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ABSTRACT 
Soil erosion by water is a serious threat to crop sustainability and one of the main 

causes of landscape degradation in Mediterranean environments. The accurate 

assessment of soil erosion is a first requirement to face the problem of soil loss in highly 

fragile mountain environments. In this work, simple flow (D8), multiple flow (MD) and 

combined flow (MDD8) algorithms are used to compute cumulative runoff. Effective 

runoff is estimated after accounting infiltration and soil surface properties and added to 

the revised Morgan, Morgan and Finney (RMMF) model of soil erosion at the “Laguna 

Grande de Estaña” catchment (Spanish pre-Pyrenees). The combined flow algorithm 

explicitly associated to the gullies (MDD8-G) leads to a more realistic assessment of 

runoff pathways. The MD algorithm generates unrealistic maps of concentrated runoff 

in gullies and overestimates soil erosion rates (average rate of 75 Mg ha-1 yr-1). The D8 

and MDD8-G algorithms estimate similar values of soil erosion (average rates at 

catchment scale of 37 and 44 Mg ha-1 yr-1, respectively). Paths, crops on steep slopes, 

open Mediterranean forest and sparse scrublands have the highest values of soil erosion 

(more than 50 Mg ha-1 yr-1). The estimated rates with the MDD8-G algorithm in control 

points in crops, forest and scrublands fit better with available data from 137Cs than those 
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obtained with the D8 algorithm. Therefore, the MDD8-G algorithm improves the 

quality predictions of soil erosion and is of interest to study processes of overland flow 

in Mediterranean environments with presence of gullies. 

 
KEY WORDS: runoff; soil erosion; RMMF model; flow accumulation algorithm; GIS; gully; 

Mediterranean agrosystem; Spain 

 

INTRODUCTION 
Soil loss in productive croplands produced by rainfall splash and overland flow is a 

serious environmental and economic problem in many Mediterranean environments 

causing both on- and offsite effects (Bou Kheir, 2008). The loss of fertile soil in arable 

lands and the degradation in the quality of the soil resources are the main on-site 

consequences of soil erosion (Morgan, 2005). Siltation of water bodies is an important 

off-site impact of soil erosion (Navas et al., 2004). The extent of soil erosion in some 

Spanish regions has caused great concern regarding the sustainability of soil resources. 

Field measurements of soil loss demonstrate the influence of lithology, land use and 

climate on the spatial variability of soil erosion rates (Navas et al., 2007). To tackle this 

problem the European Union (EU) recently presented the soil protection and amending 

framework (COM, 2006) and directive (EPC, 2004). These documents are the first 

specific Community legislation on soil protection and establish a common strategy for 

the protection and sustainable use of soil based on the principles of integration of soil. 

The Commission of the European Communities considers soil as essentially a non-

renewable resource and identifies that soil degradation has strong impacts on areas of 

common interest, such as water, human health, climate change, nature and biodiversity 

protection, and food safety. Positive effects on the state of agricultural soils are also 

expected to result from the European Union soil protection and amending framework 

and directive and from the reformed Common Agricultural Policy (MAPA, 2004). 

Therefore, the accurate assessment of runoff volume and soil erosion is required by the 

EU, especially in soil erosion-sensitive areas such as the Mediterranean agrosystems. 

Accurate mapping of runoff pathways is fundamental in modelling the spatial 

redistribution of water and sediment at slope and catchment scales. Distributed 

predictions of runoff allow identifying initiation of linear erosion at the divides (Chaplot 

et al., 2005) and are useful to assess soil erosion and pollutant transport (Granlund, 
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2004). Computations of flow direction and accumulation with different routing 

algorithms improve spatial predictions of soil erosion and deposition models (Vigiak et 

al., 2006). Estimations of concentrated flow, upslope contributing area and soil erosion 

are dependent on the type of routing algorithm used to calculate the split or 

concentration of runoff and sediment along the landscape (Endreny and Wood, 2001; 

Takken et al., 2005) and the spatial resolution of the digital elevation model (DEM) 

(Clarke and Lee, 2007). However, the reliability of model predictions with flow 

accumulation algorithms at catchment scale has seldom been validated against 

observations, especially in ungauged watersheds. 

Some geoforms such as gullies, rills and gorges describe processes of soil erosion 

by water that can be considered before running models of overland flow and soil 

erosion and deposition. Accurate spatial quantification of runoff volume in gullies may 

lead to realistic spatially predictions of soil erosion in productive areas where soils are 

under fragile conditions such as in Mediterranean agrosystems. Moreover, the use of 

accurate flow accumulation algorithms and the improvement of the available algorithms 

is one of the most relevant topics in current hydrological research in soil sciences. 

Mediterranean landscapes have been intensively modified by human being and are 

characterized by contrasted climate with irregular but frequently intense rainy episodes, 

sparse vegetation cover and multiple land uses where soils are generally poorly 

developed and vulnerable to erosion (Machín and Navas, 1995). In these landscapes the 

loss of fertile soil in croplands (Brenot et al., 2008) is a serious threat to their 

sustainable use and economic exploitation. Hence, accurate spatially distributed 

modelling and quantification of runoff and soil loss at catchment scale is of interest to 

promote conservation policies for wetlands as well as to implement better management 

practices (BMPs) for Mediterranean soil and water resources. 

This research aims to model the effective runoff volume and soil erosion rates in the 

“Estanque Grande de Abajo” catchment (Central Spanish Pre-Pyrenees) as well as to 

assess the performance of different flow accumulation algorithms to quantify these 

processes. To this purpose the distributed revised Morgan, Morgan and Finney (RMMF) 

model of soil erosion (Morgan, 2001) and a simple, a multiple and a combined flow 

accumulation algorithms are used to predict spatially distributed rates of runoff and soil 

loss. The combined algorithm is modified with field measured data of the location of 
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gullies to account the different processes of overland flow concentration along the 

hillslope. Annual values of runoff and soil loss are calculated for the whole catchment 

and for the different land uses and areas surrounding the lake with the different 

algorithms. Available data of soil loss quantified with 137Cs at several control points 

near the lake and under different land uses are used to compare the estimations of soil 

erosion with the different algorithms. The study area allows assessing the accuracy of 

the different algorithms of flow accumulation because this catchment constitutes a 

closed-hydrological-system. 

 

MATERIALS AND METHODS 
Study area 

The “Estanque Grande de Abajo” catchment (120 ha) is the largest sub-catchment 

within the Estaña catchment (Huesca, NE Spain) (Figure 1) and is located in the 

southern limit of the External Ranges of the Central Pre-Pyrenees, close to the northern 

boundary of the Ebro basin. The study area includes one lake (15 ha) and a wetland area 

that are under protection by the regional government since 1997 and included in the 

European NATURA 2000 network as Site of Community Importance (SCI). However, 

the intensive agriculture during the last centuries, the practices of land abandonment in 

the XXth century and the European Union policy of set-aside during the last decades 

could endanger the conservation of this protected area. Morellón et al. (2008) estimated 

after radiocarbon dating of sediment cores collected in the “Estanque Grande de Abajo” 

lake a siltation rate of 2.3 mm yr-1 for the last 800 years. This time interval represents a 

period under continuous land cultivation that is representative of the current land uses. 

The climate is continental Mediterranean with two rainy periods in Spring and 

Autumn and a dry summer with frequent rainfall events of high intensity (López-

Vicente et al., 2008a). The average annual precipitation was 595 mm for the period 

1993–2006 with an average minimum and maximum temperature of 6.0 and 18.8ºC, 

respectively (Figure 1) (López-Vicente, 2008). The study area is underlayed by 

limestones and gypsiferous marls, dolostones and occasionally salt deposits. Karstic 

processes partially control the evolution of the landscape. The elevation ranges from 

676 to 872 m a.s.l. with a mean slope of 17% and steep slopes (> 22.5%) occupy 26% 

of the total surface. The geomorphic units of the study area were identified by López-
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Vicente et al. (2009) and include two collapse dolines that are associated to the lake, 

one uvala, nine gullies with a maxima length of 323 meters and a main stream that 

measures 1421 meters, together with the presence of colluvial, alluvial and doline 

deposits (Figure 1). 

The land uses of the study area are representative of Mediterranean mountain 

agrosystems and fifteen different land uses are identified. Crops of rainfed winter barley 

are the main land-use (36% of the total surface). The rest are dense and open 

Mediterranean forest (19 and 16%), dense scrublands (7%) and recently abandoned 

fields (5%). Other land uses occupies less than 5% of the total surface and are spread 

around the study area (Figure 1). Areas of bare soil correspond to outcrops of massive 

gypsum either boulder grounds and soil erosion modelling has been excluded because 

the RMMF model does not simulate erosion processes in rocks. 

 

Estimation of annual erosion with RMMF and flow accumulation algorithms 

The semi-physically based RMMF model (Morgan, 2001) estimates the annual rates of 

soil detachment by splash (F; Mg ha-1 yr-1) and runoff (H; Mg ha-1 yr-1) and compares 

the total rate of detachment with the runoff transport capacity (TC; Mg ha-1 yr-1) to 

calculate the annual values of soil erosion (E; Mg ha-1 yr-1) (Figure 2). 

( ){ }TCHFE  ,min +=  (1) 

This model is a more complete approach than the previous Morgan, Morgan and Finney 

(MMF) model (Morgan et al., 1984) and has been applied in many plots and catchments 

in several countries and under different climatic conditions and land use scenarios (e.g. 

Morgan, 2001; Vigiak et al., 2006; López-Vicente et al., 2008b; Scholz et al., 2008). 

This model does not consider transport of soil particle by raindrop-impact either the 

effect of crust on soil surface that are relatively frequent in Mediterranean landscapes. 

 

Estimation of rainfall energy 

Effective rainfall (ER, mm) is estimated after accounting the way total annual rainfall 

(R; mm) is partitioned during interception (A; 0–1). The effective rainfall is split into 

direct throughfall (DT; mm), which directly reaches the soil surface and leaf drainage 

(LD; mm), that is intercepted by the plant canopy and reaches the ground by stemflow 
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or dripping from leaves. The split is a direct function of the percentage canopy cover 

(CC). 

ARER  =  (2) 

CCERLD  =  (3) 

LDERDT −=  (4) 

In this work, the kinetic energy of the direct throughfall rainfall (E(DT); J m-2) was 

determined using the equation of Coutinho and Tomás (1995) developed in southern 

Portugal and considered suitable for western Mediterranean areas. This equation 

estimates the kinetic energy of the rain (KE; J m-2 mm-1) as a function of the rainfall 

intensity (I; mm h-1). The kinetic energy of the leaf drainage (E(LD); J m-2) is dependent 

upon the height of the plant canopy (PH; m) and the total energy of the effective rainfall 

(E; J m-2) equals the addition of E(DT) and E(LD). 

( ) ( )[ ]IDTKEDTDTE  034.0exp559.019.35  −−==  (5) 

( ) ( ) 87.5 8.15 5.0 −= PHLDE  (6) 

( ) ( )LDKEDTKEE +=  (7) 

Where Eq. (5) yields a negative value, E(LD) is assumed to be zero. 

 

Estimation of runoff 

The RMMF model computes the annual volume of runoff per raster cell (Q; mm) 

assuming that runoff occurs when the mean rain per erosive rain day (R0; mm) exceeds 

the soil moisture storage capacity (Rc; mm): 
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Where MS is the soil moisture content at field capacity (% w w-1), BD is the bulk 

density of the soil (Mg m-3), Voleff is the effective volume of the soil (value between 0–

1), EHD is the effective hydrological depth of the soil (m) and ETa/ET0 is the ratio 

between actual and potential evapotranspiration. The effective volume is related to the 

volume of the soil that actual retains water and is considered to be the same as that 

occupied by the soil fraction with a grain size of less than 2 mm (Soto and Navas, 
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2004). The term EHD indicates the depth of soil within which the moisture storage 

capacity controls the generation of runoff as a function of the plant cover. Values of 

EHD correspond to those included in the RMMF model (Morgan, 2001) for the 

different land-uses (Table I). 

 

Estimation of effective runoff 

Rainfall becomes overland flow after top-soil is saturated and strongly depends on the 

distribution of rainfall and soil properties (Mugabe et al., 2007). The effective runoff 

(DQ) is defined as the rainfall which is neither retained on the land surface nor 

infiltrated into the soil and becomes overland flow until it is drained in one of the 

catchment channels Chow et al. (1988). The effective runoff volume was then computed 

from the potential cumulative overland flow (DQ0; mm), the saturated hydraulic 

conductivity of the different soils (Kfs; mm day-1), the maximum soil surface storage 

capacity (SSmax; mm) and slope steepness (S; degree). 

Traditionally, the most widely used method to compute cumulative runoff is the 

simple flow algorithm (D8) (Vigiak et al., 2006). In this method water and materials in 

a cell can flow to only one of its neighbors. The multiple flow algorithm (MD) avoids 

these errors and offers a more realistic mapping of the flow pattern. Moreover, the 

recently developed combined algorithm (MDD8, Schäuble, 2005) assumes the MD 

routine until reaches a threshold value and then the flow pattern is calculated as for the 

D8 algorithm. This threshold value represents the beginning of ephemeral streams and 

gullies and provides a better description of the pathways of runoff and transport of soil 

particles. 

In this work, the D8, MD and MDD8 algorithms were used to estimate the potential 

cumulative overland flow from the original value of Q and by using the Sediment Yield 

Tools 1.03 extension for ArcView 3.2 GIS. Vigiak et al. (2006) proved the usefulness of 

a semi-distributed hydrological approach (based on the D8 algorithm) in Tanzania to 

estimate the spatial patterns of erosion with the RMMF model obtaining a correct 

simulation at around 75%. 

After detailed field observations of the initiation of the gullies and their situation in 

the DEM from the divides, a threshold value of runoff volume was established in the 

combined flow algorithm (MDD8-G) as representative of the actual change from 
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multiple to linear flow into the gullies. The hydrological process simulated in this work 

was successfully applied by López-Vicente et al. (2008b) in cultivated fields of the 

Estaña catchment and by de Jong et al. (1999) in a large catchment in Sicily (Italy). 

( ) SSSKDQDQ fs sin max0 −−=  (10) 

( )
( )

( ) ( )
( ) ( )SSIG

SSIGSSIG
SIG

SSIGRGSS
coscos 2

cotcot
sin

sin5.0
2

max
−++

⋅
−

=  (11) 

where RG (mm) is the surface roughness, S (radian) is the slope steepness and SIG 

(radian) is the angle of the surface soil and surface furrow. The maximum surface 

storage capacity was calculated according to Driessen (1986). A SIG value of 30 º was 

considered valid for the study area based on Terzoudi et al. (2007). Surface roughness is 

the configuration of the soil caused by the randomly orientated arrangement of soil 

clods. Tillage tools can produce random roughness and orientated roughness. In this 

work values of RG proposed by Renard et al. (1997) are used for forest areas (random 

roughness, RG = 20.3 mm) and for cultivated fields with plough (RG = 48.3 mm) and 

field cultivator (RG = 17.8 mm). 

A correction was made to the different maps of effective runoff for the ephemeral 

streams because erosion by overland flow stops as soon as the overland flow reaches the 

stream. To account this effect the estimated volume of runoff at the beginning of the 

gullies is considered as the maximum runoff volume. 

 

Soil particle detachment by raindrop impact 

Detachment of soil particle by raindrop impact (F; Mg ha-1 yr-1) is computed from the 

total rainfall energy and the parameter of soil erodibility (K; g J-1). 
210  −= KEKF  (12) 

Values of K are obtained from Morgan (2001) for the different types of soil textures. 

  

Soil particle detachment by runoff 

The RMMF model estimates the detachment of soil by runoff (H; Mg ha-1 yr-1) as a 

function of runoff volume, slope steepness (S; radian) and the resistance of the soil (Z; 

kPa-1). 

( ) 25.1 10 1 sin  −−= GCSDQZH  (13) 
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COH
Z

 5.0
1

=  (14) 

where GC is the percentage of ground cover and includes crop residues and rocks and 

COH (kPa) is the cohesion of the soil. Values of GC are obtained from the percentage 

of coarse fragments and percentage of soil surface covered by crop residues in barley 

fields (Renard et al., 1997). Values of cohesion were obtained from Morgan (2001) for 

the different textures of the soil. For loose, non-cohesive soils, Z = 1.0. Equation (13) 

assumes that soil detachment by runoff only occurs where the soil is not protected by 

ground cover. 

 

Runoff transport capacity 

The transport capacity of runoff (TC; Mg ha-1 yr-1) is computed from the effective 

runoff volume (DQ), the slope steepness (S) and the C and P factors of the RUSLE 

model (Renard et al., 1997). The C factor deals with the soil and crop management 

whereas the P factor computes the support practices. 
22 10 sin   −= SDQPCTC  (15) 

 

Soil sampling and data collection 

Rainfall daily values generated at the reconstructed Estaña weather station for the period 

1993-2006 are used to characterize the annual precipitation (R = 595 mm), whereas 

rainfall data recorded at 15 minutes at the Canelles weather station are used to calculate 

the typical value of rainfall intensity (I = 15.1 mm h-1) and the mean annual rainfall per 

erosive rainday (R0 = 35.9 mm). The parameters of rainfall interception, canopy cover, 

plant height and the ratio between actual and potential evapotranspiration are the 

proposed by López-Vicente (2008) for the different land uses of the study area. Values 

of effective hydrological depth correspond to those values proposed by Machín et al. 

(2008) for the different soil types described in the catchment and range between 0 and 

0.25 m. 

A total of 118 soil samples were collected. Samples were air-dried, grinded, 

homogenized and quartered to pass through a 2 mm sieve and the weight percentage of 

coarse fragments was calculated. Laser equipment was used to determine the textural 

class of each sample. Values of bulk density, stoniness, sand, silt and clay content and 
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soil moisture content at field capacity were measured and soil detachability and soil 

cohesion were estimated. Slope steepness and length and potential cumulative overland 

flow were calculated using the enhanced digital elevation model (DEM) of the study 

area (López-Vicente et al., 2009). Values of the C and P factors of the RUSLE model 

correspond to those estimated by López-Vicente and Navas (2009) for the study area. 

Before running the RMMF model a mask associated to the gullies was created 

within a Geographic Information System (GIS) and values of the parameters A, CC, 

GC, EHD, ETa/ET0 and C equal to those proposed for areas with no vegetation cover. 

This mask aims to represent the special conditions of the soil into the gullies, where soil 

surface is directly affected by splash and runoff without almost any kind of protection. 

The maps of the corresponding properties were created with the assistant of the Spline 

interpolator method that fits a minimum-curvature surface through the input points. All 

maps, the interpolation and the mathematical operations were done with the ArcView 

GIS 3.2® and ArcGIS 9.0® applications at high spatial resolution (cell size = 5 x 5 m). 

 

RESULTS AND DISCUSSION 
The maps of potential and effective runoff obtained with the three algorithms present 

many differences in both their spatial pattern and values (Figure 3) (Table II). The 

simple D8 algorithm creates many drainage artifacts and parallel flowpaths that are 

unrealistic according to field observations. The MD algorithm generates wide streams 

that disagree with the actual size of the channel of the gullies in the study area. The 

MDD8-G algorithm produces the most realistic spatial pattern of runoff due to its direct 

relation with the gullies of the study area. The estimated value of maximum runoff 

volume at the initiation site of the gullies is 16586 mm. 

Maps of distributed soil loss also present a high spatial variability and differences in 

the estimated erosion rates between the different approaches (Figure 3). The mean 

values of soil loss at catchment scale are 36.7, 75.2 and 44.2 Mg ha-1 yr-1 estimated with 

the D8, MD and MDD8-G algorithms, respectively. These values are similar to those 

values measured with microtopographic profiles by Benito et al. (1992) in badlands in 

the External Ranges of the Spanish Pyrenees (rates between 24 and 485 Mg ha-1 for a 

period between 7 and 15 months, respectively) under similar weather conditions. 

However, the estimated erosion rates at the study area are much higher than that 
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proposed by De la Horra (1992) in Central Spain as the rate of tolerable soil erosion 

under Mediterranean conditions (6 Mg ha-1 yr-1) and are also higher than the average 

erosion rate (27 Mg ha-1 yr-1) estimated by ICONA (1980-1990) for Spain. 

Areas with low (less than 4 Mg ha-1 yr-1) and tolerable (between 4 and 8 Mg ha-1 yr-

1) values of soil loss represent 54, 37 and 50% of the study area with the estimations of 

the D8, MD and MDD8-G algorithms, respectively. Areas with no erosion occupy 14, 3 

and 4% of the total study area for the D8, MD and MDD8-G algorithms, respectively 

and are mainly located at the beginning of the flowpaths and in flat areas. Rates of 

runoff transport capacity were lower than those of total soil detachment in 85, 69 and 

80% of the study area with the D8, MD and MDD8-G algorithms, respectively. Runoff 

transport capacity is the main limiting factor that controls the estimated values of soil 

loss. These results agree with field observations reported by several authors (e.g. Lecce 

et al., 2006) finding that most of the soil erosion and sediment yield is explained by 

intense runoff events. To improve the predictions of the modified RMMF model, further 

research may focus in modifying the concentration factor of the MDD8-G algorithm to 

include the monthly variations in runoff volume and transport capacity, especially in the 

months of May, August, September and October when heavy storm events are frequent 

in the study area (López-Vicente et al., 2008a). Moreover, the inclusion of parameters 

for a better description of changes in runoff transport capacity due to the increasing 

amount of sediment load from divides to the slope bottom is also recommended. 

Annual soil erosion rates were calculated for the different land uses with the three 

algorithms (Table II). Prediction values of soil loss with the D8 and the MDD8-G 

algorithms are similar and much lower than those values obtained with the MD 

algorithm (Figure 3). The spatially distributed results of runoff volume and soil erosion 

rates obtained with the MD algorithm disagree with those obtained with the D8 and 

with field observations of processes of concentrated overland flow. Therefore, the MD 

algorithm is non suitable to model runoff and soil erosion processes in this abrupt study 

area. 

Paths, crops on steep slopes, open Mediterranean forest and sparse scrubland have 

very high rates of erosion (higher than 50 Mg ha-1 yr-1) and should be controlled in the 

context of preservation of the fragile wetland of the singular Mediterranean 

environment of the Estaña catchment. Pastures and oak forest present very low erosion 
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rates (less than 2 Mg ha-1 yr-1). The average erosion rate in areas modified by human 

activities (crops, abandoned fields, orchards and paths) is 39.3 and 48.9 Mg ha-1 yr-1 

estimated with the D8 and MDD8-G algorithms, respectively. These values are higher 

than those erosion rates estimated in areas covered by forest, shrubs and seed grass with 

average values of 34.4 and 40.0 Mg ha-1 yr-1 estimated with the D8 and MDD8-G 

algorithms, respectively. These results highlight the key role of human disturbances in 

the natural cycle of soil erosion and agree with the observations described by Navas et 

al. (2005) in some mountain areas of the Pyrenees where the main cause of soil 

degradation has been identified as a consequence of deforestation, overgrazing, 

extensive agriculture since the Middle Ages and land abandonment since the beginning 

of the 20th century. De Santisteban et al. (2006) measured in cereal (2 - 115 Mg ha-1 yr-

1) and recently abandoned fields (162 Mg ha-1 yr-1) in northern Spain similar values of 

soil erosion as those estimated in crops and abandoned fields of the study area. 

The statistical analysis by multiple regression between the estimated erosion rates 

and the inputs of the modified RMMF model shows that only the canopy cover, slope 

and flow length significantly affect the variation of erosion rates (p ≤ 0.05). These 

results agree with those obtained by García-Ruiz et al. (2008) in three small catchments 

in Central Spanish Pyrenees where plant cover is a key factor influencing the different 

temporal and spatial processes of soil erosion and redistribution. 

The estimated erosion rates with the D8 and MDD8-G algorithms are compared 

with available data on erosion rates measured by López-Vicente et al. (2008b) by using 

fallout 137Cs in cultivated fields that surround the lake (Figure 1). On an ongoing 

research in the Estaña catchment 137Cs profiles show high soil erosion rates in crops on 

steep slopes and low rates in dense Mediterranean forest and dense scrubland (Navas, 

personal communication) (Table III). A number of control points (10) were chosen as 

representative of the different physiographic conditions of the study area and were 

selected for comparison with estimations from modified RMMF model with the D8 and 

MDD8-G algorithms. In general, in most of the control points the erosion rates 

compares well although it is necessary to consider that predicted values are modelled 

for a raster cell area of 5 x 5 meters. The D8 algorithm underestimates soil erosion by 

34% whereas with the MDD8-G algorithm values of soil loss are 27% higher than that 

quantified with 137Cs at the sampling point (Table III). Quantified erosion rates with 
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137Cs means the processes of soil loss and deposition that have happened during the last 

four decades, whereas the predicted rates with the RMMF model accounts the average 

annual rates. Nonetheless, the consistency of the validation between both techniques is 

basis on the fact the land-uses and climate have not suffered any significant change 

during the last four decades. 

The comparison between predicted and available 137Cs rates at control points 

suggest that the combined flow algorithm related to the gullies is suitable to improve the 

estimations of annual rates of soil erosion. Because of the need for preserving wetlands 

in Mediterranean environments the first requirement is to improve quantitative 

estimations of eroded soil that can reach water bodies. On the other hand, the lower 

erosion rates found in the areas with dense vegetation suggests that either natural re-

growth or re-forestation of the erodible-areas especially in the low-productive crops 

located on steep slopes will minimize the siltation of wetlands. 

 

CONCLUSIONS 
Flow algorithms are of interest to quantify potential accumulated runoff. Accurate 

estimations of soil infiltration and surface properties improve the predictions of spatially 

distributed runoff. The maps of effective runoff computed with the simple, multiple and 

combined flow algorithms present great variation of both their spatial patterns and 

values and thus their predicted rates of soil detachment and transport capacity by runoff. 

The combined flow algorithm related to the gullies provides a more realistic 

representation of the flow patterns through the gullies of the study area and improves 

the spatial quantification of runoff in comparison with the simple and multiple flow 

algorithms. The MD algorithm does not generate accurate maps of flow accumulation 

especially in gullies and overestimates the effective runoff volume and soil erosion 

rates. 

The D8 and MDD8-G flow algorithms predict similar values of soil erosion for the 

different land uses though estimations of soil loss with the MDD8-G algorithm fit better 

with available rates from 137Cs. Therefore, the MDD8-G algorithm leads the modified 

RMMF model to a more reliable assessment of soil erosion and consequently on their 

affections on wetlands in Mediterranean environments. The application of this 

algorithm is recommended for mapping concentrated runoff volume and soil erosion in 
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agrosystems affected by gullies to improve the quality of their spatial predictions. The 

information gained with this research can be applied to other agricultural Mediterranean 

landscapes for better identification of the main erosion-sensitive areas in order to 

prevent land degradation. Because of the high supply of sediments from the cultivated 

fields land conservation measures and best management practices are highly 

recommended for croplands. 
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Table I Values of potential (DQ0) and effective (DQ) runoff volume estimated with the D8, MD and 

MDD8-G algorithms for the “Estanque Grande de Arriba” catchment (NE Spain). 

DQ0 DQ 

mean min max SD mean min max SD 

Type of algorithm 

mm mm 

D8 4662 156 16586 5568 671 0 11080 1091 

MD 8790 230 16586 5821 1334 0 11080 1332 

MDD8-G 

 

5539 230 16586 4352 

 

815 0 11080 910 

 

 

 

Table II Mean annual erosion rates estimated with the modified RMMF model and the different flow 

algorithms for the different land uses at the “Estanque Grande de Abajo” catchment. 

Estimated soil loss Area 

D8 MD MDD8-G 

Type of land use 

ha % Mg ha-1 yr-1 

Path 1.8 1.7 98.3 171.7 120.9 

Crops in steep slopes 22.0 21.0 49.8 100.9 63.2 

Crops in gentle areas 15.3 14.6 29.3 63.2 35.6 

Pasture 0.5 0.5 0.6 0.6 0.4 

Orchard 0.5 0.5 24.0 49.3 34.6 

Old abandoned field 3.5 3.3 9.2 19.9 7.8 

Anthropogenic 

land-use 

Recent abandoned field 5.5 5.3 35.7 63.1 43.9 

Oak forest 3.3 3.1 1.4 2.2 1.2 

Dense Mediterranean forest 20.3 19.4 18.2 39.5 17.9 

Open Mediterranean forest 16.5 15.8 73.0 153.4 89.2 

Dense scrubland 7.5 7.2 8.6 15.3 9.5 

Sparse scrubland 3.2 3.1 48.2 92.1 54.1 

Poplar 0.3 0.3 41.6 79.8 44.5 

Bank vegetation 3.9 3.7 19.1 40.7 23.1 

Natural 

vegetation 

Area without soil (outcrops) 

 

0.6 0.6 

 

- - - 
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Table III Comparison of erosion rates estimated with the modified RMMF model and the D8 and 

MDD8-G flow algorithms and available data quantified with 137Cs at different control points in crops, 

dense forest and scrublands. 

Quantified soil loss Estimated soil loss Control point 
137Cs D8 MDD8-G 

Type of land use 

ID Mg ha-1 yr-1 Mg ha-1 yr-1 

1 5.7 16.9 20.2 

2 2.5 6.6 11.5 

Crops in gentle areas 

3 4.3 3.6 13.1 

4 100.5 84.6 20.2 

5 24.3 0.8 13.5 

Crops on steep slopes 

6 22.6 1.0 121.1 

7 2.4 < 0.1 0.8 

8 3.1 0.3 7.3 

Dense Mediterranean forest 

9 5.1 0.6 14.4 

Dense scrubland 10 

 

4.0 

 

< 0.1 < 0.1 
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Figure 1 Geographic situation of the study area in NE Spain and mean monthly values of rainfall at the 

Estaña reconstructed weather station. Map of land uses of the study area and illustrations of gully erosion. 
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Figure 2 Flowchart of the modified RMMF model with the flow accumulation algorithms. Gray figures 

correspond to the modifications included in this work. 
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Figure 3 Maps of effective runoff and soil erosion estimated with the modified RMMF model and the D8, MD and MDD8-G flow accumulation algorithms. 1 

             2 

             3 


