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ABSTRACT

Although the Revised Universal Soil Loss Equation (RUSLE) and the revised Morgan–Morgan–Finney (MMF) are well-known models, not
much information is available as regards their suitability in predicting post-fire soil erosion in forest soils. The lack of information is even
more pronounced as regards post-fire rehabilitation treatments.

This study compared the soil erosion predicted by the RUSLE and the revised MMF model with the observed values of soil losses, for the
first year following fire, in two burned areas in NW of Spain with different levels of fire severity. The applicability of both models to estimate
soil losses after three rehabilitation treatments applied in a severely burned area was also tested.

The MMF model presented reasonable accuracy in the predictions while the RUSLE clearly overestimated the observed erosion rates.
When the R and C factors obtained by the RUSLE formulation were multiplied by 0�7 and 0.865, respectively, the efficiency of the equation
improved.

Both models showed their capability to be used as operational tools to help managers to determine action priorities in areas of high risk of
degradation by erosion after fire. Copyright # 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Post-fire erosion is a major concern to society because of the

potential effects on soil and water resources. Increases in soil

erosion rates are frequently observed following wildfire (e.g.

Megahan and Molitor, 1975; Campbell et al., 1977; San

Roque et al., 1985; Shakesby et al., 1993; Scott et al., 1998;

Robichaud and Brown, 2000; Johansen et al., 2001; Martin

and Moody, 2001; Meyer et al., 2001; Benavides-Solorio

and MacDonald, 2005; Shakesby and Doerr, 2006). Fire

severity, as a descriptor of the magnitude of the changes

occurred in the soil, has been recognized as a decisive factor

controlling those post-fire soil erosion rates (e.g. Benavides-

Solorio and MacDonald, 2005; Vega et al., 2005).

Most of these studies have emphasized the reduction or

elimination of vegetation cover and ground cover as the

main factors explaining the increased soil losses. Soil cover

increases infiltration, maintains high soil porosity, prevents
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soil sealing and increases surface roughness, reducing thus

soil erosion (De Bano et al., 1998; Larsen et al., 2009). Fire

can also alter the soil structure, by affecting bulk density and

total porosity, thus reducing infiltration and promoting

overland flow (e.g. De Bano et al., 1998; Neary et al., 2005).

Fire-induced hydrophobicity (De Bano, 1981; De Bano

et al., 1998; Robichaud, 2000; Huffman et al., 2001; Keizer

et al., 2008a) may also contribute to increased soil losses.

The effect of fire on soil water repellency depends primarily

on the amount and type of litter consumed, the duration and

amount of soil heating, and the amount of oxygen available

during burning (De Bano et al., 1998; Doerr et al., 2009).

Various models already exist that predict soil erosion for a

great variety of crop characteristics. Models such as WEPP

(Nearing et al., 1989) and EUROSEM (Morgan et al., 1998)

can simulate the effects of vegetation on erosion in

individual storms, but are often too complex to be used

as operational tools. Simpler, empirically based models such

as the revised Morgan–Morgan–Finney (MMF) (Morgan,

2001), USLE (Wischmeier and Smith, 1978) or its revised

version Revised Universal Soil Loss Equation (RUSLE)

(Renard et al., 1997) may be useful for estimating soil

erosion on an annual basis (De Roo, 1996; Tiwari et al.,
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2000; Morgan, 2001; Morgan and Duzant, 2008). They

require less field data than other more complex models and

are therefore more feasible as management tools. The USLE

model predictions have shown relatively good agreement

with other soil erosion estimation data after fire in Galicia

(Dı́az-Fierros et al., 1987). Acceptable results were also

obtained using WEPP and Disturbed WEPP to predict

particular soil erosion episodes after fire in Galicia (Soto and

Dı́az-Fierros, 1998) and the United States (Larsen and

MacDonald, 2007). Likewise, the MMF model has

performed reasonably well to estimate soil losses in burnt

areas in Portugal (Keizer et al., 2008b; Vieira, 2008).

However, most of the validation studies of RUSLE and

MMF models have been made on agricultural soils (e.g.

Shrestha, 1997; Tiwari et al., 2000; Morgan, 2001; Vigiak

et al., 2005; López-Vicente et al., 2008; Morgan and Duzant,

2008) and there is a lack of information on the performance

of such models in forest soils and, particularly after fire

(Dissmeyer and Foster, 1984; Larsen and MacDonald,

2007). Moreover, the validation of soil erosion models after

post-fire rehabilitation treatments is particularly scarce all

over the world (Robichaud et al., 2007).

Over the last 11 years, there have been about 9000 fires

per year in Galicia, representing 47 per cent of forest fires in

Spain (Ministerio Medio Ambiente, 2006). Increases in

wildfire frequency and burned area are commonly expected

under the probable future climate scenarios for the

Mediterranean region countries (Moreno, 2005; Carvalho

et al., 2008; Good et al., 2008; Moreno, 2009) and also in

NW Spain (Vega et al., 2009).

Post-fire soil erosion rates have been assessed in different

situations in Galicia, NW Spain (Dı́az-Fierros et al., 1987;

Vega and Dı́az-Fierros, 1987; Dı́az-Fierros et al., 1990; Soto

et al., 1994; Vega et al., 2005; Fernández et al., 2007, 2008).

Operationally useful tools providing reasonable accurate

predictions of post-fire sediment yields are needed to guide

management decisions to mitigate post-fire soil loss and land

degradation and for post-fire rehabilitation planning.
Table I. General characteristics of study sites

Verı́n

Location Ourense pr
Wildfire date Summer
Fire severity Moderate soil burn
Dominant vegetation Pinus pinast
Climate Mediterra
Mean air temperature (8C) 12
Mean annual precipitation (mm) 800
Mean rainfall erosivity
(MJ mm h�1 ha�1 y�1)

1000

Soil Alumi-umbric
Substrate Schis

Copyright # 2010 John Wiley & Sons, Ltd.
The objective of this study was to assess the performance

of the RUSLE and MMF models to predict first-year soil

erosion following two wildfires of distinctive severity and

after the application of different post-fire rehabilitation

treatments in an area affected by a high-severity fire.
MATERIALS AND METHODS

Study Sites

The study was carried out in two burned areas with distinct

levels of fire severity in Galicia (NW Spain): Verı́n (418
57’ 10’’ N; 78 23’ 30’’ W; 550 m a.s.l.) and Soutelo (428
30’ 31’’ N; 88 17’ 17’’ W; 800 m a.s.l.). The main

characteristics of the areas are summarized in Table I.

Data Collection and Field Measurements

This study used a set of plots initially installed for

quantifying soil erosion after wildfire (Verı́n) and to assess

the effect of different soil rehabilitation treatments on soil

erosion (Soutelo).

Fourteen and sixteen experimental plots (50� 10 m2

each) with their longest dimension along the maximum

slope, were installed in Verı́n and Soutelo, respectively, just

after wildfire and before any appreciable rainfall. The plots

were delimited by a geotextile fabric fixed to posts. Uphill

borders of the plots were trenched to avoid external inputs

from runoff or erosion. Sediment fences, made from a

geotextile fabric similar to that described by Robichaud and

Brown (2002), were located at the downhill portion of the

plots and were used for periodic collection of sediment.

In the Soutelo experimental site to study the effect of

different soil rehabilitation treatments on erosion control,

three different treatments were assigned at random: straw

mulch, wood chip mulch, cut shrub barriers and a control

(untreated burned soils). Wheat straw and wood chips were

spread manually at a rate of 2�5 and 4 Mg ha�1, respectively.

Four barriers made from shrubs cut in an unburned adjacent
Soutelo

ovince Pontevedra province
2003 Summer 2006
severity¼ 1�0 Severe soil burn severity¼ 2�7

er stand Ulex europaeus shrubland
nean Oceanic

11
1500
3000

Regosol Alumi-umbric Regosol
t Schist
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area were located along the longest dimension of each

plot, spaced at regular intervals of 10 m. The barriers

were 10 m long, 0�5 m wide and 0�7 m high. Immediately

after application of the treatment, the mean soil cover was

80 per cent in the straw mulched plots and 45 per cent in the

wood chip mulched plots.

At each study site, amount and intensity of rainfall were

measured by two recording rain gauges positioned at 1�20 m

above ground, adjacent to the experimental site.

A few days after the wildfire, the percentage of soil

organic cover was visually estimated by use of a

20 cm� 20 cm quadrat at 20 systematically selected points

along two transects parallel to the plot longest dimension

in each plot. Reference quadrats, corresponding to 1, 5, 10,

15, 20, 25 and 50 per cent cover of a 20� 20 cm2 quadrat,

were prepared on paper to calibrate visual estimates of

cover. In addition, each quadrat was assigned to one of the

levels of a soil severity index with a modified version of

the classification from Ryan and Noste (1983). Four

degrees of fire severity were distinguished (Vega et al.,

2008): (1) Burnt litter (Oi) but limited duff (OeþOa)

consumption. (2) Forest floor (OiþOeþOa layers)

completely consumed (bare soil) but soil organic matter

not consumed and surface soil intact. (3) Forest floor

completely consumed and soil organic matter in Ah

horizon also consumed, a thick layer of ash deposited and

soil structure altered. (4) As (3) and colour altered

(reddish). A mean value of these scores was used to assess

the impact of fire on soil in each burnt plot.

A few days after fire, the percentage of ground cover by

plants established from seeds or resprouting after fire was

estimated visually, in a 70� 70 cm2 quadrat, at 20 system-

atically selected points in each plot. Measurements of

vegetation height were also made. Sampling was repeated

every 3 months in each experimental plot.

Immediately after fire, soil shear strength (0–5 cm) was

measured with a vane tester (Eijkelkamp) at 20 points in

each experimental plot. Measurements were made quarterly

during the study period.

Samples of surface mineral soil (0–10 cm) were taken at

15 systematically chosen points within each plot to

determine moisture content by gravimetry (oven-dried for

24 h at 1058C). The samples were taken at monthly intervals

during the period of study.

Soil bulk density was determined immediately after fire in

both study areas. In Soutelo, the measurements

were repeated quarterly. A metal cylinder of 15 cm diameter

was inserted into the upper 5 cm layer of mineral

soil and bulk density was calculated by dividing the

oven-dried soil mass by the volume of the soil core (free

of gravel).

Soil depth was measured with a metal stick at 20

randomly selected points inside each plot. Further details
Copyright # 2010 John Wiley & Sons, Ltd.
about the study sites are available in Fernández et al. (2007)

and Fernández et al. (in revision).

Application of RUSLE Model

Application of this model (Renard et al., 1997) was based

on the procedure described by Wischmeier and Smith

(1978) to estimate soil losses, A (Mg ha�1 y�1),

which consists of the product of five factors, rainfall

erosivity, R (MJ mm h�1 ha�1 y�1), soil erodibility K

(Mg h MJ�1 mm�1), and the non-dimensional topographic

factor (LS), crop factor (C) and soil conservation practices

factor (P):

A ¼ R � K � L � S � C � P

Determination of the R factor was initially based on

rainfall data for all the events that occurred in both study

areas during the year of study. The topographic factor was

obtained according to the characteristics of the different

plots.

The soil erodibility, K, was calculated by use of the

equation proposed by Wischmeier and Smith (1978) because

in both areas the percentage of organic matter was higher

than 4 per cent (Renard et al., 1997).

The C factor was calculated according to the following

equation:

C ¼ PLU � CC � SC � SR � SM

where PLU is the prior land use subfactor, CC is the canopy

cover subfactor, SC is the surface cover subfactor, SR is the

surface roughness subfactor and SM is the soil moisture

subfactor (Renard et al., 1997).

The PLU subfactor is computed from a soil reconsolida-

tion factor, the mass of roots and the mass of buried residue

(Renard et al., 1997). A value of 0�45 was assigned to the

reconsolidation factor as proposed by Dissmeyer and Foster

(1981) for forest soils; the mass of buried residue was

assumed to be zero and the mass of roots was obtained

according to Achat et al. (2008) for Pinus pinaster and Soto

and Dı́az-Fierros (1998) for Ulex europaeus.

The CC subfactor was calculated from percent canopy

cover and fall height obtained from vegetation surveys in the

field.

We used the values proposed by Larsen and MacDonald

(2007) to calculate the SC subfactor: a value for the unitless

coefficient that indicates the effectiveness of surface cover in

reducing erosion (b) of 0�05 as rilling is the dominant

process, percent of surface cover (Sp) as the mean of spring

and autumn cover in each plot and for roughness of an

untilled surface (Ru), a value of 1�52 cm in the severely

burned plots and 2�54 cm in the moderately severely burned

plots. The SR subfactor was calculated using the same Ru

values.
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Figure 1. Variation in R and C factors from RUSLE during the period of
study in both study areas. (a, Verı́n; b, Soutelo).
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Since the SM subfactor has not been calibrated yet for

burned forest soils (González-Bonorino and Osterkamp,

2004), a value of 1�0 was used following Larsen and

MacDonald (2007).

Variation in the C and R factors throughout the period of

study in both areas is shown in Figure 1. The mean C factor

was obtained according to the distribution of rainfall

erosivity in each study area.

The maximum value of the P factor was 1 for the plots in

which no conservation practices were applied. For the plots

in which rehabilitation treatments were carried out, this

value changed according to the effectiveness of treatments

determined (Fernández et al., in revision) in terms of the
Table II. Input parameters for RUSLE model in both study sites

Factor Parameter

Rainfall erosivity R (MJ mm h�1 ha�1 y�1)
Soil erodibility K (Mg ha�1 MJ�1 mm�1)
Topographic factor LS
Crop factor C
Soil conservation practices P

Standard errors are given in parentheses.

Copyright # 2010 John Wiley & Sons, Ltd.
ratio between annual soil losses measured in treated and

untreated plots (0�343 straw mulch; 0�943 wood chip mulch

and 0�857 cut shrub barriers).

The input parameters for the RUSLE model are listed in

Table II.

Application of Revised Morgan–Morgan–Finney Model

(MMF)

The revised MMF model (Morgan, 2001) used the concepts

by Meyer and Wischmeier (1969) and Kirkby (1976). This

model separates the soil erosion process in two phases: the

water phase and the sediment phase. The water phase

determines the energy of rainfall available for soil particles

detachment from the soil and the volume of runoff. In the

erosion phase, rates of soil particle detachment by rainfall

and runoff are determined along with the transport capacity

of runoff. Predictions of total particle detachment and

transport capacity are compared and erosion rate is equated

to the lower of the two rates.

The input parameters in the model are grouped in four

factors. The rainfall factor includes annual rainfall (R),

rainfall per rainy days (Rn) and the typical value for intensity

of erosive rain (I). The soil factor includes, soil moisture at

field capacity (MS), bulk density of the top soil layer (BD),

hydrological depth of soil (EHD), soil detachability index

(K) and cohesion of the surface soil (COH) parameters. The

landform factor includes only slope steepness (S). The land

cover factor includes rainfall interception (A), actual

evapotranspiration (Et), potential evapotraspiration (E0)

and crop cover management factor (C), canopy cover (CC),

ground cover (GC) and vegetation cover to the ground

surface (PH) parameters.

Rainfall parameters (R, Rn and I) were obtained from the

recording rain gauges installed in each study site. The

rainfall kinetic energy equations used were those proposed

by Coutinho and Tomás (1995) in Verı́n, and by Marshall

and Palmer (1948) in Soutelo.

Soil moisture, bulk density, hydrological depth of soil and

cohesion of the surface soil parameters were measured in

both areas during the year of study as explained before. The

detachability index (K) was obtained according to the soil

texture (Morgan, 2001).
Verı́n Moderate fire Soutelo Severe fire

224 (0�01) 2547 (0�02)
0�015 (0�001) 0�017 (0�001)
6�37 (0�24) 8�70 (0�10)

0�002 (0�0001) 0�249 (0�001)
1 1
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Table III. Input parameters for MMF model in both study sites

Factor Parameter Verı́n Moderate fire Soutelo severe fire

Rainfall R (mm y�1) 640�4 (0�2) 1554�9 (0�5)
Rn (mm raining day�1) 4�5 (0�2) 15�5 (0�5)

I (mm h�1) 18 30
Soil MS (%) 27 (0�02) 25 (0�01)

BD (g cm�3) 0�59 (0�02) 0�69 (0�01)
EHD (m) 0�266 (0�02) 0�270 (0�03)
K (g J�1) 0�5 (0�01) 0�5 (0�01)

COH (kPa) 26 (0�8) 33 (2�5)
Landform S (8) 16�2 (0�7) 22�2 (0�2)
Land cover A 0�20 0�13

Et/E0 0�56 0�75
C 0�002 (0�0001) 0�249 (0�001)

CC (%) 34 (0�5) 0 (0�0)
GC (%) 100 (0�01) 1 (0�01)
PH (m) 13�1 (0�20) 0�6 (0�01)

Standard errors are given in parentheses.

62 C. FERNÁNDEZ ET AL.
The rainfall interception (A) was computed according

to previous studies made in Galicia for pine stands (Gras,

1993) and shrublands (Vega et al., 2005). The potential

and actual evapotranspiration were estimated by the

methods proposed by Thornthwaite (1948) and Turc

(1955), respectively. The C factor of MMF is the product

of the C and P factors from the USLE equation

(Wischmeier and Smith, 1978), and in the application

of this model the same values as obtained from the RUSLE

model were applied. Canopy cover (CC), ground cover

(GC) and vegetation cover to the ground surface (PH)

parameters were measured in both areas during the year of

study as explained before. The model inputs are listed in

Table III.

Statistical Analysis

Predicted annual soil losses values were evaluated by
- C
C

oefficient of efficiency (Nash and Sutcliffe, 1970), Ef, a

descriptor of the predictive accuracy of model outputs. Ef

can range from �1 to 1. A negative value indicates that

the mean observed value is a better predictor than the

model, a value of 0�0 indicates that the mean observed

value is as accurate a predictor as the model and an

efficiency of 1 corresponds to a perfect match of predicted

to the observed data. The closer the Ef is to 1, the more

accurate the model is.
- T
he root mean squared errors, RMSE, measures the

average magnitude of error between observed and fore-

casted values.
- T
he Wilcoxon rank sum method for the difference

between forecasted and observed sediment losses. It is

a non-parametric test for assessing if two independent

samples come from the same distribution.
opyright # 2010 John Wiley & Sons, Ltd.
RESULTS

Soil Losses after Moderate and Severe Fires

RUSLE

The results showed that the model overestimated erosion

rates by one order of magnitude, particularly in the severe

fire, and whereas the mean measured value of annual soil

losses in Soutelo was 3�5 kg m�2, those predicted by RUSLE

were 9�2 kg m�2 (Figure 2). In Verı́n, the corresponding

values were 0�003 and 0�005 kg m�2, respectively. The

validation statistics for the RUSLE are shown in Table IV.

The negative value of the efficiency index indicates that the

mean of observed values is a better predictor than the model.

MMF

When the MMF model is applied according to the procedure

described by Morgan (2001), all the results depend on the

annual transport capacity of runoff. The MMF model tended to

underestimate soil erosion rates (Figure 2). The mean predicted

value of annual soil losses in Soutelo was 2�6 kg m�2 versus

3�5 kg m�2 observed and in Verı́n, 0�0001 kg m�2 versus

0�003 kg m�2. However, the validation statistics were better

than those obtained with the RUSLE model (Table IV) and

annual values of predicted and measured soil losses did not

differ according to the Wilcoxon test.

Soil Losses after Post-fire Erosion Control Treatments

RUSLE

The application of the RUSLE model to the different

treatments applied for erosion control was based on the

same inputs that were used for the severe fire in Soutelo

(Table II) with the exception of the P factor, which
LAND DEGRADATION & DEVELOPMENT, 21: 58–67 (2010)



Figure 2. Measured and RUSLE or MMF-predicted soil losses for both
study areas.

Figure 3. Measured and RUSLE or MMF-predicted soil losses for the
treatments applied.

Table V. Validation statistics for the RUSLE and MMF modelling
for the treatments applied

RUSLE MMF

Ef �6�009 �0�687
RMSE (kg m�2) 1�914 2�457
Wilcoxon test—p-value 0�041 0�347
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was different in the treatments: 0�343 for straw mulch, 0�857

for cut shrub barriers and 0�943 for wood chip

mulch.

The results showed that the RUSLE model overestimate

the soil losses when compared with the measured values

(Figure 3). The validation statistics obtained to test the

efficacy of RUSLE to predict soil erosion were also very

poor (Table V).
Table IV. Validation statistics for the RUSLE and MMF modelling
for both study areas

RUSLE MMF

Ef �2�208 0�736
RMSE (kg m�2) 3�146 0�902
Wilcoxon test—p-value 0�000 0�913

Copyright # 2010 John Wiley & Sons, Ltd.
MMF

As in RUSLE, the application of the MMF model to the

different treatments used for erosion control was based on

the same inputs used for the severe fire in the Soutelo site

(Table III), with the exception of the P factor, which varied

in the different treatments.

The poor agreement between observed and predicted

values can be observed in Figure 3. The MMF presented a

comparatively better efficiency index that RUSLE (Table V).

No differences between predicted and observed valves of

soil losses were found (Table V).
DISCUSSION

The reasonably good predictions of post-fire soil losses

achieved with MMF is consistent with those previously

observed in burned areas in Portugal (Keizer et al., 2008b;

Vieira, 2008). The poorer results obtained with RUSLE are

similar to those reported by Larsen and MacDonald (2007),

who also observed negative efficiency indexes when

predicting sediment yields the first year after fires of

different levels of fire severity in Colorado (USA) with

RUSLE. Better results were obtained by Dı́az-Fierros et al.
LAND DEGRADATION & DEVELOPMENT, 21: 58–67 (2010)



64 C. FERNÁNDEZ ET AL.
(1987) with the application of USLE, although the different

methodology used to measure soil losses in the field do

not allow direct comparison with data obtained in the present

study. Soto and Dı́az-Fierros (1998) obtained efficiency

indexes of 0�6 and 0�03 after prescribed burning and wildfire,

respectively, in shrublands in NW Spain, with the WEPP

model.

The results presented here correspond to the first year

after fire and this may limit the accuracy of the predictions as

it has been shown that models are better for predicting

average conditions than soil losses for particular years

(Larsen and MacDonald, 2007).

There is no data available from rehabilitation studies of

burned areas for comparing the accuracy of prediction

achieved by the models in the plots to which rehabilitation

treatments were applied.

Although there is a considerable number of studies testing

RUSLE, the available information on burned soils is

particularly scarce. The overestimation of soil losses

predicted by RUSLE, particularly in the severe fire, contrasts

with the findings of Larsen and MacDonald (2007).

One of the possible reasons for the overestimates may be

the use of an inadequate kinetic energy equation of rainfall

for this climate, although its original formulation seems to

be appropriate under oceanic influence climates (Van Dijk

et al., 2002). Larsen and MacDonald (2007) suggest the

incorporation of a rainfall erosivity threshold and a

nonlinear relationship between rainfall erosivity and soil

losses to improve the ability of RUSLE to predict post-fire

soil erosion. However, in their case, convective storms were

the dominant type of rainfall events.

In the present study, an alternative estimation of R

according to the formulation proposed by Roose (1975) and

Morgan (1995) for tropical areas, which involves multiply-

ing the annual rainfall by 0�865, would result in a lower R

value and increased the efficiency index from �2�208

(Table IV) to 0�690 and the RMSE decreased to

0�977 kg m�2. This suggests that R calculated by the

Wischmeier and Smith (1978) equation would overestimate

the rainfall erosivity effect in this area.

The primary effects of burning are to alter the soil and

surface cover, so this may induce noticeable changes in the K

and C factors. The model estimations suggest that the K and

C factors do not adequately describe soil modifications after

fire.

The K factor is based on soil texture, soil organic matter,

permeability class and soil structure. The decline in

infiltration caused by increased post-fire soil water

repellency is often considered as the primary cause of the

increase in runoff after burning (e.g. DeBano, 2000;

Shakesby and Doerr, 2006), although soil water repellency

is not explicitly considered in the RUSLE model and was not

measured in this study. Miller et al. (2003) suggested
Copyright # 2010 John Wiley & Sons, Ltd.
changing the permeability class chosen in the initial

calculations to very slow, to take into account the effect

of post-fire soil water repellency in the K factor. Moreover,

very severe fires may also reduce the structural stability of

the soil and increase the soil erodibility (Soto et al., 1991;

Cerdá et al., 1995; Andreu et al., 2001; Garcı́a-Corona et al.,

2004; Mataix-Solera and Doerr, 2004). However, the

opposite relationship is assumed in the quantitative effect

of the structure classes on the K factor. As a result, a decrease

in aggregate stability after fire decreases rather than

increases the K factor. Larsen and MacDonald (2007)

suggest that the current algorithms for calculating K values

are not consistent with the understanding of erosion

processes after fire and propose that a reformulation would

be required to achieve more precise predictions. However, in

the present case, the proposed modifications would produce

an increase in the RUSLE predictions. The influence of the

reduction of the soil organic matter content on soil

erodibility after fire is not clear in these soils, because of

the observed high content even after very severe fire and may

partially explain the overestimation observed in the present

study.

The cover-management factor (C) is one of the most

important variables because soil organic cover is a major

determining factor as regards post-fire sediment yields (e.g.

Pierson et al., 2001; Pannkuk and Robichaud, 2003;

Benavides-Solorio and MacDonald, 2005; Vega et al.,

2005, Wagenbrenner et al., 2006; Fernández et al., 2007,

2008). The values of C obtained here appear to contribute to

an overestimation of soil erosion losses in the high-severity

area. The problem is that data on soil consolidation over

time, soil root mass over time, drop fall height and surface

roughness are approximations, because of the absence of

detailed field data for an accurate calculation of this factor.

In the absence of such data, it is not possible to assess the

validity of the relationships used to calculate the C factor

(González-Bonorino and Osterkamp, 2004; Larsen and

MacDonald, 2007).

As stated before with the K factor, the high soil organic

matter content of these soils could affect the computation of

the C factor. Dissmeyer and Foster (1981) proposed a

correction in the C factor for soils with high soil organic

matter content that consists in multiplying the previously

computed value of C by 0�7. If we use this correction factor,

the C values would be 0�002 and 0�17 for the moderately and

severely burned areas, respectively. Taking into account the

above modifications in the C and R factors (Figure 4), the

efficiency index increased to 0�872 and the RMSE decreased

to 0�628 kg m�2.

Unexpectedly, although the MMF model was not

developed for burned soils, the Ef index obtained suggests

the suitability of this model for predicting soil erosion after a

fire. The discrepancies between observed and predicted data
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Figure 4. Measured and RUSLE-predicted soil losses for both study areas
after the modification of the R and C factors.
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may be related to the fact that estimated values of

evapotranspiration were used and there was no vegetative

cover during some months. It is uncertain how these

estimations could affect the soil moisture storage capacity in

these burned soils and, thus the model predictions.

As stated by Morgan (2001), the hydrological depth of

soil is a controversial parameter, and although in

the present case the values used were based on field

measurements, there remain uncertainties as regards the

real value. Better knowledge of these parameters would

probably produce more accurate estimations of soil

erosion.

As regards as soil losses after post-fire erosion control

treatments predictions, there are several possible reasons

for the poor results obtained. For example, the values
Copyright # 2010 John Wiley & Sons, Ltd.
assigned to the P factor. As pointed out by Miller et al.

(2003), P factor values are usually unreliable because of

the lack of validation of the effectiveness of post-fire

rehabilitation treatments. However, in the present study,

we chose the values according to the respective efficacy

values for the soil rehabilitation treatments measured in a

field experiment (Fernández et al., in revision). The value

of P for cut shrub barriers is consistent with that proposed

by Miller et al. (2003) and with the results of some field

studies on the effectiveness of rehabilitation treatments

after fire (Wagenbrenner et al., 2006; Robichaud et al.,

2008). A reduction in factor LS, taking into account the

distance between barriers along the slope did not improve

predictions.

The proposed modifications of R and C factors in the

RUSLE substantially improved the predictions (Ef¼ 0�333).
CONCLUSIONS

Post-fire soil losses predicted by the RUSLE and Morgan–

Finney models were compared in two burned areas with

different levels of fire severity in NW Spain. An acceptable

efficiency index was only obtained with the MMF model

although it slightly underestimates post-fire soil losses.

RUSLE model predictions overestimated actual annual

soil losses. RUSLE K factor did not allow to reflect the

changes on soil permeability and structure after fire. A

correction of C factor to take into account the high organic

matter content of the studied soils and a modification of the

R factor could improve the applicability of RUSLE on

similar burned soils as those under study.

The differences between observed and predicted values

with MMF may be caused by using estimated values

for evapotranspiration and how they affect the soil moisture

storage capacity. More research on this aspect is needed.

No accurate prediction of soil erosion after soil

rehabilitation was achieved with the models tested. The

role played by the C and P factors was not fully established

and may have led to the poor results.

Despite their limitations, both models were able to clearly

distinguish situations of high and low post-fire erosion risk.

This shows the applicability of both models to be used as

operational tools in terms of prioritizing management areas.
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1990. Solute loss and soil erosion in burnt soils from Galicia (NW Spain).
In Fire and Ecosystem Dynamics, Goldammer JG, Jenkins y MJ (eds).
SPB Academic Publishing: The Hague; 103–116.

Dissmeyer GE, Foster GR. 1981. Estimating the cover management factor
in the USLE for forest conditions. Journal of Soil Water Conservation 36:
235–240.

Dissmeyer GE, Foster GR. 1984. A guide for predicting sheet and rill
erosion on forest land, Technical Publication R8-TP 6.

Doerr SH, Shakesby RA, MacDonald LH. 2009. Soil water repellency: A
key factor in post-fire erosion. In Restoration Strategies after Forest Fires,
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Coelho COA, Ferreira AJD. 2008a. Temporal variation in topsoil water
repellency in two recently burnt eucalypt stands in north-central Portugal.
Catena 74: 192–204.

Keizer JJ, Nunes JP, Palacios E, Beekman W, Malvar MC. 2008b. Soil
erosion modeling for two recently burnt eucalypt slopes: Comparing
MEFIDIS, MMF and USLE. ISCO2008, 15th Conference of the Inter-
national Soil Conservation Organization, Budapest, Hungary, 18–23
May.

Kirkby MJ. 1976. Hydrological slope models: The influence of climate. In
Geomorphology and Climate, Derbyshire E (ed.). Wiley: London; 247–
267.

Larsen IJ, MacDonald LH. 2007. Predicting post-fire sediment yields at the
hillslope scale: Testing RUSLE and Disturbed WEPP. Water Resources
Research 43: W11412.

Larsen IJ, MacDonald LH, Brown E, Rough D, Welsh MJ, Pietraszek JH,
Libohova Z, Benavides-Solorio J, Schaffrath K. 2009. Causes of post-fire
runoff and erosion: Water repellency, cover, or soil sealing? Soil Science
Society American Journal 73: 1393–1407.
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Soto B, Basanta R, Benito E, Pérez R, Dı́az-Fierros F. 1994. Runoff and
erosion from burnt soils in Northwest Spain. In Soil Erosion as a
Consequence of Forest Fires, Sala M, Rubio JL (eds). Geoforma:
Logroño, Spain; 91–98.

Soto B, Benito E, Dı́az-Fierros F. 1991. Heat-induced degradation
processes in forest soils. International Journal of Wildland Fire 1:
147–152.

Soto B, Dı́az-Fierros F. 1998. Runoff and soil erosion from areas of burnt
scrub: Comparison of experimental results with those predicted by the
WEPP model. Catena 31: 257–270.

Thornthwaite CW. 1948. An approach toward a rational classification of
climate. Geographical Review 38: 55–94.

Tiwari AK, Risse LM, Nearing MA. 2000. Evaluation of WEPP and its
comparison with USLE and RUSLE. Transactions of the American
Society of Agricultural Engineers 43: 1129–1135.

Turc L. 1955. Le bilan d’ eau des sols. Relations entre les precipitations, l’
evaporation, et l’ ecoulement. Annales Agronomiques 6: 5–131.

Van Dijk AIJM, Bruijnzeel LA, Rosewell CJ. 2002. Rainfall intensity-
kinetic energy relationships: A critical literature appraisal. Journal of
Hydrology 261: 1–23.

Vega JA, Dı́az-Fierros F. 1987. Wildfire effects on soil erosion. Ecologia
Mediterranea 13: 175–181.

Vega JA, Fernández C, Fonturbel T. 2005. Throughfall, runoff and soil
erosion alter prescribed burning in gorse shrubland in Galicia (NW
Spain). Land Degradation & Development 15: 1–15.
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