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Abstract. Soil erosion and sediment yield are strongly af- also allowed assessing differences in the sediment sources
fected by land use/land cover (LULC). Spatially distributed and sinks within the catchment.

erosion models are of great interest to assess the expected ef-

fect of LULC changes on soil erosion and sediment yield. _

However, they can only be applied if spatially distributed 1 ~Introduction

data is available for their calibration. In this study the soil
erosion and sediment delivery model WATEM/SEDEM was )
applied to a small (2.84 k&) experimental catchment in the fected by accelerated water erosion (Stér et al., 2005).

Central Spanish Pyrenees. Model calibration was performedtPart from the at-site problems related to loss of fertile
based on a dataset of soil redistribution rates derived fro and, sediment yield to the stream network poses problems

point137Cs inventories, allowing capture differences per land for hydral_Jllc mfrastrgcture_s such as reservoirs, a_nd fo_r the
use in the main model parameters. Model calibration showedpreservation of certain fluvial ecosystems. Mountain regions,

a good convergence to a global optimum in the parame_Where the energy relief contributes to increase soil erosion
ter space, which was not possible to attain if only externaland sediment redistribution rates are among the areas at risk.

(not spatially distributed) sediment yield data were avail- 't has been pointed out that land use/land cover (LULC)

able. Validation of the model results against seven years ofhange is among the main factors explaining the intensity

recorded sediment yield at the catchment outlet was satis2f SOil erosion, even exceeding the importance of rainfall

factory. Two LULC scenarios were then modeled to repro-Ntensity and slope in some cases (Ga#uiz, 2010). The

duce land use at the beginning of the twentieth century ancfects of LULC change on soil erosion and sediment trans-
a hypothetic future scenario, and to compare the simulaPort have raised the attention of transnational authorities (e.g.
tion results to the current LULC situation. The results show YN 1994; EC, 2002; COST634, 2005). Many studies have

a reduction of about one order of magnitude in gross ero-démonstrated that historical LULC change has affected the
sion (3180 to 350 Mg yr!) and sediment delivery (11.2 to sedlment yield in Qramage basins throughout the World (e.g.
1.2Mgyrha1) during the last decades as a result of the D€2ring, 1992; Rigay et al., 2004; Cosandey et al., 2005;
abandonment of traditional land uses (mostly agriculture)®Y0Z0 etal., 2005).

and subsequent vegetation recolonization. The simulation The impact of LULC change_on_ soil erosion an_d se_dlr_nent
yield are well understood qualitatively, but there is still little

According to estimations one sixth of the surface land is af-
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quantitative knowledge. This has been addressed in differbeen used to determine soil redistribution rates at specific
ent ways: (i) field suspended sediment load measurementsoints in the landscape. Here soil redistribution refers to
and historical sedimentary archives (sediment accumulatethe net result of erosion and sedimentation over a period
in lakes) showed that deforestation and changes in agriculef approximately 50 yr (Walling and Quine, 1990). The use
tural practices have greatly influenced erosion and sedimerf fallout radionuclides has attracted increasing attention as
transport (e.g. Valero-Gags et al., 2000); (ii) experimental an alternative approach for water-induced soil erosion anal-
catchments have been monitored worldwide in order to un-ysis, and it has been applied successfully in a wide range
derstand the factors that control runoff generation and sedief environments (e.g. Ritchie and McHenry, 1990; Walling
ment transport (e.g. Bosch and Hewlett, 1982), and to obtairand Quine, 1991; Navas and Walling, 1992; Collins et al.,
detailed information on different parameters for hydrological 2001; Bujan et al., 2003). Unlike the experimental devices
modeling and to assess the influence of LULC change on erodescribed abovet3’Cs soil redistribution estimates are re-
sion rates and sediment yield (e.g. GarRuiz et al., 2008). lated to a small sampling surface (usually a few?ginand
All these studies have provided a deep insight into the in-can be taken as point estimates when considered at the land-
teraction between LULC change and geomorphic processescape scale.
Experimental approaches, however, are resource-intensive A simple approach for studying spatial patterns of soil
and very limited in their ability to address the effects of fu- redistribution from point!3’Cs estimates is to get a suf-
ture changes in LULC or other drivers such as the climate. ficiently large sample and perform a spatial interpolation.

Erosion models are useful tools for comparing erosion re-3’Cs-derived soil redistribution rates have also been used
sulting from current LULC condition with a number of al- for validating the results of process-based erosion models,
ternative LULC scenarios. Spatially distributed models al-including: (i) empirical erosion models such as the Revised
low determining not only the variation in the total sediment Universal Soil Loss Equation (RUSLE) (Ferro et al., 1998;
exported, but also assessing differences in sediment sourcépez-Vicente et al., 2008); (i) spatially semi-distributed
and the existence of sedimentation areas at intermediate I@rosion models such as the Aerial Non-point Source Water-
cations within the watershed. Although most of erosion andshed Environmental Response Simulation (ANSWERS) and
sedimentation processes have been studied in detail using e#ae Agricultural Non-point Source Pollution (AGNPS) (De
perimental devices, assessing the link between on-site solRoo, 1993; Walling et al., 2003); and (iii) fully spatially dis-
erosion and total sediment yield at the outlet of a catchmentributed physically based models such as the Limburg Soil
is very difficult because it implies making a complete sed- Erosion Model (LISEM) and WATEM/SEDEM (Takken et
iment budget of the catchment including possible internalal., 1999; Feng et al., 2010).
sedimentation areas, on which there is seldom quantitative The main objective of the present study was to assess soil
data available. Recent advances in spatially distributed eroredistribution and sediment supply to the stream network un-
sion and sediment transport models have opened new posdiler land abandonment on a mountain catchment, using a spa-
bilities to understand the complex spatial patterns of erosiortially distributed model (WATEM/SEDEM) combined with
and deposition within a catchment (Merrit et al., 2003). How- 137Cs-derived soil redistribution estimates. The study area
ever, a direct comparison of predicted erosion rates with fieldthe Arras catchment in the Spanish Pyrenees) is an exper-
observations, which is necessary for validating the accuracymental area for which a good amount of data and process-
of the estimates, is usually not possible because it is not pradknowledge exists, including sediment yield data at the catch-
tically or financially feasible to acquire long-term, spatially ment outlet that could be used for validation (Lana-Renault
distributed soil erosion data. In the best instances data aret al., 2007b). In additiont3’Cs-derived soil redistribution
available only on the sediment transported by the main rivergates were available from a previous study (Navas et al.,
in a catchment, and these data seldom span a long time p&005), allowing spatially distributed model calibration un-
riod (Alatorre et al., 2010). For example, it is common to der the current LULC situation. Two LULC scenarios were
rely on catchment-aggregated soil erosion rates derived fronthen modeled reproducing the land use at the beginning of
reservoir or lake sedimentation records for the calibration orthe twentieth century and a hypothetic future scenario, and
validation of erosion and sediment transport models (e.g. dehe results compared to the current situation. We discuss the
Vente et al., 2008). This allows predicting the total catch- validity of the results and their application. The approach fol-
ment sediment yield, but the capability to predict soil redis- lowed is transferable to other regions of the World.
tribution within the catchment is lost. The lack of spatially
distributed soil erosion data is a major problem hindering the
use of spatially distributed erosion models, and makes modep Materials and methods
calibration impossible (Alatorre et al., 2010).

In addition to modeling exercises, the difficulties associ-2.1 Hillslope sediment delivery model
ated with classical techniques for estimating erosion have
led to research into new methods. In the last decades fieldVe used WATEM/SEDEM to model soil erosion and sed-
measurements of fallout cesium-137/Cs) inventories have  iment flux from the hillslopes to the stream network in a
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small mountain catchment under current, past, and hypothetseldom available, since in the best cases sediment yield data
ical land use. WATEM/SEDEM is a spatially-distributed soil at the catchment outlet is the only data at hand. It has been
erosion and sediment transport model based on the RUSLIproposed that a fixed ratio between values\kiand ktGnin
model plus a sediment transport capacity equation and a cagan be taken (Verstraeten, 2006), thus reducing the problem
cading transport model, for predicting sediment delivery toto calibrating only one parameter, but there are no easy ways
the stream network (Van Oost et al., 2000; Van Rompaeyto decide which is the most appropriate value for that ratio,
et al., 2001; Verstraeten et al., 2002). WATEM/SEDEM hassince it is site-dependent.

been used in various types of environments in (Van Rompaey In this work we used soil redistribution rates derived from
et al., 2001, 2003a, b, 2005; Verstraeten et al., 2002, 2007 allout cesium-1371¢7Cs) as a method for calibrating kig
including hydrological catchments in Spain (de Vente et al.,and ktGax. The 13’Cs technique is based on a comparison

2008; Alatorre et al., 2010). of measured inventories (activity per unit area) at individ-
The models starts by calculating annual soil erosion ratesial sampling points with a measured reference inventory at
following the RUSLE approach (Renard et al., 1991): stable sites in the same catchment. Soil redistribution rates

are estimated from the difference between those values us-

E = RKLSpCP, 1) ing a mass balance model and considering both the fallout
whereE is the mean annual soil loss (kgvhyr—1), Rarain-  rates and natural decay of the radioisotope over the time span
fall erosivity factor (MJ mm mz h_l yr_l), K a soil erodi- (SOtO and NaVaS, 2004) A major adVantage OF’ﬂ%@S tech-

bility factor (kg h MI"*mm1), LSyp a slope-length factor hique is the potential to provide medium-term (40 to 50yr,
(Desmet and Govers, 1996}, a dimensionless crop man- depending on the sampling date), spatially distributed infor-
agement factor, an#t a dimensionless erosion control prac- Mation regarding net soil redistribution (erosion and aggrada-
tice factor. Next the sediment generated is routed downslopd&on) rates. Additionally, and with the objective of illustrating
according to the topography until a stream cell is reachedthe discussion about the model calibration, we performed an
Sediment transport by overland runoff is modeled accordingglternative calibration based on seven years of sediment yield

to a transport capacity equation (Van Rompaey et al., 2001)-ecorded at the catchment outlet. Details of {f&cs and
sediment yield datasets and of the calibration procedure are

TC = ktcRK (LSZD — 4.1s0'8> , (2)  given in the following sections.

where TC is the transport capacity (kgfryr—1), s the slope 2.2 Study area
gradient (m mt1), and ktc (m) an empirical transport capac-
ity coefficient that depends on the land cover. A mass balanc&he Arras catchment is located in the Borau valley, cen-
approach is followed for determining the net amount of sed-tral Spanish Pyrenees, in the headwaters of the @adjver
iment in each cell: the sediment transported to the cell from(Fig. 1a). The catchment is an experimental site area that has
neighboring upslope cells is added to the sediment generateloeen subject of many studies. It has been described in detalil
in-cell by erosion, and this amount is then exported entirelyin several works, for example in Navas et al. (2005). Here we
to the downslope cells (if it is lower than the transport capac-will outline its main characteristics.
ity) or deposited in the cell (if it is greater than the transport The catchment covers an area of 2.84kmith altitudes
capacity). Although several equations exist for the transporbetween 912-1339m above sea level (Fig. 1b and c). The
capacity in cases where gully erosion dominates (e.g. Verclimate is sub-Mediterranean with Atlantic influence, with
straeten et al., 2007), we used the original formulation be-an average temperature of 0 and average annual precip-
cause sheet wash erosion is the main erosion process in oitation of 930 mm for the period October 1996 to September
study area. 2009. Precipitation is slightly higher in autumn and spring
The parameter ktc in Eq. (2) represents the slope lengtldue to frontal activity. Nevertheless, snowfall is not rare dur-
needed to produce an amount of sediment equal to a barag the winter, and some storms occur in summer. Snow re-
surface with identical slope gradient, and varies between exmains on the soil only for a few days per year, since th€ 0
treme values of 0 and 1 (Verstraeten, 2006). It depends on thisotherm is located above 1600 m a.s.l. during winter.
land cover, and it is assumed to vary linearly between arable The area is underlain by Eocene flysch, i.e. by alter-
land highly prone to erosion where ktc is highest and denselynating layers of marls and sandstone. The two slopes of
vegetated areas less prone to erosion where ktc is lowedhe catchment have contrasting physiographic characteris-
(Van Rompaey et al., 2001, 2005). This implies that ktc istics. On the southwest-facing slopes, poorly developed Rend-
site-dependent and needs to be calibrated based on expesic Leptosols and Calcaric Regosols on unconsolidated ma-
mental data for each application of the model. Calibration ofterials predominate (Navas et al., 2005), with an average
ktc requires determining the optimum value of the two val- slope gradient of 0.5mm. On these steep slopes, several
ues ktghin and ktgnax based on observed erosion data. Sinceancient mass movements (debris flows) are identified, dis-
these values depend on the land cover, erosion data for diffeieonnected from the fluvial network (Lorente et al., 2000),
ent land cover types is needed for calibrating ktc. This data isand having a scarce influence on the sediment load at the
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Fig. 1. Study areafA) location of the Arids catchmen{B) map of the Arids catchment showing the sites of the main monitoring instruments
and soil samplegC) lithologic map and location of th&3/Cs profiles (see points IDs in Table 8R) digital terrain model (DTM) and3’Cs
inventories (m Bqg cm?); and(E) current land cover/land use map derived from aerial photo-interpretation.

basin scale (Bathurst et al., 2007). On the gentler northeastinder shifting agriculture. Since the 1950’s the rest of the
facing slope (average gradient of 0.28 m soils are hap-  sloping and bench terraced fields were also abandoned, and
lic Kastanozems and Phaeozems. These soils are deeper (8t flat fields in the valley bottom were abandoned in the
to >75cm) and better developed with clearly differentiated 1970’s. As a consequence of land abandonment, a complex
soil horizons (Navas et al., 2005). Some deep mass moveprocess of plant colonization occurred, resulting in the instal-
ment (earthflows) affected the slope, resulting in an undudation of dense shrub communities and an increasing pres-
lated topography and in some small wet areas. The low slopence of trees. The fields in the valley bottom still remain as
gradient (average 0.08 mTh) on the valley bottom has deep grazing meadows, althou@enista scorpiuss progressively
Calcaric Fluvisols developed on alluvial deposits, with min- colonizing them due to very low grazing pressure. The pro-
imal horizon differentiation (Navas et al., 2005). The main cess described is similar to that observed in other European
soil properties are summarized in Table 1. regions in which re-vegetation processes are the consequence
Vegetation is composed of Mediterranean shribisx(ls  of land abandonment (Kozak, 2003; Taillefumier anédaiy,
sempervirens, Genista scorpjusn the south-west facing 2003; Torta, 2004).
slope (shrub slope), andlniperus communis, Buxus sem-  Since 1996 a number of studies have been carried out in
pervirens, Echynospartum horriduamd forest patches with the Armas catchment devoted to understanding its hydrol-
Pinus sylvestrisn the north-east facing slope (forest slope) ogy, soil properties and processes (Navas et al., 2002a, b;
(Fig. 1e). For centuries, land use in the Asrcatchment con-  Seeger et al., 2004; GascRuiz et al., 2005; Navas et al.,
sisted on farming both the northeast- and southwest-facin@005, 2008; Lana-Renault et al., 2007a, b; Lana-Renault and
slopes, in very difficult topographic conditions. Commonly, Regiés, 2007, 2009; dpez-Vicente et al., 2011).
the shady aspect was not cultivated in the Pyrenees, whereas
the south-facing slopes were cultivated up to 1600 ma.s.I2.3 Data
(Garda-Ruiz and Lasanta, 1990). Exceptionally, the @sn
catchment was also farmed in the north-east- facing slopé\n input dataset was prepared as GIS layers withcb5n
due to its smooth gradient, allowing a relatively high inso- horizontal resolution. A digital elevation model (DEM) was
lation for cereal cropping in sloping fields. Concave slopesthe main input, from which a drainage network map was de-
in the sunny slope were occupied with bench terraces, whilgived by setting a threshold upstream catchment area. Land
the convex and straight slopes were cultivated under shiftingise, rainfall erosivity, soil erodibility, and crop management
agriculture systems with scarce practices of soil conservatiormaps were also produced based on aerial photo interpreta-
(Lasanta et al., 2006). Since the beginning of the 20th cention, daily rainfall data, and a soil field survey (Fig. 2). De-
tury, farmland abandonment firstly affected the worst fieldstailed information about the development of this dataset is
provided as a Supplement.
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A) Shaded relief and drainage network. B) Parcel map.
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Fig. 2. Input data derived from the database of the#sgatchmen(A) drainage network map derived from the DTM using threshold value
of 1km? contributing area (continuous ling)B) parcel map, derived from the current land use/land cover f@psoil erodibility map
(K-factor in RUSLE, Mg h MI 1 mm—1); and(D) crop management map (C-factor in RUSLE).

For calibrating the ktc parameter, a dataset of'3&s  Table 1. Principal soil characteristics of the two valley sides in the
inventories was used. They were collected along three repreArnas catchment (meatt standard deviation over the whole soil
sentative transects: (i) five sample points on the south-westProfile), adapted from Navas et al. (2005).
facing slope (forest slope); (i) four sample points on the ' '
north-east-facing slope (shrub slope); and, (iii) ten sample Northeast-facing Southwest-facing

: . . lope (forestp =48 sl hruby; = 29
points along the valley bottom (Table 3 and Fig. 1). Soil re- slope (forestin slope (shruby

distribution rates were computed at these points by compar- P™ i 7.97 (£0.42) 8.17¢0.19)
. . . Clay (g kg™ 210 31) 195 34)
ing these samples with a referent¥Cs inventory for the Silt (g kg~ 1) 660 (-63) 620 £73)
area taken on a flat area not affected by erosion or deposition. sanq (g kg1 130 (+:85) 180 ¢:103)
These are average values for the period between 1963 (start- Organic matter (g kg*) 59 (+22) 54 (25)
ing of significant!3’Cs fallout in the region) and 2003 (time '\Bﬂul_k dens(ig)(g kgl 1-121 7&31625)) 1-119&876%
: . H H oisture (% . .
of sample collection and radio-isotopic analysis). We refer Porosity (%) 5745.9) 55 (£6.2)

the interested reader to the article by Navas et al. (2005),

where details of the development and interpretation of the
137Cs dataset are given.

In addition, seven years of sediment yield recorded at the3 Results
catchment outlet were used for validating the results of the

simulation with an independent dataset. The measuremerit-1 Model calibration and validation

period ranged between October 1999 and September 2008,

with the exclusion of the water years 2004/05 and 2006/07The calibration procedure consisted in performing a high

due to significant data gaps. Detailed information about thenumber of simulationsn(= 100) corresponding to the time

instrumentation and data collected in the Asrcatchmentis ~ span 1963-2003 modifying the values of g and ktGnin

given in Lana-Renault and Régs (2009). We also used the at discrete steps within a predefined range. For each combi-

sediment yield data to perform an exercise by comparing theéhation of ktgnax and ktgnin, & soil erosion map was obtained

calibration obtained fromt3’Cs (internal) data with a cali- in terms of net soil redistribution (Mg hayr—), allowing

bration based on catchment yield (external) data. comparison of the point3’Cs soil redistribution estimates
with the model simulations for the:65m grid cell corre-
sponding to the location of th&’Cs measurements. The
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Table 2. 137Cs inventories and derived soil redistribution rates for Problems in identifying the optimum parameter values, since
the period 1963-2003 along three transects in theadwatchment  the error surfaces were smooth and converged to a single op-
(Navas et al., 2005): negative and positive values indicate net soitimum value. Under these conditions, it is possible to imple-
erosion and aggradation, respectively. Location offf€s inven-  ment an automated algorithm for finding the optimum pa-

tories is shown in Fig. 1d. rameter set in a small number of steps, up to a desired preci-
sion. The results shown in Fig. 3 demonstrate that the use of
Transect PointID 13'Csinventory  Soil redistribution spatially distributed sediment yield data frof¥/Cs inven-
(mBgent?) (Mg hatyrt tories allowed calibrating the empirical parameters of WA-
Forest 1 437 0.9 TEM/SEDEM in a satisfactory way.
Forest 2 400 0 Application of the calibrated model to the Ars catch-
Forest 3 430 0.8 ment allowed comparing the soil redistribution rates pre-
Forest 4 404 0.1 dicted by WATEM/SEDEM and the correspondititf/Cs es-
Forest 5 400 0 timates (Fig. 4). It must be stressed, however, that the com-
Shrub 6 175 —26.4 parison made in Fig. 5 does not correspond to an indepen-
Shrub 7 162 —-29.5 dent test, since th&’Cs redistribution rates were used for
Shrub 8 280 —-11.6 calibrating the model. The results revealed a strong relation-
\S;:rlgs’ 13 229872 __1?'2 §hip betwegn both erosion. rate®’(= 0.5Q3, 0.818 exclud-
Valley 1 367 _2:0 ing two outherl points), mainly at the points located on the
Valley 12 476 29 southwest-facing slope (shrub slope) an.d at the _vaIIey bot-
Valley 13 433 1.0 tom. In general, WATEM/SEDEM overestimated slightly the
Valley 14 436 1.0 net erosion rates, but this was due to a few influential points.
Valley 15 324 —43 Two points which corresponded to the northeast-facing slope
Valley 16 439 1.2 (forest slope), points 5 and 2, were located far from the per-
Valley 17 325 -5.2 fect adjustment line. While WATEM/SEDEM predicted high
Valley 18 333 —4.7 erosion or sedimentation rates at these points, they can be
Valley 19 248 —44.6 considered approximately stable as derived fFSACs esti-

mates. It was possible to obtain stable results for these points
by manually tuning the ktg, parameter to a very low value,
but this affected the overall calibration negatively.
Nash-Sutcliffe model efficiency statistic NS (Nash and Sut- An alternative calibration was performed based on seven
cliffe, 1970) was used as a likelihood metric. The relative years of sediment yield data at the Ascatchment outlet.
root mean square error (RRMSE) was used as an estimat@ontrary to the calibration based &HCs data, the results of
of the model’'s accuracy. Formulation of the two statistics isthis calibration were not conclusive, since an infinite num-
given in the Supplement. ber of possible parameter combinations could be found that
It was found that the error surfaces varied quite smoothly,yielded equally good results. This is shown as a “valley” in
allowing construction of a meta-model of the NS and the RRMSE plot or a “ridge” in the NS plot (Fig. 5). Differ-
RRMSE statistics in the (kigax, Ktcmin) Space using thin  ences between these alternative parameter combinations are
plate spline interpolation over the 100 simulation runs.related to the relative contributions of different land cover
Leave-one-out cross-validation of the meta-model yielded aypes, which could not be assessed without spatially dis-
standard error of 0.000344, that is, around 0.1 %, andthe tributed soil erosion data within the catchment.
of the regression line between TPS cross-validation residu- Data from seven years of hydrological monitoring were
als and measured NS values was 0. These values allow assed for validating the model. Sediment yield values pre-
suming that uncertainty of the meta-model did not affect thedicted by WATEM/SEDEM with the best parameter set were
estimation of the optimum parameter combination. Thus, thecompared with sediment yield values measured at the catch-
meta-model was analyzed to determine the optimum valuesnent outlet (Lana-Renault and Ré&g, 2009). In this case
of ktcmax and ktenin as those that maximized the NS statistic the two samples were independent, so a real validation could
or minimized the RRMSE. be performed. Correspondence between the two values was
The error surface topographies in the 2-D g KtCmin) in general very good (Table 3 and Fig. 6), with an overall
space are shown in Fig. 3. In both cases a good converef 0.857 (0.991 excluding the worst prediction). The model
gence of the model to a global optimum point coinciding was good at estimating annual sediment yields close to av-
with the maximum NS and the minimum RRMSE values erage, but tended to underestimate high sediment yields and
was found, corresponding to values of k{¢=9.84m and overestimate low sediment yields.
ktcmin = 2.05 m (ratio= 0.208). The model efficiency statis-  The bad results obtained for the hydrological year 2001-
tics for these parameters was NS0.845 and RRMSE= 2002, for which the measured sediment yield was abnormally
0.485, which can be considered very good. There were ndow at 71 Mgyr 1, are attributed to changes in the channel
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Table 3.Values of cumulative precipitatiorP(, runoff coefficient (RC), rainfall erosivity (R factor), measured sediment yield (Obs. SY) and
specific sediment yield (Obs. SSY) in the Asexperimental catchment (adapted from Lana-Renault angeéRe2009), rainfall erosivity
(R-factor) calculated from high frequency (15 min) rain gauge data (AngulotiMartand Beguéa, 2009) and simulated sediment yield

(Sim. SY and Sim. SSY). Annual values are given for the hydrological years between 1999-2000 and 2007-2008, and averages for the
periods 1999-2008 and 1963-2003. NA (not available) indicates that no data exists for a given parameter and time period.

Year P RC R-factor Obs. SY Obs. SSY Sim. SY Sim. SSY
(Oct=Sep) (mm) (Mmmm?) MImmhalh-lyr1 Mgyrl Mghalyrl) Mgyrd Mghalyr?l
1999-2000 881 0.42 1302 542 1.91 473 1.67
2000-2001 1353 0.35 1216 381 1.34 348 1.22
2001-2002 765 0.14 852 71 0.25 244 0.86
2002-2003 1043 0.20 792 216 0.76 227 0.80
2003-2004 958 0.33 846 253 0.89 242 0.85
2005-2006 986 0.25 715 116 0.41 155 0.55
2007-2008 922 0.30 754 129 0.45 186 0.65
1999-2008 986 0.28 926 244 0.86 268 0.94
1963-2003 925 NA 1217 NA NA 350 1.23
NS RMSE
S - 1.6
g &____0.4% .,
— 0.8

ktc_min ktc_min

Fig. 3. Calibration of the transport capacity parameterski@nd ktgnax (M) using!37Cs soil redistribution rates: error surface topographies
as measured by the NS (left) and the RRMSE (right) statistics on the two-dimensional space determined by both parameters. Green coloul
represents the best fit.

caused by accumulation of debris after the years 1999-200@ross SY of 350 Mgyr!, which can be translated to spe-
and 2000-2001, which registered abnormally high sedimentific sediment yield SSY of 1.23 Mg hdyr—. These values
production due to the occurrence of severe storms resporare slightly higher than the average values recorded during
sible for high rainfall erosivity values. These morphologi- seven years at the gauging station at the outlet of th@ag\rn
cal changes modified temporarily the behavior of the streamgatchment, which were 273 Mgyt and 0.96 Mg hatyr—1,
reducing its capacity to transport sediment, and they wergespectively (Lana-Renault and R&g, 2009). This could
not captured by the simulation. Overall, sediment yield dur-be explained by differences in rainfall erosivity (R-factor)
ing the measuring period 1999-2008 was 244 Mdlycom-  for both periods (Table 4): while for the gauging period

pared to 268 Mg yr! predicted by WATEM/SEDEM. 1999-2008 rainfall erosivity was 926 MJ mmiten—tyr—1,
for the period 1963-2003 a higher value of 1217 MJmm
3.2 Hillslope sediment delivery and major sediment ha 1 h~1yr—1 was registered. This difference in rainfall ero-
sources sivity can explain the higher SY estimated for the long
period.

Application of WATEM/SEDEM to the land use conditions  To assess the sediment delivery ratio (SDR = SY/gross
prevailing during the period 1963-2003 allowed estimationerosion rate; expressed as a percentage), we calculated the
of the total sediment yield and assessment of the relativgyross soil erosion rate (6521 Mg b as the net soil erosion
contributions of each hillside. WATEM/SEDEM predicted a
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Table 4. Predicted gross erosion, sediment yield (SY), specific sediment yield (SSY) and sediment delivery ratio (SDR) under current
land cover/land use (LULC) conditions and two LULC scenarios (prior to 1950 and future) in ttes Aaichment, based on the best
parameterization of kigax and ktGyin over the period 1963—-2003.

Period Gross erosion SY SSY SDR
Mgyr'h  (Mgyr'h  (Mghalyrl) (%)
Current LULC 6521 350 1.23 5.36
LULC before 1950 32066 3,180 11.19 9.90
LULC future scenario 4947 255 0.89 5.15

3.3 Effect of land use change on soil redistribution

60
e patterns and on sediment yield
w 407 The robustness of the calibration of ktc, with samples corre-
) sponding to different land uses gave confidence for applying
% 20 o the model to alternative LULC scenarios. The contemporary
g , /; land use contains almost no croplands (Fig. 2b), which may
Z 0 8.1114 s result in a bad calibration of ktc for this Ia}nd use. However,
= s l‘gil” the abundance of o_thgr land use types with a comparable C-
3 20 o7 Y . factor (and hence similar expected values of kic) reduces the
§ 7 uncertainty and allows applying the model to other LULC
i Y scenarios. An analysis was made of the effects of LULC
< 404 Ve . . . . - .
= , change in the Arais catchment in soil redistribution and sed-
s iment yield by applying WATEM/SEDEM using two LULC
-60 . . ; . . scenarios (Fig. 8):

60 40 20 0 20 40 60
i. the first scenario corresponded to the conditions that

prevailed on the catchment during the early twentieth

Fig. 4. Results of the calibration process: comparison of WA- century, when the study area was occupied by annual
TEM/SEDEM and!37Cs soil redistribution estimates for the best crops, mainly cereals; and

parameter set. The solid lines represents a perfect fit, and the dashed . - .
one is the linear regression between both datasets. ii. a second scenario consisting on a hypothetical LULC

condition in the future, provided that land use will be
almost unmanaged and that vegetation colonization will

for the area (i.e. total sediment production) before sediment ~ progress on the south-west-facing slope (now mostly

"Cs estimates (Mg ha y™)

was routed down the hillslopes to the Asravine. The pre- covered by dense scrub land) that would be occupied
dicted SDR value at the outlet of the watershed was approxi- by forests.
mately 5 %. .

Yo Y and SSY maps predicted by WATEM/SEDEM for these

The predicted sediment yield map was used to analyzeS ) . .
the major sediment sources in thenas catchment (Fig. 7). two alternative LULC scenarios allowed analyzing the ef-

The major sediment sources were located in the south!€Cts of past and forgseen LULC changes on soil erosion
west-facing slope (scrub slope), with an average SSY _patterns an_d total sediment yield mthe Am:atch_ment (Ta-

1.49Mghalyr~1, particularly in the straight slopes in the ble 5 and Fig. 9). For the past scenario (LU.LC prior to 1950),
lowest and highest parts of the hillslope, whilst the convexthe catchment was almost entirely occupied by cereal crop

and concave areas were affected by moderate erosion pr(gi_elds. In fact, inspection of a vertical aerial photograph from

cesses; sedimentation prevailed in some concave sectors a@@ 96 confirms that the Afts catchment was fully cultivated,

in the flat areas of the valley bottom. The north-east-facing thtin thel north-ez_st atnd the sc_)uth-l\llvest-(;‘acinr?_ff_lopes, g veln
slope (forest slope) had a value of SSY = 0.69 Mgha—1,  on Steep slope gradients, occasionally under shifting agricul-

with, in general, low erosion rates and some areas in whicl*}ure systems. The SY and SSY values (3180 Mgyand

1yr—1 ; ; ; -
sedimentation prevail, following the terraced borders of oldll'.19 Mgha*yr—, res_pec_twely) obt.amed using that sce
cultivated fields. Apart from the land cover and physio- nario were extremely high in comparison with the values ob-

graphic differences, stoniness was clearly different betwee ained with the current LULC, representing an increase of ap-

: : : imately 810 %. Consequently the SDR was higher than
both sides of the valley, being on the south-west-facing Slopé)r_omma o
(mostly above 400 g Kgb). with the current LULC, rising up to 84 % (Table 5).
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Fig. 5. Calibration of the transport capacity parameterg,igt@nd kitgnax (M) using seven years of sediment yield data at thédéAwatchment
outlet: error surface topographies as measured by the NS (left) and the RRMSE (right) statistics on the two-dimensional space determined

by both parameters. Green colour represents the best fit.
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0 100 200 300 400 500 600 Fig. 7. Predicted sediment delivery map of the Asncatchment
Sediment yield in the catchment outlet (Mg y™") under current land use/land cover.

Fig. 6. Comparison of measured and predicted sediment yield at the
Arnas catchment outlet between the hydrological years 1999-200@f land use abandonment (Table 4). The SY and SSY pre-

and 2007-2008 (October to September). The line 1:1 represents @dicted values (255Mgyrt and 0.89 Mg hatyr—1, respec-
perfect fit, and the dashed line is the linear regression between bottively) were approximately 38 % lower with respect to the
values. current LULC condition, and 1150% lower than the past

LULC scenario. The SDR was very similar to the value ob-
) ) ) tained with the current LULC (5.15%). Nevertheless, the
_ Net erosion areas had predominance over the sedimentgy o5 erosion rate was 32 % lower than the current situation.
tion areas under past LULC, and erosion was intense eve he sediment yield map (Fig. 9b) shows a predominance of
in .the relative_ly gentle sIopes' of the nprtheast_—facing _slopeqow erosion values (less that 10 MgHayr—1), and a reduc-
(Fig. 92). A higher number of intermediate sedimentation ar-;,, of the erosion areas. Figure 9b shows a remarkable trend
eas also appeared especially in the northeast-facing slopgyarqs: (i) a reduction in the sediment sources, even in the
These bands are related to the presence of plot margins %routh—west—facing slope; and (ii) a trend to homogenization.
slightly terraced slopes (now almost completely hidden by
vegetation, but still recognizable in the field), which helped
reduce the loss of soil towards the river network.
In the second scenario (future situation), an increment of
forest and dense scrubland was proposed in the northeast-
and southwest-facing slopes, respectively, as a consequence

www.hydrol-earth-syst-sci.net/16/1321/2012/ Hydrol. Earth Syst. Sci., 16, 13211334 2012



1330 L. C. Alatorre et al.: Soil erosion and sediment delivery in a mountain catchment

A) B)

) River and bodies water
Fields under agriculture
Forest

Road infrastructure
and build-up arcas

Scrubland with high density

Fig. 8. Past (left) and future (right) land use scenarios used in the simulation.
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Fig. 9. Predicted sediment delivery maps of the Asrcatchmen{A) under land use/land cover system at the beginning of the 20th century;
and,(B) under a likely future LULC system.

4 Discussion and conclusions poor discrimination between LULC types. The poor perfor-
mance in this study case could be possibly attributed to defi-
ciencies in the sampling design, since farming LULCs were
under-represented in the calibration dataset with only 4 sites
against 56 sites in well vegetated LULCs, being an important
source of bias against farming LULCs in the calibration pro-
cess. Additionally, the calibration algorithm described was
far from optimal, since the multi-dimensionality of the prob-
lem was eliminated by keeping the value of some parameters

A spatially distributed soil erosion and sediment trans-
port model, WATEM/SEDEM, was applied to simulate soil
redistribution in a mountain catchment under current, past
and hypothetical future land use/land cover (LULC) condi-
tions. A dataset of soil redistribution rates derived froffCs
profiles at 19 sampling points within the catchment were
used to calibrate the model. fixed while calibrating other parameters, ignoring likely co-
Calibration using®’Cs data was very successful, since it 9 P 19 g likely
: : : L variances among parameters.
was possible to determine a single combination of the ktc pa- " o .
. An additional calibration exercise was performed based on

rameters (Ktgax = 9.84 m, ktGnin = 2.05m) that provided a . . .

ood fit to the observed soil redistribution rates within the sediment yield data at the catchment outlet for comparison
9 purposes, since most applications of WATEM/SEDEM up to

cgtchment. Only for two locations n the_for.est.ed slope, 2 Jate have been based on catchment sediment yield data. This
disagreement was found between soil redistribution rates ob-

tained by the two methods, probably as a consequence raises a fundamental problem, since it is difficult to calibrate

. ) . and-cover related parameters with sediment yield alone. As
the relevance in that area of soil creeping processes that are . . .
a solution, some authors proposed that a fixed ratio between

n_ot _considered by the model. These. resu!ts contrast with %tcmax and kiyi, be taken, which has the effect of lumping
similar study by Feng et al. (2010), in which they found a both parameters into a single one, thus allowing calibration

poor convergence to a global optimum parameter set and eray

Son rates estimated by both methods (WATEM/SEDEN andt /e1S3elen, 2006). However this aises new concerns, since
137Ccs) differed considerably. The optimum values fortc Y pprop

and kigyay in that case were 6 and 7, respectively, indicatingfor that ratio, which would be site-dependent. In a previous
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study in theEsera watershed in the Central Spanish Pyreneeshallow landsliding) that has been described as predominant
(Alatorre et al., 2010) we found significant problems for cali- during the period of maximum agricultural activity (Gere
brating WATEM/SEDEM based on sediment yield data at theRuiz et al., 1995; Gafa-Ruiz and Valero-Gaés, 1998), re-
catchment level. The results of the calibration experiment insulting in a degraded landscape, surface stoniness and braid-
this work confirm that it is not possible to identify a single ing of the stream network (Beguaret al., 2006). The SDR
combination of ktc parameters that allows optimize the ob-increased up to 84 %, and a much better connectivity between
jective function, hence demonstrating the need for spatially-erosion areas and the stream network was found. A second
and land use-distributed soil redistribution data such as thatULC cover scenario reproducing an increase of the vege-
provided by'3’Cs data. tation cover due to land use abandonment resulted in ero-
Application of WATEM/SEDEM with the optimum pa- sion and sediment yield values approximately one third lower
rameter set to the Aas catchment allowed estimating the than under current LULC. The SDR was quite similar to the
sediment balance of the catchment. Very good agreemerturrent one.
was found between modeled and measured annual sedi- In the absence of long-term sediment yield records, sim-
ment yield values at the catchment outlet. The simula-ulations with WATEM/SEDEM allow quantifying the effect
tion also allowed determining the major sediment sourcesof recent LULC change on the reduction of soil erosion and
within the catchment and the existence of intermediate sedsediment source areas as a consequence of the abandonment
iment traps between the hillslopes and the channel netef agricultural activities and vegetation re-colonization. As
work. Mean sediment yield was determined at 350 Mglyr  our simulations suggest, this process has almost reached its
or 1.23Mghalyr~!. These values are similar in order final stage, since further increase or densification of the veg-
of magnitude to other catchments in the Spanish Pyre-etation cover did not have a large effect on either gross ero-
nees. Almorox et al. (1994) obtained an estimate ofsion or sediment yield values. Although these findings can
4.12Mghalyr-1 for the Yesa Reservoir in the Arag be translated to other mountain areas, it must be noted that
River basin, 1.67 Mg ha yr—1 for Barasona reservoir in the in certain cases land abandonment can increase spatial con-
Esera river basin. Similar or higher values have been estinectivity and so produce higher sediment yields (GaRuiz
mated for small experimental catchments in the French Alpsand Lana-Renault, 2011).
(Mathys et al., 2005), the Eastern Pyrenees (Gallart et al., As pointed out in previous works (Alatorre et al., 2010),
2005; Soler et al., 2008), and the Central Pyrenees {&arc “spatially lumped models provide reasonable predictions of
Ruiz et al., 2008), which encompass a variety of bedrockssediment yield but offer no insight into sediment sources”.
and climates. A clear advantage of spatially-distributed models is that they
The sediment delivery ratio (SDR) for the catchment wascan be useful for implementing measures to prevent soil ero-
determined at approximately 5%. This is a low value, butsion and sediment generation, since they allow assessing the
not extreme considering the high variability of this parameterimpacts of changes in land use or climate. However, the use
among catchments. For example, Van Rompaey et al. (2007f models of this kind usually involves calibration of em-
reported a SDR of 28 % for a catchment of 196Fkmthe pirical parameters, so records of soil redistribution rates are
Czech Republic; Verstraeten et al. (2007) found SDR val-required. We have demonstrated that the use of catchment
ues of 20-39% for catchments of 164-217Fkim Aus- sediment yield data alone is not enough to allow for a ro-
tralia; Fryirs and Brierley (2001) estimated an extremely highbust calibration of land use-dependent parameters. The use
SDR of almost 70 % in the Bega River catchment (1048 km of 13’Cs-derived soil redistribution rates can provide this in-
in New South Wales, Australia), which caused dramaticformation and arises as a very promising technique for the
changes to the river morphology; Romer@Pet al. (1992) calibration of soil erosion and redistribution models.
found SDR values of 7-46 % in subcatchments of the Se- In this work we have shown that a spatially-distributed soil
gura River (Spain) between 100 and 150Fkand de Vente  erosion and redistribution model can be used for evaluating
et al. (2008) predicted SDR values ranging from 0.03 % tosediment budgets with current and alternative land use sce-
55% for 61 catchments in Spain ranging between 30 ancharios. We assessed variations in the amount of sediment ex-
13 000 knt. It must be stressed, however, that the catchmentgorted, but also changes in the sediment source and deposi-
cited are of very varying size and that SDR calculation meth-tion areas as a consequence of past and likely future land use
ods vary between studies, so any comparison must be takerhange. Such an assessment has only been possible with the
with great care. help of internal measurements of soil redistribution such as
The existence of a robust calibration of the model's pa-those provided by 43’Cs survey. We demonstrate that ex-
rameters allowed performing additional simulations underternal data, such as measurements of total sediment yield at
LULC scenarios. Simulation under past land use (farmingthe catchment outlet, do not provide enough information for
land in most of the catchment) resulted in an increase ofperforming a calibration of a distributed model with spatially
gross erosion and sediment yield of about one order of magdependent parameters. This is an important conclusion that
nitude. These values coincide with the intensity of erosiveshould be considered in further applications of such models.
processes (mostly sheet wash and rill formation, but also
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Supplementary material related to this article is COST634: On- and Off-Site Environmental Impacts of Runoff
available online at: http://www.hydrol-earth-syst-sci.net/ and Erosion. European Cooperation in the Field of Scien-
16/1321/2012/hess-16-1321-2012-supplement.pdf tific and Technical Research, Reading, availabléntifr://www.

soilerosion.net/cost6342005.
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