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ABSTRACT. Post-fire soil erosion risk assessment is not exempt of uncertainties.
In many parts of the world post-fire soil erosion can have devastating effects over
forest ecosystems, infrastructures and human life. However, in the Mediterranean
countries, it has been defined as “low” and it was attributed to a long history of
intense land use. This review paper integrates the last research assessing post-fire
runoff and soil erosion as well as mitigation techniques focussing in Portugal. In
the case of north-central Portugal, recent research assessing wildfire and ground
preparation effects leads to the conclusion that post-fire soil losses was as high
as 5-10 Mg ha'yr', while ground preparations soil losses doubled these figures.
Since those values are higher than the estimates for tolerable soil losses, further
considerations must be taken in order to guarantee a sustainable land use. The
advantages of post-fire soil erosion control with straw mulching are well known
worldwide. Recently, other treatments were assessed in recently burnt eucalypt
and pine plantations in Portugal: 1) the eucalypt chopped bark mulch; 2) the
slash logging mulch (unchopped twigs, stems and leaves); 3) the hydromulch,
a mixture of water, organic fibres, seeds, nutrients and a surfactant with good
performance in cut slopes rehabilitation; and 4) the polyacrylamides (PAM), a
chemical agent with good performance in agricultural soil erosion control and
high potential due to its low application rate. The more effective treatments were
those increasing the ground cover, one of the most important key factors for soil
erosion. For this reason, the eucalypt chopped bark mulch and the hydromulch
reduced the runoff in 50% and the soil erosion in 80-90%, while the PAM did not
achieved the required reduction effect. In areas where the ground cover was high
(due to the presence of a needle carpet) the slash logging mulch was not effective
since soil erosion was already low in the untreated areas.

Mitigacion del riesgo de erosion post-incendio: revisando los tltimos avances y
técnicas desarrolladas en Portugal

RESUMEN. Existe una gran incertidumbre en la cuantificacion del riesgo erosivo
tras un incendio forestal. En algunas partes del mundo la erosion post-incendio
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puede tener efectos devastadores sobre los ecosistemas forestales, las infraestruc-
turas'y también sobre las vidas humanas. Sin embargo, en los paises del litoral me-
diterrdneo la erosion post-incendio suele ser catalogada como “baja”, especial-
mente debido a una larga historia de intenso uso del suelo. Este trabajo de revision
integra los ultimos estudios realizados en Portugal sobre la evaluacion del riesgo
de erosion y de escorrentia post-incendio asi como las técnicas para su mitiga-
cion. En el caso del centro-norte de Portugal, estudios recientes han demostrado
que los incendios forestales pueden resultar en pérdidas elevadas (5-10 Mg ha
laiio™), mientras que algunas actividades de preparacion del suelo que se llevan a
cabo en la region pueden duplicar estos valores. Todas estas figuras sobrepasan
las estimativas de pérdidas de suelo tolerables, por lo que se deben tomar medi-
das que garanticen la sostenibilidad de los usos del suelo. A nivel mundial, se ha
constatado que el mulch de paja es el método mds efectivo para reducir la erosion
del suelo tras un incendio de alta severidad. Recientemente, otros tratamientos
han sido testados en eucaliptales y pinares incendiados de Portugal: 1) el mulch
de cortezas de eucalipto trituradas; 2) el de restos forestales no triturados (ramas,
palos, hojas); 3) el hydromulch, una variante del mulch compuesto por agua, fi-
bras orgdnicas, surfactantes, nutrientes y semillas utilizado en la restauracion de
taludes y canteras; y 4) las poliacrilamidas (PAM), un agente quimico utilizado
con éxito en la reduccion de la erosion en terrenos agricolas y con alto potencial
debido a su baja tasa de aplicacion. Los tratamientos mds efectivos fueron aque-
llos que afectaron al factor determinante de la erosion: la cubierta del suelo. Por
esta razon el mulch de cortezas de eucalipto trituradas y el hydromulch redujeron
la escorrentia a la mitad, y la erosion en un 80-90%, mientras que las poliacrila-
midas no tuvieron ningun efecto. Los restos forestales no triturados aplicados en
incendios con alguna cubierta sobre el suelo (agujas de pino) no fueron efectivos
debido al bajo riesgo erosivo de esas dreas.
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1. Introduction

Once post-fire soil erosion risk has been determined, the second step is to implement
mitigation techniques of proven effectiveness. Mulching consist in the application of an
organic cover placed over the soil. Mulch protects the soil from the kinetic energy of
raindrops and decreases the sheer force of runoff to detach and transport the soil particles
(Bautista, 2009). Despite to be a well-known post-fire soil erosion mitigation treatment
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in the USA, in the Iberian Peninsula, the use of straw mulch have rarely been employed
so far (e.g. Bautista et al., 1996; Badia and Marti, 2000; Ferndndez et al., 2011). In the
case of Portugal, once straw availability is lacking in many parts of the country, the
first field trial on the effectiveness of post-fire soil conservation measures was based on
the application of heavy loads of eucalypt logging litter (Shakesby et al., 1996). They
demonstrated that these forest residues were highly effective for reducing soil erosion
in burnt eucalypt as well as maritime pine plantations, but surprisingly, they received
very little public attention. Despite to be somewhat unconventional, the former study
was pioneer in using forest residue-derived mulches for reducing post-fire soil erosion.
The study remained long time without follow up, but in recent years new studies have
continued with this research line (Prats et al., 2012, 2014). Despite the high surface burnt
each year in Portugal (Fig. 1), post-fire soil erosion mitigation treatments have been
rarely applied, although this may be changing with the emergency stabilization measures
funded by PRODER (under sub-Action 2.3.2.1) for selected, 2010-burnt areas.
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Figure 1. Number of wildfires and burnt area in Portugal from 1980 to 2013 (ICFN, 2014).

The main aims of this work were 1) to summarize from the literature the risk of soil
erosion after wildfires under different forest management scenarios in central Portugal,
2) to contribute to a better knowledge of the effectiveness of the newest post-fire soil
erosion mitigation treatments compared to the classical and effective straw mulch, 3)
to compare its costs and analyze the suitability of applying these treatments to reduce
post-fire soil erosion.

2. Forest formations in Central Portugal

Since the Neolithic age, fire has been used as a source of energy and as a tool in
defence, for hunting and for managing the landscape, introducing agricultural and pasture
lands in previously forested areas (Bird et al., 2008). As a result, forests had lower fuel
loads and became intersected by open spaces, whilst fires became more frequent and, at
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the same time, of lower intensity (Pausas, 2004). In the case of Portugal, the landscape
reflects a long history of intense land use and management, with a mosaic of (semi-)
natural and man-made agricultural and afforested lands, unploughed and ploughed
hillslopes connected by a dense net of tracks and roads (Shakesby, 2011). Since the
19807s, however, wildfires have increased dramatically in frequency and extent, aided
by a general warming and drying trend but driven primarily by socio-economic changes
(Ferreira et al., 2008). These changes were first and foremost the large-scale introduction
of commercial plantations of fire-prone tree species such as eucalypt and pine (Fig.
2), and the decline in traditional practices like grazing and coppicing, increasing the
accumulation of flammable materials (Radich and Alves, 2000; Shakesby et al., 1996).
Following the Instituto da Conservacdo da Natureza e das Florestas - Ministério da
Agricultura, Mar, Ambiente e Ordenamento do Territério ICNF-MAMAOT, 2013), the
total forested area in Portugal was 35.4% in 2010, very similar to the European average
(38%). However, an exotic tree, Eucalyptus globulus rose as the first forest specie (812
000 ha), followed by Pinus pinaster (741 000 ha) and Quercus suber (737 000 ha). The
eucalypts are typically planted as monocultures for paper pulp production. The harvesting
cycles are about every 7-14 years, after which the stumps are left to regrow up to four
times and a new plantation cycle begins, which sometimes involve land preparations
operations such as rip-ploughing and terracing (Shakesby et al., 1994; Ferreira et al.,
1997; Leighton-Boyce et al., 2007; Malvar et al., 2011, 2013).

o RN

Figure 2. In the Pessegueiro wildfire of 2007, the tree canopies were fully consumed at the eucalypt
study site (left) but only partially at the pine study site (right), so that the lower fire severity was
associated to “natural” mulching by the subsequent cast of the scorched leaves and needles.

3. Wildfires effects and post-fire soil erosion

The most evident change produced by a wildfire is the total or partial loss of the
vegetation and litter cover. The removal of vegetation and litter reduces rainfall interception
and, thereby, enhances throughfall (Soto et al., 1998) and can increase overland flow (Soto
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et al., 1993) as well as subsurface and groundwater flow (Lavabre et al., 1993). Vegetation
loss also decreases the leaf area from which evapotranspiration occurs, and reduces the
obstacles to overland flow (Shakesby and Doerr, 2006). Besides vegetation and litter cover,
wildfires can have significant impacts on soil chemical and physical properties, depending to
a large extent on fire severity (e.g. Inbar ez al., 1998; Robichaud, 2000; Shakesby and Doerr,
2006). Fire has been found to cause (partial) combustion of organic matter, deterioration
of soil structure and aggregate stability, increase in bulk density and soil water repellency
(Giovannini et al., 1988; Imeson et al., 1992; DeBano, 2000; Doerr et al., 2000; Ferndndez
et al., 2004; Fox et al., 2007, Llovet et al., 2009). These changes often make the soil more
susceptible to overland flow generation and removal by rain drop and runoff (Shakesby, 2011).
Fire-induced changes in soil water repellency deserve special reference in the case of north-
central Portugal. The prevalent forest plantations of Maritime Pine and especially eucalypt
commonly exhibit pronounced repellency (Doerr et al., 1996; Ferreira et al., 1997; Leighton-
Boyce et al., 2007; Keizer et al., 2008; Malvar et al., 2011) and on the other hand, soil water
repellency is widely considered as one of the main factors in enhancing runoff generation and
the associated soil losses following wildfire (e.g. Shakesby and Doerr, 2006; Leighton-Boyce
et al., 2007, Sheridan et al., 2007).

In a nutshell, post-fire soil erosion is a two-stage process, involving detachment of
soil particles and their subsequent transport by water, wind or gravity (Morgan 2005),
that is driven primarily by fire severity (Prosser and Williams, 1998; Robichaud, 2000;
Benavides-Solorio and MacDonald, 2005; Gonzdlez-Pelayo, 2006). However, fire
severity cannot be measured directly, it must be assessed after “the smoke has gone”,
using indirect indicators that give qualitative rather than quantitative estimates of the
temperature. Ryan and Noste (1985) developed a fire severity index based on visual
estimation of soil cover by litter and duff, and of alteration of soil colour. Vega et al.
(2008) used indicators such as canopy cover consumption, litter cover and ash colour
(Fig. 3). Other severity indices such as the Twig Method Severity Index (TMSI; Moreno
and Oechel, 1989) and the NIR-based Maximum Temperature Reached (Guerrero et
al., 2007; Maia et al., 2012) can be more precise but also more labour-intensive.

Figure 3. Ash colour indicating higher burnt severity on the left than on the right photograph.
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Extreme sediment losses of 20 to even 170 Mg ha! year' have been observed following
high severity wildfires in North America (Robichaud et al., 2000; Spigel and Robichaud,
2007; Riechers et al., 2008) as well as in Europe, (Spain, France, Greece and Portugal; as it
was recently reviewed by Shakesby, 2011). Since the 1980’ (Swanson, 1981), it is generally
accepted that fire-enhanced erosion rates decrease with time-since-fire till they return to
background levels at the end of the so-called window-of-disturbance (Shakesby and Doerr,
2006). This window-of-disturbance is estimated to last between 3 to 10 years, depending
mainly on fire severity and post-fire climate conditions (e.g. DeBano et al., 1998; Andreu
et al., 2001; Robichaud, 2009). The relation between wildfire and soil erosion, however,
is far to be straightforward. Various authors have measured extreme soil losses still eight
years after the wildfire (Robichaud et al., 2013b) and others have reported negligible soil
erosion rates after wildfires (Kutiel and Inbar, 1993; Sheridan et al., 2007), which indicated
that soil type, soil parent material or vegetation re-establishment can be also important
factors. In general, in Mediterranean regions including Portugal, post-fire soil erosion rates
tend to be low (Fig. 4). Perhaps more importantly, however, is the fact that there is much
uncertainty in evaluating erosion rates as “tolerable” or not in terms of net soil loss, as the
rate of soil formation continues to be poorly known. The existing estimates point to less
than 1 Mg ha'! year', with large variations between regions (Alexander 1988; Wakatsuki
and Rasydin, 1992; Verheijen et al., 2009).

50

m control plots

IS
o

O treated plots

w
o

N
o

Soil erosion (Mg ha-'yr1)

-
o

ch
ch
ch
ch
ch
ch
ch
ch

wood chips mulch

straw mulch

PAM
hydromu
hydromu
hydromu
hydromu
hydromu
hydromu
hydromu
hydromu

straw mulch

straw mulch

barriers

straw mulch

hydromulch

hydromulch

PAM

PAM

wood chips mulch

barriers

straw mulch

wood chips mulch

s
s
ch
ch

-
N
w
o

11 12| 13
USA Spain Portugal

Figure 4. Post-fire soil erosion rates measured on control and mulched treated areas around
the world. Treatments were grouped as: PAM (polyacrylamide-based dry or wet formula-
tions ground or aerially applied), wood chip mulch (from in situ grinded trees or manufactu-
red chips); straw mulch (straw alone or combined with seeds); hydromulch (aerial or ground
application); barriers (log or shrub erosion barriers); forest residue mulch (logging slash or
chopped bark mulches). Author abbreviations are: I, Riechers et al. (2008); 2, Wohlgemu-
th and Robichaud (2007); 3, Wohlgemut et al. (2006); 4, Wohlgemut et al. (2010); 5, Hubbert
et al. (2011); 6, Dean (2001); 7, Wagenbrenner et al. (2006); 8, Rough (2007); 9, Kim et al.
(2008); 10, Ferndndez et al. (2011); 11, Badia and Marti (2000); 12, Bautista et al. (1996); 13,
Shakesby et al. (1996); 14, Prats et al. (2012); 15, Prats et al. (2014); 16, Prats et al. (2013).
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3.1. Post-fire runoff and soil erosion risk assessment in Portugal

In Fig. 5 the annual figures of runoff coefficient and soil losses are depicted for each
one of the untreated field plots monitored on six different sites during the first post-fire
year in north-central Portugal (see also Table 1). Runoff coefficients ranged broadly,
between 6 to 50%, with a clear decreasing trend as plot size increased. The few studies
that monitored the runoff during the first post-fire year in untreated eucalypt and pine
plantations in central Portugal used 16 m? plots (Shakesby er al., 1996), and exhibited
runoff coefficients of 20%. This figure was slightly lower than the Pessegueiro untreated
eucalypt plots. However, these studies differed also in time-since fire and thus, surface
cover. In the case of the pine plots, the lower runoff coefficient (6%) was attributed to
the low fire severity, as indicated by the higher needle cover over the soil (Fig. 2). Other
researchers in Eastern Iberian Peninsula have also shown low runoff rates (Cerda et al.,
1995; Bautista et al., 1996; Cerda and Doerr, 2007) but conditions such as the bigger plot
sizes, different parent material and the more arid rainfall regime make the comparison
of results difficult.
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Figure 5. Runoff coefficient (left figures) and soil erosion (right figures) versus plot size measured
during the first year after wildfire for the control (above) plots and the treated plots (below).
Data are from Prats et al. (2012, 2013, 2014) and Malvar et al. (2013).
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Table 1. Studies developed in Portugal on post-fire soil erosion treatments assessed during the first year after the wildfire using runoff-erosion
field plots. Eff.: Treatment effectiveness as a percentage of the control soil erosion rates, Euc.: Eucalypt plantation, Mod.: Moderate fire severity.
Effectiveness exhibits positive and negative signs in order to highlight the enhancing or reducing effect of the treatment on soil erosion.

Soil losses

Lo | ot | S| bt | 0800 e
Control Treated (%)
Agueda Euc. 1470 Mod. Euc. logging slash; 46 4.9 0.4 -92 | Shakesby et al. (1996)
Pine 2000 Low Pine logging slash; 18 0.8 1.2 +50
Pessegueiro Euc. 1540 Mod. Chopped bark; 9 5.4 0.7 -87 | Prats et al. (2012)
Pine 1540 Low Euc. logging slash; 18 0.3 0.4 +16
Ermida Euc. 1600 H-M Chopped bark; 11 8.5 0.6 -93 | Prats et al. (2014)
Euc. 1600 H-M PAM; 0.05 8.5 10.5 +23
Colmeal Pine 1100 Mod. Hydromulch; 4 2.2 0.3 -86 | Prats et al. (2013)
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In the case of soil erosion, with exception of the Ermida site, the plot size seemed not to
have a clear effect on the range of plots tested here, and the average erosion for the first year
was, indistinctively, around 5 Mg ha™'. These figures are comparable with other Portuguese
post-fire scenarios and other studies around the world (Fig. 4). The soil erosion on the
untreated plots was low, especially when compared with the studies in North America and
NW Iberian peninsula, but similar to the Mediterranean figures of Portugal and East Spain,
except in the case of Ermida, which reported soil erosion rates as high as 10 Mg ha''. The
higher soil erosion rates measured in the Portuguese context can be linked to field indicators
useful for land managers. Wildfires on slopes up to 20°, with less than 10% of litter and/or
leaves covering the soil and complete canopy combustion (see Fig. 2) will result in soil erosion
rates up to 5 Mg ha' during the first year after the fire. Furthermore, if the ashes colour is
white, grey or red in more than 10% of the soil surface (see Fig. 3), the risk of soil erosion can
rise as far as 10 Mg ha'. The low erosion rates in the untreated Pessegueiro pine plots (Fig.
5; triangles) were attributed to lower fire severity, especially when compared to the Ermida
site. But the low rates can also be attributed first and foremost to a long history of human
landscape impact up to the present days (Shakesby, 2011). This was especially true in the case
of the ploughed site of the Agores wildfire (Fig. 5; cross “+” symbols). The ploughing effect on
runoff was not important, but apparently it seemed to reduce the soil erosion. Further analysis
carried out by Malvar (2013) led to think that instead to be considered as a soil conservation
measure, the lower-than expected soil erosion rates could be related to soil exhaustion and
formation of a stone lag, once the ploughing took place about 20 years before the wildfire.
The soil erosion could firstly be enhanced immediately after ploughing (as referred to by
Shakesby et al., 1994) and decreased several years later, once the soils became depleted and
exhausted (Fig. 6). In fact, Martins et al. (2013) have measured median soil erosion rates as
high as 12-36 Mg ha'! during the first year after terracing in a recently burnt area.
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Figure 6. Annual soil losses measured in sites subjected to burnt and ploughing compared to only

burnt. Error bars represents standard deviation from the median figure. Data are from Martins et

al. (2013), Ferreira et al. (1997), Figueiredo et al. (2011), Shakesby et al. (1996), Shakesby et al.
(1994), Prats et al. (2012, 2013, 2014) and Malvar et al. (2013).
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Some considerations can be derived about soil fertility when analyzing the organic matter
percentage in the eroded sediments. This fraction, composed mostly of particulate pieces of
charcoal and black ashes, was almost invariable around 50% on all the Portuguese studies, and
contained a substantial part of the nutrient stocks of the forest (Soto, 1993; Ferreira et al., 2008).
Compared with other studies in Galicia (Soto and Diaz-Fierros, 1998) and North America
(Spigel and Robichaud, 2007), the annual organic matter losses in Portugal were in the same
range (1 to 5 Mg ha''). However, the former authors reported soil erosion rates one order of
magnitude higher (13 to 20 Mg ha'' at slope scale plots up to 100 m?) than in the Portuguese
studies (5 to 10 Mg ha'). Shakesby (2011) summarized that “the post-fire nutrient losses in
mono-specific plantations of pine and, particularly eucalypt on already degraded soils seem to
be most at risk because post-fire nutrient depletion exacerbates an already considerable loss of
nutrients caused by clear-felling and timber removal alone”.

Recently, the ICNF soil erosion predictions for the Tavira wildfire, which destroyed
a total of 24 000 ha in the Algarve region (Catraia Technical Report; ICNF, 2013), ranged
between less than 5 to more than 200 Mg ha''year', which is much higher than the bulk
of figures reported previously for Portugal and also on the extensive review of Shakesby
(2011). Far to be optimistic, these results can lead to think that soil erosion already
happened, and that the Portuguese soils started to get exhausted. It is necessary to consider
that the funding for post-fire rehabilitation can be as high as several dozens of millions of
dollars ($5 millions in the Catraia 2012 wildfire; $72 millions in the Cerro Grande 2000
wildfire; Wagenbrenner ez al., 2006). Consequently, it is compulsory to be effective and
reach the goals of the post-fire rehabilitation policies. If the runoff and the soil erosion
remain unknown, thus the efforts to restore will be inadequate or inappropriate. The “no
intervention strategy” could be a realistic technique, but undoubtedly, it is unavoidable
measuring and checking the extent of the post-fire hydrologic and erosive response. In
order to overcome these uncertainties, and until the Portuguese soil erosion dataset can
be large enough to feed the models in an adequate manner, a close collaboration between
researchers and forest managers must be enhanced, especially when designing post-fire
managements strategies or applying technical measures.

4. Mitigation of soil erosion following wildfires

The first efforts aiming to reduce soil erosion following wildfires were carried out in
the USA (southern California), dating as far back as the late 1800s (Wohlgemuth et al.,
2009). From then, the association of wildfire with on-site soil erosion and downstream
flooding and massive sediment deposition became increasingly recognized and, in the
early part of the last century, led to the first systematic soil erosion control treatments
following wildfires (Munns, 1919). An event that alarmed the public opinion and
highlighted the need for post-fire rehabilitation, took place on New Year’s Day 1934, in
La Crescenta, near Los Angeles. A debris flow deposited river tributaries to depths of up
to 5 m, transported boulders the size of automobiles over several kilometres, produced
massive damage to properties and killed 16 persons (Kraebel, 1934).

During the first half of the 20™ century, post-fire rehabilitations efforts by and large consisted
of building engineering structures (check dams) in stream channels to trap the sediments and of
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seeding hillslopes to increase ground cover. However, it proved to be unrealistic to build check
dams in the often short periods between the occurrence of the wildfires and of the erosion-
producing rains, so that they had to be constructed in advance of wildfires in streams and
downstream of fire-prone areas (Wohlgemuth et al., 2009). On the other hand as early as the
1920s, seeding with native shrub species was recognized to be ineffective, since the introduced
seeds germinated no earlier than the in-situ seed bank. Subsequent seeding trials with faster-
growing, non-native herbaceous species such as Mediterranean mustards (Brassica ssp.) led to
problems in downstream agricultural areas, where the species were considered to be noxious
weeds by the farmers. By the 1950s, however, seeding with ryegrass (Lolium multiflorum Lam.)
had become widely regarded as the most cost-effective treatment for augmenting post-fire
ground cover, at least in California (Wohlgemuth et al., 2009).

The effectiveness of seeding to mitigate post-fire soil erosion started to be questioned
during the 1960s, in southern California. Namely, various studies had found that ryegrass
seeding did not markedly reduce erosion even when effectively increased ground cover
(Taskey et al., 1989). This ultimately led to a strong controversy on the effectiveness of seeding
during the 1988 Symposium on Fire and Watershed Management, where various papers were
presented that indicated the effectiveness of alternative post-fire treatments, i.e. application of
straw mulch (Miles et al., 1989) and retaining of slash and residues from post-fire logging on
the soil surface (Barker, 1989). From the above-cited studies, however, only one (Taskey et al.,
1989) involved direct measurement of soil erosion rates on control and treated plots. Therefore,
the symposium concluded to the need for standardization of treatment assessment methods,
including a longer analysis of the time scale and a clear definition of the potential effects being
evaluated, to provide land-use managers with better information to sustain their decisions
(MacDonald, 1989). This author draw special attention to the fact that treatment effectiveness —
i.e. increase in ground cover— is not necessarily the same as achieving the goal of the treatment
— i.e. reduction of post-fire sediment yields—.

During the 1990s and the 2000s, research on post-fire erosion mitigation concerned
seeding (e.g. Pinaya et al., 2000; Fernandez-Abascal et al., 2003; Beyers, 2004; Robichaud ef
al., 2006; Groen and Woods, 2008; Peppin et al., 2010), log barrier construction (Wagenbrenner
et al., 2006; Robichaud et al., 2008), straw mulching (Bautista ef al., 1996; Badia and Martf,
2000; Wagenbrenner et al., 2006) and several combination of two or more techniques (seeding
+ log erosion barriers + straw mulch in Dean, 2001 and seeding + mulch in Badia and Martf,
2000; see Fig. 4). In a nutshell, these studies found seeding to be effective in some cases but
not in others, log barriers construction to be ineffective unless rain events are few and small,
and mulching to be highly effective. The effectiveness of mulching is also well-established for
agriculture lands (Harris and Yao, 1923; Meyer et al., 1970; Jordan et al., 2010), as well as cut
slopes and unpaved roads (Grismer and Hogan, 2005; Jordén et al., 2008). In regions such as
the USA, with a large experience in post-fire soil erosion control, the use of mulched based
treatments has increased as seeding and erosion barriers have decreased (Robichaud, 2009),
and recently, aerial application methods were found to be very useful for reaching inaccessible
areas by roads, and more economic compared to hand or ground applications (Napper, 2006).
In the Iberian Peninsula context, the first straw helimulch had been carried out by the Lourizan
Forestry Research Center in Galicia (NW Spain). However, land managers are still unaware
about the advantages of the mulch. Frequently, other treatments different than mulch, are still
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being applied for post-fire soil erosion control all over Europe, but unfortunately, most of the
times its effectiveness in soil erosion reduction is not being assessed.

In Fig. 7 it is possible to compare the big bulk of the research studies carried out with
forest residue mulch (blue), wood chips (orange), PAM (red), straw mulch (grey) and
hydromulch (green). The studies that lie out near the 0% reduction line are those in which there
were no differences in soil erosion between untreated and treated plots (such as the PAM or
some hydromulch studies); while the ones lying out near the 90% reduction line are the more
effective (such as the straw and the forest residue mulch). The effectiveness of straw mulches
for mitigating post-fire erosion has been tested more exhaustively in field trials than that of
mulches composed of woody plant materials. Often-cited advantages of straw mulches are their
wide availability, low costs and low specific weights (Bautista ez al., 1996; Wagenbrenner et al.,
2006; Fernandez et al., 2011). Nonetheless, the availability of straw mulches may be limited in
many parts of the world (Foltz and Wagenbrenner, 2010). Furthermore, the low specific weights
can also be a disadvantage, especially in areas prone to strong winds during the period between
straw application and the first heavy rainfall events (Robichaud et al., 2000). Negative ecological
effects of straw mulches were pointed out by Kruse et al. (2004), such as the reduction of the
density of conifer seedlings and the involuntary introduction of non-native seeds. Wood chips
were found to have little effect in reducing post-fire soil losses in various studies (Kim et al.,
2008; Riechers et al., 2008; Ferndndez et al., 2011). This could be due to the shape and size of
the chips. Laboratory rainfall simulation experiments found that wood shreds and strands were
as effective as straw, whilst wood chips were not (Foltz and Dooley, 2003; Yanosek et al., 2006;
Smets et al., 2008).

® Forest residue mulch

100.0 1Shakesby et al. (1996)
2Prats et al. (2012)
, 3Prats et al. (2014)
,. Wood chip mulch

% e 4Kim et al. (2008)
@2 . 5 Riechers et al. (2008)
6 Femandez etal. (2011)

Polyacrylamide
100 1 .. 17 7 Wohlgemut & Robichaud (2007)
. 8 Rough (2007)
e 9Riechers et al. (2008)
’/’ P ’/ 10 Davidson et al. (2009)
® 4 / 11 Inbar (2011)
B ’ 12 Prats et al. (2014)
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it ./ 13 Bautista et al. (1996)
y ._ / 14 Badia & Marti (2000)
1.0 1 / 15 Wagenbrener et al. (2006)
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® 18 Femandez et al. (2011)
4 .ﬂ! /9 19 Robichaud et al. (2013a)
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0.1 23 Prats et al. (in press)
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Figure 7. First year post-fire soil erosion rates from studies assessing the effectiveness of
emergency treatments such as forest residue mulch (1 to 3), wood chip mulch (4 to 6), PAM
(7 to 12), straw mulch (13 to 19) and hydromulch (20 to 23). The 0% and 90% reduction
lines were included to indicate no and high effectiveness, respectively. Numbers in bold and
underlined were carried out in Portugal.
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A recent variant of mulching is that of hydromulching, involving the application
of an aqueous mixture of organic fibres with seeds, nutrients, soil binding agents, green
colorant and seeds from a jet hose (Naveh, 1975). Hydromulching is a relatively expensive
technique, with a cost of $2300 and $7400 per ha for ground and aerial spreading,
respectively (MacDonald and Larsen, 2009) as compared to $400-2900 for ground to
$600-2300 for aerial straw mulch spreading (Napper, 2006; MacDonald and Larsen 2009).
Hydromulching is typically used in restoration of degraded landscapes such as quarries,
road banks, and highway cut slopes (Emanual, 1976; Benik e al., 2003; Robichaud et al.,
2010), but has not been extensively used or tested in recently burnt areas (Wohlgemuth
et al., 2011; Hubbert et al., 2012). In the last two studies hydromulching was effective
in reducing post-fire erosion but, at the same time, it exhibited a quick breakdown. By
contrast, Wohlgemuth ez al. (2011) found it to be ineffective for high-intensity rainfall
storms.

Also polyacrylamides (PAM) —a family of flocculant agents developed by the agro-
chemical sector— were recently introduced for post-fire erosion mitigation (Rough 2007;
Wohlgemuth and Robichaud, 2007). Especially in the form of dry granulate, it can be
applied easily. During the last two decades, PAM has become widely accepted for soil
erosion control in intensive agriculture with furrow irrigation as well as on steep road
embankments (Agassi and Ben-Hur, 1992; Lentz ef al., 2002; Ben-Hur, 2006; Sojka et
al., 2007). Since PAM is a generic term for a broad class of hundreds of polymers with
differing functional groups and chain lengths, different formulations have been tested
to achieve optimal binding of PAM with the soils’ specific clay particles, through direct
ionic attractions or cation bridges (Vacher et al., 2003). So far, few field trials have
assessed the effectiveness of PAM in recently burnt areas, and these studies have reported
opposing results. Whilst Davidson et al. (2009), Riechers et al. (2008) and Inbar (2011)
found PAM to be effective in reducing post-fire erosion, Rough (2007), Wohlgemuth and
Robichaud (2007) and Macdonald and Larsen (2009) did not (see Fig. 7).

The log and shrub erosion barriers have been used extensively, mostly because
the materials (logs, stems, shrubs) are already on the field. However, their efficacy has
proved to be much lower, dependent on log storage capacity and the occurrence of small
rainfall events, whilst the costs are similar to the mulching (Wagenbrenner et al., 2006).
In this sense, the study of the Lourizdn Forestry Research Center (Ferndndez et al., 2011)
illustrates very well the low effectiveness of shrub erosion barriers when compared to straw
(see Fig. 4). In the words of Bautista: “It is very difficult to fail in applying mulch, but it is
very easy to fail in installing log erosion barriers”. In fact, Robichaud et al. (2008) verified
that 32% of their log erosion barriers did not have good contact with the ground surface,
and 38% were moved off contour. More precise measurements showed that less than half
of the total length of the contour-felled logs effectively stored the runoff and the sediments.

Some labor intensive treatments as contour trenches across the slope with a
bulldozer, channel stabilization structures, side slope stabilizations and scarification
of the soil surface (MacDonald and Larsen, 2009) have been shown to be ineffective
for reducing soil erosion. In Portugal, post-fire ground interventions such as ploughing
and rip-ploughing have showed to increase dramatically the runoff and the soil erosion
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(Ferreira et al., 1997; Shakesby et al., 2002; Martins et al., 2013). Some of these ground
disturbing measures altered the sediment fluxes across the slope and continue to persist
long after the emergency is over (Rice et al., 1965; Keizer et al., 2008; Malvar et al.,
2011, 2013).

4.1. Effectiveness of post-fire erosion mitigation treatments in north-central Portugal

Forest residue mulches are (potentially) widely available in forest-dominated areas
such as north-central Portugal, and many other European countries (Fig. 8). Positive
results were found after the first field experiment carried out with eucalypt and pine
logging litter (Shakesby et al., 1996; Table 1), but involved the application of heavy loads
of materials. At lower application rates, Prats et al. (2012, 2014) found that chopped
eucalypt bark mulch (blue circles in Fig. 7) providing an initial ground cover of 70-80%
reduced post-fire runoff and erosion to a similar extent as straw mulching (grey squares
in Fig. 7). At the same time, the chopped eucalypt bark mulch had important advantages,
such as to be less susceptible to removal by wind, and lower decomposition rate compared
to the straw. Reductions in both overland flow and soil losses were somewhat lower at the
eucalypt plantation in the Pessegueiro than Ermida study area (40% vs. 50% and 85%
vs. 90%, respectively), possibly due to the higher application rate in the latter case (8.7
vs. 10.8 Mg ha).

200D |
Figure 8. Illustration of the application of the treatments assessed in Portugal: eucalypt chopped
bark mulch (Prats et al. 2012, 2014, top left), eucalypt logging slash mulch (Shakesby et al.,
1996, Prats et al. 2012; top right), dry polyacrylamide (Prats et al., 2014; bottom left) and jet-
hose hydromulching (Prats et al., 2013; bottom right).
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The eucalypt logging slash mulch applied at the Pessegueiro pine site, however,
appeared to enhance post-fire soil erosion. The same applied to the nearby pine
site that Shakesby et al. (1996) treated with logging slash mulch and to the PAM
applied in the Ermida wildfire (Table 1). This increase in the soil erosion on the
treated plots compared to the control ones was attributed to the use of a low number
of plots and the low soil erosion rates measured on the control plots. In fact, these
low erosion rates were the consequence of a “natural” mulching of the untreated
plots by leaf and needle cast. A marked reduction in erosion by post-fire needle
cast was also reported by Cerda and Doerr (2008). Arguably, however, the main
disadvantage of mulching with logging slash is the elevated application rate of 18
to 47 Mg ha' that is needed to achieve the widely-recommended ground cover of
70%.

The hydromulching applied at the pine site in Colmeal (Fig. 8) by Prats er
al. (2013) was highly effective, reducing runoff in 70% and soil losses in 80%.
These figures were somewhat better than those reported by three studies evaluating
hydromulching in recently burnt areas (Rough, 2007; Wohlgemuth er al., 2011;
Hubbert ef al., 2012); possibly due to the lower-than-hoped application rates in the
three studies as a result of the interception of the spraying jet by the burnt but still
upright trees. The observed decrease in hydromulch cover was pronounced (4 - 5%
per month) but comparable to the three above-mentioned field trials. In this study,
this decay was largely compensated by the introduced seeds, which did not happened
on the previous USA studies. Beyers (2004) pinpointed to the risks of introducing
invasive weeds, but the plants introduced at the Colmeal plots with the hydromulch
had almost disappeared two years later.

The dry granular polyacrylamide (Fig. 8) applied by Prats et al. (2014) was
ineffective to decrease post-fire runoff or the associated soil losses. In fact, Fig.
7 shows clearly that PAM studies lie out over the 0% reduction line (meaning no
effectiveness), while hydromulch exhibited an intermediate position and lately,
both forest residue and straw mulch lie out near the 90% reduction line. The
reduced effectiveness of PAM was possibly due to its preferential binding to the
ashes in combination with the subsequent removal of the bulk of these ashes by
the runoff, similar to what was reported by Rough (2007) and Wallace and Wallace
(1986a). Future testing of PAM in recently burnt areas should perhaps focus on find
if it could be advantageous when combined with mulching (Riechers et al., 2008;
Davidson et al., 2009). On the other hand, the possibility exists that other PAM
formulations could be more appropriate for the soils studied here, in the presence
of a noticeable ash layer and/or with their relatively low clay contents (Sojka et
al.,2007). Whilst PAM is a very promising product, including in terms of costs, its
successful application in recently burnt areas is thus far from straightforward, as
also found by Rough (2007) and Wohlgemuth and Robichaud (2007).

Far from being obvious, the selected treatment must be effective in reducing
post-fire soil erosion. Innumerous examples exist in which treatment effectiveness
was confounded with treatment goal. For example, citing Wagenbrenner et al.
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(2006): “Studies on the effectiveness of seeding have tended to measure changes in
cover rather than erosion rates”. Similarly, the potential treatment should be cost-
effective compared to alternative treatments. Table 2 shows a cost-benefit analysis
for the most commonly applied post-fire soil erosion control treatments not only
in Portugal but also in the USA (following Napper, 2006 and Wagenbrenner et al.,
2006). The difference in the application rates between straw and forest residues
(2.2 vs. 8 Mg ha'') will largely compensate their differences in price per unit of
weight (roughly 150 vs. 30 € per Mg). Mulching with straw or chopped bark
were the most cost-effective, especially when compared to the hydromulching,
which despite to be effective was very expensive. The choice between the first
two alternatives will easily come to depend on the availability of the straw and
chopped bark in sufficient quantities. In north-central Portugal, this will most
likely be eucalypt chopped bark. However, in the case of recently burnt pine, oak
or shrublands the application of eucalypt chopped bark will be less recommendable
than chopped bark from native tree or shrub species.

The contribution of Prats er al. (2012, 2013, 2014) to the determination of
the main factors affecting runoff and soil erosion was possible due to intensive
monitoring of the field plots, achieving the weekly variations in rainfall
characteristics, soil cover and some soil properties. The effect of mulch, in a pool
including all the control and treated plots, consisted of a shifting to —or strength
of— rainfall intensity as first variable explaining both runoff and soil erosion.
The importance of litter increased, explaining from a third to half of soil erosion.
The physical factors (rainfall characteristics, soil water repellence, soil moisture
and time-invariant soil properties) were not important for the treatments that
provide immediate ground cover, (chopped bark mulch, slash logging mulch and
hydromulching) due to the protection that the organic cover provided against soil
detachment and increased soil water storage, and thereby immediately reduce
overland flow and soil erosion. However, this was not true for the PAM because
it did not affect the ground cover. The strongest position of litter as a key factor
explaining post-fire soil erosion was achieved by the most effective treatment (the
chopped bark mulch in Ermida, 32% of variation explained) but also by the longest
monitoring period (the hydromulch in Colmeal, 55% of variation).

In spite of the improvement on the post-fire soil erosion mitigation knowledge,
further research is needed. On one hand, the techniques tested showed some
disadvantages: the forest residue mulch is very heavy, the straw very light, the
hydromulch very expensive, and the PAM was not effective. An optimum balance
for soil erosion control must be found by combining different materials (organic
and chemical) and using different spreading methods (hand, blowing, aerial,
chopping in situ, etc.). On other hand, the assessment of an intervention requires
good quality field data series. Soil erosion control is the first line of a burnt area
emergency response (MacDonald, 1994) but other issues such as wildfire effects on
the forest ecosystem functions and off-site consequences will need, respectively,
longer time data series and larger spatial-scale assessment.
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5. Conclusions and management implications

The revision of the recent literature on the matter carried out here point out to the
following conclusions:

1. Post-fire soil losses in north-central Portugal during the first year after wildfire
tend to be relatively low when compared with other parts of the world, but they
are still high compared to the soil formation rates estimates. Nonetheless, the
organic matter contents were invariably half on the eroded sediments, which can
compromise on-site soil fertility and carbon fixation and off-site water pollution.

2. Burnt areas attaining a leaf or needle carpet from the scorched tree canopies
around 50-60% of the soil surface are not susceptible to be treated because the
soil erosion risk in these areas will be low.

3. The chopped bark mulching was as cost-effective as straw mulching, reducing
runoff by 40% and soil erosion by 85% through an increase in ground cover of
70%;

4. The polyacrylamides applied in dry form did not reduce soil erosion and, thus,
cannot be recommended for mitigating post-fire soil erosion. Because of PAM’s
elevated potential and low costs, however, further work seems justified, especially
to diminish the possible preferential biding to ash rather than soil particles;

5. The hydromulch was basically as effective in reducing post-fire runoff and erosion
as the chopped bark mulch. Despite its much higher costs its use could be justified
where “values at risk” are high, whether in economic, cultural or safety terms, or
where recovery of the spontaneous vegetation is strongly compromised.

Several management implications can be pointed out after this research review.
Stakeholders, land managers, governments and forestry institutions must be aware
of these improvements. Field indicators of non tolerable post-fire soil erosion rates
(slope angle, ground cover and ash colour) were found. These indicators can address
the post-fire emergency interventions on areas susceptible to trigger on-site and off-site
effects and compromise values at risk. In the case of an urgent intervention, mulching
will become the more advantageous technique. In other situations, where the previous
conditions were not meet (such as the Pessegueiro pine site or the Acores ploughed site),
the “no intervention” option would be preferred (Robichaud, 2009; Bautista et al., 2009).
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