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Abstract

Severe wildfires are often followed by significant increase in runoff and erosion, due to
vegetation damages and changes in physical and chemical soil properties. Peak flows
and sediment yields can increase up to two orders of magnitude becoming dangerous
for human lives and ecosystem, especially in the wildland-urban interface. Watershed
post fire rehabilitation measures are usually used to mitigate the effects of fire on runoff
and erosion, by protecting soil from splash and shear stress detachment and enhanc-
ing its infiltration capacity. Modeling post fire erosion and erosion mitigation strategies
can be useful in selecting the effectiveness of rehabilitation method. In this paper a dis-
tributed model based on Revised Universal Soil Loss Equation (RUSLE), properly pa-
rameterized for a Mediterranean basin located in Sardinia, is used to determine soil
losses for six different scenarios describing both natural and post-fire basin condition,
the last accounting also for the single and combined effect of different erosion mitigation
measures. Fire effect on vegetation and soil properties have been mimed by changing
soil drainage capacity and organic matter content, and RUSLE factors related to soil
cover and protection measures.

Model results show for the analyzed rehabilitation treatments their effect in reducing
the amount of soil losses with the peculiar characteristics of the spatial distribution of
such changes.

1 Introduction

Forest fires in Mediterranean area are natural processes due to the mutual interactions
between climate and vegetation forging the biodiversity typical of this ecosystem (e.g.
Ursino and Rulli, 2011; Pausas and Paula, 2012). During the last decades the number,
extent and severity of forest fires in the Mediterranean countries increased as a result
of abandonment of agricultural lands, inadequate forest management, long seasonal
droughts, environmental disturbances, human activities (e.g. Soulis et al., 2010; Rulli

10878

HESSD
9, 10877-10916, 2012

Modeling postfire
water erosion
mitigation strategies

M. C. Rulli et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/10877/2012/hessd-9-10877-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/10877/2012/hessd-9-10877-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

et al., 2006; Shakesby, 2011) leading to the alteration of natural fire regime. Follows that
areas usually experiencing frequent low severity fires, are now hit by less frequent high
severity fires and other areas, adapted to high severity fire, are now subjected to an
increase in fire frequency (Fulé et al., 2008). As a results, mediterranean ecosystem is
reducing its resilience to fire. Appropriate mitigation strategies can reduce the negative
consequences of fire through a deep comprehension of fire effects and sustainable
coexistence with forest fires, in terms of both human security and ecological processes
(Pausas and Verdu, 2008).

Fire effects consist on direct damage of vegetation and alteration of physical and
chemical soil properties which affect in turn the hydrological response and sediment
erosion and transport (e.g. Moody et al., 2008; Andreu et al., 2001). In particular, both
runoff and even more erosion in the first year after fire occurrence are often increased
several times compared to natural condition (Rulli and Rosso, 2005). Measurements
taken in the Sila Massif in Calabria (Italy) showed an 87 % increase in runoff on areas
recently burned compared to non burned areas (Terranova et al., 2009), and rainfall
simulations in Liguria (ltaly) showed post-fire overland flow and sediment yield, re-
spectively one and two orders of magnitude higher in a recently burnt site than in
a long unburned site (Rulli et al., 2006).

Although the association among wildfire, flooding, increase in erosion and sedimen-
tation has been observed all over the world (e.g. Benavides-Solorio and Mac Don-
ald, 2005; Cerda, 1998; Emmerich and Cox, 1994; Shakesby, 2011; Terranova et al.
2009) post wildfire research, especially regarding fire induced erosion enhancement,
has a relatively brief history in the Mediterranean, starting from about the early 1980s
(corresponding to the dramatic increase in fire activity) (Shakesby, 2011).

Burn severity has been identified as one of the most important variables affecting
post fire changes in runoff response and soil losses (e.g. Fox et al., 2008). From low
to high burn severity, the effect on erosion may vary from more than two orders of
magnitude to only sevenfold, or no difference (Shakesby, 2011). Besides burn sever-
ity, many other factors concur in controlling post-fire runoff and erosion. Among these,
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are loss of organic matter (e.g. Soto and Diaz-Ferros, 1998), increase of bulk den-
sity (Neary et al., 2005), reduction of soil porosity and infiltration capacity (Robichaud
et al., 2010), increase of soil water repellency (e.g. De Bano, 2000; Doerr et al., 2009).
Other important factors, are rainfall intensity, slope and aspect, antecedent soil mois-
ture (Wischmeyer and Smith, 1978), soil aggregate stability (Fox et al., 2008) grade
of soil water repellency (Keizer et al., 2008), and the time interval between the fire
episode and the occurrence of rainfall (Rulli et al., 2006). Univariate analysis conduced
on sediment yields in Colorado Front Range burned hillslopes showed that about 77 %
of the variability in post fire erosion rates is explained by five main factors: fire sever-
ity, bare soil percent cover, rainfall erosivity, soil water repellency and texture. Among
these, bare soil percentage and rainfall erosivity alone explained 66 % of variability in
soil loss measurements (Benavides-Solorio and Mac Donald, 2005).

Strategies for watershed post fire rehabilitation are mainly aimed to soil cover and
infiltration capacity restoration, and sediment detachment and downslope sediment
transport reduction (e.g. Fernandez et al., 2010; Myronidis et al., 2009; Neary et al.,
2005; Robichaud et al., 2010; Wohlgemuth et al., 2009) so acting mostly on soil char-
acteristics like soil vegetation cover, erodibility, permeability or infiltration capacity.

There are many different mitigation strategies, which are suitable for diverse situa-
tions, and whose results depend on when, how and where they are applied (Wohige-
muth et al., 2009). Post fire treatments may be applied to hillslopes, channels and road-
ways. Treatments used on hillslopes can be divided in three main types: mulch treat-
ments, erosion barriers and chemical treatments (Neary et al., 2005; Robichaud and El-
liot, 2006). Hillslope treatments are designed to avoid sediment delivery to downstream
water bodies and they are considered the most useful (Robichaud, 2009). Wagen-
brenner et al. (2007) observed ground cover greatly influencing sediment production,
meaning that the better performing treatments will be those immediately increasing
the amount of ground cover and facilitating vegetative regrowth. Among these, mulch
treatment is considered one of the most effective watershed rehabilitation treatment,
consisting in spreading mulch on burned slopes, to provide soil surface cover prior
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of vegetation regrowth. It produces soil protection from rain splash detachment and
soil stabilization (Robichaud et al., 2007b; Wohlgemuth et al., 2009). For this purpose,
several materials can be used: dry straw or wood-based mulches, wet mulches (hydro-
mulch) mixed with water to form a slurry (Neary et al., 2005). Post-fire mulching needs
to provide 60—80 % ground cover to reduce hillslope erosion (Robichaud et al., 2010).
Some problems can arise by using this technique consisting in mulches slopes slipping
down, aerially spread mulches residual vegetation interception, so reducing the actual
ground cover and potential effectiveness (Neary et al., 2005; Robichaud et al., 2010).

Erosion barriers are commonly placed in a way to capture sediments and interrupt
long flow paths, so decreasing downslope shear stress soil erosion and sediment trans-
port on hillslopes and into streams. Erosion barriers can be contour-felled logs, straw
wattles, contour trenches, straw bales (Neary et al., 2005). A barrier treatment per-
formance can be defined as the ratio of dry weight of sediment stored by the barrier
and dry weight of collected sediment below the barrier. Erosion barriers present some
weakness reducing runoff and soil loss for low intensity rain events, but do not achieve
significant results for high intensity events. In addition, the capacity of barriers can
be overtopped soon after the first rain events, so determining the uselessness of not
cleaned off barriers (Robichaud et al., 2010).

Rehabilitation treatments like ploughing or tilling on croplands burned areas are usu-
ally used to decrease soil aggregation and to break up the fire-induced water repellent
soil layer to restore drainage capacity (Keizer et al., 2008).

Channel rehabilitation after fire is primarily done by cleaning channel beds and pre-
venting obstruction of streams. The main treatments for these purposes are check
dams or debris basins, debris clearing and streambank armoring (Neary et al., 2005).

Even if fire does not directly affect road drainage system, the increased overland
flow can overwhelm its capacity. Mitigation measures as waterbars and bypasses, cul-
vert improvements, ditch cleaning and armouring can enhance road drainage system
functionality.
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Despite the observation of large post fire increase in soil losses in the Mediterranean
area (e.g. Shakesby, 2011 and the references herein) analysis of the efficiency of post-
fire erosion mitigation strategies are very scarce. Field studies assessing the effective-
ness of mulching and barriers were carried out in Spain (e.g. Badia and Marti, 2000;
Bautista et al., 2009; Fernandez et al., 2011) and in Portugal (Ferreira et al., 2009), but
a systematic analysis at basin scale for the Mediterranean area is still lacking.

Given the complexity of fire-related issues, and the importance of fire effects on
watershed response and erosion dynamics, accurate predictions of post-fire runoff and
sediment yields are needed to guide management decisions, mitigate post-fire soil loss
and land degradation and for post-fire rehabilitation planning (Fernandez et al., 2010).
Land use changes impact on soil losses prediction has been carried out by using dif-
ferent kind of modeling depending on study area extent, data availability and output de-
gree of accuracy required. The Water Erosion Prediction Project (WEPP) model (Flana-
gan and Nearing, 1995) and the disturbed-WEPP (Elliott et al., 2001) are process-
based erosion prediction models evaluating mean erosion rate in natural and disturbed
condition. ERMIT (Robichaud et al., 2007a) is a probability-based erosion prediction
model using multiple runs of WEPP model and developed to predict surface erosion
from postfire hillslopes, and to evaluate the potential effectiveness of various erosion
mitigation practices. Empirical models based on the Revised Universal Soil Loss Equa-
tion (RUSLE) were used by several authors (e.g. Terranova et al., 2009; Fernandez
et al., 2010; Ranzi et al., 2011) to account for forest fire and land use changes ef-
fect on erosion in large scales basins. Fully distributed hydro-geomorphological model
was developed by Rulli and Rosso (2005, 2007) for analyzing the both hydrological and
erosion and deposition process dynamic for both natural and disturbed basin condition.

This paper investigates first year post fire erosion mitigation strategies effectiveness
through a distributed model based on the Revised Universal Soil Loss Equation prop-
erly parameterized and validated, by using field measurements and literature data,
for a Mediterranean basin located in Sardinia, Italy. Soil losses corresponding to six
different scenarios are analyzed through appropriate RUSLE parameters changes so

10882

HESSD
9, 10877-10916, 2012

Modeling postfire
water erosion
mitigation strategies

M. C. Rulli et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/10877/2012/hessd-9-10877-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/10877/2012/hessd-9-10877-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

describing the particular soil treatment to which the study area is subjected. In detail,
the amount and spatial distribution of soil losses under natural condition, burned, after
tilling/ploughing treatment, after mulching treatment, with barriers and after a combina-
tion of the all treatments are examined.

2 Study area

The study area is the Rio Mannu river basin, located in North Sardinia, Italy (Fig. 1).

Basin area is about 650 km2, mean elevation 252 m a.s.l. (minimum and maximum
elevation, respectively Om a.s.l. and 755 m a.s.l.), mean slope 8.5° (minimum and max-
imum slope, respectively 0° and 63°). Rio Mannu is located in the so-called Fossa
Sarda, an area repeatedly interested in the past by marine transgressions, regressions
and volcanic activity, when the territory has been invaded by the sea and covered with
thick sediment layers forming a big tableland. Geology consists of limestone, granites,
volcanic substrates, carbonate deposits. Climate is typically Mediterranean, with hot
and dry summers and mild and rainy winters. Precipitation occurs mostly in Novem-
ber and December. Sudden floods may happen in winter, while the summer is usually
droughty.

Crops cover 60 % of the basin area with main cultivation represented by olive groves
and vineyards, which are 77 % and 10 % of total area, while 10 % are cork tree plan-
tations (Regione Autonoma della Sardegna, 2000). Shrub and herbaceous vegetation
cover 28.4 % of the basin, with 11 % natural pasture, 10 % typical Mediterranean scle-
rophyllous vegetation. Urban area is about 4.4 %, with Sassari and Porto Torres repre-
senting the main urban sites.

Sardinia region is one of the most fire prone area in the Mediterranean basin experi-
encing on average 850 fires per year burning about 19 000 ha. During year 2009, 684
fires occurred in the island burning 37 104 ha, most of them (17 000 ha) in the same
province of the study area, the Rio Mannu basin itself was burned for about 4700 ha
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suffering both damages to vegetation (crops and forest) and considerable increase in
soil loss (Regione Sardegna, 2010).

3 Materials and methods

Soil loss in the six different scenarios, that is natural, burned and after application of
single and combined mitigation practices are analyzed, by using a spatially distributed
model based on the Revised Universal Loss Equation (RUSLE) (Renard et al., 1997;
McCool et al., 1995), parameterized for a Sardinian river basin. RUSLE is commonly
adopted in erosion analysis for the simplicity of its structure and inputs and it is recog-
nized to be appropriate for studies as the present one, where different erosion scenar-
ios are analyzed and compared one with each other (e.g. Terranova et al., 2009; Ranzi
et al., 2012), despite its application can produce an overprediction of low sediment
fluxes, and underprediction of very high erosion (e.g. Terranova et al., 2009; Solorio
and Mac Donald, 2005; Mac Donald, 2007).

Digital elevation model (DEM) at 25 m resolution, previously depitted following the
physically based procedure introduced by Grimaldi et al. (2007), has been used to
subdivide the study area in square cells of 25 by 25m. Soil loss is then evaluated for
each cell through RUSLE equation.

RUSLE quantifies soil losses (tha'1 yr'1) as

A=R-K-LS-C-P
where:

— R factor

R is the rainfall-runoff erosivity factor (MJ mm ha ' h™ yr‘1), calculated on the
basis of average monthly cumulated rainfall; the R factor has been determined
using the Fournier method, from mean cumulated yearly precipitation £, and
monthly precipitations P,.
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Given the Fournier index

12
> P?
i=1

P

year

F =

the R factor is calculated as
R=417-F -152

In the present study R is obtained for seven raingauge stations based on monthly
rainfall dataset over a period of 15yr (1982-2007) (APAT, 2009). Spatially dis-
tributed R factor has been obtained by applying Thiessen’s polygon method.

R factor ranges from 161 MJmmha™" h'1yr'1 in Porto Torres to
293MJmmha~"h~'yr~! in Thiesi (Fig. 2a).
K factor

K is the soil erodibility factor (thMJ'1 mm’1) (Fig. 2e), determined after Renard
et al. (1997), i.e. calculated as

K = (ky- ki + ks + kg)/759.4

where k), ki, ks and ky are subfactors depending on different soil characteristics,
as texture, drainage capacity, structure (soil percentage of silt, sand and clay),
and organic matter content (Fig. 2b—d):

ky=12-co-1.7 (co = soil organic carbon class)
kg=2.5-(cd-23) (cd = soil drainage class)

ks =(2-cs)-3.25 (cs = soil structure class)

if Vig + Yogir < 68 ky =ct (ct = soil texture class)

if Vig + %git > 68 Ky = Ct—0.67- (ct - 2.1-(6800(1 — %gqy) " '*)/10000)°
Vis = 0.74 - Y%ggnq — 0.62 - °/osand2 Vis = percentage of very fine sand
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The pedological map of Sardinia has been used for K factor determination. Ta-
ble 1 reports RUSLE input value classification after pedological map of Sardinia.

C factor

C is the unitless cover and management factor. In this study C (Fig. 2f) has been
determined on the base of CORINE Land Cover 2006 (Table 2), as described by
Cebecauer et al., 2004.

LS factor

LS is the unitless slope length and steepness factor (Fig. 2g), which is mainly
based on the cell’s slope and contributing area; LS factor has been calculated
using data from basin DEM. The calibration of model parameters has led to the
use of the equation proposed by Moore and Burch (1986), where Ag is the area
of plot cell per unit width (25m), and g is the cell slope, computed from the basin
DEM.

P factor

P is the support practice factor, accounting for the effect of rehabilitation treat-
ments as well as for other features, like roads, streams or railways, or also
changes in soil use hampering natural runoff and erosion path. The P factor is
unitless and ranges from 0 to 1, depending on the type of erosion soil protection
strategy. P factor has been properly determined in each one scenario.

4 Study scenarios

The influence of soil use (natural and burned) and three rehabilitation practices and
their combination on soil losses have been analyzed referring to six scenarios which
are described in the following.
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1. The first scenario assesses soil loss at basin scale in natural (unburned) condi-

tions. In this scenario the conservation practices factor P was set equal to 1 all
over the basin, except for paved roads, railways and bare surface where P factor
is set to 0, due to the lack of information on particular conservation practices for
the study basin, the other RUSLE parameters have been evaluated as described
in materials and methods section.

. The second scenario analyzes fire effect on soil losses. During the summer 2009

a forest fire burned about 47 km? of the study area, Fig. 1 reports.

In burned area fire effects on soil characteristics have been mimed by changing
the C factor, soil drainage capacity, and soil organic matter content. Fire, in fact,
induces both a increase in soil aggregation leading to an increase in bulk density
and soil compaction and a decrease of soil cohesiveness (Andreu et al., 2001).
Moreover, the combustion of the organic matter can lead to the formation of a soil
hydrophobic layer affecting soil hydrologic properties (De Bano, 2000).

Changing of conservation factor C in burned areas has been suggested by several
authors. Terranova et al. (2009) assumed C equal to 0.2, 0.05, 0.01 correspond-
ing to high, medium or low burn severity for burned area in Calabria region (ltaly)
having Mediterranean characteristics like the Rio Mannu basin. Another usually
adopted hypothesis is to set C equal to 1 for areas with a percentage cover lower
than 15%. In Slovakia, a study on soil erosion assessment set C factor ranging
0.35-0.55 to areas classified as “burnt areas” in Corine Land Cover map (Cebe-
cauer et al., 2004). Larsen et al. (2007) assigned to C factor on burned areas
having maximum of 0.33 and mean of 0.2.

For Rio Mannu basin burned area C factor was set equal to 0.2.

Post fire organic matter decrease has been simulated by considering burned ar-
eas having fertility class one level lower than in natural condition and soil water
repellency layer formation has been accounted by reducing soil drainage capacity
which was set to drainage class “very slow”.
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3. The third scenario analyses the effects of rehabilitation treatments like ploughing

or tilling on crop burned areas. The partial restoration of soils drainage capac-
ity due to ploughing or tilling has been reproduced by assigning to under treat-
ment burned area a one level lower drainage class then natural condition drainage
class.

. The fourth scenario studies the mulching rehabilitation practice. Straw mulch is

considered one of the more cost-effective stabilization treatments in reducing
post-fire erosion. Besides, wood mulches provide greater resistance to wind ero-
sion than straw mulch and also they are more decay resistant than hydromulch
(Robichaud et al., 2010).

In this study, both straw and wood mulching on burned forested areas have been
considered. In particular gentle slopes (slope < 30°) have been treated with straw
mulching and steeper slopes (30-50 %) with wood chip mulching. The treatment
has been applied on about 45 % of the burned slopes. Mulching effect on soil has
been mimed by changing RUSLE parameters P and C. According to Fernandez
et al. (2010) P =0.343 has been used for straw mulching on slopes < 30% and
P =0.943 for wood chip mulch on slopes up to 50 % (Fig. 3a). In addition, the
effect of seeding and regrowth of vegetation on soil erosion have been described
through C factor. It was set equal to 0.13 corresponding to the mean value of C
on the burned area prior the fire occurrence (Fig. 3b).

. The fifth scenario analyses the effectiveness in capturing soil losses by erosion

barriers or trenches on arable land. Barriers at the distance of 50 m along the
contour lines were placed on crop land. This treatment is applied to a share of
35 % of the burned area. Barriers application as rehabilitation treatments is usu-
ally modeled by modifying RUSLE P factor. Wischmeier and Smith (1978) and
later Terranova et al. (2009) propose a P factor of 0.2 for reverse bench terraces.
Myronidis et al. (2009) distinguished P factor for treatments and slope. They set
P = 0.85 for branch piles and woodboards on gentle slopes (< 30 %), P = 0.75 for
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branch piles and woodboards or log terraces on steeper slopes (30 % to 50 %),
and P = 1 for slopes greater than 50 %.

In this study, the P factor values introduced by Myronidis et al. (2009) were used
(Fig. 3c).

6. The sixth scenario considers the combination of all rehabilitation practices de-
scribed in the previous scenarios 3, 4 and 5. In particular the effectiveness of
the treatments combination is tested by assuming the following pattern: tilling all
over the burned area, mulching on woodland and erosion barriers or trenches on
arable land. The P factor has been set accordingly as showed in Fig. 3d, and the
C factor is the same as in scenario 4 (Fig. 2f).

5 Results

Table 3 shows the summary of results where simulated soil loss main statistics, corre-
sponding to the six studied scenarios, are reported. In particular, the statistical analy-
sis of erosion in natural condition (scenario 1) has been reported both for Rio Mannu
basin and for the sub-area subjected to treatments (47 kmz). Soil losses corresponding
to basin sub-area under treatments have been analyzed for scenarios 2—6.

5.1 Scenario 1: pre-fire estimated erosion

Mean soil loss calculated over the whole basin amounts to 1.9tha™" yr'1. Zonal statis-
tic underlines significant differences in soil losses among areas having different soil
use. Mean soil loss ranges from 0.12tha™ yr‘1 on land classified as pasture, to 4.5—
5.6tha™ yr'1 on areas cultivated with vines or olive trees, up to 20.5tha™" yr'1 in ar-
eas with little or no vegetation cover. In these areas, maximum soil loss estimations
is 69tha”" yr'1, which is a quite high value due to the combination of the steepest
slope very high values of RUSLE factors, The analysis shows values greater than
30tha™" yr‘1 occurring in very few cells of the basin (0.24 %). In addition, the 99th
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percentile of the whole area soil loss is 19.4tha‘1yr‘1, and 90% is 5.05tha‘1yr‘1

(Fig. 4).
5.2 Scenario 2: fire effect on erosion

Soil losses in the burned areas are considerably higher then in not fire affected condi-
tion being the mean soil loss 7.18tha‘11yr'1, while maximum value is 45.1tha™" yr'1.
The 99th percentile lies at 24.4tha™ yr~ ', and 90th percentile at 16.4tha™" yr'1. In the
first scenario, soil loss within the same area reach a mean value of only 2.01 tha™" yr'1 ,
and a maximum of 41.5tha™" yr~'. These values show that fire affect erosion by in-
creasing mean soil loss by more than 150 % (Fig. 5a). Again, only a very small per-

centage of cells (0.20 %) have extremely high erosion values, above 30tha™ yr‘1.
5.3 Scenario 3: soil loss after tilling/ploughing

Amelioration of the burned soil drainage capacity by ploughing or tilling is modeled
to achieve some mitigation of erosion. Nevertheless, on burned areas, after treatment
maximum soil loss is around 47 tha™ yr’1, mean value decreases to 6.15tha™" yr'1,
while 99% of soil loss lies under 21.2tha'1yr‘1, and 90 % under 14.1tha'1yr'1

(Fig. 5b).
5.4 Scenario 4: soil loss after mulching on woodland areas

The mulching treatment reduces soil loss considerably more than the previous treat-
ment: although maximum soil loss calculated is 60.1 tha™ yr‘1, 99 % of cells show soil
loss lesser than 18.0tha™" yr'1, and 90 % lesser than 5.4tha”" yr'1; mean value is
1.78tha™" yr’1 (Fig. 5c).
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5.5 Scenario 5: soil loss with barriers on crops land

Barriers on arable land reduce soil loss less than mulching, but a little bit more than
ploughing. Maximum soil loss on burned areas states at 45.1 tha™ yr'1, and mean
value is 6.71tha™" yr_1, 99 % lies under 24.1tha™" yr_1, 90 % under 15.9tha™" yr_1. All
these values are very close to those obtained in scenario 3 (Fig. 5d).

5.6 Scenario 6: soil loss with application of all rehabilitation treatments on
burned areas

Combination of three different rehabilitation treatments on burned area further im-
proves soil losses’ reduction. Mean soil loss estimated over the Rio Mannu basin is
1.50tha™'yr™!, maximum soil loss is 52.7tha™'yr™': 99% of cells have soil lesser
tahn 15.1tha™ yr‘1, 90 % lesser than 4.5tha™ yr'1 (Fig. 5e).

6 Discussion

Measured mean erosion in Mediterranean Europe amounts to 1.3tha™" yr‘1 (Cerdan
et al., 2010). In ltaly forty reservoirs sediment deposition dataset, acquired by direct
sonar sub-bottom profiler measurements or derived from estimates and measures car-
ried by Italian Electricity Power Company during reservoirs dredging (Van Rompaey
et al., 2005), reports mean erosion of about 2.3tha‘1yr’1. Concerning Sardinia re-
gion, these measurements show mean erosion of about 4.0tha™" yr‘1. Measurements
in Mulargia and Flumendosa basins, located south of island, show a mean erosion of
5.56tha_1yr_1 (respectively 10.3tha™" yr_1 and O.9tha_1yr_1) (Van Rompaey et al.,
2003). Lower values are also recorded in Bonassai (SS), south-west of the studied
area, where mean erosion rates lie around 0.025tha™" yr_1 (Acutis et al., 1996), and
a field study carried out in Pattada (SS) reports a mean soil loss of 0.034tha™" yr'1
(0.049tha‘1yr‘1 on ploughed land, 0.048tha‘1yr‘1 on grassland, 0.033tha‘1yr‘1
on natural pasture, 0.014tha‘1yr‘1 on burned pasture, 0.025tha‘1yr'1 on slashed
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bushland) (Rivoira et al., 1989); the authors themselves, though, note that these val-
ues have to be considered quite low for Sardinian conditions. Two field campaigns
were carried out in Ottava (SS), a field site in the northern part of the Rio Mannu
basin (Porqueddu and Roggero, 1994; Porqueddu et al., 2001). During first experi-
ment, lasted from 1989 to 1991, soil loss on several soil uses (permanent pasture,
annual forage crop, and continuously ploughed soil) were measured. The second ex-
periment took place from 1994 to 1997, assessing soil loss data for four common crops
of the Sardinian hilly areas which are natural pasture, improved pasture, annual forage
crop and winter cereal. During the two experimental campaigns mean soil loss of, re-
spectively 2.55 and 0.86tha™" yr_1 were measured. Table 4 reports soil losses for each
soil use and for each experiment.

Our simulation results for the scenario 1, reported in detail in Table 5, show for Rio
Mannu basin mean soil losses of 1.9tha'1yr'1, that lies in the range of measured
erosion data in Sardinia, South Italy and the Mediterranean Europe. Model results
have been further compared with measurements of Ottava, the field site in the north-
ern part of the Rio Mannu basin. Peak simulated soil losses in Rio Mannu basin cor-
responds to areas with spare vegetation, olive groves or vineyards. For these land
use classes, zonal statistics provide soil losses of 55.4tha”™" yr‘1, 13.72tha”" yr’1 and
10.9tha™" yr‘1, respectively. Indeed, peak values of 55.4tha™ yr‘1 occur in very few
cells (0.2 %) where the combination of steep slopes, high LS factor and C factor lead to
such maxima. Cerdan et al. (2010), during their field experiments in Mediterranean
environment, observed erosion on bare soil of 9.05tha‘1yr‘1 and on vineyards of
8.62tha_1yr‘1. Model performances in reproducing soil losses in selected soil uses
as pasture, forage crops, cereals have been assessed by comparison with Ottava field
campaigns measurements. Model simulations have been carried out both for a sub
area located in the proximity of Ottava study site and for the whole Rio Mannu basin
by using rainfall input being the measured rainfall in the same time period of when
the experiment took place. Data coming from Sassari raingauge, the closest to Ottava,
were used for sub area simulation, while for Rio Mannu 7 raingauges data properly
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spatialized formed the model input. Results, reported in detail in Table 6, show a good
agreement with measurements especially among sub area simulations and second ex-
periment results reporting mean erosion of 1.08 and 0.86tha™" yr‘1, respectively. The
model, despite its simplicity, adequately reproduces observed soil loss for the different
land uses.

Scenario 2 results, assuming post-fire conditions, show mean soil loss of
7.18tha™" yr‘1 on the burned area corresponding to an increase of almost +260 %
compared to pre fire condition on the same area (mean soil losses equal to
2.01tha™yr™).

Before commenting this increase, it should be kept in mind that the variability of mea-
sured data concerning post fire erosion is unavoidable, depending on several factors,
such as, among others, site specific characteristics, fire severity, rainfall intensity and
total.

The few measured data on burned plots in Sardinia are those from Rio S. Lucia
(Vacca et al., 2001), from Pattada (Rivoira et al., 1989) and from Ottava (Porqueddu
and Roggero, 1994). Field experiments in S. Lucia basin report mean yearly soil
loss on burned pasture lands of 0.06tha‘1, less than soil loss on slopes covered
with shrub (0.11 tha‘1) and with Eucalyptus (O.23tha‘1); in Pattada, the erosion on
burned slope is 0.014tha™" yr'1, less than on ploughed land (O.O491ha‘1 yr'1), grass-
land (0.048tha’1 yr‘1), natural pasture (0.033tha‘1 yr’1) and shrub (0.025tha'1 yr'1);
in Ottava, soil losses of 0.23tha™ yr_1 have been observed on burned plot, as shown
in Table 4. In all three cases, the erosion values on burned soil do not significantly dif-
fer from values on unburned slopes. The authors themselves underline that such low
values are probably not representing of the not controlled wild fire impact on soil losses
and they are probably due to the very low severity of fire.

Some more useful evidence of fire forcing on erosion can be inferred from other
studies, most of them carried out in Mediterranean environment, pointing out how most
of the fire effect on soil loss depends on fire severity. Soto and Diaz-Ferros (1998)
measured, in the first year after fire in Monte Pedroso (Galicia, Spain), soil loss of
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12.4tha™' on high severity burned plot, and on average 4.9tha™" on two low severity
burned plots, whereas the control plot erosion in the same year was 1 96tha™". These
values show an increase in erosion of 150 % passing from unburned to low severity
burned, and of 530 % from unburned to high severity burned plots. Moreover, mea-
surements after several wildfires in the Colorado Front Range showed soil losses of
0.05tha™" yr‘1, of 2tha™ yr‘1 and of 2—10tha™" yr‘1, respectively in areas burnt by
low, medium and high severity fire (Benavides-Solorio and Mac Donald, 2005), so rep-
resenting an increase of more than two orders of magnitude from low severity to high
severity fire. Further, mean post-fire erosion estimations in Greece report an increase
of 570 % (Vafeidis et al., 2006) in post fire erosion, and plot scale erosion rates after
rainfall simulations in the Branega catchment in Liguria (Italy) show ratios of 143 to 162
between a recently burned plot and a long unburned one, depending on soil moisture
conditions before rainfall (Rulli et al., 2006).

According, simulation results in this study highlight the impact of fire in enhancing soil
losses so showing the increase of maximum and mean erosion in the burned areas,
as well as the increasing of the percentage of basin area affected by large soil losses
(high level of erosion) (Tables 3 and 7).

The successive three scenarios investigate the effect of some post fire erosion miti-
gation treatments.

Scenario 3 mimics the breaking up of the hydrophobic layer by acting on the soil’s
drainage capacity. This treatment does not achieve significant reduction on soil erosion:
mean soil loss on burned area is only 14 % less than in the scenario with burned soils
(Table 3).

Mulching rehabilitation treatment on woodland (Scenario 4) shows a decreasing of
75 % in mean soil loss calculated over the whole burned area. The decrease in ero-
sion is such that estimated soil loss becomes slightly lower than in the first scenario
(Table 3).

Robichaud (2006) measured effectiveness for mulching treatments ranging from
63 % to 68 % for wood and straw mulch, while for hydromulch it ranged from 19 %
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to 27 %. During the first year after a fire in Galicia Fernandez et al. (2011) measured
that straw mulch application with 80 % soil cover produced a reduction of sediment
production of 66 % compared with the control plots, while chip mulch application with
45 % soil cover produced almost no reduction of sediment yield (33 Mg ha™' after treat-
ment, 35 Mg ha™" in the control plot). In our exercise rehabilitation treatment has been
applied on about 45 % of the burned slopes, so that our results agree with the literature
measured data.

Scenario 5, consisting on applying barriers on crop land, leads to a decrease of
only 6.5 % in mean soil losses on the whole burned area, by applying the treatment to
a share of 35 %. Robichaud (2006) found a reduction in soil losses due to the pres-
ence of barriers (contour felled logs) of about 20-50 % for mid- to high-intensity rainfall
events. Accordingly, Fernandez et al. (2011) observed that the initial mean efficiency
of cut-shrub barriers in retaining sediment (58 %) decreased to 15 % four months af-
ter treatment. Measurements in burned plots treated with different barrier types (Ro-
bichaud et al., 2007) showed better performance for contour-felled logs and straw wat-
tle treatment while contour trench showed no significant erosion mitigation effect.

Finally, scenario 6, studying the effects of the combination of the three different re-
habilitation treatments, shows mean soil loss lower than the post fire scenario (79 %)
and also the natural scenario (20 %) (Table 3).

Besides mean and maximum estimated soil losses, an interesting feature to observe
for the six scenarios is the erosion levels distribution on the study area. In the present
study four erosion levels have been defined: low, medium, high, very high having, re-
spectively soil loss lesser than 0.5tha™ yr‘1; comprised between 0.5 and 2tha™ yr‘1;
comprised between 2 and 8tha™ yr'1; greater than 8tha™ yr'1.

In the first scenario, the area of the Rio Mannu basin classified at very high erosion
level is 5 % of total area, while 53 % of the basin presents low erosion level. High and
moderate erosion levels cover 20 % and 22 % of the area, respectively.

Regarding the sub-area, 63 % shows low erosion level, 10.3 % moderate, 16.6 %
high and 10.1 % very high (Fig. 6a).

10895

HESSD
9, 10877-10916, 2012

Modeling postfire
water erosion
mitigation strategies

M. C. Rulli et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/10877/2012/hessd-9-10877-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/10877/2012/hessd-9-10877-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

In scenario 2, the area having very high level raises to 37 %, while low erosion level
decreases to 11 % of the area. Also high level shows a considerable increase to 41 %
of the total burned area, while moderate class remains around 12 % (Fig. 6b).

In the third scenario, where no significant reduction in term of mean or maximum
soil loss estimations have been observed compared with scenario 2, there is neverthe-
less a remarkable decrease in the percentage of area affected by very high soil loss,
which is 30 %, while high, moderate, and low are, respectively the 41 %, 12 % and 11 %
(Fig. 6¢).

Scenario 4, already reporting a significant contribution for soil loss mitigation in term
of mean or maximum soil loss at treated area scale, shows that the effect of treatment
in reducing soil loss is made more evident by the distribution of erosion levels over the
area: only 6 % of area presents very high erosion level, 15 % high, 21 % moderate and
as much as 58 % low (Fig. 6d).

In the fifth scenario, very high erosion affects 39 % of the area, and 16 % of it is
classified as low in erosion level. This means an increase in low erosion zones and
a decrease in very high erosion zones, while high or moderate erosion affects the
same percentage of area as in the second scenario. As noticed before, the erosion
barriers performance would be more appreciable if studied with a model for sediment
propagation (Fig. 6e).

The last scenario shows that the area presenting low erosion is 62 %, whereas very
high erosion occurs on just 4 % of it (Fig. 6f).

A summary of the erosion levels corresponding to the analyzed treatments is re-
ported in Table 7.

7 Conclusions

In this paper a simple distributed model based on RUSLE equation has been pre-
sented and the analysis of several post erosion mitigation strategies has been carried
out for the Rio Mannu basin. Modeling watershed response to erosion rehabilitation
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treatments can be useful to choose the better soil losses mitigation methods, partic-
ularly in the Mediterranean area experiencing every year a large number of wildfires
most of them at the interface with urban area.

Model results compared with the available field measurements and the detailed anal-
ysis of the treatments scenarios show distributed RUSLE capacity to be a simple and
useful model for correctly reproduce soil losses in Rio Mannu basin and also for select-
ing the most appropriate treatment related to site characteristics. Nevertheless, a dis-
tributed model capable of representing sediment dynamic could better assess the effi-
ciency of mitigation strategies, especially for erosion barriers.

Results showing changes both in soil losses total and on erosion levels among the six
scenarios demonstrates the effectiveness of mitigation treatments on the Rio Mannu
basin burned area, as well as the importance of choosing the most appropriate erosion
mitigation strategies related to site characteristics. Choosing how to restore channels
and slopes after a wildfire is an important issue, which could be properly dealt with, if
more effort would be spent for the collection of field data before and after fires. In fact,
most of the existing models, as the RUSLE based model used in this study, try to de-
scribe and quantify post-fire erosion considering variables like fire severity, percentage
bare soil, rainfall erosivity, soil repellency, despite measures of these are not always
available.

In the USA, Burned Area Emergency Rehabilitation (BAER) activities have been
established for assessing the need and implementation of post-fire treatments so pro-
viding choice of treatments and essential protection (Neary, 2005; Robichaud, 2006).
Since any treatment recommendation has to be matched to the specific environmen-
tal and climatic conditions of the area, models and parameterizations based on mea-
surements made in the USA do not necessarily apply to Sardinian conditions. The
choice of which treatment to apply, if any, should be based on careful scenario analysis
and this can be only done if watershed characteristics and response to rehabilitation
practices are well assessed through modeling based on field data parameterization.
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Further efforts should therefore be directed to collect field data for the Mediterranean
environment.

Accurate estimation of potential soil losses, coupled with evaluation of watershed re-
habilitation effectiveness can useful to maintain soil loss and soil renewal rate at equi-
librium, which is a critical issue for successful land management. Mitigation strategies
of forest fires effects in the Mediterranean areas should be aimed toward sustainable
coexistence with forest fires, in terms of both human security and ecological processes.
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Table 2. C factor assignment after CORINE Land Cover class 2006.

Soil use C factor CORINE Description
Land Cover Class
High 0.001-0.01 14 x, 231, 31 x, 32 x,  Atrtificial vegetated areas,
41 x pastures, forests, scrub and
herbaceous associations,
inland wetlands
Moderate 0.1 241, 243, 244 Annual crops with permanent
crops, agricultural land with
natural vegetation, agro-
forestry areas
Low 0.165-0.0335 211, 212, 242 Arable land, complex
cultivation patterns
Verylow  0.350-0.550 22 x, 333 Permanent crops, sparsely
vegetated areas
Not 0 11 x, 12 %, 183 x, 331, Urban, industrial, transport
classified 332, 51 x units, sands, rocks, waters
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Table 3. Simulated soil loss corresponding to the six studied scenarios. Erosion in natural con-
dition (scenario 1) has been reported both for Rio Mannu basin and for the sub-area subjected
to treatments in scenarios 2—6. Soil losses corresponding to basin sub-area under treatments

are reported in scenarios 2—6.

Simulated soil loss (t ha™" yr'1) Mean 99th percentile 90th percentile
Scenario 1 (basin area) 1.90 19.4 5.1
Scenario 1 (sub-area) 2.01 18.6 5.6
Scenario 2 (sub-area) 7.18 24.2 16.4
Scenario 3 (sub-area) 6.15 21.2 141
Scenario 4 (sub-area) 1.78 18.0 5.4
Scenario 5 (sub-area) 6.71 241 15.9
Scenario 6 (sub-area) 1.50 15.1 4.5
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Table 4. Measured soil loss in Ottava at Rio Mannu basin.

Field Mean yearly Measured soil loss (t ha™" yr'1) in Ottava
campaigns  precipitation Soil use
(mm) Overall Burned  Annual Forage  Ploughed
pasture pasture crop
1989-1990 435 0.09 0.05 0.59 1.04
1990-1991 702 0.08 0.06 2.86 8.38
1991-1992 569 0.6 0.57 3.83 5.45
Mean value 569 2.55 0.26 0.23 2.43 4.96
Overall Natural Improved Annual Winter
pasture  pasture forage crop cereal
1994-1995 566 0.08 0.12 2.05 1.03
1995-1996 546 0.03 0.03 0.06 0.06
1996-1997 429 0.08 0.48 3.25 1.16
Mean value 514 0.86 0.06 0.21 1.78 0.75
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Table 5. Simulated soil losses in the area of Ottava.

Study area Mean yearly Land Cover Area (km2) Simulated soil
precipitation loss (tha™'yr™")
(mm) Mean  Max
Rio Mannu—- 530 Olive groves 0.5 1.5 5.86
around (Sassari Complex cultivation patterns 1.24 1.03 12.41
Ottava raingauge) Natural pasture 0.1 0.02 0.09
Non-irrigated arable land 1.63 1.61 14.76
Annual crops with permanent crops 0.02 0.3 0.48
Broad-leaved forests 0.02 0.02 0.07
Mediterranean maquis/ 0.17 0.07 0.26
sclerophyllous vegetation
Natural transitional woodland-shrub 0.09 0.03 0.23
Other 1.17 0 0
Rio Mannu - 528 Permanent crops 79.30 417 65.20
whole basin (7 raingauges) Annual crops 10.00 1.27 20.47
Forests 39.60 0.12 0.88
Moors and heathland 55.50 0.14 0.83
Arable land 330.30 2.15 35.19
Pastures 67.80 0.15 0.91
Spare vegetated areas 1.50 20.50 69.02
Transitional woodland-shrub 14.10 0.14 0.77
Agro-forestry areas 9.40 1.60 9.88
Other 40.50 0.00 0.00
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Table 6. Simulated soil losses vs. measured soil losses for the area of Ottava and for the Rio

Mannu basin.
Observed Ottava Ottava Rio Mannu Rio Mannu
precipitation 1989-1991 1994-1997 at Ottava whole basin
(mmyr™") 569 514 530 528
Soil use (Sassari (7 Raingauges)
raingauge)

Measured soil loss (tha™"yr™") Simulated soil loss (tha™" yr™")
Pasture 0.26 0.06 0.02 0.15
Annual forage crop/Annual crops 2.43 1.78 1.61 1.27
Ploughed/Cereal/Arable land 4.96 0.75 1.61 2.15
Average soil losses 2.55 0.86 1.08 1.19
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Table 7. Percentage of under treatment area (47 km2) having different erosion levels.

Erosion level
Scenario Low Moderate High Very high
Scenario1 56% 14% 25% 5%
Scenario2 11% 12% 41 % 36 %
Scenario3 11% 15% 44 % 30 %
Scenario4 58% 21% 15% 6 %
Scenario5 16% 11% 39 % 34 %
Scenario6 62% 19% 15% 4%
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Fig. 2. RUSLE parameters for Rio Mannu basin.
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Fig. 3. RUSLE parameters after erosion mitigation strategies.
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Estimated soil loss
[thatyear]
(scenario 1, whole basin)
1 < 0.05 (low)

1 < 2 (medium)

21 < 8 (high)

I > 8 (very high)

Fig. 4. Simulated soil losses under natural condition (Scenario 1).
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Estimated soil loss
[Uha*year]

[ < 0.05 (low)
[ < 2 (medium)
=31 < 8 (high)

I > 8 (very high)

(scenario 2)

(scenaria 4)

{scenario 5)

{scenario 6)

Fig. 5. Simulated soil losses under: (a) burned scenario (Scenario 2); (b) to (d) single soil ero-
sion mitigation treatments (Scenario 3-5); and (e) combined mitigation treatments (Scenario 6).
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EROSION LEVEL vs PERCENTAGE OF STUDY AREA
SCENARIO 1 - area to be burned
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25% E<0.5 t/ha*year
O<2 t/ha*year
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W >8 t/ha’year

14%

a

EROSION LEVEL vs PERCENTAGE OF STUDY AREA
SCENARIO 2

1%

12%
37% " [m<0.5 tha*year

<2 tlhha*year
0 <8 t/ha*year
W >8 t/ha“year

41% b

EROSION LEVEL vs PERCENTAGE OF STUDY AREA
SCENARIO 3

11%

15%  [m<0.5 t'ha*year
O <2 thha*year
[0 <8 t/hha*year
W >8 t/ha’year

C

449%

EROSION LEVEL vs PERCENTAGE OF STUDY AREA
SCENARIO 4

6%
15%

@ <0.5 t/ha*year
<2 ttha*year
O<8 t’ha*year

21% W >8 t/hha“year

d

EROSION LEVEL vs PERCENTAGE OF STUDY AREA
SCENARIO 5

16%

M@ <0.5 t/ha*year
<2 thha*year
[0 <8 t/hha*year
W >8 tthayear

39% e

11%

EROSION LEVEL vs PERCENTAGE OF STUDY AREA
SCENARIO 6

4%

15%

I <0.5 t/ha*year|
O <2 t/ha*year
0<8 t/ha*year
62% |m>g tha*year

f

19%

Fig. 6. Erosion level in the study area.
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