erosion processes which take place in the area of
the Posets-Maladeta National Park (Central Spanish Pyrenees). Soil erosion rates and
sediment contribution of potential sediment sources (Kastanozem/Phaeozem; Fluvisol;
Cambisol and channel bed sediments) were assessed. SWAT model identified Cam-
bisols as the main source of sediment of the Benasque catchment with the highest
specific sediment yields and Phaeozems and Fluvisols were identified as the lowest
sediment contributors. Spring and winter performed the highest and lowest specific
sediment yield, respectively. Fingerprinting procedure identified channel bed sediment
and Fluvisols as the main sediment sources indicating the main influence of connec-
tivity. The combined approach enabled us to better understand soil erosion processes
in the Benasque alpine catchment.

1 Introduction

Alpine soil performs important ecological functions that are related to the quality and
quantity of water resources, the storage of carbon, the risks of floods, the maintenance
and character of biodiversity and the value of landscapes as habitats. Mountain soils
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suffer from intrinsic vulnerability to natural stresses such as extreme rainfall (Giannec-
chini et al., 2007; Meusburger and Alewell, 2008) and changes in precipitation (Stanchi
et al., 2013). Soils are themselves a natural resource and their protection is vital for the
proper and sustainable functioning of the alpine environment.

Mountain systems all over the world are unique in their ecology and diversity (Alewell
et al., 2008). However, the extreme topography and climate, like in the Benasque alpine
catchment (Spain) which is the focus of this study, result in high instability, fragility and
sensitivity for these ecosystems (Gellrich and Zimmermann, 2007). Simultaneously,
human society has exploited to maximum most mountain environments (Lasanta et al.,
2006) which are experiencing serious degradation since the Middle Ages (Hochtl et al.,
2005). Economic, societal and environmental changes are often an immediate threat to
mountain systems and careful planning is needed (Alewell et al., 2008). Thus, methods
to describe and predict ecosystem stability in mountain systems are urgently needed
(Garcia-Ruiz et al., 1996). One inherent parameter of ecological stability is the status
of soils in the ecosystems which affects mountain ecosystem like slope stability, water
budgets (drinking water reservoirs as well as flood prevention), vegetation productivity,
ecosystem biodiversity and nutrient production.

Although alpine soils generally have high density vegetation covers, they are vulner-
able to soil erosion because of steep slopes and extreme climatic events. Vegetation
cover is an important parameter with respect to soil erosion in mountain soils because
protects soil by reducing water runoff and dampening the kinetic energy of rain drops,
increasing water infiltration into the soil matrix and by sheltering and stabilizing the ter-
rain by roots (Schindler Wildhaber et al., 2012). Changes of land use can modify the
water balance in certain mountain areas with negative impacts on the lowlands, which
support higher density of population. Depending on region and altitude, the projection
of further warming will be shortened the duration of snow cover by up to 100 days with
earlier snowmelt in spring (Beniston, 2006; Horton et al., 2006; Jasper et al., 2004). In
Europe, a rising snowline, intensified precipitation during the winter and strong leach-
ing effects with no or sparse vegetation cover in late fall and early spring will result in
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an increase of erosion (Fuhrer et al., 2006). Nevertheless, increased erosion is also
likely in the alpine environment where extreme droughts will be followed by rain events
of increased intensity (Brunetti et al., 2006; Schmidli and Frei, 2005) or rapid snowmelt
in late spring will be overlapped with intense rain events producing large catastrophic
floods, as observed on 18 January 2013 in the Benasque catchment.

Sediment production and yields to the hydrological network in alpine environments
are conditioned by the characteristics of high mountain climate especially with the pres-
ence of the snow cover periods and its related snowmelt. During the winter one of the
processes affecting soil aggregates stability is freezing and thawing cycles providing
small soil aggregates which would be easily exported by the early spring snowmelt.
This has a great influence on the spring soil’s erodibility. In addition, these regions are
mostly characterized by rugged topography and large precipitation, that favored quickly
and substantial runoff.

In the near future, the combined effects of global climate and land use change might
significantly increase soil degradation (Beniston, 2006; Fuhrer et al., 2006). Suitable
methods to describe and predict soil degradation in mountain areas with low acces-
sibility, steep topography and extreme climate are urgently needed for suitable plan-
ning processes in Alpine regions under global change regime (Alewell et al., 2008).
Low accessibility characteristics of these regions make that the indirect methods, such
as models or numerical approaches, became useful and economical tools to conduct
studies on soil degradation.

The Soil and Water Assessment Tool (SWAT) (Arnold et al., 1998) is a hydro-
sedimentary model that was developed to predict the effects of different management
practices on water quality, sediment yield and pollution loading in watersheds. SWAT
has been widely implemented to perform hydrological simulations to estimate stream-
flow timing and volumes from mountainous catchments worldwide (e.g. Gikas et al.,
2006; Zhang et al., 2008; Yu et al., 2011; Rahman et al., 2013). However, there have
been few studies that evaluate sediment production in alpine mountain catchments
(Abbaspour et al., 2007; Rostamian et al., 2008; Flynn and Van Liew, 2011).
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Viewed in simple terms, sediment source fingerprinting applied to catchment sys-
tems aims to provide information on the source of the sediment transported by a river
(Walling, 2013). The fingerprinting procedure employs statistical testing of a range of
source material tracer properties to select a subset that discriminate sources (Collins
and Walling, 2002). Sediment fingerprinting approaches offer potential to quantify the
contribution of different sediment sources, evaluate catchment erosion dynamics and
support the development of management plans to tackle the reservoir siltation prob-
lems. In the last 30 years, sediment source fingerprinting investigations have expanded
greatly related to a growing need for information on sediment source and to technologi-
cal advances which facilitate such work (Walling, 2013). However, source fingerprinting
techniques continue to be most widely applied in agricultural catchments (e.g. Owens
et al., 2000; Collins et al., 2010; Martinez-Carreras et al., 2010b; Blake et al., 2012).

The Benasque alpine catchment in Posets-Maladeta Natural Park, located in the
Central Spanish Pyrenees, is surrounded by the highest peaks (> 3000 ma.s.l.) of the
Pyrenean Range. Soil loss due to water erosion represents an increasing threat under
conditions of climate change which affects precipitation regimes, frequency of extreme
meteorological events, snow melt and vegetation as stated in the IPCC report (2007).
This study constituted a preliminary approach to understand soil erosion processes in
the Benasque alpine catchment. The aim of this study is to adopt a combined mod-
elling and tracing approach for assessing soil erosion processes in alpine soils and
for identifying sources of sediments. Specific objectives are: (1) to undertake spatial
and temporal modeling with SWAT to identify soils which generate sediment and yield
into streams that inflow into two small reservoirs; (2) to use composite fingerprinting
properties to identify the principal sources of sediment delivered to the reservoirs.

2 Study area

The Benasque catchment is located within the Posets-Maladeta Natural Park (Cen-
tral Spanish Pyrenees). The Natural Park, created in 1994, is an autonomic legisla-
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tive figure engaged in the conservation of natural species and values. It has a great
biological diversity typical of high mountain bioclimatic zones with endemic species
or endangered species and in the future could be included in the National Park net-
work. The glacial shaped valley, the moraines and glacial lakes and, in the same way,
the karstic phenomenon in its headwater are of great interest. The remnant Aneto-
Maladeta glacial system is located in the northernmost part of the catchment.

The catchment is situated in the Axial Pyrenees Structural Unit composed of Pale-
ozoic rocks (quartzites, limestone, and slates) and granodiorites with a very complex
tectonic organization. The mean elevation of the catchment is 2213 ma.s.l. and ranges
from 1039 ma.s.l. at the outlet to 3404 ma.s.l. (Aneto Peak). The climate is defined as
mountain type, wet and cold, with both Atlantic and Mediterranean influences (Garcia-
Ruiz et al., 1985). The village of Benasque at 1138 ma.s.l., receives an average annual
precipitation of 1182 mm which further increases to more than 2500 mm on the highest
divides (Garcia-Ruiz et al., 2001). Above 1000 ma.s.l., the average annual temperature
is lower than 10°C and at 2000 m the mean temperature is around 5 °C (Puigdefabre-
gas and Creus, 1973). Thus, between November and April, the 0°C isotherm is around
1600-1700 ma.s.l. (Garcia-Ruiz et al., 2001) representing that more than 85 % of the
catchment is above this isotherm (Fig. 1). The hydrologic regime of the area is transi-
tional nivo-pluvial with clear nival trends tempered by pluvial influences (Lopez-Moreno
et al., 2002). The study catchment includes two reservoirs Linsoles and Paso Nuevo
(Fig. 1), both with a storage capacity of 3 hm®, regulate 118 and 283 km? of the Esera
headwater, respectively, with an impounded runoff index (IR) of 0.016 and 0.022 each.
Based on their IR index and using the equation developed by Heinemann (1981) for
small reservoirs, Linsoles and Paso Nuevo have a 45 and 60 % of sediment trap ef-
ficiency, respectively. The hillslopes derived sediment loads transported through the
reservoirs and the fluvial network are effectively exported out of the catchment. The
river has clean blocky alluvial deposits and rocky embedded channels.
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A well developed karst system is located in the northern area of the catchment
(Fig. 1) and the discharge of the upper part of the Esera River flows underground
through the Jueu karst system to the upper Garonne River (Aran Valley, Spain).

Rock outcrops cover more than 25 % of the catchment (Table 1). The cultivation
areas, range grasses and vegetable gardens, are very small (3 %) and limited to the
valley floors. The pine forest of Pinus sylvestris is the most important between 1200 and
1700 ma.s.l., alternating with Abies alba and even small formations of Fagus sylvatica
in shady places. However, above 1700 m many forests have been removed to facilitate
the extension of pasture (Garcia-Ruiz and Del Barrio, 1990). Above 2500 m bare rocks
with sparse plants increasingly dominate the landscape.

The soils of the catchment are stony, shallow and alkaline, overlying fractured
bedrock with textures from loam to sandy loam. Because the Benasque catchment
was deglaciated at the beginning of the Holocene the soils of the catchment are young
and strongly influenced by a periglacial environment. On steep slopes, where Leptosols
(with rendzic Leptosols) and lithic Kastanozems are developed, soils are shallow and
regularly truncated. More developed soils, as Cambisols, Phaeozems are found in the
catchment bottoms and Fluvisols cover the valley floors (Fig. 2 and Table 1).

3 Material and methods
3.1 The SWAT model

SWAT, the Soil and Water Assessment Tool, is a physically-based, semi-distributed,
agro-hydrological model that operates on a daily time step (as a minimum) at catchment
scale (Arnold et al., 1998). The model is capable of continuous hydrological simulation
in large complex catchments with varying weather, soils and management conditions.
Major model components include weather, hydrology, soil temperature and properties,
plant growth, nutrients, pesticides, bacteria and pathogens, and land management.
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Theory and details of different processes integrated in SWAT model are available online
in SWAT documentation (http://swatmodel.tamu.edu/).

SWAT can analyze catchments by discretising into sub-basins, which are then further
subdivided into hydrological response units (HRUs). The sediment from sheet erosion
for each HRU is calculated using the Modified Universal Soil Loss Equation (MUSLE;
Williams and Berndt, 1977). Erosion and sediment delivery are estimated as a function
runoff energy factor and physical factors such as soil erodibility, slope steepness and
cover factor, which correspond to flow volume within the channel on a given day. Water
redistribution in the HRUs is affected by soil temperature. If temperature in a particular
soil layer is < 0°C, no redistribution is allowed from that layer. Moreover, the erosive
power of rainfall and runoff will be less when snow cover is present than when there
is no snow cover. The computed loads are then routed through the channel network
based on a simplified version of the method of Bagnold (1977), where sediment de-
position or erosion is determined based on the unique sediment transport capacity of
the individual routing reach and by the upstream continuum of sediment from other
subcatchment and channel reaches (Neitsch et al., 2010).

3.1.1 SWAT inputs

The HRUs are defined by distinctive combinations of categorized land covers, soil
types, and slope. Compiling the input data needed to run the model required consid-
erable research, as well as documenting and adapting the available information, since
there were few or no tabulated data to characterize the catchment. For this approach,
input data for the Barasona catchment, a larger SWAT project in which the Benasque
catchment is the headwater was used (Palazén and Navas, 2014).

The topographic information was based on a digital elevation model (DEM) obtained
from the National Geographic Institute (IGN, 2011) with a 25m grid cell spatial reso-
lution. Given the large slope variations in the watershed, five categories of slope (0—
20 %, 20-40 %, 40-60 %, 6075 % and > 75 %) were defined and derived to the DEM
to characterize the variety of the different surfaces (Fig. 2).
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The Digital Soil Map of Aragén at a scale of 1:500000 (Soil Map of Aragon,
MACHIN, unpublished data, 2000) was used to define 5 soil types across the Linsoles
catchment (Fig. 2). A user soil database was developed with the required information
on the soil types and incorporated within the ArcSWAT soil database to characterize
each soil type. The soil parameters were defined based on field samples, literature,
mathematical model and field observations for the catchment. The USLE soil erodi-
bility K-factor was calculated according to a general equation developed by Williams
et al. (1975) recommended by the input/output documentation of the model (Neitsch
et al., 2010).

The land cover map was extracted from the European Project Corine Land Cover
map (2000) with a resolution of 100 m. The 14 categories identified in the catchment
were evaluated to assign an equivalent class in the SWAT2009 database (Fig. 2). Fi-
nally, the overlaid spatial input data lead to the definition of 853 HRUs within ArcSWAT.

Climate inputs available and used in this SWAT project were daily minimum and
maximum temperature and rainfall data. They were based on measured data within
or close to the region (Fig. 1). Data sources were obtained from the Governmental
Meteorological Agency (AEMET, Agencia Estatal de Meteorologia).

3.1.2 Catchment parameterizations in SWAT

The discharge of flow by the karst system outside the catchment was simulating by
forcing SWAT to drain all of the simulated runoff of the headwater subcatchment limited
by the Renclusa swallow hole (Fig. 1; Palazén and Navas, 2013). The drainage area
limited by the karst system (30 km2) was excluded for the soil sediment production
evaluation.

Reservoir parameterizations for Linsoles and Paso Nuevo reservoirs in SWAT were
based on their technical characteristics (reservoir area, principal and emergency spill-
ways volume) and simulated controlled outflow-target release. The equilibrium sedi-
ment concentration of 0.058 and 0.065g L™" for the small reservoirs Linsoles and Paso
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Nuevo were manually calibrated to produce simulated trap efficiency of 45 and 60 %,
respectively.

To account for climate elevation gradients of the Linsoles catchment, 10 homoge-
neous elevation bands and their estimated altitudinal gradients on precipitation and
temperature for the study area were defined in each subcatchment. The altitudinal
temperature gradient (TLAPS: temperature lapse rate in SWAT) was set at -5°C km™’
(Garcia-Ruiz et al., 2001) and the altitudinal precipitation gradient (PLAPS: precipita-
tion lapse rate in SWAT) was set at 1000 mm km~' for most of the watershed and was
accordingly decreased by subwatershed in relation to the number of elevation bands
above 2000 ma.s.l. It is widely documented that the precipitation altitudinal gradient
decreases to almost half in the study area at heights above 2000 m. Finally, the PLAPS
for the subwatersheds range from 550 to 1000 mm km~'.

Calibration of SWAT was necessary as the model is composed of a large number
of parameters that define various catchment characteristics and processes. As the
headwater of the Barasona catchment is the Benasque catchment, the calibrated pa-
rameters for the Barasona catchment, as validated for flow and sediment in a previous
work (Palazén and Navas, 2014), were used in this study. As no temperature index
method or equivalent snow data of the study area were available, defining the snowfall-
snowmelt processes in SWAT for this mountainous watershed was an important part
of the calibration. The default SWAT values of the snow routine parameters were man-
ually modified in the way to obtain resultant snowfall and snowmelt values in good
agreement with the snow retention and snowmelt streamflow observed in the region.

The calibrated scenario was conducted over a period of 4 years (2003—2006) pre-
ceded by a three-year model “warm-up” initialization period. The model period was
selected to include a variety of climatic and hydrological conditions.

3.2 Sediment fingerprinting procedure

The standard sediment source fingerprinting procedure is based on (i) statistical anal-
ysis of difference to identify a subset of tracer properties that discriminate the sediment
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sources followed by (ii) the use of multivariate mixing models comprised of a set of
linear equations for each selected tracer property to estimate the proportional contri-
butions from each source (Yu and Oldfield, 1989; Collins et al., 1997; Walden et al.,
1997; Blake et al., 2012; Smith and Blake, 2014). Uncertainty in source estimates is
quantified using a Monte Carlo routine that repeatedly solves the mixing model using
random samples drawn from probability distributions derived for source groups (Franks
and Rowan, 2000).

3.2.1 Sediment and soil sampling

To characterize the signatures of potential sediment source materials, representative
sites were selected in areas where there was high potential sediment yield connectiv-
ity from hillslope to channel with easy access. A total of 50 individual samples were
collected including 32 soil samples and 18 channel bed sediments. Twelve samples of
sediment deposited in the reservoirs, were collected to permit comparison of reservoir
silt to sources. These comprised 6 individual samples from each of the two small head-
waters reservoirs. Sampling was done by using a cylindrical core 5cm long and 6cm
of diameter.

Composite soil samples were generated from undisturbed soils by four individual
samples collected from 0 to 5cm depth and combined in the field to form a single
composite sample. The depth of sampling interval was selected because stoniness
and high surface soil roughness in the study soils. Of the soil samples, 2 were com-
posite samples from Cambisols, 3 from Fluvisols and 3 composite samples from Kas-
tanozems and Phaeozems. Leptosols were not sampled because in addition of being
very poorly developed and shallow soils, they occupy areas of very high slope with
more than its 50 % extend in areas with more than 60 % of slope, which was difficult to
access. It was decided to concentrate efforts for this preliminary research on the better
developed soils of the catchment which were connected to the channel.

Exposed channel bed fine sediments were sampled as they represent material de-
livered from the upstream catchment, an integrated source area. A field survey was
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carried out to select the sampling sites for collecting exposed channel bed samples in
the four main tributaries to the Esera River. In each tributary two locations were es-
tablished upstream close to the headwater and downstream at a minimum distance
of 3km to the inflow in the Esera River. From the eight selected locations, only three
of them had fine exposed channel bed materials for sampling. In each site a total of
six samples were collected along transects of 100 m long and mixed up to prepare 3
composite samples representative of the sediment deposited and being transported in
the channel reach. In general, the Esera River flows through blocky or rocky channels.
Channel banks are not developed or they are very local with maximum river incisions
of 10—15cm in the soils of the valley bottoms and, therefore, they were not sampled.

Sediments from the Paso Nuevo and Linsoles reservoirs were sampled at the acces-
sible areas of the reservoir delta. In each reservoir, a composite sediment sample was
prepared in the field with a minimum of 6 fine sediment samples of exposed reservoir
deposits. All samples were initially oven-dry at 35 °C, gently disaggregated and sieved
to < 63 um to isolate a standardised grain size fraction.

3.2.2 Laboratory analyses

Analysis of the grain size was performed using laser diffraction particle size anal-
yser. Prior to the analysis, organic matter was eliminated with an H,O, (10 %) digest
heated to 80 °C. Samples were disaggregated with sodium hexametaphosphate (40 %),
stirred for 2 h and dispersed with ultrasound for a few minutes. The contents of soil or-
ganic carbon, both active and stable carbon fractions, were analysed by the dry com-
bustion method using a LECO RC-612 multiphase carbon analyser designed to dif-
ferentiate forms of carbon by oxidation temperature (LECO, 1996) in a sub-sample of
the < 63 um fraction that had been ground to a very fine powder with a mortar and pes-
tle. Mass specific magnetic susceptibility (y) was measured using a Bartington Instru-
ments dual-frequency MS2B sensor that operates with an alternating current producing
an alternating magnetic field at 80Am™’ (Bartington Instruments Ltd. 2000). The MS2B
sensor can be operated at two different frequencies, at low frequency 0.47 kHz (LF) and
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at high frequency 4.70 kHz (HF). The < 63 um fraction of the samples were placed in
10mL sample containers and y was measured at each frequency and the frequency
dependence of susceptibility (yrp) was obtained. Mass specific magnetic susceptibility
at low (¥ g) and high (yqg) frequency measurements was expressed as 1078 m?® kg‘1.
In this study three measures of mass specific magnetic susceptibility were taken from
each sample and the average was reported. The ygp was the percentage of difference
between y, r and yug, therefore the yyr was considered redundant and had not been
included in the statistical analysis of the fingerprinting procedure.

The analysis of the total elemental composition was carried out after total acid di-
gestion with HF (48 %) in a microwave oven (Navas and Machin, 2002). Samples were
analysed for the following 28 elements: Li, K, Na (alkaline), Be, Mg, Ca, Sr (light met-
als), Cr, Cu, Mn, Fe, Al, Zn, Ni, Co, Cd, Tl, Bi, V, Ti and Pb (heavy metals), B, Sb, As
(metalloids), and P, S, Mo and Se. Analyses were performed by atomic emission spec-
trometry using inductively coupled plasma ICP. Concentrations, obtained after three
measurements per element, are expressed in mg kg‘1. Those elements returning mea-
surements below the detection limit (Co, Cd and Se) have been excluded in the anal-
ysis. P was also excluded on the basis of the risk of non-conservative behavior during
downstream transport (Granger et al., 2007).

The methods used in the analysis of radionuclides are described in detail elsewhere
(Navas et al., 2005a, b). Radionuclide activity concentrations in the soil samples were
measured using a Canberra high resolution, low background, hyperpure germanium
coaxial gamma detector coupled to an amplifier and multichannel analyser. The de-
tector had a relative efficiency of 50 % and a resolution of 1.9keV (shielded to reduce
background), and was calibrated using standard samples that had the same geometry
as the measured samples. Subsamples of 50 g were loaded into plastic containers.
Count times over 24 h provided an analytical precision of about +3—-10 % at the 95 %
level of confidence. Activities were expressed as Bq kg'1 dry soil.

Gamma emissions of 22U, #°Ra, 2%Th, *°K, #'°Pb, and "*"Cs (in Bq kg’1 air-dry
soil) were measured in the bulk soil samples. Considering the appropriate corrections
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for laboratory background, 28U was determined from the 63-keV line of **Th, the ac-
tivity of 226Ra was determined from the 352-keV line of 2'*Pb (Van Cleef, 1994); 210py,
activity was determined from the 47 keV photopeak, 0K from the 1461 keV photopeak;
232Th was estimated using the 911-keV photopeak of 228Ac, and "¥"Cs activity was
determined from the 661.6 keV photopeak. The 210pp, (half-life = 22.26 yr) is integrated
by the “in situ”-produced fraction from the decay of ?2°Ra (Appleby and Oldfield, 1992)
and the upward diffusion of 222Rn in the atmosphere, which is the source of 210Pbex.
Spectrometric measurements were performed a month after the samples were sealed,
which ensured a secular equilibrium between 22Rn and **Ra. The 21°Pbex activities
were estimated from the difference between the total 2'°Pb activity and the ?2°Ra ac-
tivity.

3.2.3 Statistical analysis for source discrimination

Examination of the range of source and sediment tracer concentrations is an important
assessment of the conservative behavior of each tracer property (Martinez-Carreras,
2010b; Wilkinson et al., 2012; Smith and Blake, 2014). In this study, the range in source
tracer concentrations was compared to the range in sediment concentrations for each
reservoir, with those tracer properties falling outside the range in source values were
removed from subsequent analysis.

Statistical analysis of remaining tracer properties first involves using the nonpara-
metric Kruskal-Wallis H test to identify and eliminate redundant tracer properties that
do not exhibit a significant difference between source categories (Collins and Walling,
2002). It tests the null hypothesis that tracer properties exhibit no significant differences
between source categories. Larger differences between categories generated greater
H test statistic. A stepwise Discriminant Function Analysis (DFA) was used to test the
ability of the tracer properties passing the Kruskal-Wallis H test to confirm the exis-
tence of inter-category contrast. The DFA select an optimum composite fingerprint that
comprises the minimum number of tracer properties that provide the greatest discrim-
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ination between the analyzed source materials based on the minimisation of Wilks’
lambda. The lambda value approaches zero as the variability within source categories
is reduced relative to the variability between categories based on the entry or removal
of tracer properties from the analysis. The results of the DFA are used to examine the
proportion of samples accurately classified into the correct source groups.

3.2.4 Multivariate mixing model

The relative contribution of each potential sediment source was assessed by Monte
Carlo mixing model using a new data processing methodology to obtain proportional
source contributions for the reservoir sediment samples. Similar to other approaches
(e.g. Evrard et al., 2011), the model seeks to solve the system of linear equations by
means of mass balance equations represented by:

m
2 X =b
j=1

While satisfying the following constraints:

M
2
I

1l
g

X <1

J

O -
IA
IA

where, b; is the value of tracer property / (/ = 1 to n) in the reservoir sediment sample,
a; ; is the mean concentration of tracer property / in source type j (j =1 to m), x; is
the unknown relative weighting contribution of source type j to the suspended sedi-
ment sample, m is the number of potential source types, and n is the number of tracer
properties selected by the DFA.

The new approach adopted here used a Combinatorial Principals method which was
solved by a Monte Carlo sampling routine to identify the most probable solution with
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associated uncertainty based on source variability. The model was written in C pro-
gramming language and designed to deliver a user-defined best number possible so-
lutions and iterations. The unique solution from the generated iterations (p = random
positive numbers) for each sediment sample was characterized by the mean weighting
source contribution, the standard deviation of the user-defined solutions and their lower
goodness of fit (GOF) index (Motha et al., 2003) defined by:

n

R
bi =2 j-1X,2i,

b;

GOF:‘I—lx
p

1}
-

i

This method is argued to guarantee a similar set of representative solutions in all un-
mixing cases based on likelihood of occurrence. Source samples for the different po-
tential sediment sources of the drainage basin were compared with samples from the
reservoirs using the optimum composite fingerprint defined by the DFA. In this case, the
model was configured to select the 10 best results obtained from 10° generated ran-
dom positively solutions using multiple start values for each sediment reservoir sample.

4 Results
4.1 Soil specific sediment yields by SWAT model

The temporal distribution of the simulated sediment yields for the Linsoles gauge sta-
tion agreed with the simulated streamflows (Fig. 3). The average simulated sediment
yield that inflow to Paso Nuevo and Linsoles reservoirs were 12543 and 26 145 '[year'1 ,
respectively. The simulated streamflow of the study period (2003—-2006) showed the
characteristics of the nivo-pluvial regime. The monthly inflow discharge at the Linsoles
reservoir performed a satisfactory Nash—Sutcliffe coefficient of 0.62 (Nash and Sutcliffe,
1970).
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Application of the SWAT model for the Benasque catchment enabled investigating
the sediment yields generated from the different soil types and their temporal dynam-
ics. The soil specific sediment yield (tha‘1 year'1) presented substantial differences
in productions (Table 2). The greatest modelled specific sediment yield was produced
from Cambisols, followed by Kastanozems and then Leptosols. The specific sediment
yield from Cambisols was three times greater than from Kastanozems thus suggest-
ing that these are the main soil source of sediments to the Esera River. The lowest
sediment production was from Fluvisols and Phaeozems.

In general, the snowmelt together with the spring season performed the highest mod-
elled soil specific sediment yield followed by the autumn season whereas the lowest
soil specific sediment yields was performed in summer and winter (Fig. 4). Cambisols,
Kastanozems, Leptosols and Phaeozems yielded the highest specific sediment yield
in spring and autumn whereas the lowest was during summer and winter. However,
Fluvisols showed a different pattern performing its lowest specific sediment yield in

spring.
4.2 Soil and sediment source contributions

In this study, two sediment source options were evaluated. The first option involved the
sediment contributions from soil and channel bed sediment sources and the second
one considered only the soils as sediment sources. Proportional source contributions to
sediment reservoir samples were estimated for the Paso Nuevo and Linsoles reservoirs
for the two selected options.

To identify main sources of sediments firstly the conservative behaviour of the prop-
erties (Table 3) for the selection of the optimum fingerprint was considered for both
options. 210PbeX was excluded as a sediment source fingerprint because sediments
deposited in the reservoir will contain both 21°Pbex incorporated into the sediment by di-
rect fallout to the reservoir and that associated with sediment eroded from the upstream
catchment. SOC and grain size fractions are considered non conservative properties
and therefore, they were also excluded from the analyses (Koiter et al., 2013).
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For the first option, the comparison of the range in tracer properties concentrations
for source and sediment samples resulted in the exclusion of Al, B, Mg, and Tl for the
statistical analysis. Kruskal-Wallis H test resulted in the selection of 137Cs, 238U, S
and Zn as potential properties to discriminate between sediment sources (significance
p < 0.05). The DFA selected 137Cs, 28U and Zn as the optimum source fingerprinting
for the catchment based on the tracer properties passing the previous steps. The opti-
mum fingerprint comprises the minimum number of properties that provide the greatest
discrimination between sources.

For the catchment, apparently good source discrimination was achieved based on
Wilks’ lambdas of 0.017 and the percentage of correctly classified sources was 100 %
(Table 4). Source unmixing model used all tracer properties that were selected by the
DFA and the model goodness of fit (GOF) was calculated for each sediment reser-
voir sample and the standard deviation for each source apportionment. The outputs
of the mixing model appeared to be stable, all outputs being very close and system-
atically within a range of < 8 % to their mean value. Mean proportional contributions
from Kastanozems/Phaeozems, Cambisols, Fluvisols and channel bed sources var-
ied between reservoir samples (Table 5). The preliminary results using this new data
processing methodology for samples collected in the reservoirs allowed us to identify
Fluvisol and channel bed sediments as main potential sources of sediments to the
reservoirs. Paso Nuevo and Linsoles sediment samples had GOF > 80 %. The Paso
Nuevo reservoir sample had the lowest mean GOF and the largest predicted uncer-
tainty. Kastanozems/Phaeozems sources were estimated to contribute an apparently
negligible amount of sediment to both reservoirs. For the Paso Nuevo reservoir, Fluvi-
sols were identified as the main source contributing five times more than Cambisols.
However, for the Paso Nuevo reservoir channel bed sediment constituted the principal
source with apportionments 10 times greater than Cambisols.

Considering channel bed sediment source as secondary source the second option
evaluated only soil sources. In addition from the first option, the range of the tracer
properties for the second option of sources resulted in the exclusion of 137Cs, 22°Ra,
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Bi, Cu, Mo, S and Ti. The Kruskal-Wallis H test resulted in the null identification of
tracer properties to discriminate between sediment sources (significance p < 0.05).
The DFA selected K, Sr, U, Sb and LF as the optimum source fingerprinting for
the catchment based on the tracer properties passing the first step. Based on Wilks’
lambdas (Table 4) and the 100 % percentage of correctly classified sources apparently
good source discrimination was achieved. For the second option the outputs of the
mixing model appeared to be very stable, all outputs being very close and systemati-
cally within a range of < 1 % to their mean value. Mean proportional contributions from
soil sources varied also between reservoir samples but both reservoir had GOF > 82 %
(Table 5). Kastanozems/Phaeozems sources in this option apparently contributed for
the Linsoles reservoir whereas null contribution resulted for the Paso Nuevo. For both
reservoirs Fluvisols were identified as the main source contributing eight times more
than the rest sources.

5 Discussions

SWAT model identified Cambisols as the main source of sediment of the Benasque
catchment with the highest specific sediment yields and Phaeozems and Fluvisols were
identified as the lowest sediment contributors. The greater stability of Phaeozems their
vegetation cover mostly forested and location in areas with lowest slope ranges at the
bottom of the catchment, were the reasons for the low simulated specific sediment
yield. Fluvisols also occupy level surfaces and are covered by grass. Winter sediment
production from Leptosols could be due to their steep slope and the location of the
soils within a high precipitation gradient and under the 0°C isotherm which means
more rainfall. In addition of receiving relatively more rainfall than the other soils, runoff
was especially higher in the wettest year of the period (2003).

The presence of snow cover restricted soil erosion. Soil temperature below 0°C
and snow cover limited sediment yields and streamflows in winter. The differences
between observed and simulated hydrographs (Fig. 3) for the Linsoles gauge station
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show a general overestimation of the related autumn streamflows that might be due to
limitations in the climate characterization for the highly variable climatic characteristics
of the Benasque catchment. In addition, the simulated monthly discharge of the Paso
Nuevo reservoir may contribute to amplify these differences.

Differences in discriminant tracer properties between assessed sources fingerprint-
ing options were due to differences in tracer sources ranges that were most restricted
in the second option for only soil sources. Moreover, the exclusion of the channel bed
sediment as source for the second option limited the discriminant power of tracer prop-
erties because soil sources were less different, as Kruskal-Wallis H test resulted with-
out significant difference in tracer properties between source categories. The highly
dynamic fluvial systems existing in the catchment together with the location of the sam-
ples within the reservoirs might restrict representation in the fingerprinting procedure
of the finer sediments that can be exported out of the reservoir or located at the inner
parts of the reservoir in the delta dam.

Differences in soil and sediment apportionments between reservoir samples could
be due to the characteristics in fluvial dynamics and soil underlaying the different up-
stream of their contributing areas (Table 1). Paso Nuevo reservoir has a higher fluvial
dynamic with more steep slopes and greater percentage of Cambisols than Linsoles
reservoir. In addition, Paso Nuevo subcatchment received greater precipitations be-
cause the altitudinal climatic gradients of the catchment. The channel bed sediment
was included for the first option assessment as sediment source contributor. The short
sediment residence time in the channels observed in the catchment with mostly clean
blocky channel bed support the use of the channel bed sediment as source. Chan-
nel bed sediment source apportionment assessed with the first option for the Linsoles
reservoir was greater than for the Paso Nuevo reservoir because of the higher number
of tributaries present within the Linsoles reservoir subcatchment but it must also be
borne in mind that these sediments represent a composite of the upstream material.
By eliminating the channel bed sediment source the second fingerprinting option con-
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firms that connectivity is a main control of sediment source contributions identifying the
highest apportionments from Fluvisols in this evaluation.

Contributions from Cambisols for the sediment reservoir samples in both fingerprint-
ing procedures could be considered concordant and point to Cambisols as one of the
main soil sediment source being in SWAT the major source. However, great differences
in Fluvisols contribution in the fingerprinting approaches and SWAT model outputs
could be due to the difference in the temporal and spatial scale of the procedures. The
temporal discrepancy requires further investigation e.g. through fingerprinting analysis
of the temporal sequence within the sedimentary record of sediments from the mid-
dle of the reservoir. The spatial discrepancy was related to the resolution of SWAT
soil inputs that could not reflect a detailed soil distribution extend and might not ac-
count all soil erosion processes. Fluvisols occupy the bottoms of the glacial shaped
catchment and more than 85 % of their surfaces have slope range between 0-20 %
in SWAT. The drainage of these relatively flat surfaces is done by small streams that
concentrate runoff from the steep slopes. Therefore, the erodibility of Fluvisols could
be undervalued by SWAT model.

The SWAT soil sediment productions assessment depended on the spatial and tem-
poral distribution of large number of input data. However, the fingerprinting approach
depended of the discriminatory power of the analyzed properties from the selected
sources. In general, for both procedures sediment land cover sources were the most
evaluated sediment sources in the literature (e.g. Martinez-Carreras, 2010b; Smith and
Blake, 2014; Collins et al., 2013), though, discrimination of the soil sources with the fin-
gerprinting procedure was possible for the alpine Benasque catchment because of its
distinctive soil characteristics.

6 Conclusion

The use of the SWAT model permitted to identify Cambisols as the main soil source of
sediment and the spring season as the highest sediment productions season for the
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Benasque catchment. The fingerprinting approach point to Fluvisols and channel bed
sediments as main contributing sources to the sediment accumulated in the reservoirs
supporting the main influence of connectivity.

The combined use of SWAT model and sediment fingerprinting in the study of soil
erosion processes for the alpine Benasque catchment provided information from two
temporal views, continuous and instantaneous. The SWAT model provided information,
quantification and identification of the sediment production and its temporal dynamic
evolution of the individual selected soil sediment sources based on factors such as
runoff energy, soil erodibility, slope steepness and cover factor (MUSLE), which corre-
spond to flow volume within the channel on a given day. Whereas, the fingerprinting
approach provided information about “instantaneous” sediment source contributions
to the assessed sediments from the reservoirs, a “snapshot” of the sources recently
deposited. Although temporal results from the assessment procedures were different,
they could be considered complementary. However, further research is needed to as-
certain if fingerprinting procedures could be used to verify model performance.

These initial findings demonstrate that a combined fingerprinting approach and mod-
elling approach can offer insights in the temporal patterns of sediment delivery to reser-
voirs. The work undertaken here in an alpine Spanish Pyrenees catchment, will enable
us to better understand the soil erosion processes in alpine environments.
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Table 1. Distribution of land covers, soil types and slope ranges (%) in SWAT input data of
the Benasque catchment (BC) and of subcatchments (PNS: Paso Nuevo; and LS: Linsoles
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subcatchments). 6, 1155-1190, 2014
Type Area (%) Evaluati h
BC PNS LS : valuating the
and 0o o1 00 o2 o importance of
and covers rban : . . .
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Pine forests 17.7 17.4  17.9 @ el il el 1
Mixed forests 2.6 1.3 33 @ .
Deciduous forests 5.3 12 75 - L. Palazon et al.
Evergreen forests 6.9 12.3 4.0 -
Scrublands 2.4 08 33 = :
Disperse scrublands  16.5 19.0 15.2 2 iitiePage
Pastures 16.3 10.2 19.6 ,
Range grasses 3.8 0.8 5.5
et A A
& Tables Figures
Soil types Cambisols 22.7 28.1 19.8 S - -
Fluvisols 0.7 02 1.0 -
Kastanozems 29.5 21.7 337 %: g g
Leptosols 13.7 13.6 13.8 =
Phaeozems 5.7 0.0 8.8 . g g
Rock outcrop 27.6 364 229 Back Cl
Slope ranges 0-20 7.9 58 9.0 §
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Table 2. Soil specific sediment yields (SSY; tha™' year™') simulated by SWAT for the period &
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. 8 Title Page
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Table 3. Statistics measures of the tracer properties for the potential sediment sources (KSPH:
6, 1155-1190, 2014

Kastanozems/Phaeozems; FL: Fluvisols; CM: Cambisols; and CbS: channel bed sediments)
(Units: Textural classes: %; Radionuclide: Bq kg‘1; low frequency mass specific magnetic sus-

ceptibility 107%m?® kg_1 and magnetic susceptibility frequency dependence %; total elemental
composition: mg kg'1).
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KSPH n=3 FL n=3 oM n=2 cbs n=3 surface soil
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Table 4. Results of the stepwise discriminant function analysis to identify the optimum compos-

ite fingerprint for the assessed fingerprinting options.

Fingerprinting options Fingerprint Wilk’s lambda  Significance
property added

Soil and channel bed sources
¥cs 0.2678 0.0206
Zn 0.0802 0.0083
238y 0.0173 0.0027

Soil sources
K 0.1677 0.0115
Sr 0.0228 0.0023
238y 0.001005 0.0003
Sb 0.000065 0.0006
LF 0.000001 0.0055
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Table 5. Mean percentages of GOD and source contributions (standard deviations) from the
multivariate mixing model for Kastanozems/Phaeozems (KSPH), Fluvisols (FL), channel bed
sediments (CbS) and Cambisols (CM) sources to the Paso Nuevo and Linsoles reservoirs.

Fingerprinting options Reservoirs GOF KSPH FL CbsS CM
Soil and channel bed sources Paso Nuevo 80 0(0) 83 (14) 0(0) 16 (14)

Linsoles 93 0(0) 0(0) 91 (1) 9(1)
Soil sources Paso Nuevo 83 7 (0) 87(0) - 6 (0)
Linsoles 82 0 (0) 92 (0) - 8 (0)
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General legend
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Fig. 2. Distribution of soil types, land covers and slopes ranges in the Benasque catchment.
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Fig. 4. Seasonal distribution of simulated soil specific sediment yield (tha‘1 month‘1).
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